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Abstract: The change in land use and land cover in upstream watersheds will change the features of
drainage systems such that they will impact surface overflow and affect the infiltration capacity of a
land surface, which is one of the factors that contributes to flooding. The key objective of this study
is to identify vulnerable areas of flooding and to assess the causes of flooding using ground-based
measurement, remote sensing data, and GIS-based flood risk mapping approaches for the flood
hazard mapping of the Teunom watershed. The purposes of this investigation were to: (1) examine
the level and characteristics of land use and land cover changes that occurred in the area between
2009 and 2019; (2) determine the impact of land use and land cover changes on the water overflow
and infiltration capacity; and (3) produce flood risk maps for the Teunom sub-district. Landsat
imagery of 2009, 2013, and 2019; slope maps; and field measurement soil characteristics data were
utilized for this study. The results show a significant increase in the use of residential land, open
land, rice fields, and wetlands (water bodies) and different infiltration rates that contribute to the
variation of flood zone hazards. The Teunom watershed has a high and very high risk of ~11.98%
of the total area, a moderate risk of 56.24%, and a low and very low risk of ~31.79%. The Teunom
watershed generally has a high flood risk, with a total of ~68% of the area (moderate to very high
risk). There was a substantial reduction in forest land, agricultural land, and shrubs from 2009 to
2019. Therefore, the segmentation of flood-risk zones is essential for preparation in the region. The
study offers basic information about flood hazard areas for central governments, local governments,
NGOs, and communities to intervene in preparedness, responses, and flood mitigation and recovery
processes, respectively.

Keywords: infiltration capacity; land use–land cover; watershed; flood risk area; water runoff

1. Introduction

Frequent flood occurrence in a watershed area is not only related to upstream condi-
tions, such as land use and land cover change (LULCC) [1,2], but also to extreme climates
that lead to heavy rainfall in some areas of the Indonesia archipelago. Flood occurrence
due to environmental disturbance is becoming a concern in Indonesia and globally [3–5].
The main concern about the frequent flooding is the change in land use patterns due to the
increasing need for land for agriculture and other land uses. Therefore, information on the
hazard risk area due to LULCC is essential for Indonesia, which has recently experienced
extreme rain [6,7]. LULCC may impact flooding and riverbank damage during the rainy
season and reduce the water volume during the dry season in the area. The impact can be
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seen in the repetitive occurrence of flooding in Indonesia in the last decade [8], including in
the Teunom watershed, Aceh Province.

The Teunom watershed and surrounding areas experienced two floods in early January
of 2017 and 2016 [9], and there were four major floods, one of which was a flash flood. More
floods occurred in 2016, and then two floods occurred in 2012 and 2015 [10]. Meanwhile,
between 1999 and 2011, there was only one flood per year, on average, in the Teunom
watershed and its surroundings [11]. There was an economic value loss of IDR ~8 billion
due to the floods in 2016, where several public services did not function properly to some
extent, which impacted the economy in the area [12].

The fundamental causes of repetitive flooding in this area are the result of narrowing
river flows [11], sediment deposition [13], land use conversion [14], and microclimate due
to land use and land cover [10]. On the other hand, according to data from the Meteorology,
Climatology, and Geophysics Agency [11], there has been an increase in annual rainfall
of 0.3%, particularly in the last five years. Moreover, extreme weather due to increasing
sea surface temperatures and the confluence of Australian and Asian monsoons, together
with land use changes, are the causes of the increased rainfall in this area [15,16]; thus, the
carrying capacity of land and rivers is saturated, and water overflows cause flooding [17–19]

Floods are natural phenomena caused by natural events and human activities [20].
Floods have the potential to cause injury and environmental damage. There are several
causes of flooding due to anthropogenic activities, such as the extension of residential
areas, population growth, and land use and land cover change (LULCC), which impact
the hydrological cycle and water availability [20]. A result of these factors, there was the
increase in the level of infiltration and runoff [21,22]. Furthermore, the level of vegetation
cover affects the evaporation rate, thereby changing the humidity level and affecting cloud
formation [23]. Vegetation can have a significant effect on hydrological fluxes due to
variations in the physical characteristics of the land surface, soil, and vegetation, such as
the roughness, albedo, infiltration capacity, root depth, architectural resistance, leaf area
index (LAI), and stomatal conductance [24,25]. The nature and land cover affect the runoff,
infiltration, and groundwater recharge. The soil surface functions in the water cycle, where
rainfall is redistributed to evaporation, runoff, and soil infiltration [26].

