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Abstract: The 2021 Cyclone Seroja was a category 3 storm that made landfall on Lembata Island, causing extensive da-
mage. This study aims to identify key interpretations of sediment transport related to tropical cyclones (TC) Seroja and
past floods using a geopedological approach, estimate the return period through frequency analysis, and determine the
rainfall threshold for flooding using HEC-RAS software. Extreme rainfall data from global precipitation model (GPM)
(2000-2023) in Wei Laing watershed were analysed alongside LiDAR terrain data, physical and chemical properties
of soil, and land cover data. Based on geopedological analysis, the result shows that the erosional-transfer zone of Wei
Laing Watershed has thin, loamy, and slightly sandy soils due to erosion and limited pedogenesis. The depositional zone
contains flood deposits with abrupt vertical texture changes, reflecting transported coarse grains and finer in-situ sedi-
ments. The modern flood deposit (TC Seroja flood deposit) was identified by texture, CaCOj; content, organic matter, and
coarse organic material. The fine-grained flood deposits (< 4 cm) are classified as slackwater deposits, consist of silty clay
loam and silt loam textures, reflecting deposition under slow-flowing conditions. TC Seroja corresponds to a 50-year re-
turn period. Hydrological modelling indicates a 60 mm/day rainfall threshold for flooding, with 77 flood events recorded
between 2000-2023. The model is confirmed by thick past flood deposits enriched with coarse organic materials. These
findings provide insight into flood dynamics and sedimentary responses, supporting future flood risk mitigation efforts.
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The frequency and intensity of maritime disas- to coastal communities (Shashank et al. 2024). The
ters have increased due to climate change. Tropical impacts of tropical cyclones also result in sediment
cyclones (TC) have become one of the deadliest ex-  transport, changes in salinity in tidal areas (Janakira-
treme events (Chen et al. 2024) and a serious threat man et al. 2024), as well as shifts in coastlines and
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coastal community structures (Eberenz et al. 2021).
Although climate change has been a global threat
since the mid-20" century, developing countries
are projected to be the hardest hit due to their lim-
ited adaptive capacity (Dong et al. 2024). Indonesia
is among the countries most vulnerable to climate
change and natural disasters (Stanton-Geddes & Vun
2019; Fahrudin et al. 2022). Approximately 51 TCs
were recorded entering Indonesia’s southern regions
from 1983 to 2017 (Mulyana et al. 2018). In the area
around East Nusa Tenggara (NTT), several tropical
cyclones have occurred, including TC Flores (1973),
TC Bonnie (2002); TC Inigo (2003); TC Kirrily (2009);
TC Frances (2017), and TC Seroja (2021) (Bureau
of Meteorology 2023). The periodic occurrence of cy-
clones is a characteristic of the coastal areas in East
Nusa Tenggara (NTT), given its position along the
tropical storm tracks of the Timor Sea and the Indian
Ocean. Tropical cyclone activity in NTT is influenced
by its location near the equator (Sekaranom et al.
2021) and complex climate conditions, including sea
surface anomalies, the Madden-Julian Oscillation, and
equatorial convection (Kurniawan et al. 2021; Latos
et al. 2023). Studies to understand the characteristics
and mechanisms of the impacts of tropical cyclone
phenomena in NTT are crucial as their intensity and
frequency continue to rise.

Tropical cyclones cause more damage through
storm surges and flooding than through strong winds.
Therefore, areas vulnerable to TC landfalls may hold
long-term geological records in the form of sedi-
ments, as these deposits result from storm-induced
processes. Prehistoric tropical cyclone records can
also be preserved as coastal geomorphological fea-
tures (Nott 2004). Paleotempestology, the study
of past storm activity, uses geological and geomor-
phological proxies from before observational records
were available (Minamidate & Goto 2024). Over the
decades, research on reconstructing flood records
or paleohurricane archives has advanced significantly,
including through sediment deposits (Rodysill et al.
2020), tree rings (Ballesteros-Canovas et al. 2020), and
speleothem (Denniston & Luetscher 2017). However,
long-term geological studies of tropical cyclones
often face limitations in deciphering flood intensity
(Donnelly et al. 2015). Records indicate significant
changes in tropical cyclone activity alongside rela-
tively sparse observational records, highlighting the
need to detect long-term trends and correlate them
with recurrence intervals. Geopedological approaches
(geomorphology and pedology) are still rarely used

120

https://doi.org/10.17221/147/2024-SWR

to reconstruct flood disasters in tropical dry regions.
We analysed paleoflood hydrology by integrating
paleotempestology findings into flood inundation
modelling to identify geomorphological records
that can serve as paleoflood proxies. Therefore, the
objectives of this study are: (1) to identify key inter-
pretations of sediment transport related to TC Seroja
and past floods using a geopedological approach;
(2) to c estimates the return period through frequency
analysis; and (3) to determines the rainfall threshold
for flooding using HEC-RAS software.

