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Abstract: Alagoon is a natural feature formed at the mouth of a river due to the dynamics of river sedimen-
tation, currents, vertical deformation, waves, and tides. Lagoons are dominated by soft soil, so their topography is
dynamic. Segara Anakan Lagoon (SAL) is an area that experiences dynamic topography caused by rapid sedimentation.
Changes in the dynamics of the delta topography can be tracked in the past with the Digital Terrain Model (DTM) time
series extracted from the latest DTM, vertical deformation, and sedimentation data. The observation period was 1978—
2021. This study aims to model topography dynamics (1978-2021) in SAL according to DTM, vertical deformation,
and sedimentation data. This dynamics topography modeling uses (1) parameters of sedimentation rate and volume
obtained from river basin center — Balai Besar Wilayah Sungai (BBWS) 2012, (2) DTM 2021 extracted from ALOS-2
(2017) and integrated with vertical deformation from Sentinel-1 (2017-2021) using the Differential Interferometry
Synthetic Aperture Radar (D-InSAR) method. The DTMs (1978, 1991, 2001, and 2010) are extracted using a geospatial
forensics approach based on topography modeling of DTM 2021, vertical deformation (2017-2021), and rapid sedi-
mentation data. We use the sediment rate entering SAL from the Citanduy River (8.05 million tons/year), Cimeneng
River (0.87 million tons/year), and Cikonde River (0.22 million tons/year), with a total sediment supply of 9.14 million
tons/year. The DTM 2021 has a spatial resolution of 1 m and has been validated in its vertical accuracy test (+17.6 cm)
and its height difference test (~0 m) with a confidence level of 95 % (1.96 o). The average vertical deformation value
is —0.0240 to —0.0320 m. The results obtained are dynamics topography information (1978-2021). The DTMs (1978—
2021) visualize dynamics topography changes in SAL. They are carried out by checking the dynamics of shoreline
changes and cross-section profiles to determine the suitability of shapes and patterns (lagoon and delta). Sedimentation
is the most significant parameter that influences the topography dynamics in SAL.
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1. INTRODUCTION

A lagoon is a body of relatively shallow salt
water separated from larger bodies of water by
sandbars, barrier reefs, coral reefs, barrier islands,
barrier peninsula, isthmus, or other natural barriers
(NOAA, 2024). Lagoons form around river mouths
that carry large amounts of sediment (Ardli, 2008).
Lagoons can be categorized as coastal lagoons and
atoll lagoons (Spaulding, 1994). Coastal lagoons
(barrier lagoons) are formed by sand or coral on
shallow beaches, while atoll lagoons are formed by
coral reef growth. A typical lagoon is characterized
by having water enclosed behind coral reefs or is-
lands or within an atoll.

Coastal lagoons are generally shallow waters
influenced by the sea. Ecologically and economi-
cally, coastal lagoons are important due to their high

productivity and intensive human use for waste dis-
posal, recreation, and aquaculture (Spaulding,
1994). Islands formed in front of these river mouths
form deltaic deposits. The location of the deltaic de-
posits is partly within the delta (flood tidal delta)
and partly in the open sea (ebb-tidal delta) (Senol et
al., 2024).

Multi-source geospatial data technology can
be used to map and monitor the lagoon's dynamics
(Karim et al., 2019; Senol et al., 2024). A dynamic
lagoon is a topographic condition in the lagoon over
a time series. Studies related to lagoon dynamics
help understand the topographic track record in the
study area, including the formation process, topo-
graphic dynamics, land changes, and the influence
of the dynamics of the Earth's processes.
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The problems so far in topographic mapping in
the lagoon area are the need for wide area coverage,
remote area, lack of data availability, outdated data,
not detailed, high costs, and long, time-consuming
mapping (Paul et al., 2014). The large lagoon re-
quires wide coverage of geospatial technology, such
as satellite imagery or aerial photography, integrat-
ed with field measurement data (Senol et al., 2024).
High precision is obtained from mapping with wide
coverage geospatial technology (satellite and aer-
ial). In contrast, high accuracy is obtained from
mapping with large-scale geospatial technology,
such as geodetic measurements in the field (Arroyo-
Ortega et al., 2024).
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The research location is the Segara Anakan
Lagoon (SAL), Cilacap Regency, Province of
Central Java, Indonesia. SAL is an example of a
large dynamic lagoon and delta located along the
southern coast of Java Island (Prayudha et al.,
2021). It is located at 108.7715860, —7.6158540 to
109.0966440, —7.8073350 (see Figure 1). The
location selection was based on the very high dy-
namics of Lagoon change due to sedimentation. The
lagoon is linked to the Hindian Ocean through a
western outlet known as Plawangan, and it also has
an eastern outlet leading towards Cilacap via a tidal
channel.
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Fig. 1. Segara Anakan Lagoon, Indonesia. Satellite imagery from Google Earth

The central and western regions of the lagoon
have very shallow depths, often less than 2 meters.
However, in the far western part, stretching from the
mouth of the Citanduy River to the Hindian Ocean,
deeper waters can be found, with the Plawangan
channel reaching over 10 meters in depth. In the
eastern part of the lagoon, the Sapuregel and Donan
branches have water depths ranging from 5 to 10
meters, mainly due to limited freshwater and sedi-
ment inflow. The western lagoon area receives sig-
nificant amounts of freshwater, including suspend-
ed sediments, from various sources like the Citan-
duy River, Cikujang River, Cikonde River, and
Cibeureum River. The Citanduy River is especially
important as the main river in the Citanduy water-
shed, which is vital for hydrology and erosion pro-
cesses. Unfortunately, the lagoon is experiencing
rapid sediment buildup caused by high soil erosion
rates in upland areas. These environmental changes
and the reduction in lagoon space have negatively

impacted fishery yields, compared to the effects on
fishery yields (Dudley, 2000).