The increase in urbanization resulting from the conversion of forest land into agricul-
tural land or settlements is a real change. The impact of increased deforestation on disposal
processes is relatively easy to identify. In the developed area, it is indicated that an increase
in the water-resistant area causes an increase in the rate of land flow [27]. This prevents the
natural holding capacity of water and changes the subsoil layer or groundwater movement,
leading to an increase in flood development and the volume of flood discharge [28].

The increase in the number of people and built-up patterns has caused alterations in
land use–land cover [29,30] and in overseeing the necessities on land in the Krueng Teunom
watershed. LULCC causes alterations in the natural drainage system [31], impacts surface
runoff [31], and affects infiltration capacity [31]. These factors are believed to contribute to
the frequent flooding in the Krueng Teunom watershed. Meanwhile, the level of available
vegetation cover and the absorption degree also change the rate of evapotranspiration [32].
These factors change the behavior and balance that occurs between water evaporation [33],
water recharge [34], and water distribution through rivers [35,36].

Vulnerability to flooding in the Krueng Teunom watershed is exacerbated by the
reduction in the extension of vegetation cover [10], including forests, which are essential in
stabilizing hydrological functions; collecting rainwater (overland runoff); and controlling
floods [37]. According to [38], more than 40% of forests have been cleared, which opens up
more space for the development of oil palm plantations and agriculture. Deforestation has
a strong relationship with changes in rainfall patterns in the area, and this has an impact
on the frequency of floods [39]. Many types of vegetation, including shrubs, have also been
utilized for agricultural extensification and the extension of housing areas [40], thereby
disrupting the balance of the regulation of runoff velocity and water interception [41].
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Some areas that were once covered by vegetation have developed into residential
areas due to the increase in the human population and the increase in infrastructure
building and roads connecting other infrastructures [29,42,43]. The problem that arises
due to urbanization and infrastructure development is creating an area or surface that is
impermeable to water [14,42]. Such a surface inhibits infiltration after it rains [43]. This
changes the water infiltration into the soil and causes an increase in surface overflow, which
often results in flooding [44–46].

Information on LULC, drainage patterns, distances from residential areas to water
surfaces, elevation, buffers, cultural practices, and attitudes is needed to identify flood-prone
areas. Reducing flood risk depends on the knowledge and understanding of the nature of
the available physical space and historical data. Therefore, modern techniques are needed in
flood mitigation. GIS-based and remote sensing data offer effective tools for processing this
information. Many studies on LULCC affect flooding [47–50]. Datasets from Landsat images
are then input into the GIS platform to create susceptibility maps. In [47], a flood vulnerability
study was conducted in Pordenone Province following major floods. The study confirmed
that flooding occurs due to increasing population growth and urbanization, reducing
the percentage of natural vegetation. In [51], a study was conducted in the Philippines,
concluding that mining with large land clearing, logging, and agricultural expansion using
the rip and burn method results in the denudation of watersheds, thereby weakening the
ability of the soil to prevent flash floods, while increased soil erosion is characterized by
the silting of the river [52]. According to [53], anthropogenic activities, such as increasing
residential areas, developing economic and supporting infrastructure in floodplains, and
decreasing water holding rates over land use changes, cause an increase in flood occurrence
and a decrease in available space.

Much of the information about frequent flooding in the Krueng Teunom watershed is
still based on assumptions. The absence of definite information based on research findings
on the sources of flooding is dependent on the accuracy and depth of available information
regarding the factors causing flooding, such as increasing LULCC and the identification of
flood-prone areas [54]. Many locations in this watershed are prone to flooding but have
not been well mapped. This study is very important because it utilizes GIS-based and
technology advances to produce data in flood hazard maps and identify all flood-prone
areas. Therefore, this study aims to examine the extent and characteristics of land cover and
land use changes, determine the infiltration capacity, and create a flood risk map for the
Krueng Teunom watershed. This information will be useful for policymakers and planners
in regional development planning. These results are also important in hazard zoning, early
warning, and flood evacuation systems

2. Study Area

The Teunom watershed is located in the Aceh Jaya regency of Aceh Province, Sumatra
Island, Indonesia, approximately ~190 km west of Banda Aceh, the capital of Aceh Province.
The Teunom watershed is the primary fluvial system in the Aceh Jaya area, with an area
of 310.62 km2 [10,55]; it is located at 4◦26′00.94′′ N to 4◦44′09.60′′ N and 95◦48′17.31′′ E to
95◦59′06.80′′ E; and its tip is near the border area of the Pidie regency (Figure 1).

