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Abstract

The capital coastline city of Padang is intensively developed to enhance tourism attractions and protect the coastline from
natural hazards and disasters. Massive urban developments applied in the coastal area have not gone well, and several
regions have been eroded and unstable. This study aimed to determine the significant change in Padang city's coastline due
to rapid urban development in the coastal area. Spatial analyses are employed to determine the coastline changes and coastal
vulnerability, such as a DSAS (Digital Shoreline Analysis System) and Smartline-associated CVI (coastal vulnerability
index) approach. A hydrodynamic and coastal model is also used to illustrate the transport mechanism and predict the level
of coastal erosion. The result shows that substantial coastal changes and vulnerability have occurred. Of particular concern,
77.21 % of Padang's coastline is eroded with a rate of 0.21 - 49.4 m/year, 10.46% stable, and the rest, 12.82% experiencing
accretion. More than 9% of coastal areas are categorized as highly vulnerable. The hydrodynamic-based model confirms the
coastal erosion in several significant areas in Padang City, proven by the relatively high value of bed-level change (ranging
from 0.39 up to -4 m) and considerable variability of seasonal sediment transport and suspended materials. The erratic
hydrodynamics and ineffective coastal building are the primary factors triggering Padang City's coastal instability.
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Creative Commons Attribution (CC-BY-NC-SA) 4.0 International license

1. Introduction

Padang Coastline City is geographically positioned on the west coast of Sumatra, Indonesia, with a
coastline of 84 km. The general city area is 694.96 km2 more than 60% of that area is protected forest, and the
rest are functional urban areas. The topography state of Padang City varies; 49.49% of the site is situated in the
slope area, and around 23% is the declivous area. Padang City faces the Indian Ocean in the west, below the
equator, and between Eurasian and Indo-Australian Plates boundaries (Ramdhan, 2021). This state makes
Padang City prone to coastal hazards and disasters (Gemilang et al., 2017). That is why the government has
rebuilt and rehabilitated the coastal protections since 2010. On the other hand, 25% of Padang City is a built-up
area. The developments in the coastal zone have been occurring because of tourism interest.

The rapid urban development applied in Padang City without any scientific assessments impacts the other
area nearby on unstable coastal erosion and sedimentation. As a result, several regions are eroded, as reported
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in Padang Beach, northern Padang, and within the Bungus Teluk Kabung area (Iigure 1). Those areas are
significant as the center for government buildings, department stores, tourism, port, schools, and universities.
Supported by unstable geological settings, coastal erosion is undoubtedly avoided. Indeed, change in the coastal
area is always undergone, and it will be stable naturally without any significant artificial interventions.
Therefore, making a substantial development without any scientific reason in the coastal area will worsen the
condition.
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Figure 1. The coastal areas impacted erosion throughout Padang Coastline City;
red square denotes the area of study

Padang coastal area comprises alluvial properties arranged by coarse sand and mud throughout the
coastline with a topography profile ranging from 0 to 10 m above sea level (Fajrin et al., 2021). Ocean wave
exposure mainly triggers the dynamics of the Padang coastline (Rizal & Ningsih, 2020). To date, the report of
coastal erosion cases is still skyrocketing. According to Haryani & Syah (2018), erosion on the Padang coastline
is triggered by waves-induced longshore currents. At the same time, the accretion concentrated in the estuarine
areas is caused by silting and river flow changes. Determining the causal factors triggering coastal processes is
crucial since coastal instability is undergoing in Padang City.

Coastline change and vulnerability in Padang City should be studied more. Moreover, the local news
published many reports regarding erosion occurring along the coastal area. The speed of coastal erosion in
Padang City has been reviewed by IFajri & Tanjung (2012), but this study only focused on the three observation
stations in the Padang Barat Sub-district. The effectiveness of coastal building in Padang Beach was also revealed
by Wardani et al. (2019). Yuhendra et al. (2019) calculated the erosion in Air Manis Beach by approximately 50
m. The effects and adaptation to coastal vulnerability in Padang City have been reported by (Ramdhan, 2021),
describing the disaster and climate change threats and the adaptation adopted by the local government. Many
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kinds of coastal hazards and disasters threatening Padang Coastline City have also been described (Gemilang et
al., 2017; Oktiari & Manurung, 2010; Putri et al., 2018; Tohari et al., 2011).