Lagoons hold high ecological and economic
value because of the richness and diversity of their
natural biological resources (Ismail, et al. 2018).
They include commercially important fish, crabs,
and mangroves. Over the past few decades, coastal
habitats in this region have changed due to increased
urbanization and the expansion of agricultural and
aquaculture activities, leading to issues such as rural
encroachment on farmland, reclamation of swamps,
silt deposition in lagoons, and a decline in capture
fisheries (Akbar et al., 2020; Prayudha et al., 2021).
The surrounding environmental conditions along
the watershed influence the estuary waters, resulting
in significant pollution and sedimentation
(Dsikowitzky et al., 2018; Prayudha et al., 2021).

One of the exciting aspects of SAL is the
silting process due to sedimentation that occurs in
the lagoon (Akbar et al., 2020). Large rivers such as
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Citanduy, Cikonde, Cimeneng, Cibeureum, Sa-
puregel, Donan, and several other rivers the influ-
ence of land is very dominant in the deposition
process, and several tributaries that flow into the
area (Prayudha et al., 2021). These rivers carry sedi-
mentary material resulting from upstream erosion
and are deposited at the river mouth. 65% of the
sediment that settles in SAL comes from the
Citanduy River, and the rest flows into the sea via
West Pelawangan (Ongkosongo, 1986; Prayudha et
al., 2021). The SAL is a narrow outlet and bends, so
much material carried towards the high seas is
deposited on the inside of the river bend. Coupled
with the wave energy from the high seas, which is
stronger than the energy the river carries, sediment
is deposited back towards the mainland. There have
been many studies related to sedimentation that
occurred in the SAL and its delta.

Changes in the shape of SAL can be monitored
by paying attention to the orthometric height (eleva-
tion) of the land. Topography is one factor that con-
trols the processes that occur in layers on the Earth's
surface (Julzarika & Djurdjani, 2018; Strozzi, T.,
Klimes, J. et al., 2018; Wilson, 2012). The altitude
of the land can be estimated using Digital Terrain
Models (DTMs). DTM is a digital elevation model
without vegetation and building surfaces and has
been equipped with rivers, contours, and natural
features (ASPRS, 2014; Li et al., 2004; Maune &
Nayegandhi, 2018). A DTM denotes the bare
ground surface without any objects. Another defini-
tion of the it, DTM is a digital representation of the
Earth's bare ground surface, providing elevation
data for every point on the terrain by excluding
features like buildings, trees, and other man-made
objects, essentially creating a 3D model of the land
topography used in fields like surveying, engineer-

ing, and environmental management (Guth et al.,
2021). The DTMs are useful to perform several
morphometric analyzis such as for monitoring sedi-
mentation in SAL. DTM can be obtained starting
from several data. Examples of data sources used to
extract DTM data are satellite image data, aerial
photos, and Light Detection and Ranging (LiDAR)
data (Julzarika & Djurdjani, 2018).

Previous studies on SAL have extensively doc-
umented its rapid shrinkage using 2D shoreline
analysis from historical maps and satellite imagery,
and have quantified sediment inflow from major
rivers. However, these approaches often lack a cru-
cial third dimension: vertical topographic change.
Understanding the volumetric evolution and geo-
morphological dynamics requires detailed DTM
time series. Such historical DTMs are typically un-
available, creating a significant data gap in model-
ing past landscape conditions. This study addresses
this gap by introducing a geospatial forensic ap-
proach to reconstruct historical DTMs, thereby en-
abling a novel, quantitative 4D (3D space and time)
analysis of the lagoon's dynamic topography, mov-
ing beyond simple area-based assessments.

In this work, we use satellite images to extract
DTMs and vertical deformation and then model the
geospatial forensics approach with rapid sedimenta-
tion data to extract the past DTMs (1978, 1991,
2001, 2010). The novelty of this research is model-
ing the dynamics of topographic change (1978-
2021) in SAL based on DTM, vertical deformation,
and rapid sedimentation data. This dynamic topog-
raphy modeling uses (1) parameters of sedimenta-
tion rate and volume obtained from BBWS 2012,
(2) DTM 2021 extracted from ALOS-2 (2017) and
integrated with vertical deformation from Sentinel-
1 (2017-2021) using the D-InSAR method.

