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Summary: Tropical cyclones and storm surges are a major threat to coastal communities of the Philippines. On 08th No-
vember 2013, category 5 Typhoon Haiyan (local name: Yolanda) made landfall on the islands of Eastern Visayas and caused
more than 6000 casualties and severe damage to infrastructure and habitats. To assess the geomorphic impact of one of the
strongest tropical cyclones on record, three post-typhoon surveys were conducted in 2014, 2015 and 2016 at two severely
affected sites on the islands of Leyte and Samar. They aimed at documenting Haiyan-related erosional features and sand
deposits. The sites have different geomorphic and geological settings, and exposure to the typhoon track. Differential global
navigation satellite system (DGNSS) measurements and sediment analyses were used to document erosion and washover
deposition caused by waves and coastal flooding of the beach ridge systems, as well as their recovery and changes over time.
Shoreline changes were measured on high-resolution satellite images using the Digital Shoreline Analysis System (DSAS)
to determine the typhoon’s impact and recovery potential at a larger spatial scale. The results show the potential to identify
storm-wave erosion and washover deposits in sandy ridge sequences across larger time scales. However, fine sedimentary
signatures, such as millimetre-scale lamination, may be rapidly overprinted by bioturbation and geomorphic reorganisation
of the coast. The coastline tends to return to its pre-storm equilibrium, whereas the pace depends on whether eroded sands
remain within reach of the long-term wave regime, on the frequency of subsequent high-category storms and very local
geomorphic conditions.
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1 Introduction

Low-lying coasts are constantly reshaped by
tidal dynamics, sea-level change, land subsidence,
long-term wave action, longshore currents, delta
formation and extreme-wave events (storm surge
and waves; tsunamis). When Typhoon Haiyan hit
the Philippines on 08" November 2013, its strong
winds, rain, waves and exceptional storm surge
caused more than 6000 casualties and severe
damage on infrastructure and habitats (LAGMAY
et al. 2015). The storm surge and wave setup had
substantial geomorphic impact in Eastern Visayas
(Region VIII), which is characterised by many
beach-ridge systems (BRriLL et al. 2016, Soria et al.
2017, SwitzEr et al. 2020). These systems are usu-
ally formed by wave action above the mean high-
water spring-tide level, where marine sands, peb-
bles or cobbles are deposited onshore and form
the characteristic shore parallel, swash-aligned
and often vegetated structures that are separated

by low-lying swales (HEsp et al. 2005).
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In contrast to their coarse-grained counter-
parts, sand ridges are rather built during moder-
ate wave conditions and experience net erosion
during extreme-wave events (Liew et al. 2010,
ScHEFFERS et al. 2012, TamurA 2012, ENGEL et
al. 2015). Typical signatures of storm waves in-
clude erosional scarps at the youngest foredune
(Tamura 2012, DouGHERTY 2014, ENGEL et al.
2015), breaches (WANG & BricGs 2015, BAUMANN
etal. 2017), and laminated sand sheets or washover
fans in the swales behind the first ridge (KocHEL
& Doran 1986, SEpGWIcK & Davis 2003, BriLL
et al. 2016). These geomorphic and sedimentary
features not only provide information on surge
height and strength of current flooding events,
but can also be used to decipher past events by
means of age dating (MAy et al. 2013, BriLL et al.
2015, MoNEcKE 2020), sedimentological analysis
(ENGEL et al. 2015, MAY et al. 2018) and geophysi-
cal imaging (DoOUGHERTY 2014, DOUGHERTY et al.
2019, BaAumaNN et al. 2017, OLIVER et al. 2019,
MoNECKE 2020).
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The potential of these methods to reconstruct
processes of coastline evolution and extreme-wave
events depends on site-specific factors and post-dep-
ositional modification, e.g., through rapid weathering
and bioturbation. First, the extent and type of depo-
sition and erosion patterns are influenced by the in-
teraction of storm features (approaching angle, speed,
storm surge, wave period and height) with coastal
configuration, bathymetry and sediment availability
(ScHwaRrTZ 1982, SCHEFFERS et al. 2012, TAMURA 2012,
Nortr et al. 2015). After the event, the signatures are
often overprinted by processes of geomorphic reor-
ganisation, often within less than one year up to mul-
tiple years depending on the availability of sediment
and the severity of the erosional event (IKUMMERER
et al. 2025), as well as by bioturbation and weather-
ing. Especially in regions that are frequently (~1-10
years recurrence) hit by extreme waves, it is likely that
specific sand layers and erosional signatures may not
adequately represent the actual frequency pattern of
prehistoric events (O1vos 2011, SCHEFFERS et al. 2012,
Tamura 2012). The geomorphic impacts of extreme
storms, however, are dwarfed by those of major tsu-
namis, which can erode beach-ridge sequences for
up to 500 m inland in a single event, potentially
eliminating traces of previous events. The eroded
sediments are often gradually transported back to
the shore by regular wave action leading to almost
complete coastal recovery within years (LIEW et al.
2010, MONECKE et al. 2015).

This potential of coastal recovery poses the
question to what extent beach-ridge systems can
serve as geo-archives for long-term event histo-
ries of extreme-wave events (MINAMIDATE & GOTO
2024, LrszczyNskA et al. 2025). As the washover
deposits and erosional imprints along the Eastern
Visayan low-lying coasts were generated by a variety
of partly site-specific processes such as storm surge,
exceptionally high storm waves, tsunami-like surf
beat (infragravity waves) and seiches during one of
the strongest typhoons ever recorded, i.e. Typhoon
Haiyan (Mor1 et al. 2014, ROEBER & Bricker 2015,
Soria et al. 2016, TajiMa et al. 2016a,b), they may
provide an important benchmark for this debate.
The data on coastal recovery and shoreline changes
may further be integrated into coastal protection
measures and hazard management to better prepare
coastal communities for future disasters and antici-
pate the potential impacts of these events.

In this paper, a combination of topographic sur-
vey, sedimentological analysis and multitemporal sat-
ellite imagery analysis is used to quantify the effects of
storm surge and exceptional waves on beach-ridge sys-

tems of Fastern Visayas province in the Philippines.
The data were collected during three post-typhoon
field surveys in 2014, 2015 and 2016 at two study sites
— Tolosa on Leyte Island, Dolores on Samar Island —
that differ in terms of their geomorphic, geological,
topographic and bathymetric setting as well as their
exposure to Typhoon Haiyan’s track (Fig. 1). The study
aims at documenting (i) typhoon-induced erosional
and depositional signatures in beach-ridge systems. In
addition, we (ii) trace short-term coastal reorganisa-
tion and recovery processes, (iii) draw conclusions on
the geomorphic resilience of coastal systems and (iv)
discuss whether the post-depositional preservation
of typhoon signatures is sufficient to use beach-ridge
systems as a reliable archive for prehistoric events.