MATERIAL AND METHODS

Study area. This research was conducted in Wowong
Village, which was affected by flash floods caused
by Cyclone Seroja in 2021 (Figurel). Wowong Vil-
lage is part of the Wei Laing watershed, character-
ized by a complex topography with fluvial-marine
plains surrounded by hills, and a bottleneck at the
entrance to the village. The Wei Laing watershed
covers an area of 11 000 km?, with a climate influ-
enced by monsoon and trade winds for 4—5 months.
According to the geological map of the Lomblem
sheet at a scale of 1:250 000, the area’s lithology
includes Coral Limestone, Nangapanda Formation,
Viquegue Formation, Kiro Formation, and Noil Toko
Formation. The Nangapanda Formation consists
of rock layers such as sandy tuff, tuff breccia, and
sandy limestone, formed during the Early to Middle
Miocene, approximately 23-11 million years ago.

Pre-field work. The pre-field activities included
data collection and the creation of a geomorpho-
logical map. The data collected comprised terrain
data processed from LiDAR data with a resolution
of 3 ¢cm, land use land cover data, and rainfall data
obtained from the global precipitation model (GPM)
satellite for the years 2020—-2023. Manual delineation
of landform units was conducted at a scale of 1:25 000
to highlight variations in relief and morphology,
referring to the classification by The National Com-
mittee on Soil and Terrain (2009). The data sources
used included the national digital elevation model
(resolution 8.27 m) combined with terrain data from
LiDAR. Datasets for DEM were provided by Informa-
tion Geospatial Information Agency (2018).

Field work. Soil sampling was conducted along
transects representing landforms (geomorphic
zones) and using participatory techniques to iden-
tify flood-affected areas and high flood frequency
locations. Participatory techniques are more ef-
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fective in gathering disaster risk information (Pel-
ling 2007) and enhancing resilience (Haynes et al.
2020). Sampling was performed using augers and pits
at a depth of approximately 1 m in May 2023, with
a total of 12 sampling points. Based on the domi-
nant geomorphological processes in the Wei Laing
watershed, geomorphic zones were identified as the
erosional-transfer zone and the depositional zone
(Figure 2B). The erosional-transfer zone is charac-
terized by steep or moderately sloping terrain with
arrangements of ridges, slopes, and valleys. Parent
rocks in this zone consist of sandy tuffs, tuffaceous
breccias, and locally intercalated sandy limestone.
The soil in this zone is generally thin, with a shallow
surface layer (0—30 cm). The depositional zone, typical
of fluvial-marine deposition, includes residential and
agricultural areas. Damage caused by debris flows
and flooding resulted in significant losses during
TC Seroja. The soil in this zone is moderately deep,
with a surface depth ranging from 80 to over 100 cm.

13776000
1

Laboratory analysis. A total of 31 soil samples were
tested in the laboratory to determine their physical
and chemical characteristics. The soil parameters
analysed included soil texture, CaCOj; content, organic
matter (OM), and the presence of coarse organic
materials such as freshwater snail shells and coral.
A geopedological approach was used to identify and
compare the characteristics of each soil layer to under-
stand their relationship with past flood events in the
landforms (Zinck et al. 2016). Soil characteristics
serve as a paleo-stage indicator for identifying past
floods’ traces. These characteristics can act as flood
proxies, preserving information about historical flood
events (Benito & Thorndycraft 2004; Herget 2020).