The previous studies only report erosion in one or two significant areas over the Padang coastline. The
coastline change identification needs to be updated accurately. A regional survey identifying coastline change
throughout the coastline area of Padang City is essential since rapid urban developments have been applied, and
coastal erosion cases are still reported (Hakam et al., 2019; Yuhendra et al., 2019). This study analyzes the ten-
year coastline changes by employing the DSASv5 and a modified Smartline method to assess the 14 chosen
physical factors triggering the susceptibility level in the coastal area. On the other hand, a hydrodynamic model
simulating the longshore-current patterns and predicting the level of erosion and sedimentation should be
carried out. No reports describe the coastal morphological alteration and modeling to date, and these aspects
should be investigated. However, the information on coastal vulnerability is significant for the local and central
government in future decision-making for early mitigation, physical support, and future regional development.
This study aims to determine the coastline changes, assess the vulnerability level, and estimate the possible
future alteration along the Padang City coastline.

2. Data and Methods

2.1. Study Site

The study area is focused on the Padang City coastline, West Sumatra, Indonesia (I'igure 1). Generally,
the coastal area of Padang City is structured by alluvial compositions arranged by coarse sand and mud sediment
within a declivous slope (Gemilang et al., 2017). The wave regimes from the open ocean provenance influence
the dynamics of the coastal area. The erosion predominantly occurs along the coastline detected in the upstream
regions, proven by the high sediment supply flowing through the river and settling in the surrounding estuaries
(Hakam et al., 2019). The variability of wave-driven current is believed to be the primary factor triggering coastal
instability in Padang City. 146 observation points within six subdistricts (Koto Tangah up to Bungus Teluk
Kabung) have been observed directly in the field (IFigure 2). This survey was conducted during April and August
2019.

Geologically, the coastal area of Padang City is composed of igneous rock, sediment, and soft-type
sediment. The formation of the coastal area is related to the beach constituent materials because the study area
is composed of compacted sediment associated with cliff materials resulting in the declivous hilly formation. The
coastal elevation in Padang City is divided into three segments: elevation >25 meters observed along 4 km
between Lubuk Begalung and Bungus Teluk Kabung; elevation of 4-10 m found throughout the coastline, except
tfor Padang Barat Subdistrict with 0-3 m elevation. On the other hand, the slope of Padang City ranged from 1-
13% identified along 63 km from Koto Tangah up to Bungus Teluk Kabung Subdistrict (Tanto et al., 2017).

Even though artificial coastal protection triggers unstable sediment transport, it might protect the coastal
area from disasters and hazards. That is why along 29 km (89%) of coastline in Koto Tangah, Padang Utara,
Padang Barat, Padang Selatan up to Bungus Teluk Kabung Subdistricts is protected by natural greenbelt and
artificial coastal protection. On the other hand, almost 52.5 km from Koto Tangah up to Padang Selatan
Subdistrict is used as a settlement area. In contrast, the Bungus Teluk Kabung Subdistrict is commonly used as
the center for industrial and fisheries interests (Gemilang et al., 2017).

2.2. Field Data Collection

The field data were collected via direct field survey and secondary data modeling. We employed a
Smartline technique (Lins-de-Barros & Muehe, 2013; Sharples et al., 2009; Thom et al., 2018) with several
modified parameters according to the nature of the study area. Direct observation of the eleven chosen
parameters (beach materials, geomorphological states, wave exposure, beach slope, wave height, sediment grain
size, distance between coastal to the prone area, coastal berm, beach face features, land use, and coastal building
condition) was performed. On the other hand, the modeled parameters were Digital Elevation Model (DEM),
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tidal range, and coastline changes. In addition to the observation station, all parameters were collected at specific
points at 0.5 up to 1 km.