2 Study area
2.1 Geology and geomorphology

The Philippines archipelago was formed by colli-
sion and subduction processes between the Philippine
Sea Plate and the southeastern edge of the Eurasian
Plate. The boundary between these plates is defined as
the Philippine Mobile Belt (PMB), a highly active tec-
tonic convergence zone. It is composed of a more than
1200 km-long north-south running geological strike-
slip fault system and two major subduction zones on
both sides: the Manila Trench in the west and the
Philippine Trench in the east (AURELIO & PENa 2002,
LacmAy et al. 2009). Situated in this zone of intense
deformation and seismic activity, the archipelago is
composed of insular arcs, former continental crust,
ophiolites and intermediate tectonic basins, forming
coasts of alternating steep cliffs and alluvial, barrier-
forming lowlands (MAEDA et al. 2004, Birp 2010).

The island of Leyte is dominated by volcanoclastic
and siliciclastic rocks and sediments, originating from
its igneous core. The east coast, close to the study site
of Tolosa, is characterised by low-lying alluvial beach-
ridge plains, sandy beaches and sand spits formed by
northward longshore drift (SUERTE et al. 2005, BIrD
2010). The offshore bathymetry in the funnel-shaped
San Pedro Bay between Leyte and Samar declines
rather gently to a maximum depth of 20 m, making
the coast of Leyte prone to extreme storm surges
(Soria et al. 2016, 2017) and amplifying seiches (MORI
et al. 2014) (Fig. 1a).

The inner part of Samar, located northeast of
Leyte, consists of Cretaceous to Oligocene ultrabasic
to basic igneous rocks. In coastal areas they are of-
ten covered by a sequence of Pleistocene limestones
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Fig. 1: Overview of the study area. (a) Philippine archipelago with location of the study sites in Eastern Visayas (islands of
Leyte and Samar) and tracks of all typhoons since 1950 making landfall in the study area with SSHS intensity 23 as derived
from IBTrACS (Knarp et al. 2010). White numbers refer to events listed in Table 1. Elevation and bathymetry are based on
the GEBCO_2024 grid (GEBCO Compilation Group 2024). Location of sampling sites and topographical cross sections are
illustrated for (b) Dolores (DOL) and (c) Tolosa (TOL) (based on ESRI base maps and SRTM data acquired from USGS).
White dots indicate the location of offshore grab samples, black dots indicate sampling sites onshore.

and clastic sediments, forming terraces and cliff
coasts with steep headlands and beaches in between
(TRAVEGLIA et al. 1978, Ramos & Tsursumr 2010).
Around Dolores there are extended beach sections
and sand spits supplied by longshore currents. Coral
reefs are only present at the small island of Hilabaan,
located approximately 7 km offshore, since the
Dolores river provides high, clay-rich sediment loads
(TRAVEGLIA et al. 1978) preventing coral growth be-
tween the island and the mainland. Fast of Hilabaan,
the ocean floor steeply drops down to depths >8500
m towards the Philippine Trench (Fig. 1a).

2.2 General climate

The climate in the study area is maritime and trop-
ical with a mean annual temperature of 26.6 °C and
high humidity throughout the year. The annual rain-
fall (2659 mm for Tacloban, Leyte) is controlled by the
summer monsoon and frequently crossing typhoons

(PAGASA 2025a,b). On average, more than 20 tropical
cyclones enter the Philippine Area of Responsibility
(PAGASA 2025¢) every year, 70% of which occur from
July to October (PAGASA 2025d). Most typhoon sys-
tems originate in the Pacific Ocean and follow a north-
westetly track, making the exposed east coasts of
Luzon, Leyte and Samar particularly vulnerable to the
hazards of wind damage, heavy rains, flash floods and
coastal flooding (LLAPIDEZ et al. 2015). On the islands
of Samar and Leyte (including Panaon Island), 17 ty-
phoons made landfall since 1950 with intensities of =3
on the Saffir—Simpson hurricane scale (SSHS); eight
of them reached category 4, two, including Haiyan,
reached category 5 (Fig. 1a, Tab. 1).

2.3 Recent typhoons
Typhoon Haiyan, known as Yolanda in the

Philippines, originated from a tropical depression
over the northwestern Pacific on 03¢ November
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Tab. 1: Instrumentally recorded typhoons making landfall on either Samar or Leyte (including Panaon Island) with intensity
of 23 on the Saffir-Simpson Hurricane Scale (SSHS). Data adapted from the IBTrACS database (KNAPP et al. 2010) until June
2025. Wind = maximum sustained wind speed in knots (1-min mean).

No Name Year Month SSHS Wind (kt) Landfalllat. (°N) Island
1 Iris 1951 5 3 110 11.92 Samar
2 Wilma 1952 10 4 130 11.30 Samar
3 Emma 1952 7 3 100 10.09 Panaon
4 Gilda 1959 12 5 140 12.20 Samar
5 Irma 1966 5 3 100 11.34 Samar
6 Emma 1967 11 4 120 12.63 Samar
7 Nelson 1982 3 3 100 10.40 Leyte
8 Agnes 1984 11 4 120 11.22 Samar
9 Betty 1987 8 4 135 12.43 Samar

10 Skip 1988 11 4 120 10.99 Samar
11 Mike 1990 1 4 125 10.36 Leyte
12 Manny 1993 12 3 110 12.67 Samar
13 Haiyan 2013 11 5 168 10.96 Leyte
14 Hagupit 2014 12 3 105 11.90 Samar
15 Melor 2015 12 4 125 12.60 Samar
16 Vongfong 2020 5 3 98 12.16 Samar
17 Rai 2021 12 4 128 10.01 Panaon

2013, before intensifying and reaching typhoon sta-
tus on 05" November. Haiyan reached greatest in-
tensity with a maximum sustained wind speed of 315
km/h (SSHS category 5) shortly before landfall near
Guiuan (Eastern Samar) on 08™ November (LAGMAY
et al. 2015), close to the study sites of Dolores and
Tolosa (Fig. 1a).

Between the first (February 2014) and the sec-
ond (March 2015) survey, the coastline of Eastern
Samar was hit by Typhoon Hagupit, another catego-
ry 5 typhoon reaching a maximum sustained wind
speed of 213 km/h. On 06™ December 2014 it made
landfall at Dolores, where it had weakened to 10-min
maximum sustained winds of 167 km/h and SSHS
category 3, still leaving substantial infrastructure
damage behind (OCHA Philippines 2014, TABLAZON
etal. 2017). Two storms — local names Agaton (tropi-
cal depression on 19" January 2014) and Basyang
(tropical storm on 01 February 2014) — passed close
to Tolosa after Haiyan and before the first field sut-
vey but only reached maximum sustained winds of
100 km/h and 120 km/h, respectively (NDRRMC
2014a,b).