Hydrological modelling. GPM satellite rainfall
data was chosen as the data source. This satellite data
was chosen due to the absence of rainfall stations
in the study area (Hidayah et al. 2024). The collected
rainfall data was statistically analysed to determine
return period values, using probability distribu-
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Figure 1. Tropical cyclones (TC) Seroja’s track leads to Lembata and its intensity (A), Wowong Village and Wei Laing
watershed (B), aerial photo of bottleneck area (2023) (C), aerial photo of the most densely populated area (2023) (D),

and main lithological aspects (E)

Tmk — Tertiary Kiro Formation; Tmn — Tertiary Noil Toko Formation; Ql — Quaternary Coral Limestone; QTv — Quaternary-

-Tertiary Viquegue Formation
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Figure 2. Soil sampling (A) and cross-sectional profile of geomorphic zones in the Wei Laing watershed (B)

tions such Log-Pearson III. These distributions were
tested with Kolmogorov-Smirnov tests to identify the
appropriate return period values for 2, 5, 10, 20, and
50 years, with the goal of finding values most similar
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to TC Seroja rainfall. The return period value repre-
sents a single event without temporal distribution,
necessitating the analysis of temporal rain distribu-
tion using the Soil Conservation Service (SCS) Unit
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Hydrograph (UH) model. In this study, the SCS-(curve
number) CN method is employed, accounting for land
cover and soil hydrological group (Wrdbel et al. 2020),
producing surface runoff-a significant cause of flood-
ing in Wowong Village. HEC-RAS software facilitates
these calculations and can visualize flood inundation
(Sathya & Thampi 2021).

RESULTS AND DISCUSSION

Depositional zone: TC Seroja flood deposit and
paleoflood deposit. The transect perpendicular to the
coastline indicates that flooding caused by TC Seroja
deposited sediments up to 4 cm thick, as observed
at points 13 and 14 (200 m from the coast). Flood
deposits were analysed separately as a distinct type
of recent flood deposit (modern deposit), whereas
upstream-midstream deposits were identified as riv-
erbank deposits and hill residuals. The morphologi-
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cal characteristics of the flood deposits are marked
by vertical changes in colour and texture, loamy texture
with very fine to coarse platy structures, and cracks
on the muddy surface (Figure 3G). These thin grey
flood deposits have a silty clay loam texture at point
14 and a silt loam texture at point 13, indicating fine
material deposited under slow-flowing conditions.
The texture transition from clay to loam is likely
due to the phenomenon of reverse seasonal flood-
ing (Wang et al. 2018). Silt deposition near the land
margin occurs because of a salinity gradient trapping
silt particles from freshwater in the saltwater layer
as turbulence decreases. Based on their character-
istics, the deposits at points 13 and 14 are identified
as slackwater deposits (SWDs). Slackwater deposits
are fine silt or sand deposits that rapidly accumulate
from suspension during major floods in areas where
local flow velocity decreases (Saynor & Erskine 1993).
Organic matter content reached 11.63% at point 14
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Figure 3. Soil profiles from core and pit points at several locations (GR, gently undulating rises and LP, level plain), vari-

ations in soil texture showing (A), flood deposit at point 13 LP with a thickness of approximately 4 cm (B), flood deposit

at point 14 LP (C), soil profiles at various points (D), platy structure of flood deposit (E), a coarse fragment, consisting

of a freshwater snail shell (F), mud cracks after flood events (G), coarse fragments of corals (H), other coarse fragments,

including coral pieces (I), showing the surface is abundant with freshwater snail shells (Allopeas gracile) (])
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and 14.67% at point 13, supporting the indication
of material accumulation under anaerobic flood
conditions (Baker 1987). The average organic matter
(OM%) in soil layers within the depositional zone
is approximately 9.92%, while it is 12.15% in the
erosional-transfer zone. This aligns with findings
by Saint-Laurent et al. (2014), which indicates that al-
luvial soils frequently affected by flooding tend to have
lower soil organic carbon concentrations (SOC%).
A significant CaCO; content (27.88%) at point 14
suggests that this mineral was deposited along with
fine sediments. Other chemical properties showed
no consistent patterns. As noted by Lee et al. (2014),
found that soil pH may remain unchanged or increase
after flooding, whereas sodium (Na) concentration
and electrical conductivity tend to decrease.