The Krueng Teunom watershed is the main fluvial system in the Aceh Jaya, Aceh
Province, Sumatera Island, Indonesia (Figure 1). Krueng Teunom is a river that flows in
the Krueng Teunom watershed. The area comprises temperate tropical rainforests, with
an average annual temperature of 23 ◦C. The hottest month is February, with an average
temperature of 26 ◦C, and the coldest is January, which is approximately 22 ◦C. The average
annual rainfall is 4059 mm. The month with the highest rainfall is November, with an average
of 536 mm, and the month with the lowest rainfall is July, with an average of 205 mm [56].
The study area is located in the Teunom district, with a total area of 141 km2 and a total
population of 13,628 in 2021) [57].
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Figure 1. Map of the study area in the Krueng Teunom watershed.

3. Methods
3.1. Research Design

This research used multi-temporal images, topographic maps, soil data, and the Digital
Elevation Model (DEM) of the location to perform spatial analysis in a GIS-based mapping
tool. We selected different land use types, e.g., residential areas, agricultural land, rice fields,
forests, shrubs, and plantations, for the field infiltration sample tests to achieve the research
objectives. First, Krueng Teunom drainage data were obtained through identification using
30 m DEM using ArcGIS 10.3 spatial analysis. Furthermore, the watershed was described
and analyzed to determine the direction of flow and accumulation flow. This watershed
was further digitized and combined with satellite imagery to produce LULC maps and land
cover statistics. Thematic maps of land cover, soil type and distribution, and slope were
overlaid and analyzed to produce a flood risk map for the study area. Figure 2 provides
a summary of the methodology of data collection in the form of a flow chart, which was
used for data processing and presentation.
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3.2. Data Types, Sources, and Analysis

The data used in this study are primary data and secondary data. The primary data
were collected from the field, such as infiltration measurements, sampling points using
the Global Positioning System (GPS), and direct field surveys to record land cover. The
secondary data were obtained from literature documents, journals, and strategic plans.

3.2.1. Data Sampling

Sampling refers to the population representative method with reference to stratified,
purposive, and simple random samples based on each characteristic or type of land cover.
The field data collection involved the incorporation of three sampling methods because
they were interdependent. The areas were grouped in reference to land cover and land use
type (Table 1). Land cover information was collected randomly, and purposive sampling
was used to identify locations for infiltration data collection.

Table 1. Description of land use types in the study area.

Land Cover Type Description

Water body Dams, pans, seasonal/permanent rivers, ponds, marshy
areas, reservoirs

Forest Primary forests, plantations, forest production areas,
mangroves, swamp forests, closed canopies

Bare lands Large tracks of uncultivated land with scattered trees used
for grazing and replanting the estate

Urban Villages, commercial/residential structures, paved
surfaces, roads

Croplands Planted crops, irrigated crops, perennial crops

Paddy field Irrigated paddy fields, seasonal paddy fields, swamp
paddy fields

Shrublands Trees/bushes with a height of five feet or less, open or
closed canopy

3.2.2. Remote Sensing Data

The 30 m spatial resolution and six-year interval of Landsat 7 Enhanced Thematic
Mapper Plus (ETM+) and Landsat 8 Operational Land Imager (OLI) contained eight
spectral bands, including a pan and thermal band of path 130, dan 131, and row 057,
which were utilized to create LULCC information for 2009, 2013, and 2019. This satellite
dataset was obtained through the United States Geological Survey (USGS) official website:
https://www.usgs.gov/ ( accessed on 20 April 2022) [58], and the rectified base map of
the study area was obtained from the Indonesian Geospatial Data Center [59]. Landsat
imagery selection was based on the cloudlessness, clarity, and availability of the selected
years of the study area.