The data collected were then assessed and classified into five scoring criteria (1 to 5). The given score
shows the contribution level for each parameter observed to coastal vulnerability. The scoring classification is
shown in Table 1. Parameters used in the scoring category are significant in determining coastal vulnerability.
In addition to the field survey, these parameters consideration is based on the preliminary field observation
previously performed.

Table 1. Physical parameters and their classification in the Smartline Technique

Parameter Very low Low Moderate High Very High  Adapted from
Score 1 2 3 4 5
Beach Materials Ice Coral Hard Rock Soft Rock Soft Sharples et al.
Sediment (2009)
Geomorphology Clift Stable Beach Stable Beach Delta, Jadidi et al.
with Beach Swamp, (2013)
Vegetation without Dune
vegetation
Wave Exposures Highly Protected Partly Exposed Fully Abuodha &
Protected Protected exposed Woodrofte
(2010)
Slope (%) 1-13 14-20 21-28 29-85 >36 Jadidi et al.
(2013)
Berm Features Forest, Pond, Rural Area Mixed Urban Zone Mixed Jadidi et al.
Swamp Rural Area Urban (2013)
Grain Size Very Fine Fine Moderate Coarse Very Wentworth,
Coarse (1922)
Distance between >61 31-60 21-30 11-20 0-10 Jadidi et al,
coastal to the prone (2013)
area (m)
The height of Berm >30.1 20.1-30 10.1-20 5.1-10 0-5 Abuodha &
Woodrofte
(2010)
Beachface Features Hard Greenbelt - - Unused -
Structure area
Land-use Protected area Unclaimed Settlement Industrial Agriculture  Giindogan et
al. (2011)
Coastal Building Very Good Good Moderate Need Damaged/ Jadidi et al,
Condition Maintenance No (2013)
building
Elevation (m) >25 17-24 11-17 4-10 0-3 Jadidi et al,
(2013)
Tidal Range (m) <1 1-1.9 2-4 4.1-6 >6 Jadidi et al,
(2013)
Coastline Changes Accretion Stable Stable Erosion Highly Abuodha &
(m/year) (>2.1) (1-2) (-1-+1) (-1--2) Eroded Woodroffe
(<-2) (2010)

Source: Analysis, 2022

2.3. Digital Shoreline Analysis System (DSAS)

A coastline changes analysis was performed to determine alterations resulting from the intense urban
development level in Padang City. Many cases of coastal erosion have been reported and getting worse, especially
in vital areas. Digital Shoreline Analysis System (DSASv5) was employed to estimate the coastline changes
throughout Padang coastal area. DSAS enables the user to calculate rate-of-change statistics from multiple time
series shoreline positions (Himmelstoss et al., 2018). The two main components, coastline and baseline are
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preconditions to process the DSAS analysis (Wisha et al., 2021). Additionally, automated measurement transects,
and metadata are needed in the form of shapefiles recording the distance between the historical coastlines crossed
by this transect line. By combining these components, we could calculate the coastline changes spatially.

This study compared Landsat 8 OLI imagery recorded in 2009, 2014, and 2018. These images were
digitized precisely following the coastline patterns. This stage was done manually by applying on-screen
digitation. The baseline and coastline from north to south of Padang City were digitized successively. The
transect length was approximately 500 meters with 10 - 100 m intervals (FFigure 2). Then, the Linear Regression
Rate (LRR) method was used to predict and classify the rate of coastline changes through the change statistics
window in DSAS (Dada et al., 2019). This method is a statistical analysis for counting the level change applying
linear regression that can be determined using a least-square regression line toward intersection points of
coastline with transects (Himmelstoss et al., 2018). However, the linear trend was estimated by fitting a
regression line to the coastline positional data as follows:

Y=mX+B [1]

where:
Y = the predicted coastline positions
m = the rate of coastal movement

X = the date
B = the intercept
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Figure 2. The transect of Smartline Observation and DSAS Calculations

This expression was applied on all 146 transects to process the linear regression for each transect. The
next stage was mapping the coastline change rate by attaching change statuses on the most recent data. The
classes are erosion, accretion, and stability. In this step, cutting the latest data (2018) with an interval of 100 m
given a status based on LRR was needed. These processes must adhere to the direction of baseline digitation.
The level of coastline changes was classified into four classes as follows:

Accretion = if the rate is >2 m/year
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Stable = if the rate is between >1 and < 2 m/year

Low erosion = if the rate is between >-1 and < 1 m/year
Moderate erosion = if the rate is between >-2 and < -1 m/year
High erosion = if the rate is > -2 m/year

In this analysis, we applied the high-water line (HWL) as the preferred indicator for coastline delineation
because of its ease of interpretation and field location (Roy et al., 2018). HWL is the line attached to the land up
to the line reached by the highest water level during the spring tides phase. Even though many factors should
be considered in determining the horizontal location of the mean high-water line due to the dynamics of beach
and foreshore, the use of HWL is the best reference for locating the boundary between land and sea within an
unstable environment (Mandal et al., 2020).

2.4. Coastal Hydrodynamics and Sediment modeling

We employed a coupled model of MIKE21 with flexible mesh to simulate the mutual interaction
between waves and currents using a dynamic coupling between the hydrodynamic and spectral wave
models (Wisha et al., 2018). Hence, full feedback on the bed level changes calculated from the coupled
model could be included. We sampled the result from the coupled model developed according to the
significant eroded coastal zones shown in Figure 1. The estimated erosion (sedimentation) was
determined as the bed level changes resulting from the simulation. Furthermore, the spatial distribution
of estimated erosion was also mapped.

The sediment transport model adopted in this study is based on the hydrodynamic models
previously simulated (Flow and Spectral Wave). The following equation defines the correlation
between the wave energy flux component and the sediment transport:

Wer = % HZCpsina,cosay, (2]

Where:
Wer = Wave energy flux component along the coast at the time of wave breaking (kg.m.s™")
p = Specific gravity (seawater) (kg.m™3)

g = Gravity acceleration (9.81 m.s~2)

H, = Wave Height at the time of breaking (m)
Cp = Breaking wave celerity (m.s™')

ap = Breaking wave angle

A formula established by Triatmodjo (2012) was used to estimate the annum sediment transport. This
formula can be applied to the homogenous sandy beach with a grain diameter ranging from 0.175-1 mm. This
formula is suitable to use in the Padang coastal area, whereby the sand sediment predominates along the Padang
coastline (Hakam et al., 2019). The formula is defined as follows:

K
U= g Ver %)
Where:
Qs = Sediment transport along the coast (m3.s™")
K = 0.89
ps = Specific gravity (sand) (kg.m™3)
n = Porosity (n = 0.4)
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A TSS (total suspended sediment) modeling technique previously established for coastal and estuarine
zones was simulated (Wisha et al., 2022b). This simulation estimates the monthly averaged suspended sediment
concentration along the Padang coastline, particularly after the urban development has been applied. This
simulation is based on the flow model previously simulated and validated by field measurement in 2019. This
model included the bed and suspended loads calculated separately. In addition to the resume of research
methodology, this study framework is shown in Figure 3.

14 Physical Parameters Digitized coastline data Coastal Bathymetry, Digitized
of Smartline in 2009, 2014 and Coastline, Tidal Prediction, Waves
2018 and Currents Observation Data, =
and Sediment Properties

Digital Shoreline Analysis System (DSAS)

Coupled hydrodynamic and Sediment
Transport modeling

/ Current Patterns, Sediment Transport /

Coastal Vulnerability Index-Associated
Smartline & Linear Regression Rate

Validation

¢  Coastline Changes and Coastal Vulnerability Maps

¢ Longshore Current and Sedimentary Profiles

. Estimated TSS in the eroded area and coastal morpho-
logical changes

Source: Analysis, 2022

Figure 3. Research frameworks of the spatial and hydrodynamic modeling

3. Result and Discussion

3.1. Coastline Changes of Padang City

Based on 10-year compared data, the coastline changes in Padang City were sufficiently dynamic, wherein
the coastal erosion was predominant with almost 77.21 % of eroded areas and a rate of 0.21 up to 49.4 m/year
(Figure 4a). The erosion level is divided into three classes: highly eroded coastline 83.34%, moderately eroded
coastline 20.58%, and lowly eroded 23.28%. The remnant classifications were accretion and stable, with 10.46%
and 12.82%, respectively.