2.4 Storm surge and coastal flooding during Ty-
phoon Haiyan

In Leyte Gulf, exceptional storm surge levels of
up to 8 m and coastal flooding of >2 km inland
were reported (Mas et al. 2015, Soria et al. 2016)

due to south-north directed winds pushing the wa-
ter into the shallow, funnel-shaped bay (Fig. 1a) and
an additional contribution from seiches (MoR1 et al.
2014, ROEBER & BRICKER 2015, TAKAGTI et al. 2017).
The area of the study site at Tolosa experienced
storm surge levels of ca. 5 m (Takacr et al. 2017)
and maximum significant wave heights of 5—6 m
(WATANABE et al. 2017). The peak inundation last-
ed for about two hours, with the most substantial
damage within an area of approximately 200 m
from the coast (Mas et al. 2015, Sor1a et al. 2016,
2017, WATANABE et al. 2017).

About 100 km further north of Haiyan’s track,
lower storm surge heights of <1 m were modelled
for the area of Dolores (LLAGMAY et al. 2015, TAKAGI
et al. 2017). Highest flooding levels in the area were
recorded at Hilabaan (up to 4 m above mean sea level
[msl], Quix 2018) mostly through maximum signif-
icant wave heights of >15 m along the open coast
(BRICKER et al. 2014, Tajima et al. 2016b). Typhoon
Hagupit hit the not yet recovered coastline of the
central to northern part of Eastern Samar with storm
surge of ~3 m and high waves (MUHR et al. 2014).

3 Methods

Three post-typhoon surveys wetre carried out
in February 2014 (only Tolosa, see BRILL et al.
2016), March 2015 and July 2016 around Tolosa and
Dolores (including the offshore island of Hilabaan).
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The topography of all locations was documented
along shore-perpendicular transects using a Topcon
HiPer Pro differential global navigation satellite sys-
tem (DGNSS) with a lateral and vertical error of <2
cm. All measurements were differentially corrected
to the local tide level at the time of the survey based
on tide predictions by WXTide software (FLATER
1998). Samples of Haiyan’s washover deposits were
also taken at representative locations in these areas
by means of push cores with lengths of 15-70 cm
and hand-dug pits. During the second and third
survey, similar sampling locations were chosen to
study post-depositional changes of the typhoon sig-
natures in the beach-ridge systems over the years. In
2016, additional offshore samples were taken with
an Ekman-Birge grab-sampler between the intertid-
al and a distance of about 480 m from the shore in
Tolosa and 1.5 km in Dolores in order to narrow
down the source environment of onshore typhoon
deposits.

3.1 Sedimentological and geochemical analysis

After high-resolution sampling of the onshore
push cores at 1-2 cm intervals, the samples were
dried and granulometric measurements were car-
ried out using dynamic image analysis (Camsizer,
Retsch GmbH) covering a particle-size range be-
tween 0.03 and 30 mm. Grain-size analysis of the
finer-grained offshore samples (<2 mm) was con-
ducted using a laser particle analyser (Beckmann
Coulter LS 13320) after pre-treatment with H,O,
(15%) to remove organic matter and Na,P,O,
(46.7 g/1) for aggregate dispersion. Univariate sta-
tistical measures after FoLk & WARD (1957) were
calculated using GRADISTAT software v8.0 (BLoTT
& PyE 2001). Geochemical analyses of the deposits
were conducted by determining the carbon (C) and
nitrogen (N) composition of push core DOL 14 us-
ing an Elementar vario EL cube elemental analyser
with a detection limit of <0.1 %. Ground sample
material (~20 mg) was folded into tin containers
and combusted at 950 °C.

3.2 Digital shoreline analysis

In order to determine the post-typhoon coastal
recovery, shoreline locations on pre-Haiyan Pléiades
satellite images with a resolution of 0.5 m were com-
pared with post-Haiyan images captured directly af-
ter the typhoon (November 2013) and in May 2015

(Tab. S1). The satellite images were aligned by util-
ising stable control points such as houses and cross-
roads in ESRI ArcGIS software. The shoreline was
extracted on all georeferenced and orthorectified
images by reflectance values from red and near-in-
frared wavelengths using the image classification
tool of ArcMap (Lipakis et al. 2008, Garcia-RuBio
et al. 2009). The tool separates satellite images into
two clusters corresponding to water and land by us-
ing manually created training samples. The border
between the two clusters roughly complies with the
tonal contrast of the wet and dry part of the beach,
indicating the approximate high-water line (HWL),
which is generally considered the best shoreline in-
dicator in multi-temporal satellite image analysis
(Pajak & LEATHERMAN 2002, Lipakis et al. 2008,
MONECKE et al. 2015). Manual editing of the calcu-
lated shorelines was applied in areas where obvious
errors occurred, for example due to mangrove cov-
er of areas belonging to the sea. Occasional gaps in
shoreline coverage occur due to cloud cover.

Rate-of-change-statistics wete computed us-
ing the Digital Shoreline Analysis System (DSAS)
(THiELER et al. 2009). Several shore-perpendicular
transects with a 50 m spacing were established to cal-
culate the net shoreline movement (NSM), defined
as the distance between two selected shorelines and
directly reflecting coastal retreat or progradation
(Fig. S1). Transects crossing areas of obvious anthro-
pogenic alteration (i.e. villages, roads) were exclud-
ed prior to calculation. In total, more than 80% of
the transects along the 12 km (Tolosa) and 16 km
(Dolores) coastal stretches were included in the
calculation.

3.3 Shoreline positioning errors

Shoreline positioning errors may occur due to
the resolution of the images, georeferencing offsets,
errors resulting from the previous shoreline ex-
traction or unknown tidal ranges at acquisition time
of the satellite images (cf. MONECKE et al. 2015). The
first two uncertainty terms are considered negligible
because of the high resolution of the satellite images
(HAPKE et al. 2010, RuGGIERO et al. 2013). Errors
derived from shoreline extraction are minimised by
the usage of training samples to differentiate land
from water and can be excluded as well (LipAKIs et
al. 2008). To account for the natural migration of
the HWL with seasonal changes and tidal variations,
horizontal shoreline variations wetre calculated by
using basic trigonometry (cf. MORTON et al. 2004,
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MONECKE et al. 2015). Due to the microtidal regime
both in Dolores (maximum range = 1.16 m, i.e. 0.27—
1.43 m above the lowest astronomical tide [LAT])
and Tolosa (maximum range = 0.81 m, i.e. 0.10-0.91
m above LAT), vertical high tide differences of less
than 0.3 m can be assumed. Considering an average
beach slope tan § as derived from the DGNSS tran-
sects, this leads to horizontal shoreline changes of
110 m (Dolores) and £5 m (Tolosa). The highest po-
tential errors, however, are associated with variable
run-up (MONECKE et al. 2015), which could not be
calculated because of lacking information on wave
height (MASSELINK et al. 2011). Instead, a value of
10 m was chosen tentatively as a maximum estimate
that should include all potential run-up variations,
especially considering the moderate tidal range at
both investigated sites. From these two uncertainty
terms, the total uncertainty value for every shore-
line position was calculated as the square root of the
sum of squares (RUGGIERO et al. 2013), which results
in a total shoreline position uncertainty of £11.2 m
for Tolosa and +14.1 m for Dolores (Tab. S2).