2. METHODOLOGY

The data used in this study are ALOS-2 (2017),
Sentinel-1 (2017-2021), and sedimentation rate data
from river basin center — Balai Besar Wilayah
Sungai — BBWS (2012). These data extract past
DTMs (1978, 1991, 2001, and 2010). DTM (2021)
is an integration DTM between DTM master (2017)
and vertical deformation (2017-2021). The selec-
tion of processing years (1978, 1991, 2001, and
2010) is based on the conditions of extreme changes
in the area's topography and information from
several parties that the SAL underwent significant
changes in shape during that period. We use the
sedimen-tation rate data from BBWS Citanduy as
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one of the parameter inputs to model the past DTMs.
The rate of sediment entering SAL from the Citanduy
River is 8.05 million tons/year, the Cimeneng River
is 0.87 million tons/year, and the Cikonde River is
0.22 million tons/year, with a total sediment supply
of 9.14 million tons/year (BBWS, 2012).

2.1. DTM and vertical deformation

The past DTMs were extracted using the dy-
namics DTM or the latest DTM method. This
dynamics DTM method enables the DTM modeling
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of past conditions and the prediction of future to-
pography based on time-series data. The dynamics
DTM combines the DTM master, extracted from the
ALOS-2 images and WorldView-2 (2017), with
vertical deformation data obtained from the Sen-
tinel-1 image (2017-2021). The spatial resolution of
ALOS-2 is 3 m, WorldView-2 (60 cm), and
Sentinel-1 (10 m). The DTM master was derived
using the Interferometry Synthetic Aperture Radar
(InSAR) technique, while the vertical deformation
was obtained through the Differential InSAR (D-
InSAR) method (Dias et al., 2018; Julzarika et al.,
2022; Julzarika & Harintaka, 2019; Nico et al., 2005;
Strozzi, T., Klimes, J., et al. 2018). The default
DTMis2021. DTM 2021, vertical deformation, and
rapid sedimentation data are used to model the past
DTMs. The selected years for past DTMs are 2010,
2001, 1991, and 1978.

Geospatial forensics (geoforensics) was car-
ried out using geomodeling and geo-visualization
approaches with basic data of DTM (topography
and bathymetry) and deformation (vertical and
horizontal) (Mazhari, 2010; Ruffell & McKinely,
2008). Sentinel-1 images were used for vertical
deformation extraction. They are used for vertical
deformation extraction with the D-InSAR method
(Guzzeti et al., 2009; Liosis et al., 2018; Luca et al.,
2018). The average vertical deformation value used
in this modeling is 8-10 cm/year, based on D-
InSAR Sentinel-1 and field measurements on
Cilacap. We use the Global Navigation Satellite
System (GNSS) to measure and compare their
results with the vertical deformation data from
Sentinel-1.

We use equation (1) to model the past to-
pography (1978, 1991, 2001, 2010). Equation (2) is
used to extract the dynamics of DTM 2021. The
topography and bathymetry (DTM 2021) data have
a spatial resolutionof Im (X=1m; Y=1m; Z=1
m). The DTM used must have vertical accuracy < 1
m with a confidence level of 1.96 6 (95%) (ASPRS,
2014; Julzarika et al., 2021). The fixed shoreline
between topography and bathymetry can be ob-
tained after merging the data with the Digital
Elevation (DEM) integration method (Hoja &
D’Angelo, 2010; Julzarika et al., 2021; Li et al.,
2017).

Modeling of Past DTM = DTM 021y —
—[o§ *al-[n*Bl—-[n*y]-[0]+e (1)

DTM2021y = DTM mastero17) +
+ vertical deformation (2017-2021 (2)

where:

DTM@o2ty = DTM inegration  (topography — and
bathymetry in 2021), DTM mastero17) extracted
using InSAR of ALOS-2 (2017) and integrated with
WorldView-2 (2017), vertical deformation ex-
tracted using D-InSAR Sentinel-1 (2017-2021),

0¢*> = a posteriori variance,

o= (DTM(zozl) + vertical deformation(zo 17-2021) — hor-
izontal deformation),

ﬂ = (O'dtm2021 Overtical deformation) * mean of vertical de-
formation (2017-2021),

Y= (O-dtm2021 Ohorizontal deformation) * mean of horizontal
deformation,

8 = (Giedimentation)” * the rate of sedimentation volume,

In this research, we use a 95 % confidence
level (1.960)

n = the difference years between the past or future
with 2021.

For example, if we want to model the past
DTM in 1000 AD, the n =1021.

(Gdtm2021 Overtical deformation) = variant covariance be-
tween the latest DTM standard deviation with verti-
cal deformation standard deviation,

(Gdtm2021 O horizontal deformation) = variant covariance be-
tween the latest DTM standard deviation with hori-
zontal deformation standard deviation,

e = random errors.

All the parameter calculations are based on the
least square adjustment computation.

The logic behind the past DTM modeling
(Equation 1) is a retrodictive approach based on a
mass balance principle. It assumes that the present-
day topography (DTM 2021) is the cumulative
result of past topography plus subsequent material
deposition (sedimentation) and minus vertical dis-
placement (subsidence). Therefore, we can mathe-
matically reconstruct the historical terrain surface
by systematically subtracting the estimated cumula-
tive effects of sedimentation and vertical deforma-
tion over a specific period (n years) from the current
DTM. Using least-squares adjustment and variance-
covariance matrices is critical for integrating these
multi-source datasets, weighting each parameter
based on statistical uncertainty, and ensuring a
robust model output.