We identified that 33.34% of Padang City's coastline was highly eroded wherein the coastline retreated by
more than two m/year over ten years. Ironically, except for the Padang Utara Subdistrict, only 9 km (12 %) of
the stable coastal area was identified in all observed subdistricts. In contrast, it was only 7.7 km of the accreted
area identified with an approximate rate of 2 m/year.
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A significant coastal erosion in Lubuk Begalung Subdistrict was detected with a rate of approximately -
49.4 m/year (Figure 4b), specifically between Air Manis Beach and Bayur Bay. This result confirms the previous
study (Yuhendra et al., 2019) that the highest coastal erosion is observed in Air Manis Beach, with a 50-m
estimation of vanished coastline. The unclaimed coastline was observed in several parts of Sungai Pisang. On
the other hand, the most nourished beaches were identified along Lubuk Begalung up to Bungus Teluk Kabung.

Besides Lubuk Begalung, the most eroded areas were the Padang Barat and Bungus Teluk Kabung
Subdistrict (Sungai Pisang and Bungus Selatan). Many urban developments in the coastal area have been applied
in the Padang Barat Subdistrict, such as the Merpati monument and Masjid Al-Hakim, where overwhelming
erosion is previously reported. On the other hand, Sungai Pisang and the Bungus Selatan Village are on the same
page, where a tendency of coastal erosion was also observed. The coastline instability and erosion have
threatened the city’s vital infrastructures, where the center of economic activities, government offices, industries,
and settlements are located. The existence of coastal building and protection probably plays a significant role in
inducing coastal instability, which will be more addressed in the next section.
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Figure 4. (a) Coastline changes in Padang coastline over ten years of observation
and (b) the alteration rate at each transects
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According to Hakam et al. (2019), the coastal erosion issue in Padang Barat Subdistrict commenced in the
early 1800s because of the coastal barrier (Mount Padang) hampering the southerly sediment transport. Since
then, the development of the coastal groin had applied without any preliminary studies regarding ocean currents
and waves. Despite supporting marine tourism and coastal protection projects, the construction of coastal
buildings triggers the alteration in sediment supply and demand transport patterns, resulting in erosion in
nearby areas.

Besides experiencing extensive erosion, silting and sedimentation were also found in several areas, such
as Koto Tangah, a tiny part of Lubuk Begalung, and some areas of Bungus Teluk Kabung. The highest accreted
area was in the surrounding PLTU Sirih Bay (within Bungus Teluk Kabung subdistrict), with a maximum rate
of approximately 35.1 m/year (Figure 3b). According to Gemilang et al. (2017), the southern part of the Bungus
Teluk Kabung Subdistrict is accreted at a rate of 3-9 m/year.

3.2. Coastal Vulnerability of Padang Coastline City

Based on the scoring on the considered parameters, the CVI index of Padang Coastline City ranged from
16.6 — 1096.3, divided into five classes of vulnerability: very low vulnerability (16.6-232.6), low vulnerability
(232.7-448.6), moderate vulnerability (448.8-664.7), high vulnerability (664.8-880.7) and very high vulnerability
(880.8). 40% of the coastal area of Padang City is categorized into very low vulnerability, situated in the Koto
Tangah and a tiny part of Bungus Teluk Kabung (IFigure 5).
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Figure 5. Coastal vulnerability map of Padang coastline

Overall, almost the northern coastline of Padang City is predominated by very low up to moderate
vulnerability, where the coastal formation and protection decrease the potency of being vulnerable. In contrast,
high vulnerability is observed in the southern coast (a tiny part of Lubuk Begalung and Bungus Teluk Kabung),
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generally unclaimed and beachy areas. This result indicates that substantial land use changes could determine a
region's vulnerability status. The more significant the alteration and development of a coastal area, the more

arduous the nature to balance the changes as provenance, thereby substantially impacting the other nearby areas
to get either eroded or vulnerable.