4 Results

4.1 Erosional and depositional signatures of Ty-
phoon Haiyan

At both sites, the beach ridges were completely
inundated during the typhoon. Beaches and berms
were eroded and sediment with grain sizes ranging
from mud to sand was transported across the first
ridge and accumulated on top of the ridge and in the
back-barrier swale.

4.1.1 Tolosa (TOL), Leyte

At Tolosa, Leyte Island, the coastal barrier and
the back-barrier depression were inundated with a
maximum height of 4.7 m above msl, reaching land-
ward inundation limits of up to >1000 m (BRILL et
al. 2016, WATANABE et al. 2017) (Fig. S2). Erosion left
a distinct scarp, synchronously filled with sand, to
some extent (Fig. 2a). By the time of the 2015 survey,
the recovery of the beach had proceeded, and the
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Fig. 2: Coast recovery in Tolosa. (a) After complete inundation and heavy beach erosion in 2014, (b) subsequent reworking
of sand and the re-establishment of vegetation, mostly Ipomoea pes-caprae (beach morning glory), (c) led to the formation
of a new beach ridge until 2016, (d) which is demonstrated by two shore-perpendicular transects. Note the accumulation of
sand on top of the ridge whereas the ground has flattened in the back-barrier swale after two years (msl = mean sea level).
The master profile is indicated by a red arrow and shown in Fig. 4.
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scarp was overprinted by vegetation and the forma-
tion of a new berm, which had prograded further
and became steeper by 2016 (Fig. 2b,c¢).

At Tolosa in 2014, the deposition of sandy mate-
rial terminated c. 150 m from the shoreline as a sheet
of grey sand with a maximum thickness of 10-20 cm
on the leeward site of the barrier (50—60 m from the
shore). The thickness rapidly declined to only a few
millimetres >90 m from the shoreline (Fig. 3a), where
it also became finer (Fig. 3b). The storm deposits on
top of the beach ridge were clearly visible against the
underlying dark brown soil and characterised by a
laminated structure of alternating siliciclastic mate-
rial (light) and greyish black heavy mineral concen-
trations. This lamination was restricted to the top
and back of the barrier and represented the washover
fan (Unit 2). Unit 1 slightly coarsened in the upper
part, where the lamination changed from horizontal

a) Tolosa 2014

surface elevation (m a.s.l.)

(Unit 2, Layer II) to cross-bedded (Unit 2, Layer I1T)
(Fig. S3). Towards the back-barrier depression it was
overlying the landward-thinning and fining massive
sand sheet (Unit 1 in Fig. 2). In 2015, progressive
mixing due to root penetration blurred the lami-
nation of Unit 2 (Fig. 4). The pattern of grain-size
distributions with a coarsening up in the lower part
(Unit 2, Layer IT) and an overall coarser upper part
(Unit 2, Layer IIT) of the washover fan deposit was
still visible (Fig. 5). However, in 2016 the lamination
had completely vanished (Fig. 4). In the back-barrier
depression, the >10 cm thick grey sand sheet was
almost completely mixed with the underlying soil
within less than two years (cf. TOL 15-8, Fig. S4).
Topographic surveying also revealed a levelling of
the surface in this area (Fig. 2d). In contrast, sedi-
ment was accumulated at the top and the seaward
side of the barrier between 2014 and 2016, and the
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Fig. 3: The deposit of Typhoon Haiyan as documented and sampled three months after the typhoon (modified after BriLL
et al. 2016). a) Thickness and composition of typhoon deposits along the shore-perpendicular transect recorded in 2014 (for
more details see high-resolution laboratory data for TOL 14-5 in Figure S3). The mostly massive basal Unit 1 (U1) is covered
by the laminated Unit 2 (U2) in the proximal part of the coastal plain (TOL 14-3-14-8). b) Landward thinning and fining in
typhoon deposits from Tolosa as documented for samples taken three months after Typhoon Haiyan.
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Fig. 4: Temporal alteration of storm signatures in the washover deposit at Tolosa (location TOL 14-5, 15-2, 16-1). In 2014, the
storm deposit was characterised by a sharp lower contact (note the pre-existing, now sand-filled cavity) and fine lamina-
tion of alternating siliciclastic material (light) and heavy minerals (dark) (Unit 2 in Fig. 3a, Fig. 83). In 2015, both the lower
contact to the thin and capped light brown pre-Haiyan soil (40-50 cm below surface) and the lamination pattern became
blurred; the older, very thick dark-mineral layers below the capped soil have lost their fine-lamination structure due to
weathering and bioturbation. In 2016, the lamination of the Haiyan deposit was gone, the lower contact becomes gradual.
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Fig. 5: Sedimentary characteristics of TOL 15-2. Within the Haiyan-related Unit 2 (layers II + III), Layer III is coarser than
II and shows faint lamination, whereas the differences seem to be less distinct compared to 2014 (TOL 14-5 in Fig. S3). Both
layers can still be clearly separated from the pre-Haiyan soil (Layer I).
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respective push cores showed a post-Haiyan increase
in thickness of the greyish deposit of up to 30 cm (cf.
TOL 15-6, Fig. S5).

4.1.2 Dolores (DOL), Samar

In Eastern Samar, similar inundation limits
of up to 800 m and onshore flow depths of 6-14
m were modelled (SHmnMozONO et al. 2015) and re-
ported (BRILL et al. 2016, Soria et al. 2017) during
Typhoon Haiyan. However, due to the time passed
since Haiyan, no flood marks were found in trees or
bushes of the prograded beach-ridge plain during the
first survey at Dolores in 2015. In contrast to Tolosa,
an erosive scarp of 1.7 m height (3.3 m above msl)
was still preserved at the back of the active beach
(Fig. 6a,d). Overwash of the barrier system was in-
dicated by fresh sedimentation of sand, starting on
top of the partly eroded ridge with a rapidly decreas-
ing thickness inland. In 2015, the storm deposit had
a maximum thickness of 18 cm in DOL 9, directly
at the erosional scarp (Fig. §9). Even though there
was no clear colour or sedimentary difference, a thin,
brownish crust on top of the pre-Haiyan soil marked

the boundary between the greyish brown, moderate-
ly sorted medium sand of the storm deposit and the
previous surface. Below the deposit, layers of grey-
ish brown medium sand alternated with light to dark
brown sand with incipient soil formation (DOL 9,
Fig. S9). Several pieces of plastic and glass bottles
were embedded into the sand down to a depth of
about 50 cm (Fig. 7b).