Analysis of the landform and area changes of
the SAL was carried out using the DTM. Land ele-
vation data formed in the SAL indicates the addition
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of land at that location. The DTM elevation infor-
mation follows the orthometric height (elevation)
with the Earth Gravitational Model (EGM) 2008 for
its height reference field. Analysis of changes in
shape and area of the SAL is obtained from the
shoreline based on sea-level data with the Mean Sea
Level (MSL) reference plane. A geoid plane is an
equipotential plane that coincides with the MSL.
This shoreline is based on measurements of the
elevation 0 m at dynamics DTMs. The dynamics
DTM results were validated by comparing the
orthometric height data with GNSS-leveling data.
Orthometric heights are compared with DTM 2021
to get the vertical accuracy assessment.

2.2. DEM integration and vertical deformation
assessment

DEM integration is a method of integrating
height data and/or n-dimensional data with weight-
ing on each data based on the variance-covariance
calculated by least square adjustment computation,
see equation (3) (Hoja & D’Angelo, 2010; Julzarika
etal., 2021). DEM integration combines data (DEM)
by involving two or more datasets. The combination
considers cofactor values and the variance-covari-
ance between data (Hoja & D’Angelo, 2010;
Julzarika et al., 2021). The calculation uses the
adjustment method, where the number of mea-
surements exceeds the number of parameters.
(Ghilani & Wolf, 2006; Li et al., 2004).

DEM Integration = ((Xhi * pi) / Xpi) +
+ void filling the gaps + delta surface fill + e

3)

where: Ai = elevation in number pixel;
pi = weighted mean height in number pixel

The DTM and vertical deformation need to be
tested for vertical accuracy assessment. It includes

a height difference test and a vertical accuracy test.
The method is to check at least 25 height points on
an area of 500 km? with a 95% confidence level
(1.96 o) using GNSS-levelling. The vertical accu-
racy test refers to the ASPRS 2014 standard; see
equation (4) (ASPRS, 2014). The vertical accuracy
test aims to determine the maximum vertical value
in a DTM that can be used on a map scale deter-
mined by specific mapping standards, such as
ASPRS 2014. A cross-section profile check is con-
ducted to see if the DTM meets the specified stand-
ards. The height difference test was carried out at 25
points made of polygons, and the sum of the height
difference values between the polygon points was
calculated. The height difference test aims to deter-
mine the vertical accuracy value at a certain toler-
ance so that it can be used to eliminate systematic
errors that still exist in the height model (Hoja &
D’Angelo, 2010). The height difference test can be
useful in determining the height difference between
two or more points, see equation (5).

Vertical accuracy test = 1.96*[(X(Haata—
— Henec)*/n)"?] (4)

where: H = orthometric height; n = sum of height
point (minimum 25 measurement points).

Height different test = X(Hn1 — Hno) ®))

where: Hn = the next height point in the polygon;
Hyo = the before height point in the polygon.

The DTM 2021 is validated by comparison
with GNSS-leveling measurements. The vertical
accuracy test uses 25 measurement points because
the area is still less than 500 km?. The accuracy test
includes a height difference test and a vertical
accuracy test. The height difference test of DTM
2021 is ~ 0 m. The Root Mean Square Error Vertical
(RMSEz) is 0.17599097 m. The vertical accuracy
test of DTMo21) is +17.6 cm (1.96 * RMSEz) with
a confidence level of 95 % (1.96 o).

3. RESULTS

The results of this study include the DTM
master and vertical deformation. The DTM master
was extracted from the ALOS-2 (2017). Vertical
deformation is a visualization of vertical deforma-
tion from 2017 to 2021. DTM 2021 is an integration
of DTM Master 2017 with vertical deformation
(2017-2021). DTM 2021 is the latest DTM for
2021, and it is used as the main reference for topo-
graphy (see Figure 2(A)). The vertical deformation
(2017-2021) based on the tectonic movement in the
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SAL area is between —0.0210 and —0.0340 m. Tec-
tonically, the entire region is experiencing sub-
sidence overall. The average subsidence value is in
the range of —0.0240 to —0.0320 m.

Figure 2(A) is a dynamic topography change
of the shoreline based on the time-series DTMs
(1978-2021), and the sedimentation area forms land
with a higher elevation of 0.5—-1.8 m. The black line
is the shoreline for 2021 based on an elevation of 0
m in DTM 2021. During this period, a shoreline or
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elevation of 0 m is only found in rivers and estuaries
in parts with cyan and blue colors (elevation < 0 m).
The area still has less water compared to the
topography of 2010, 2001, 1991, and 1978. The
white line is the shoreline in the topography of 1978.
The blue line is the shoreline in the topography of
1991, the red line is the shoreline in the topography
of 2001, and the yellow line is the shoreline in the
topography of 2010. During this period, the water
area was still wide and covered almost the entire

(E)

SAL. It can be seen in Figure 2(A) that 1978 had
only a little sedimentation compared to other years.
In 1991, the land surface became wider and
increased in height. It can be seen from the chart
pattern of increasing elevation. We can see the rapid
sediment change from 1978 to 2001. The most
significant change in land height was in 2010
compared to the elevation in 1978. It can be seen
from the yellow line that it is the highest compared
to other lines.