Soil profile data indicate that sediment layers
in this area were formed by flood deposition rather
than pedogenesis. The absence of clear soil horizons
emphasizes the dominance of sediment flows from
flooding rather than long-term weathering processes.
The layered soil texture shows significant variability
in the landscape samples, with uneven distribution.
The proportion of silt and clay in the 31 texture-
tested samples is 80.7%. The finest deposits were
found at points 6, 8, 11, and 12, with clay content
exceeding 50%. Point 6 does not exhibit distinct
characteristics of ancient flood deposits, but certain
features, such as the presence of a silty clay layer
(Figure 3A), an increase in sand, and a decrease
in CaCOj; content towards the lower layer, suggest
the possibility of slow sedimentation processes as-

https://doi.org/10.17221/147/2024-SWR

sociated with short-term water flows. At point 8
(Figure 3A), changes in texture to loam, an increase
in sand content in the lower layer, and high CaCO;,
content in the upper and lower layers (but lower in the
middle) indicate the possibility of a flood event dur-
ing the deposition period (paleoflood deposit). This
is further supported by the presence of freshwater
snail shells (Allopeas gracile) at depths of 46—74 cm,
confirming that the area experienced flooding (Guo
et al. 2021; Lv et al. 2023).

Our data indicate a relationship between CaCOs,
content and OM at various sample depths, suggesting
similar flood deposition processes (Table 1). Shal-
low layers: points 8, 9, 13, 14, and 6 likely indicate
deposition from recent floods. Medium-depth lay-
ers: points 8, 12, and 6 show moderate CaCO; and
OM content, possibly indicating deposition from
recurring floods. Deeper layers: points 11, 12, and 6
likely represent older deposition layers. High CaCO;
concentration: layers at points 11 and 5 suggest
carbonate-rich sediment deposition, while the low
OM content indicates deposition in high-energy
environments, such as water channels at point 5 and
former river flow areas at point 11.

All soil layers containing coarse organic materi-
als are identified as paleoflood deposits with loamy
textures. The presence of coral fragments in the
layers at points 7 and 9 indicates the influence
of coastal material transportation to deeper inland
areas through flooding. The texture at point 9 shows
an increase in sand content, signifying increased
flow energy with depth. Coral fragments found

Table 1. Layers with similar CaCO, and organic matter (OM) levels across sample points

o ) CaCOs, oM
Layer characteristics Point No. (depth, cm) %)
0
8 (0-2) 16.9 13.2
9 (0-20) 14.5 15.0
Layers with high CaCO,
and OM at shallow depth (0-20 cm) 13 (modern deposit) 145 14.7
14 (modern deposit) 27.9 11.6
6 (0-20) 17.2 9.1
. i moderate CaCO 8 (33-46) 18.0 8.9
ayers with moderate CaCO;
and OM at medium depth (20-40 cm) 12 (25-46) 163 104
6 (20-40) 20.2 12.0
. i low CaCO 11 (1-15) 5.3 9.0
ayers with low CaCOs,
and moderate OM at deeper depth 12 (16-25) 75 12.0
6 (40—60) 3.4 7.5
Layers with very high CaCO; and low OM 1 E(I)S lg)z) gég 1(9)2
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at point 9 (40-80 cm depth) and freshwater snail
shells at point 11, located 145 meters from point 9,
suggest the accumulation of coarse material inland
through strong flows. Texture changes at point 12,
transitioning to clay loam and sandy clay loam with
sand content reaching 49.25% in the lower layer, also
point to the deposition of coarse materials during
high-energy flow events. The discovery of pottery
shards at a depth of 55—-60 cm indicates past human
activity that might have been impacted by changes
in flow or major flood events, further supporting
the assumption of intense flow events in the past.

The coastal conditions in this area are also influenced
by washover processes. Coarse materials such as coral
fragments are transported over natural barriers like
beach ridges and distributed into the backshore areas
(Figure 3H, I). This process often occurs during major
storms or high waves, where intense rainfall and in-
creased runoff contribute to hydrodynamic changes,
similar to events documented in the Gulf of Thailand
(Williams et al. 2016). Changes in river flow in Wowong
Village, last observed as active in 2018, have also af-
fected the distribution of coarse sediments in this area.
The river is dammed with a permanent sluice gate
in the midsection of the Wei Laing watershed, near
the bottleneck (point 6) (Figure 1), causing changes
in the depositional environment. This area is now
predominantly influenced by hydrological processes,
including rainfall, surface runoff, and slow sediment
deposition, which contribute to the accumulation
of finer surface deposits.