Locally, accumulation of sandy storm deposits
must have reached at least 160 m inland, since a thin
layer (2 cm) of the deposit covered the soil in DOL 1
(documented in 2015; Fig. 7, Fig. S10) which is lo-
cated inside the first swale (Fig. 1b, 6d). Within the
darker-coloured substrate, another layer of the same
greyish brown material and varying thickness was lo-
cated between 12 and 19 cm depth of the profile. The
rest of the stratigraphic profile of DOL 1 resembled
the structure at the erosive scarp with alternating
layers of lighter and darker medium sand that slightly
differed in organic content (Fig. 7, Fig. S10).

In 2010, the thickness of the storm deposit had
decreased in all stratigraphic profiles on top of the
beach ridge, reaching from 8 cm (18 cm in 2015) at
the erosive scarp (DOL 14, Fig. 8) to 2 cm in DOL 12
c. 40 m from the shoreline (Fig. 9). In the swale be-

Dolores (DOL)
14

swale 12

¢ ¢ erosive scarp
e W\

~~~ water level in m above msl| ¢ push core

Fig. 6: Typhoon signatures at Dolores (Fig. 1b). (a) Accumulated drift wood at the bottom of the erosive scarp in 2015. In
2016, parts of the beach were already covered by vegetation. (b) Several glass and plastic pieces were embedded in the storm
deposits. (c) Exposed palm roots on Hilabaan Island (~7 km off the coast) indicating erosion during Typhoon Haiyan. (d)
Topographical cross section covering the northern sampling sites at Dolores illustrating the erosive impact of Haiyan on
the beach-ridge system of Dolores (2015).
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Fig. 7: Temporal alteration of storm signatures at Dolores (Fig. 1b). The stratigraphic profile of DOL 1 (2015) (cf. Fig. S10)
was covered by a thin storm deposit (~2 cm). Another potential subrecent storm layer was situated between 20 to 25 cm
depth (corresponds to 12-19 cm in Fig. $10) based on lighter colouring of the sand and very sharp boundaries. DOL 10 (2016)
shows the site of DOL 1 in 2016, with the storm deposits mixed and incorporated into the surrounding soil by bioturbation.
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Fig. 8: Sedimentary and geochemical characteristics of DOL 14 (2016) at the erosional scarp. Layer V represents the Haiyan
deposit, IV is the pre-Haiyan incipient soil formed in the barrier sand (Layer III). For a legend see Fig. 5.

hind the ridge, traces of the storm deposit, identified
in 2015, were no longer visible (Fig. S11, Fig. S12).
Similar to the observations in Tolosa, vegetation had
re-established in the washover area within a very
short period of time. Bioturbation likely disturbed
the top layers, especially on top of the beach ridge
(e.g., DOL 12, Fig. 9).

The stratigraphy of the first ridge was com-
posed of a massive, moderately sorted and unimodal
medium sand, rich in skeletal grains, with a mean
grain size ranging between 250 and 375 pm. The
grain size distribution of the fresh storm deposit
was similar, though slightly coarser (Fig. 8, Fig. S9).
Some horizons were darker due to the accumulation
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Fig. 9: Sedimentary characteristics of DOL 12 (2016). (a) The stratigraphic profile is characterised by strong root penetration
and thus (b) by a blurred transition between the different layers. No significant differences of grain size parameters are ap-
parent, but (c) grain size distribution reveals a slight shift to a finer grain size in Layer I.

of organic matter and showed a slight shift in mean
grain size, for example in DOL 12 with 300 um in
Layer IT compared to 330 um in Layer I. DOL 15,
is located in the first swale and showed the most in-
tense soil formation as well as the lowest mean grain
size (Fig. S11). In DOL 14, C and N contents of the
sandy substrate were generally low at 0.15-0.18 %
and 0.4—0.6 %, respectively, and only showed minor

variations throughout the different layers. Higher C
(0.2-0.3 %) and N (0.9-1.6 %) amounts were only
measured in the dark brown coloured pre-Haiyan
soil (Layer IT), which was characterised by a slightly
higher mud component and degree of bioturbation

(Fig. 8).
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4.1.3 Source of storm deposits

Offshore samples were taken down to water
depths of 13.4 m at Tolosa and 10.7 m at Dolores
(Fig. 10). At both sites, the samples showed a seaward
fining trend and sorting became poorer with increas-
ing distance to the shore (Fig. 10, Fig. 11). At Tolosa,
mean grain size ranged from 246 um at a distance of
about 25 m to the shoreline and a water depth of 1.2 m
to 33 um at 480 m (in 13.4 m water depth). At depths
of <4 m samples mainly consisted of sand, whereas
the samples at >10 m water depth were less sorted and
dominated by silt. At Dolores, the mean grain size
ranged between 283 and 19 um with a clear seaward
fining trend. At 10 m offshore and at a depth of less
than 1 m the mean grain size was below the one of the
onshore storm deposits (DOLO 2 = 217 um, onshore
samples >250 pm) (Fig. 10, Fig. 11, Tab. S3). At both
sites, the closer the samples were located to the shore,
the greater was the similarity with the sandy typhoon
deposits documented during the surveys (Fig. 11).

4.2 Shoreline change analysis
Along the relatively straight and even coastal

stretch of 12 km around Tolosa, an average coast-
al retreat of 26 m was calculated after Typhoon

Haiyan (Tab. S3), which is considered a minimum
estimate as accretion of the coastline might have
already started during the seven days between the
typhoon and the image capture. The retreat was
largest (35 m) where spits and barriers were eroded
adjacent to small crecks and river mouths (Fig. 12).
Following the erosive impact of the typhoon, the
coastline started to recover to an average distance
of 11 m from its pre-typhoon position in May
2015. The rates of recovery were highest in areas
of strongest typhoon-induced erosion (up to 32 m),
near the river mouths. In these areas, the shoreline
almost reached its pre-Haiyan position. However,
in some parts (17 out of 215 transects) an erosional
trend continued until 2015 (Fig. 13a,b)

At Dolores, a more complex pattern of erosion
and deposition was observed. At more than half of
the transects (164 from 267 in total), the coastline
had prograded by an average of 57 m six days after
Typhoon Haiyan (Fig. 13a,c, Fig. 14, Tab. S4). The
highest sediment accumulation occurred near the
river mouths of the Dolores and Ulot rivers, the en-
trance of some smaller crecks and especially along
the mangrove-fringed headland in the north of the
investigated area (+73 m on average). Accumulation
of sediment during the inundation of the typhoon
seems to have formed new shoals and sand bars in
these areas. In contrast, the beaches in between the
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Fig. 10: Trend of mean grain size with offshore water depth at a) Tolosa and b) Dolores. Numbers indicate sample numbers

as in Fig. 1b,c.
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Fig. 13: Pattern of erosion and accretion during Typhoon Haiyan and 1.5 years after the event (recovery phase) based on
the DSAS analysis. a) Biplot showing post-typhoon change vs. recovery phase for both study sites. b) Erosion and accretion