Instead of coastal protection in southern Padang City, anthropogenic activities, such as industrial interest,
port development, reclamation, tourism, and other coastal urban developments, are believed to trigger coastal
vulnerability significantly (Dada et al., 2019). According to Zhu et al. (2017), besides the influence of human
activities on triggering coastal susceptibility, climate change-induced hydrodynamics is the main factor
controlling coastal dynamics and vulnerability. Hence, this aspect will be addressed in the following subsection.

The assessment of coastal vulnerability employing a Smartline method is initially applied in Padang City.
The coastal vulnerability assessment aims to determine an initial state identifying the prone areas in Padang
City. The decision could be quickly made to prevent further planning that can endanger the significant areas.
However, a shortcoming of several data employed and qualitative surveys are related to the clarity of the study

results because the quality of data and information on several variables could affect the vulnerability scoring and
ranking (Dada et al., 2019).

3.3. Model-Based Longshore Current Profiles and Estimation of Erosion-Sedimentation

The monthly average of longshore-current profiles shows a similar trend in all observation stations
(Figure 6a). It was generally higher during the northeast monsoon and getting lower during the southwest
monsoon, with a deviation of about 0.02m/s. Moreover, the dominant longshore currents flow was influenced
by the monsoon system, whereby it tended to move southward during the northeast monsoon and vice versa for
the remnant period. In the northern stations (Pasir Jambak, Ulak Karang, Ulak Karang Utara), a similar pattern
in velocity was observed, ranging from 0.046-0.06 m/s. In the Padang Barat Subdistrict, the longshore-current
fluctuations were sampled at Merpati Monument and Masjid Al-Hakim, where an enormous coastal erosion
occurs. The longshore current was more substantial than the northern stations (ranging from 0.05-0.0.07 m/s).

008 ; A 3307 B
-
250 - L P
007 A / -l A
+ r [ A
\ 3 P </ o 2\ 1} iz L
5w % ./ Qe 150 4 ',",[ // Y \
o~ g \ / < > o’ BV PN <
, B PR s o 3 ?‘_
§ 006 | g 3 2N \ / e d A% NS o /‘f i v bt \
] NP il Fj &t §
§_ w, b4 o' - 5 50 / ! I 1
* e» il T £ L A h:] / IF | 1\
5 Y xR il ‘)‘/ e \\\‘ ; e N f f ¢ i
Eoos| 7 A igo®Ne g PR S ISy S
(8] = 3 & A ’:" ‘\ L 2 4 -505& Qv / 79 Q@ d} ¢ Oé‘ \
- ’ A . - —h’ \ L7 -~ & - - o Ca _F \ \
W - \ ’ = = ‘ - > |
" \\d,/ e /. o ,!Qi i | )
" . PN/ \
004 { 4 150 X7 ! - \ :
7‘,’ ‘ / 1 -
A T Vi
.// LW -
L 20 2 BN B JEF I B I S R R Y 250 |
0.03 + + + + + + +
& &é* ‘,‘é‘? W& & g N &3’} égo"‘ ;,o"‘ écv"‘ fv'}
¢ A T
24 ¥ < 350 ¥
--#-- Pasir Jambak Beach - & - - Ulak karang Utara - @ - - Ulak Karang Merpati Monument

— &— - Masjid Al-Hakim — B— Air Manis Beach = == -Teluk Kabung Selatan ---+-- Sungai Pisang Beach

Source: Analysis, 2022

Figure 6. Monthly average of longshore current profiles (a) and estimated sediment transport
(b) in the eroded area of the Padang coastline. Black arrows denote the dominant current direction.
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The current velocity in Air Manis Beach ranged from 0.055-0.067 m/s. The moderate-very high erosion
in this area is influenced by unstable sediment supply from nearby estuaries. Since the urban development has
been applied in the river's mouth, the erosion in another part commenced occurring. This area's relatively strong
current also significantly triggers imbalanced sediment transport along the coast (Burnette & Dally, 2018).
Additionally, the pressures from anthropogenic activities also result in vulnerable coastal areas (Gemilang et al.,
2020).