(F)

Fig. 2. Time-series DTM (1978, 1991, 2001, 2010, and 2021) with the cross-sections. (A): Super-dynamics shoreline change
based on time-series DTM (1978-2021). Background topography using DTM 2021; (B}: Vertical deformation 2017-2021;
(C):: DTM 1978; (D): DTM 1991; €: DTM 2001; (F): DTM 2010

D-InSAR of Sentinel-1 extracts the vertical
deformation (2017-2021) in the SAL area. It has a
value between —0.0210 and —0.0340 m. Overall, the
entire region is experiencing subsidence. The
average subsidence value is in the range of -0.0240

t0 -0.0320 m. Figure 2(B) is the vertical deformation
of SAL (2017-2021). Figure 2(C) is a view of the
DTM 1978. In 1978, the SAL looked wider, and the
river mouth in the area was more significant than in
2021. Large rivers and several tributaries carry
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sediment particles, causing sedimentation to form
soil. Based on the DTM analysis, the land elevation
in the area is between 0.04 m and 0.36 m. The land
on the lagoon's edge and the resulting raised land
have a height of about 0.2 m. The length of the
raised soil in SAL is 3 km, with a width of 1.5 km.

Figure 2(D) is the DTM 1991. In 1991,
changes began to appear in SAL. The rising land in
the DTM 1978 merged with the mainland on the
north side to form a lagoon. The mouth of the river
that looked wide in 1978 has narrowed and has
turned into a new land. This significant change can
be seen from the extent of the newly formed land
and the area's topography. The length of the raised
soil formed is 5.8 km, and the width is 2.4 km. The
topography around the Lagoon appears to have
increased, even though the height of the raised land
since 1978 has increased to 0.97 m. The potential
for the emergence of new emerging soils is getting
bigger. This can be seen by the sedimentation de-
posits starting to be seen clearly on the east side and
reaching a height of 0.8 m.

Figure 2(E) is the DTM 2001. The emerging
land that has occurred is getting more comprehen-
sive with a tendency towards the east, and there is a
potential for emerging land to appear in the south.
The width of the land rising in 2001 since 1978 has
reached 2.9 km with a length of 7.8 km. The topo-
graphy of the rising soil varies between 0.1 and 0.9

m, and the topography that leads to the mainland
tends to increase. Figure 2(F) is the DTM 2010. In
2010, there was an increase in the length and thick-
ness of the emergent soil, which had been joined to
the mainland, although the width had not changed
significantly. The length of the raised soil reaches
8.1 km and a width of 2.8 km. The raised ground
height is very significant, reaching more than 2 m.
The results of the DTM 2021 show the current
condition of SAL (2021). The mouth of the river
that looked wide in 1978 disappeared and became a
new land. The length of the land formed until 2021
reaches 8.3 km with a width of 2.9 km. The height
of the raised soil reaches 1.8 m.

Based on the cross-section profile, it can be
seen that there is a high sedimentation rate in the
river channel. The depth of the waters of the SAL in
1978 reached 0.3 m, and the depth of the river
upstream is getting shallower. The waters of the
SAL, which were initially very wide, became nar-
rower due to sedimentation. Soil forms and begins
to merge with the mainland, causing a channel to
form that resembles a river. The formed river carries
sediment particles, so the land arising in the SAL
gets wider. Figure 3 is the cross-section profile of
the time-series DTMs. The cross-section profile
shows the dynamics of topography changing in the
lagoon and new land in SAL.

[From Pos: 257476.383, -847686.480

To Pos: 258561.534, -845147.00)

— — DIM1978
— — DIM 1991
- DTM2001
— DTM 2010
-— DIM2021

(A)

(B)

Fig. 3.(A): DTM (2021); the yellow line shows the cross-section.
(B): The terrain profile of the time series (1978-2021) is based on the cross-section (A).
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An accuracy test was carried out using a cross-
section profile test to determine the dynamic
changes of topography sedimentation in SAL.
Based on the results of the cross-section test, it is
seen that there is a significant change in the land of
SAL. The depth of the river channel in 1991 began
to increase compared to 1978, but in some locations,
the depth decreased. A significant increase in the
river channel depth occurred in 2001 when the depth
reached 0.04 m. It is presumably due to the high

sedimentation rate caused by damage from the up-
stream watershed. The river channel depth de-
creased again in 2010 and increased again in 2021.
The depth of the river channel in 2010 reached -1.6
m. The decrease in depth is due to tectonic dynamics
and soft soil in the study area. The sedimentation
value remains higher than that of vertical deforma-
tion because the erosion rate from upstream is also
high. The depth of the river channel in 2021 will
reach 0.6 m.