along the Tolosa transect from N to S. c) Erosion and accretion along the Dolores transect from NE to SW (see Fig. 14).

Dolores
(DOL)

Fig. 14: Shoreline change at Dolores. (a) At the mangrove-cov-
ered headland in the north, net accumulation was detected
following the impact of Typhoon Haiyan. The pre-Haiyan
position of the shoreline was not reached until May 2015.
(b) The coastline was eroded along an elongated beach, but
recovery started rapidly after Haiyan. In May 2015 the pre-
Haiyan shoreline position was nearly reached (see Tab. S1 for
details on satellite images).

accretional areas experienced an average shoreline
retreat of 15 m (Fig. 13a,c, 14, Tab. S4).

In the following months, erosion dominated
over accretion at 161 out of 241 transects, whereby
the areas with highest accretion immediately after
the typhoon also experienced the strongest erosion
until May 2015. Near the river mouths, on aver-
age 51 m of the previous accretion of 73 m were
eroded again. Overall, a progressive alighment of
the shoreline to its pre-Haiyan position was noticed
along the entire coastal stretch. Nevertheless, the
initial shoreline position was not reached in May
2015 and some of the new post-Haiyan shoals and
sand bars remained unchanged over the studied pe-
riod (Fig. 14).

5 Discussion

5.1 Geomorphic and sedimentological imprint
of Typhoon Haiyan

At Tolosa, the majority of geomorphic ef-
fects can be related to Typhoon Haiyan, although
some very limited modification of the proximal
depositional patterns by Tropical Storm Basyang
in February 2014 cannot be excluded (BriLL et al.
2016). At Dolores, Typhoon Hagupit in December
2014 reached an intensity comparable to Haiyan,
even though the majority of coastal flooding as well
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as geomorphic and sedimentological effects can
be associated with Typhoon Haiyan based on local
eyewitness reports.

Outside of river mouths, sandy beaches expe-
rienced significant erosion and shoreline retreat of
more than 35 m on average in both areas. These val-
ues, however, are smaller compared to other high-en-
ergy wave events such as Hurricane Katrina in 2005
(Frirz et al. 2007) or the Indian Ocean tsunami in
2004 (Liew et al. 2010, MoNECKE et al. 2015), where
an initial shoreline retreat of 100-500 m was meas-
ured at the hardest-hit coastlines. At Tolosa, erosion
was strongest in areas with high sediment input along
the beaches and where protective sand bars in front
of river mouths were removed during the typhoon.
These trends are consistent with the results of other
studies highlighting the high vulnerability of sandy
beach sections to erosion as compared to other coastal
landforms (JoNAH et al. 2016).

The differential pattern of erosion and accretion
during Haiyan at Dolores may be explained by con-
nectivity to the offshore island of Hilabaan, where eye-
witnesses reported massive erosion along the seaward
facing beaches and complete inundation (3—4 m above
msl) of the island (Quix 2018). Exposed roots of palm
trees on Hilabaan island found in 2015 indicate vet-
tical erosion of >20-30 cm (Fig. 8c) along the entire
east coast. In addition to an increased amount of flu-
vial input during the typhoon due to heavy rains, these
sediments were supposedly transported towards the
mainland by storm waves coming from a south-easter-
ly direction and were mainly trapped around the man-
grove-fringed headland north of Dolores, reflected by
the highest values of coastline accretion (Fig. 13c, 14).

At both study sites beaches were eroded by the
storm waves, leaving an erosive scarp as a typical re-
sponse (WANG et al. 2000, Yu et al. 2013). Flow depths
of at least 4 m completely submerged the barrier crests
with maximum heights of 3.3 m above msl and depos-
ited sand on top of the beach ridge and inside the first
swale. The landward-thinning and slightly fining sand
sheet extends for approximately 150 m inland. In the
back-barrier depression at Tolosa, a thick washover
sand lobe with landward inclining laminae (Unit 2) is
situated on top of the sand sheet (cf. BRILL et al. 20106).
At Dolores, the thickness of the storm deposit is also
greatest on top and on the leeward side of the bar-
rier, but the deposit appears massive and characteristic
features such as a landward declining upper surface,
a steep landward front or planar lamination patterns
(Scarwartz 1982, KocHEL & Dorax 1986, SEDGWICK
& Davies 2003, PHANTUWONGRAJ et al. 2013, MAY et
al. 2017) were not visible in 2015.

5.2 Spatial variability of typhoon signatures

The extent of beach erosion and deposition of
washover sediments is influenced by several site-spe-
cific factors including storm intensity, approaching
angle of the storm waves, wave height, local geology,
coastal configuration, sediment texture and supply as
well as the bathymetry of the study area (Coco et al.
2014, BurvINGT et al. 2017, MoskALEWICZ et al. 2024).
Although both locations have a different exposure
to the typhoon track, a combination of exception-
ally high waves and inundation levels caused beach
erosion along both investigated coastal stretches.
The almost shore-perpendicular approaching angle
of the storm waves resulted in an almost evenly dis-
tributed, lateral erosion pattern in Tolosa, whereas
the erosion in Dolores implies a more oblique angle
towards north-northwest associated with predomi-
nant erosion at the beach and accrection towards the
northeastern mangrove-fringed headland (Fig. 13c,
Fig. 14, Fig. 15). These site-specific effects empha-
sise the strong influence of the approaching angle
of waves and sediment connectivity (with Hilabaan)
on beach response with the potential effect of in-
creased longshore sediment transport after the event
(BERGILLOS et al. 2017, BURVINGT et al. 2017).

At both investigated sites, the deposition of sand
sheets reached a similar landward extent (~150 m),
connected to washover fans in the backshore. The
sand sheets are related to a continuous flow of water
over the entire crest and deposition from suspension
(DoNNELLY et al. 2006). At Tolosa, breaking waves
at the barrier during peak inundation created maxi-
mum suspended transport of >0.05 m?/s contrib-
uting to the deposition of a washover fan (Unit 2)
in the backshore and on top of the proximal sand
sheet (Fig. 3a). However, shear stress reduced quickly
inland after breaking of waves and, in combination
with abundant vegetation increasing bottom rough-
ness, resulted in the relatively short landward limit of
sand deposition (WATANABE et al. 2017).

In contrast, a moderate storm surge occurred in
Dolores, which is located more than 100 km north
of the eye of the typhoon, due to the relatively steep
offshore bathymetry (TAjiMA et al. 2016b). In case of
Eastern Samar (Dolores) high flood levels resulted
from extremely high waves (BRICKER et al. 2014) erod-
ing the beach. The high waves overtopped the beach
ridge at Dolores and deposited a sand sheet on top of
the first ridge reaching down into the swale. However,
flooding intensity was probably less than in Tolosa
as deposits are thinner and their thickness decreases
much faster with greater distance to the shoreline.