3.2.3. DEM Data

DEM data were obtained from the Geospatial Information Board of Indonesia, BIG
DEMNAS [60]. The information extracted from DEM included the elevation, the river
pattern of the watershed, and water basins in the study area to help define the flow and
storage direction (Figure 3). The generated DEM map of the study area was then reclassified
to produce the slope angle and flow velocity, which were superimposed to create a flood
hazard map of the study area.

https://www.usgs.gov/
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3.2.4. Soil Data

The soil property information obtained from the Aceh Energy and Mineral Resources
Office included soil types, rock formation, and geology. The soil type that refers to soil
texture to identify the infiltration capacity of the Teunom watershed consists of clay, loamy
sand, sandy loam, and sand. Geologically, the Teunom area consists of tertiary sediment
and volcanoes as part of the pre-tertiary continental basement of Sumatera [61]. From the
land system point of view, the Teunom watershed consists of plains, turnways, alluvial
valleys, beaches, mountains, hills, swamps, and terraces; the land system is dominated
by alluvium of the young river, peat, and marine deposit, occupying ~62.56% of the area;
the rest consists of conglomerate, basalt, diorite, fine-grained tephra, and coarse-grained
tephra [62]. Each soil type is characterized by a different permeability, porosity, and
infiltration capacity and therefore has different effects on flooding. These properties are
essential to evaluating flood hazards in the study area.

3.2.5. Infiltration Data

Infiltrations data were collected from the field measurements using a double-ring
infiltrometer for different land cover types [63]. The calculation was based on the Horton
equation model [64]. Seven infiltration data collections were carried out in the study area
according to the type of land cover; each assessment of land cover was carried out at three
points randomly based on the availability of water and the accessibility of the study area.
The infiltration rate was calculated based on the type of land cover, which was tabulated
and analyzed using an infiltration curve based on the relationship between infiltration
capacity and time.

3.2.6. Land Use Change

The LULC area was calculated for the analysis, and outputs were compared based on
different classes. A supervised classification method with a maximum likelihood algorithm
was applied to Landsat imagery [49,65]. The overall Cohen’s Kappa classification accuracy
was 84.00%. The classified images of three other datasets were compared using cross-
tabulation to determine the qualitative and quantitative aspects of the changes in 2009,
2013, and 2019. These changes were analyzed based on changes in the area and the
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percentage, trend, and rate of change in 2009, 2013, and 2019. Statistics were tabulated and
used to calculate the percentages of trend changes using the following formula:

% of change =
difference in change × 100%

Total change

3.3. Creating Flood Risk Map

The flood risk map was created based on the information reclassified by the land cover
and land cover type, soil type, and slope of the study area to identify the spatial resolution
of land slopes and soil types [66]. A weighted overlay was employed to construct a flood
risk map. A weighted overlay is a spatial analysis method using the GIS tool. The process
is based on overlaying two or more base maps with certain weights to create a final map.
This method allows problems with many criteria to be solved to determine a location with
a particular potential using digital mapping.

3.3.1. Flood Risk Zoning Based on LULC

LULC plays a vital role in water percolation, the infiltration rate, and groundwater
recharge. The 2019 land cover map was created with seven land cover classes (Table 1). The
classes were then recategorized, weighted, and ranked based on their ability to hold water
that ultimately becomes flooded. Settlements were given the highest rating because human
intervention affects the soil structure and infiltration capacity through vegetation removal,
urbanization, and cultivation. Wetlands were rated the lowest because they act as water
absorbers during both dry and rainy seasons.

3.3.2. Flood Risk Zoning Based on Soil Type

Soil type and distribution are the main factors that control the quantity of waterlogging.
Different types of soil have the capacity to affect infiltration differently. Soil types were iden-
tified and reclassified based on their impact on flood risk. Areas with clay soil types were
rated as very risky because they have poor porosity and are less permeable, while sandy
soils were considered to have a low flood risk due to their porosity and high permeability.

3.3.3. Flood Risk Zoning Based on Slope

Slope is a significant factor in identifying flood-prone zones. The slope angle affects
the speed and frequency of runoff, as well as the rate of infiltration, in an area. On gentle
slopes, the runoff is slow; thus, accumulating large amounts of water after a precipitation
event tends to result in flooding, whereas on steep slopes, the runoff velocity is high, which
allows very little time for water to reside and thus a very small probability of flooding.

The Spatial Analyst Tool in ArcGIS was utilized to compute the slope angle of the
DEM. The slope angle was then reclassified to create five classes. The area of the 0.0–5.5%
slope was relatively flat and was considered to have the highest flood risk. Areas above
30% had the steepest slope and were considered to have the lowest flood risk. The resulting
class was then ranked depending on its effect on flooding.