4. DISCUSSION

Many factors caused topographic changes in
that period due to rapid high sedimentation, changes
in river and sea currents, flooding, erosion, and land
conversion in the upper reaches. This time-series
past DTM modeling can provide a 3D visualization
of changes in the dynamic topography in SAL.
Vertical deformation is the movement of land up
(uplift) or down (subsidence) due to tectonic move-
ments. Even though the area is experiencing subsi-
dence tectonically, other parameters influence it
more dominantly. Another parameter is sedimenta-
tion. Rapid sedimentation in the SAL is caused by
the large amount of soil and mineral materials car-
ried by river currents from upstream to downstream.
The SAL is the downstream part of a combination
of various upstream rivers, such as Citanduy,
Cikonde, Cimeneng, Cibeureum, Sapuregel, and
Donan. The addition of sedimentation forms new
land (aanslibbing). The addition of the sedimen-
tation rate to the DTM uses information from the
Department of BBWS Citanduy. BBWS is the
Indonesian government agency responsible for
monitoring the Citanduy River area, including the
SAL.

In this pattern of sediment distribution, it is
clear that the river is the most significant contributor
to sediment deposits in the SAL. The sediment
concentration carried by the dominant river flow is
carried into the lagoon at high tide, but at low tide,
not all of the sediment carried by the tidal flow can
be carried out by the current. Discharge events
representing daily events indicate that the river
currents are not strong enough to fight the tides.
Meanwhile, almost all sediment is carried into the
estuary at low tide. However, due to the current
speed not being as strong as during high tide, the
sediment still floating at low tide can be carried
back into the lagoon before it reaches the open sea.
The sediment supply from this river is a source of
sediment that causes siltation in the SAL. The

process of merging the emergent land with the
mainland continued until 2001.

Based on the sea level analysis, the pattern of
changes in sedimentation formed in SAL can be
seen. Sedimentation patterns tend to gather and
form raised soil towards the east side of SAL. The
direction of sedimentation movement can be seen
from the shifting of the MSL line. Based on the
time-series DTM modeling results, the MSL lines in
SAL are very dynamic. The pattern of shoreline
changes that occurred in SAL can be mapped. In
1978, SAL was very wide, and the mouth of the
river was extensive, especially the Cibeureum River.
Changes in the MSL line were seen in 1991, 2001,
2010, and 2021. The MSL line in 1991 changed due
to sedimentation that formed, causing the MSL line
to shift. The high sedimentation causes the emerg-
ing land initially separated from the mainland to
merge into new land and widen over time, likewise,
in 2001, 2010, and 2021. The high sedimentation
rate causes the surface soil to become more compre-
hensive and changes the MSL line. The much-
changing MSL line is on the east side of the SAL. It
is caused by the direction of movement of sedi-
mentation, which is more to the east side.

Most of the deposition occurred around the
islands' lagoon area, with a maximum change in
depth of about 0.6 m and an average change in depth
within one year for the lagoon area of around 0.16
m. Most of the deposition occurred in the area
around the lagoon and delta. This area becomes the
entry and exit route for sediment into the body of
the lagoon. Its close position to the Citanduy River
causes the volume of sediment carried in at high tide
to be very high. Then, at low tide, these sediments
are still left in the area around the island. As a result,
floating sediments are scattered in this area. Then,
the shape of the gaps between islands, which are like
straits, causes the flow that enters the gaps between
these islands to be faster. However, the velocity
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decreases when the flow meets an area with a
broader cross-section. This decrease in speed causes
much sediment carried by fast currents to gather in
areas near the island where the flow is slower, so the
deposition is focused on this area when the flow
speed slows down.

The SAL has a very high sedimentation rate. It
conducted research related to sedimentation based
on the field surveys. Based on these results, sedi-
mentation significantly increased from 0 — 40 mg/l
in 1978 to 40 — 320 mg/l in 2012. A report from
BBWS 2012 stated that the total sediment supply in
SAL reached 9.14 million tons/year, carried by the
flow from the Citanduy, Cimeneng, and Cikonde
rivers (BBWS, 2012). The Citanduy, Cimeneng,
and Cikonde rivers are the main contributors to the
SAL sedimentation process, with an average dis-
charge from the Citanduy River of 140 m?/s (range
80 — 300 m?/s) stated that the particles carried came
from Mount Galunggung dust, andosol, and latosol
agricultural soil containing clay, quartz sand, pesti-
cide and fertilizer compounds, and waste from both
industry and households. The total volume of sedi-
ment entering SAL is estimated to be around 1
million m*/year (Pawitan, 2002).

Apart from sedimentation particles carried by
water flow, the sedimentation process is also influ-
enced by tides. SAL is influenced by different water
masses, namely seawater (Hindian Ocean) and
freshwater from rivers that empty into the lagoon.
During high tide conditions, the flow of particles
from the Citanduy, Cimeneng, Cikonde, Cikujang,
and Cibereum rivers headed to the south is forced
by the tidal flow of seawater so that they return to
the north. At low tide, the river's swift currents carry
particles that will then settle in the SAL. This con-
tinuous process causes the SAL to become increas-
ingly narrow. SAL experienced very dynamic
changes due to particle sedimentation carried by the
flow of the Citanduy, Cimeneng, and Cikonde
rivers. The area of the SAL in 1903 was 6,450 ha
and was getting narrower until 2003 (BBWS, 2012).
The area was estimated at 600 ha. It occurs due to
the accumulation of sediment particles in new land.
The silting processes are concentrated around deltas
and lagoons near river mouths. The delta is estimat-
ed to increase in size and eventually be connected.