Table 2. Total sediment transport and the dominant transport direction

Observation station Sediment flux Qs Dominant sediment type Sediment transport
(m3/day) dominant direction
Pasir Jambak Beach 178.982 Fine-Medium sand North
Ulak Karang Utara 149.502 Fine sand North
Ulak Karang 142.570 Fine sand North
Merpati Monument 193.400 Fine sand South
Masjid Al-Hakim 274.400 Fine sand Southwest
Air Manis Beach 217.404 Fine sand Northwest
Bungus Selatan Beach 222.920 Fine-Medium sand Northeast
Sungai Pisang Beach 224.830 Medium sand-silt Southwest

Source: Analysis, 2022

The remnant observation stations are Bungus Selatan and Sungai Pisang Beach. The longshore currents’
profiles were considerably different due to the different morphological settings. In these areas, the gulf formation
is supposed to weaken the current movements because of the presence of peninsula formations protecting the
bay. The model result showed that the longshore current was relatively calm during the northeast monsoon and
stronger during the southwest monsoon, ranging from 0.045-0.06 m/s and 0.047-0.063 m/s for the Bungus
Selatan and Sungai Pisang stations. The symptoms of coastal erosion are currently reported because of the
absence of coastal protection, substantial changes in land use, and robust hydrodynamic profiles.

The estimated sediment transport in all stations varies considerably (I'igure 6b). Except for Pasir Jambak,
Air Manis, and Bungus Selatan stations, sediments transport peaked during the second transitional period
season-northeast monsoon (September-February), ranging from 75.5-258.32 m?/day. At the Pasir Jambak
station, the highest sediment transport was estimated during August at 230.43 m?/day, then significantly
decreased during April (87.86 m?/day). Compared to the other stations, the relatively high sediment distribution
was observed at Air Manis station ranging from 95.89-280.83 m?/day, reaching its peak level during August,
and getting tremendously low during April. Moreover, an anomaly was identified during June, whereby the
sediment predominantly moved southward. A complex coastal morphology in Air Manis Beach could be the
main factor causing this state. According to Burnette & Dally (2018), the deformed primary direction of wind-
wave-driven current due to coastal bathymetry and morphology variation close to the coastal area could occur.
At the Teluk Kabung Selatan Station, the sediment transport ranged from 98.83-258.32 m?/day. The high
transport was identified during the second transitional season (August-September), while during the remnant
periods, the transport was not too high, on average, 132.88 m?/day. In addition to coastal building developments
in the study area, the coastal erosion and instability observed throughout Padang coastline are the long-term
impact of hydro-oceanographic variability wherein this aspect may be unconsidered while planning and during
the construction.

The relatively low sediment transport was identified at the Ulak Karang and Ulak Karang Utara stations,
where the attached coastal groins and revetment exist. The presence of coastal protection alters longshore-
current features increasing the bed shear stress, thereby inducing a lower mixing and turbulence of nearshore
bottom sediment (Pascolo et al., 2018). On the other hand, the relatively high sediment transport observed at
Merpati Monument and Masjid Al-Hakim station is due to coastal building-induced longshore current
deformation and the increased exposure to wind-wave-driven current (Koropitan et al., 2021). Even though the
exposure to waves and currents was sufficiently substantial at Sungai Pisang Beach, the sediment transport was
not entirely high because of the cliff formation along the coastline of the southern Bungus Teluk Kabung
Subdistrict.
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Based on the total sediment transport at the entire observation station, we found that the southern stations
have a relatively higher annual sediment transport ranging from 217.404 to 274.400 m?3/day (Table 2). Aside
from the absence of coastal protection, the increased sediment flux is due to the high exposure of current,
substantial urban development in the coastal area, the coastal morphology formation changes, and the dominance
of sediment type at every observation station (Khan et al., 2021). According to the field survey, the sediment
type was generally river-sourced fine sand sediment. However, sediment mixing (fine and coarse) was identified
during high tidal conditions. Furthermore, the presence of coarse fractions indicates a robust current
environment (Gemilang et al., 2018).