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At Dolores, the differentiation of storm depos-
its based on granulometric criteria is hampered by
only minimal variations in grain size distribution
and sorting compared to the underlying soil and the
lack of lamination. Granulometric investigations of
the offshore reference samples reveal that the main
source area of the washover deposits comprised
the beach and the supratidal beach, which explains
the similarity between storm deposit and the sandy
pre-typhoon soil. In contrast, the finer grained sand
sheets in Tolosa not only stem from the beach area
but also from the intertidal and very shallow subtidal
environment. A mud component as documented
by Soria et al. (2017) in more landward samples at
Tanauan north of Tolosa may indicate sourcing of
sediments at even greater depth, supported by the
shallow and gently-sloped offshore bathymetry in
combination with high flow depth and flow veloc-
ity (cf. Mort et al. 2014). At Dolores, high sediment
availability in the beach zone (see section 5.1) as well
as the higher crest of the barrier may point to only a
small source component from the shallow subtidal.
In general, these observations are in line with esti-
mates of a beach/intertidal to very shallow subtidal
or reef flat sediment source of onshore Haiyan de-
posits in the wider study area (BRriLL et al. 2016,
SwrTzER et al. 2020).

Besides bathymetry, coastal configuration and
sediment supply, the local composition of the ty-
phoon deposits is influenced by the geological origin
of the investigated areas. Laminated storm deposits
are only present in the siliciclastic environment of
Tolosa, but not at the carbonate-dominated coast-
line in Dolores as they are linked to the existence of
heavy minerals and kinetic sieving (BRILL et al. 2016,
Sor1a et al. 2017).

Signs of shore-perpendicular breaches as report-
ed elsewhere from both tsunamis (ATWATER et al.
2013) and major storm (STONE et al. 2004, WANG &
BrigGs 2015, BAuMANN et al. 2017, May et al. 2017)
impacts, the latter mostly associated with barrier is-
lands, have not been identified in the study area as a
response to Typhoon Haiyan.

5.3 Post-typhoon sedimentary and geomorphic
changes

The post-typhoon beach dynamics were charac-
terised by recovery towards the original state, at var-
ying rates. At Tolosa, 91 % of the sediment initially
lost to Typhoon Haiyan at the exposed areas of small
river outlets was recovered in the months follow-

ing the event. On average, the coastline recovered
to more than half (58 %) of its pre-Haiyan position
within 1.5 years (Fig. 14a,b, Tab. S3). Similar cases
of rapid beach recovery were reported after impacts
of both major storms and tsunamis (e.g., WANG et al.
2006, CHOOWONG et al. 2009, Liew et al. 2010, Yu
et al. 2013, MoNECKE et al. 2015). Usually, various
phases of recovery can be distinguished over longer
periods with very high lateral accretion rates in the
first months and a subsequent slow down due to de-
creasing sediment supply (YU et al. 2013, MONECKE
et al. 2015, OLIvER 2016) until a state somewhere
close to pre-impact conditions is reached. ANDERSON
et al. (2010) emphasise that the sum of the discrepan-
cy between the pre-impact and recovery states (tran-
sient change) determines the long-term dynamics
(persistent change) of a low-lying sand-ridge coast.

Since accretion was most pronounced in areas
with high sediment supply, the availability of mate-
rial for beach progradation also seemed to be one
of the driving factors for coastal recovery in Tolosa.
Typhoon-eroded sand was transported back to the
beach within a short time interval by long-term
wave action and longshore drift as also described
for sandy beaches in Hong Kong by Yu et al. (2013).
Only where long-term wave energy is too low (YU et
al. 2013), anthropogenic overprint is severe (e.g. in
case of fish tanks inside wetlands behind an eroded
sand barrier; Liew et al. 2010), or the eroded beach
deposits are transported to greater depths below the
storm wave base by backwash, as in the case of the
2011 Tohoku Tsunami inside Sendai Bay (YosHIK AwA
et al. 2015), post-impact recovery fails.

At Dolores (Fig. 15), sediment was kept within
reach of the long-term wave climate resulting in net
erosion where Typhoon Haiyan had induced accre-
tion, whereas areas of beach loss gained sediment
in the months after the typhoon. In fact, both study
sites benefit from shallow water depths (Fig. 10) close
to the coast in the Gulf of Leyte (Fig. 1a) and the lee
of Hilabaan Island (Fig. 15). Under such conditions,
several studies along the European Atlantic coast and
in the Gulf of Mexico show that despite site-specif-
ic variability in erosion and accretion during storm
impacts, beaches tend to recover towards some sort
of pre-storm equilibrium (STONE et al. 2004, Coco
et al. 2014, MAsseLINK et al. 2015, ScorT et al. 2016,
BurvINGT et al. 2017), which may take up to >10 years
in extreme cases (KKUMMERER et al. 2025).

Furthermore, the total amount of eroded, ac-
cumulated and later redistributed sediment after the
storm was significantly larger in Dolores compared
to Tolosa. Nevertheless, coastal recovery remained
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Fig. 15: Supposed processes affecting coastal change in Dolores. Regular sediment movement due to longshore drift cur-
rents and fluvial input was intensified during Typhoon Haiyan leading to a general shoreline change pattern of both erosion
(red) and accretion (green) (based on ESRI base maps and SRTM data from USGS).

behind the pre-Haiyan shoreline position, especially
in areas were new sandbars were formed. Although
erosion outweighed accretion in the months follow-
ing the typhoon, most of the new sandbars still ex-
isted on the 2015 satellite images. We assume that
recovery processes were interrupted or at least nega-
tively affected by a higher number of potentially
erosive storms recurring in subsequent months such
as Typhoon Hagupit (December 2014) and Tropical
Storm Mekkhala (January 2015). Consequently, sedi-
ment reorganisation and net shoreline accretion can
be attributed to the reestablishment of long-term
coastal processes such as longshore drift during reg-
ular wave action as well as reintegration of offshore
transported sediment and the frequency of major
storm impacts (e.g., STONE et al. 2004, BURVINGT et
al. 2017). Whether Typhoon Haiyan induced trans-
fer from lower to upper shoreface environments and
increased the sediment budget available for long-

term shoreline accretion potential compensation of
relative sea-level rise (HARLEY et al. 2022) cannot be
evaluated based on the short recovery phase covered
by this study.

On a smaller spatial scale, sediment accretion
impacts the beach profile by transferring sediment
from the upper intertidal area to the beach face by
wave action rebuilding the eroded beach ridge. Since
the formation of ridges is restricted to areas of rapid
accretion, dense vegetation and accumulation of sed-
iment at the foot of the storm-induced scarp (Hesp
et al. 2005), the local conditions at Tolosa promoted
the rapid establishment of a new berm as shown in
Fig. 2d. Thus, wherever sediments remain in the
nearshore system, coasts seem to recover without hu-