(A)
Outcrop Outcrop Core Core
Point 1 RH Point 2 SH Point 3 RH Point 4 RL
cm
0 CaCO, CaCO, 1 CaCO, CaCO,
4.50 CL 4.68 11.13 21.45
—— OM OM
10 b OM
L
SCL| oM 8.88 2.39 Yool 1585
20 13.50
30
Texture
sci| Silty clay loam
CL||| Clayloam
7:|:7j Loam
L\ Silt loam

Core
Point 5 SL

Material in the upper-middle area. The upper-
middle area of the Wei Laing watershed serves as an
erosional transfer zone, supplying material to the
deposition zone. The soil characteristic material
in the upper-middle area is displayed in Figure 4.
The soil characteristics at points 1-5 have shallow
depths, with maximum depth of 22 cm. The shallow
depth indicates that the process of pedogenesis is still
limited due to the influence of geomorphological
activities such as intensive erosion (Gerke et al.
2016; Wade et al. 2020). The soil texture in this area
is predominantly silt with proportions ranging from
37% to 65%. This indicates that the soil particles are
finer, with a relatively high water-retention capacity
but inefficient drainage. Geomorphological processes
such as sediment transport by river flow have in-
creased the proportion of silt in this area, reinforcing
the poor drainage characteristics (Bottcher et al.
1980), which affects the soil texture category as loam
at all five points. This loam texture is similar to the
floodplain soil texture at points 13 and 14. This sug-
gests that the flood deposit source originates from
the upper-middle part of the Wei Laing watershed.

The indication of flood deposit sources is further
strengthened by the chemical characteristics of the
soil, including CaCOj; and organic matter content.
Based on these characteristics, the sediment mate-
rial source specifically comes from points 4 and 5,
as these points have high CaCO; and organic matter
content, similar to the flood deposit characteristics
at points 13 and 14. Points 4 and 5 are located in rolling

Figure 4. Soil profiles from outcrop and core points at several locations (RH, rolling hills; SH, steep hills; RL, rolling
low hills; SL, steep low hills), showing variations in soil texture (A), soil thickness at point 2 (10 cm) (B), soil thickness

at point 3 (22 cm) (C), soil thickness point 4 (22 cm) (D), outcrop tuf carbonate Point 1, soil thickness 22 cm (E), soil

thickness at point 5 (22 cm), identified white coarse fragment between the soil (F)
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Figure 5. Map of flow direction across erosional-depositional zone (A) and inundation distribution in depositional zone

that caused by 60 mm/day rainfall (B)

low hills and steep low hills with a morphoaranse-
ment of river valleys. Points 4 and 5 form a bottleneck
shaped like a valley, through which the flow moves
towards the lower plain. This has implications for
the massive material transport process, particularly
with carbonate rocks that are easily dissolved by wa-
ter, influencing the soil conditions in the deposition
area (Cohen et al. 2014; Wackett et al. 2018; Lin et al.
2024), in this case, in Wowong Village. The dynamics
of sediment supply and transfer in the watershed are
influenced by other factors such as rainfall intensity
and land use, which affect erosion and sediment levels
in the watershed. The high rainfall intensity caused
by TC Seroja in the upper-middle part of Wei Laing
watershed affected the flood deposits. The deposit
has similar characteristics to the soil characteristics
in the upper-middle part of the watershed. This indi-
cates that the soil characteristics in the upper-middle
part of the watershed, which has a loam texture,
tends to have a high water-holding capacity, but poor
drainage, thus increasing the surface runoff. The
thin material in the upper region causes the flood

126

deposits in the depositional zone to be similarly thin,
as confirmed at points 13 and 14, where the deposits
are only about 4 cm thick.

Hydrological modelling results. The flood deposit
of 3—4 cm thick, resulting from 250 mm/day of rainfall
triggered by TC Seroja, shows a recurrence probability
of 2%. This probability was derived from a frequency
analysis of daily rainfall from 2000 to 2023. The fre-
quency analysis using the Log-Pearson III method
indicated a value of 247 mm/day for a 50-year return
period, with 5% level of significance.