The total suspended sediment ('T'SS) was modeled and validated by the field measurement (green dashed
line in Figure 7). Overall, the highest suspended sediment concentration was observed at the southern stations
(from Air Manis to Sungai Pisang), ranging from 121-157 mg/L, which was not considerably divergent during
ebb and flood tides. At the Sungai Pisang station, the highest TSS was identified at approximately 150 mg/L
during ebb and flood tides. Besides the fine cohesive sediment predomination, the relatively strong sea current
teatures significantly control the sediment turbulence and mixing (Wisha et al., 2022a). Compared to the other
stations dominated by fine-medium sediment, Sungai Pisang Beach tends to have high turbidity resulting from
the cohesive sediment resuspension, which requires longer to settle in the sea bottom (Nurdjaman & Putra.,
2017). On the other hand, besides the fine sediment predomination, the low TSS concentration (<90 mg/L)
observed at the Padang Barat station indicates the weaker current flow.
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Figure 7. Estimated TSS concentration during flood and ebb tides validated by the field measurement

The predicted bed level change indicating coastal erosion (sedimentation) (Figure 8) shows that the high
value of bed level change is identified in almost all observed subdistricts, with the altered bed level ranging from
0 to -4 m. In contrast, the positive bed level value of 0 —0.39 m is observed in the southern Koto Tangabh, in the
middle of Padang Barat, Padang Selatan, and several parts of Bungus Teluk Kabung Subdistrict (IFigure 8). This
state is consistent with the spatial analysis results (IFigures 4 and 5), where coastal instability on Padang
Coastline occurs.

The changes in bed level reflect the wave-current-induced bed shear stress. Spatially, the level of wave
impact depends on the bed elevation (more significant in shallow water) and the existence of coastal protection
and vegetation-dissipated wave energy (Burnette & Dally, 2018). The longshore current previously discussed
elucidates the high erosion in several vital areas, proven by the high value of bed-level. Integrating bed level
changes, estimated sediment transport, and T'SS profiles could be a basis for examining the variability in erosion
parameters caused by the changes in bed sediment properties (Bayhaqi et al., 2022).
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Figure 8. Estimated Bed Level Change Indicating Coastal Erosion and Sedimentation in
the Padang Coastal Area

Because of the limited oceanographic data collected in this study, we only validate the simulation result
using satellite and forecasted tidal data with less than 10% of RMSE (Root Mean Square Error). However, we
could compare the TSS modeling result with the filed data collection in 2019 with an adequately close
concentration between flood and ebb tides. Long-term field measurement of oceanographical data could enhance
the quality of simulation results.
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4, Conclusion

Padang City's coastline has been experiencing overwhelming coastal erosion with a coastal retreat of about
two m/year. The very low to moderate vulnerability is predominant in the northern coastline of Padang City
due to the presence of coastal structures. In contrast, high and very high vulnerability is observed on the southern
coast. The robust hydrodynamic profiles during September-March allow the higher transport mechanism near
the beach. Even though coastal urban development and artificial coastal protection could reduce the impact of
hazards and disasters, it does not effectively trap the sediment to stabilize the eroded coastline, thereby inducing
erosion in the other areas. The robust hydrodynamic features derived from the Indian Ocean erode the
unprotected areas on the southern coast, proven by relatively high sediment transport and turbulence.

It is recommended to reconsider and study the site's oceanographical conditions before constructing a
coastal building and developing the coastal area. Even though urban development offers benefits in terms of
protection (from hazards and disasters) and tourism, based on this study, it influences the deformation of
longshore current pattern-induced sediment transport, thereby inducing coastal instability and erosion. Other
nature-friendly solutions, such as a non-woven geotextile, hybrid engineering, and mangrove cultivation, could
be a better option to protect the coastal area.

This study only considers 14 parameters to be assessed using a Smartline-associated CVI technique
whereby other factors may have a significant influence on determining the coastal vulnerability. Therefore, we
recommend evaluating other physical parameters for further studies to get a better depiction of coastal
vulnerability. On the other hand, long-term field measurement of tides, currents, and waves is required to
understand the study area's real-time oceanographical variability and validate any modeling approaches
employed in the future.
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