man intervention after extreme-wave impact. Hence,
the recommended management of these natural
coastlines is to leave them to reorganise by them-
selves (LiEw et al. 2010).
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Vegetation growth plays a major role in attenu-
ating flooding, sediment deposition (WATANABE et
al. 2017) and coastal recovery processes through the
stabilising effects of roots and trapping acolian sand
(ENGEL et al. 2015, MONECKE et al. 2015). At both
sites, ground covering plants — in particular Ipomoea —
spread on top of the eroded ridge within a very short
time and kept up with the pace of beach prograda-
tion. Their roots, however, in combination with fast
weathering driven by a high amount of rainfall and
good drainage (NAVARRETE et al. 2008), induced a
disturbance of the laminated storm deposit and mix-
ing with the underlying surrounding (incipient) soil
(Fig. 2a—c, Fig. 4), which is reflected by a poorer sort-
ing of the corresponding sand layers. At Dolores, the
bioturbation process was reinforced by chemical
weathering in the carbonate environment, which ini-
tiated soil formation processes. In the course of in-
cipient soil formation, particles were geochemically
altered, which is manifested by weathering attributes
and a slight reduction of particle size over time (e.g.,
DOL 12, DOL 15).

5.4 Implications for coastal geomorphic resil-
ience after extreme events

The sedimentary and geomorphic record of
beach-ridge systems has important implications for
the reconstruction of coastline evolution and the
history of extreme-wave impacts. Even though the
preservation potential of sandy beach ridges is re-
duced compared to ridges composed of coarse clasts
(SCHEFFERS et al. 2012), they have been successfully
used to decipher prehistoric events or even variability
in storminess (e.g., TAMURA 2012, BRriLL et al. 2015,
MonNECKE et al. 2015, NoTT et al. 2015, OLIVER 2016,
OLIVER et al. 2019, MAy et al. 2018). Observations
of the geomorphic response of these systems made
after the impact of Typhoon Haiyan help us to read
them as a long-term archive for storminess.

Based on remnants of plastic trash found down
to depths of 50 cm at the erosive scarp at Dolores
(DOL 9, DOL 14) the age of the most seaward ridge
is assumed to be post-World War II, when the use
of synthetic polymers started to spread global-
ly to become a distinct stratigraphic time marker
(Zavasiewicz et al. 2014). This young age poses the
question of the preservation potential of Haiyan’s
geomorphic imprint. Ligw et al. (2010) state that
coastal morphology is not an ideal indicator for
past events as recovery processes mask the erosive
signature after only a few weeks to months. Such

a masking process has occurred already at Tolosa
and, to a lesser degree, at Dolores, where recovery
was certainly slowed down by subsequent typhoons.
However, at prograding barrier coasts, former scarps
can often be detected and dated by a combination
of ground penetrating radar (GPR) and optically
stimulated luminescence (OSL) dating and translated
into millennial-scale records of storminess (TAMURA
2012, OL1VER 2016, DOUGHERTY et al. 2019, Kumar
et al. 2024). While the application of GPR would be
promising in future activities at the study sites, the
application of OSL is challenging, as luminescence
signals of the young volcanic quartz sands of Leyte
have been found to be poor and feldspars were in-
sensitive to infrared stimulation (BriLL et al. 2018).

In light of the relatively high level of geomor-
phic resilience, the preservation potential of wash-
over sand sheets and fans at both sites is considered
poor on the basis of the results presented. At least in
the Philippines’ humid tropical climate, rapid rees-
tablishment of vegetation, bioturbation and incipi-
ent soil formation processes (accumulation and per-
colation of organic matter, rapid weathering of less
resistant minerals), signatures are either overprinted
by post-depositional processes, as observed in both
siliclastic and carbonate-dominated deposits of the
2004 Indian Ocean Tsunami (NicHoL & KENCH
2008, SzczuciAsk 2020) or destroyed by erosion of
subsequent storms. However, there may be a chance
to detect palaco-surfaces reflected by incipient soil
formation (e.g. DOL 9), which has been successfully
used in a large overwash fan at the Gulf of Exmouth,
Western Australia, to identify alternating phases of
increased storm overwash and surface stability (MAY
et al. 2017).

Where storm deposits have the same source ma-
terial as the underlying substrate (e.g. in Dolores),
their identification is further impeded and may be
impossible due to bioturbation. This applies particu-
larly to very thin sand layers, which in general have a
very low likelihood of being preserved (OTvos 2011).

6 Conclusions

Typhoon Haiyan’s impact on the two sites on
Leyte and Samar comprised beach erosion as well as
the deposition of a storm deposit on the most sea-
ward, partly eroded beach ridge and inside the ad-
jacent swale. These storm-related signatures such
as an erosive scarp at the seaward side of the ridge,
landward fining sand sheets and a laminated wash-
over fan (Tolosa) are characteristic signatures of ty-
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phoon impact. Since they were generated by one of
the strongest tropical cyclones on record they repre-
sent an important contribution to the general know-
ledge on sedimentological storm signatures and their
post-event alteration. However, preservation poten-
tials are rather poor, as less than two years after the
typhoon characteristic sedimentary structures, such
as planar lamination, have been largely destroyed by
bioturbation and weathering in the humid-tropical
environment. The comparison of Haiyan’s footprint
at two different locations emphasises the influence
of site-specific factors on both formation and pres-
ervation of erosional and depositional patterns, such
as approaching angle and height of the waves, storm
surge, local geology, coastal topography and sedi-
ment texture.

The findings of this study point to a fast re-
covery after typhoon impact closely approaching
pre-typhoon conditions in major parts of the studied
coastline, especially at Tolosa, which has important
implications for coastal management. The pattern is
more complex at Dolores, where the coastline is dis-
rupted by river mouths and has experienced a higher
frequency of stronger storms in the wake of Haiyan.
The indifferent reorganisation is controlled by con-
stant wave action, longshore currents, sediment sup-
ply and vegetation growth. Within the beach ridge
systems erosive scarps, existing sand deposits and
typical storm-induced sediment structures were
modified by intense bioturbation and incipient soil
formation. Although post-depositional alterations in
beach ridge systems are site dependent, in the hu-
mid and bioturbation intense coastal environment
of Eastern Visayas typhoon signature preservation
is not sufficient to allow an easy detection. Their
function as geological archive for past extreme-wave
impacts is therefore considered limited at this stage
of investigation.
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