The SAL is continuously degraded due to high
levels of deposition. Precipitation in these waters
has resulted in siltation and narrowing of the area.
The water area of the SAL in 1903 was 6,450 ha.
However, in 1939, it was reduced to 6,060 ha.
Around 1971, the area of SAL shrank back to
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4,290 ha. This continued until 1984, when the area
of the lagoon became 2,906 ha. In 1994, it shrank to
1,575 ha. Depreciation is still happening, so in 2003,
it reached 600 ha. In 19 years, there has been a de-
crease in the area of the lagoon by 2,306 ha or 121.4
ha per year (Ardli, 2008; Hakiki et al., 2021). The
shrinkage of the SAL is mainly due to the high
amount of sediment material entering the lagoon.
The presence of raised soil caused by sedimentation
causes the growth of mangroves. It follows the
growing conditions for mangrove vegetation, name-
ly muddy soil protected from waves and influenced
by tides. The high silt deposition becomes a suitable
area for mangrove vegetation to grow. The raised
soil in the eastern part of Karanganyar has calm
water conditions, so mangroves with the Rhizopho-
ra sp. species grow.

The shrinkage of the SAL is caused by tidal
asymmetry in the SAL, which results in the current
velocity during high tide conditions being more
dominant than the current velocity during low tide
conditions. Under these conditions, the sediment
supply from the Citanduy River will be carried deep
into the lagoon due to the large tidal currents. Then,
smaller ebb currents mean that not all of the sedi-
ment brought in at high tide can be completely car-
ried out of the lagoon area. The sediment left behind
will settle when the flow slows down due to phase
changes from high and low tides.

The reduction in the SAL is due to sedimenta-
tion, changes in tidal phases, and current patterns
(Hakiki et al., 2021). The results of their research
indicated a tidal asymmetry in the SAL, which re-
sulted in currents at high tide being more dominant
than currents at low tide. As a result, sediments
originating from the river will be carried far into the
lagoon due to the large tidal currents. However, the
smaller ebb currents mean that not all the sediment
brought in at this tide can be completely carried out
of the lagoon area. So that sediment remains in the
lagoon area every time the tidal cycle occurs. Then,
when entering the time of flow change from high
tide to low tide, the sediment left in the lagoon area
will settle because the flow velocity during this
phase can be close to zero or the flow is almost
silent. The consequence of this tidal asymmetry is
that sediment deposition in the lagoon due to the
sediment material carried by the Citanduy River
discharge is quite significant. At high tide, it is
observed that the flow from the Citanduy River is
carried into the body of the lagoon due to being
pushed by the tidal currents. Meanwhile, this river
will flow into the sea along with other water masses
in the lagoon at low tide.
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While our modeling provides a novel insight
into the historical dynamics of SAL, several limita-
tions should be acknowledged. Firstly, the model re-
lies on a constant sedimentation rate derived from a
2012 report. In reality, sedimentation rates may
have varied non-linearly due to changes in land use
upstream, extreme weather events, or dredging ac-
tivities. Secondly, the vertical deformation rate was
extrapolated from a 2017-2021 dataset, assuming a

linear trend over the past decades. Future research
could refine this model by incorporating historical
land-use data to estimate variable sediment loads
and by analyzing longer-term geological data for
more complex deformation patterns. Furthermore,
validating the reconstructed DTMs with historical
bathymetric charts or sediment core data, where
available, would provide an independent assess-
ment of the model's accuracy.

5. CONCLUSIONS

Time-series DTM can explain how the pattern
changes from a location on the Earth's surface.
DTM can explain the sedimentation process that
occurs in the SAL. The ability of the DTM can
casily explain how the profile of the height of the
soil arises due to sedimentation in the area. In 1978,
the vast and narrower SAL was seen. The continu-
ous sediment flow at a very high rate causes depo-
sition, so that the soil appears. The erosion in the
Citanduy watershed contributes more particles to
the downstream part of SAL. These particles make
a significant contribution to sedimentation in SAL.

DTM (2021), vertical deformation (2017—
2021), and rapid sedimentation data can be used to
model the dynamic topography (1978-2021) in
SAL. This dynamic topography modeling uses (1)
parameters of sedimentation rate and volume ob-
tained from BBWS 2012, (2) DTM 2021 extracted
from ALOS-2 (2017), WorldView (2017), and inte-
grates it with vertical deformation from Sentinel-1
(2017-2021) using the D-InSAR method.