The flow direction model results (Figure 5A) show
that the runoff from the rainfall accumulates in lo-
cal valleys. In the 50-year return period review, the
maximum discharge in the Wei Laing sub watershed,
Wei Koroq sub watershed, and Wei Taq sub water-
shed were 38.40, 16.83, and 20.02 m®/s, respectively,
entering the Wowong Village. The Wei Laing sub-
watershed has the largest area compared to the
other two sub watersheds, resulting in the highest
discharge. With nearly identical land cover and slope
conditions, the morphometry of the sub-watershed
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Table 2. Curve number (CN) composition in Wei Laing Sub-watershed
HSG LC Area (km?) CN value Composite CN
B woody savanna 2.74 71

savanna 0.05 80

80

D woody savanna 1.91 89

savanna 0.40 93

HSG - hydrologic soil group; LC — land cover

plays a role in quantifying discharge at the sub water-
shed outlet (Romshoo et al. 2012). A more detailed
review reveals that the upstream area of the Wei La-
ing sub-watershed consists of land cover (LC) types
primarily categorized as woody savanna and savanna.
Additionally, this region falls within hydrologic soil
group (HSG) B and D. As a result, the area exhibits
curve number (CN) values, as presented in Table 2.
Based on CN values, surface runoff is most prevalent
in HSG D with the savanna LC class. The composite
CN value of 80 suggests a significant potential for
surface runoff. With a CN of 80, the expected runoff
volume from a rainfall event is relatively high. The
increased runoff volumes associated with this CN
value can contribute to heightened soil erosion and
sediment transport, as greater water movement
over the land surface enhances the detachment and
mobilization of soil particles.

Other flood deposits (not from TC Seroja) are
indicated to have formed due to rainfall with lower

intensity than that of TC Seroja. Running simulations
in HEC-RAS with different rainfall intensities showed
that all sampling points started to flood when the
rainfall intensity reached 60 mm/day (Figure 5B).
Based on the model, 60 mm/day rainfall is iden-
tified as the minimum threshold for flood events
in Wowong Village.

Further analysis of the relationship between daily
rainfall data from 2000 to 2023 and the minimum
flood threshold indicates that there have been 77 flood
events. The majority of these floods were caused
by rainfall with a return period of less than 2 years,
occurring within the rainfall intensity range of 60 to
97.6 mm/day. A total of 60 events, or 77.9% of all
events, occurred within this return period. Further-
more, of the 77 recorded flood events, 76 were not
caused by TC Seroja, accounting for 98.7% of all oc-
currences (Figure 6). These percentages are believed
to contribute to the formation of deposits at the soil
sampling points.
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Figure 6. Relationship between rainfall discharge and the number of rain events in Wowong Village

Q — discharge; R — rainfall
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The majority of rainfall events > 60 mm/day occur
during the wet months, specifically from November
to April. The increase in rainfall intensity during this
period is strongly related to the phenomenon of the
west monsoon winds (Alsepan & Minobe 2020).
In contrast, from May to October, rainfall is rare,
with the most significant cause being the activity
of the east monsoon winds. However, despite the
important role of the monsoon winds in the distribu-
tion of rainfall, it is also possible that rainfall events
> 60 mm/day could be caused by tropical cyclones.
This is due to the geographical location of the Wei
Laing watershed, which is situated at 8°S.

CONCLUSION

The key to interpreting the physical and chemical
characteristics of soil to recognize flood deposits
includes the analysis of texture, CaCO; content,
organic matter, and coarse organic material de-
posits. Modern flood deposits (TC Seroja depos-
its) can be identified as slackwater deposits with
a thickness of < 4 cm, while paleoflood deposits
can also be identified by thicker deposits of coarse
organic material. However, these interpretive keys
are not sufficient for comprehensively identifying
flood evidence. This indicates the need for addi-
tional data integration, such as grain size analysis,
geochemistry, and carbon dating. To support the
finding that the area is composed of flood deposits,
hydrological modelling is required. Through recur-
rence period calculations, rainfall with an intensity
similar to TC Seroja (250 mm/day) is identified
as a 50-year return period rainfall. This suggests
that the event is extreme and rare. The HEC-RAS
model shows that the minimum rainfall threshold
causing flooding in Wowong Village is 60 mm/day,
with all sampling points being inundated. Based
on this threshold, between 2000 and 2023, Wowong
Village experienced 77 flood events. This supports
the conclusion that the soil formed in the Wowong
Village is the result of flood deposition.
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