The DTM 2021 has a spatial resolution of 1 m
and has been validated in its vertical accuracy test
(+17.6 cm) and its height difference test (~0 m) with
a confidence level of 95 % (1.96 o). The average

vertical deformation value is —0.0240 to —0.0320 m.
DTMs (1978, 1991, 2001, 2010, and 2021) are con-
ditions of dynamic topographic changes. They are
carried out by checking the dynamics of shoreline
changes and cross-section profiles. This comparison
will visualize shapes, patterns, and deltas in the SAL
and delta areas. Based on the time-series DTMs, the
SAL from 1978 to 2021 is increasing due to sedi-
mentation. New land has been raised in the SAL on
the west side, which is getting more expensive, and
an uplift elevation exists. Sedimentation is the main
parameter that causes dynamic topography changes
in SAL. It significantly impacts the formation of
new land, which is more dominant than vertical de-
formation (tectonic). Sedimentation caused the land
elevation of SAL to rise in 1978: 0.36 m, 1991: 0.97
m, 2001: 0.9 m, 2010: 2.0 m, and 2021: 1.8 m.
Changes in land area appear to affect the position of
the MSL line because it appears to shift from its
initial position. The MSL line shifts to the east side
of SAL.
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Op3a ceqmMeHTaIHja

Jlarynara e npuposHa rnojasa (popMupaHa Ha yCTHETO Ha
peka mopany IMHAMHKaTa Ha CeIMMEHTalMjaTa Ha pekarta,
CTpyHTe, BepTUKaJIHaTa AeopManyja, OpaHOBUTE U IUITMMATa U
ocekara. Bo jaryHnTe JoOMHHHpaaT MEKH MIOYBH, I1a 3aT0A HUB-
Hata Tomorpaduja e auHamuvHa. Jlarynata Cerapa AHakaH
(SAL) e obmact ko0ja HO’KMBYBa IWHAMUYHA Tomorpaduja mpe-
IU3BHKaHA of1 Op3aTa cexuMeHTanuja. [IpomennTe Bo quHAMU-
KaTa Ha Tororpadujara Ha JenTata BO MUHATOTO MOXKAaT J1a ce
cliesiaT MpeKy BPEeMEHCKUTE CepHU Ha AUTUTAIHHOT MOJET Ha
tepeHoT (DTM), u3BnedeHH Oj MOpPAHEIIHUTE MOJATOLM Ha
DTM. IlepronoT Ha HabpyayBame Oeme 1978-2021 roauna.
LlenTa Ha OBa MPOY4YyBame € J]a Ce MOJENUpa JUHAMMKATA Ha
tonorpadujara (1978-2021) Bo SAL cnopex nomatonuTe Ha
DTM 3a Bepruxannara nedopmanyja u cenuMenranyjara. Osa
JMUHAMHUYKO MOJEIHpame Ha tomorpadujara kopuctu (1) ma-
paMeTpu Ha Op3MHATA M BOJYMEHOT Ha CEAMMEHTaIja no0u-
€HM O] LICHTAPOT Ha peyHHoT ciuB — baman Becap Bunaja
Cynrau (BBWS) 2012, (2) DTM 3a 2021 uzsneuyen ox ALOS-
2 (2017) m umHTEerpHpaH CO BepTHKalHaTa AeopMainuja o
Sentinel-1 (2017-2021) co xKopucTeme Ha METOIOT Ha aAude-
peHImjasieH HHTepGEePOMETPUCKH CHHTETHUKH pajap 3a arnep-
typu (D-InSAR). DTM-ute (1978, 1991, 2001 u 2010) ce

W3BJICUYCHU CO KOPUCTEHE Ha FEONPOCTOPEH IIPHCTAI Ha BEIlI-
Tauewme Oa3upaH Ha Tonorpadcko Moaeupame Ha DTM 2021,
BepTukanHa aedopmanuja (2017-2021) u momatoiu 3a Op3a
cenquMenTanyja. KopucreHa e cramkara Ha CEJMMEHT IITO
BieryBa Bo SAL ox pekara Lluranayj (8,05 Muimonu ToHH TO-
IUIrHoO), pekata Yumenerr (0,87 MUIHOHM TOHU TOJHIITHO) U
pekara Llukonne (0,22 MHUIMOHU TOHH TOAMIIHO), CO BKYIICH
MPUHOC Ha ceauMeHT of 9,14 mmwmonn ToHU roauntao. DTM
2021 mma mpocTopHa pe3oiylrja ox | m u e BanuaupaH co
TECTOT 3a BepTUKaJIHa TOYHOCT (+17,6 cm) U TECTOT 3a BUCHH-
cka pasnuka (~0 m) co HMBO Ha JnoBepba ox 95% (1,96 o).
[IpoceynaTa BpeHOCT Ha BepTUKaJHaTa aedopmariija e ox —
0,0240 mo —0,0320 m. [JoOuennte pesynraTu naBaaT wHGHOP-
MaIliy 3a AWHAMHKaTa Ha tonorpadujata (1978-2021). DTM
(1978-2021) ru BU3yenu3upaaT NpOMEHHUTE HA TUHAMIKATA Ha
tonorpadujata Bo SAL. Tue ce mobmBaar co mpoBepka Ha
QMHAMHUKaTa Ha MPOMEHHTE Ha Operot W mpoduiure Ha mO-
MPEYHUTE MPECEIN 3a Ja Ce yTBPH COOBETHOCTA HA OOJIHIIUTE
¥ MozenuTe (JaryHa u aenta). CeanMeHTalyjaTa € Haj3Havaj-
HHOT IapameTap IITO BIIMjae Ha AWHAMHKaTa Ha Tororpadujara
Bo SAL.
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