4. Results and Discussion
4.1. Spatial and Temporal Land Cover Change

The results of the field data collection (Figure 4) show that the geomorphology of the
Krueng Teunom watershed is mostly a flat alluvial plain with a gentle slope. The results
show that 67% of the Krueng Teunom watershed is an area less than 100 m above sea level.
Only approximately 8% of this watershed is an area with an altitude between 250 and
400 m.
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The results of the Landsat imagery of the Krueng Teunom watershed were classified
into seven main classes, namely, (1) water bodies, (2) forests, (3) open land, (4) settlements,
(5) agricultural/plantation land, (6) rice fields, and (7) shrubs. The land use map classifica-
tion was carried out for ten different years from 2009 to 2019 in three different timescales:
2009, 2013, and 2019 (Table 2). For verification, the multispectral classification was carried
out on Landsat images, Google maps, and field surveys. The result of the absolute change
in land use was obtained from the difference in the number of cells, and the percentage
change was calculated, as shown in Table 2.

Table 2. Land cover change data from 2009 to 2019.

No Land Cover
2009 2013 2019

km2 % km2 % km2 %

1. Water Body 6.61 2.13 6.46 2.08 11.01 3.54
2. Forest 57.61 18.55 63.80 20.54 54.51 17.55
3. Bare lands 0.37 0.12 0.63 0.20 2.56 0.82
4. Urban 2.59 0.83 4.04 1.30 5.55 1.79
5. Croplands 193.23 62.21 204.97 65.99 190.46 61.31
6. Paddy field 2.93 0.94 3.18 1.02 19.36 6.23
7. Shrublands 47.29 15.22 27.53 8.86 27.17 8.75

Total 310.67 100.00 310.67 100.00 310.67 100.00

The land use statistics for the Krueng Teunom watershed reveal changes in all land
uses in this area. This analysis result was achieved through the comparison of land use
between 2009 and 2019. Figure 5 shows the land use map obtained after classification.
Shrubland almost tripled after 2009, with an average increase of 0.21 km2 per year. Forests,
based on data in 2013, increased by 2%; then, in 2019, they decreased by approximately 3%,
indicating forest conversion for rice fields and residences due to population growth [67].
This also occurred in agricultural land cover, which decreased by 5% or approximately
14 km2 after 2013. The initial residential area of 2.59 km2 in 2009 increased to 5.55 km2 or
approximately 100% in 2019, with an average annual land use growth rate of 0.3 km2. Rice
fields, on the other hand, which were originally 2.93 km2 in 2009, increased to 19.36 km2 in
2019, with an average annual land use growth rate of 1.6 km2 per year. Meanwhile, the
water body, which, in 2009, was only 6.61 km2, increased by 11.01 km2, with an increase of
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0.4 km2 per year. If it is assumed that the growth rate of residential land use in the Krueng
Teunom area is constant at 0.3 km2 per year, then, in 2025, this area will occupy 4.77 km2,
which is approximately 1.5% of the total watershed area.

Land 2022, 11, x FOR PEER REVIEW 9 of 20 
 

 
Figure 4. Spatial map of Krueng Teunom watershed land use from 2009 to 2019. 

Table 2. Land cover change data from 2009 to 2019. 

No Land Cover 
2009 2013 2019 

Km2 % Km2 % Km2 % 
1. Water Body 6.61 2.13 6.46 2.08 11.01 3.54 
2. Forest 57.61 18.55 63.80 20.54 54.51 17.55 
3. Bare lands 0.37 0.12 0.63 0.20 2.56 0.82 
4. Urban 2.59 0.83 4.04 1.30 5.55 1.79 
5. Croplands 193.23 62.21 204.97 65.99 190.46 61.31 
6. Paddy field 2.93 0.94 3.18 1.02 19.36 6.23 
7. Shrublands 47.29 15.22 27.53 8.86 27.17 8.75 

Total 310.67 100.00 310.67 100.00 310.67 100.00 

The land use statistics for the Krueng Teunom watershed reveal changes in all land 
uses in this area. This analysis result was achieved through the comparison of land use 
between 2009 and 2019. Figure 4 shows the land use map obtained after classification. 
Shrubland almost tripled after 2009, with an average increase of 0.21 km2 per year. Forests, 
based on data in 2013, increased by 2%; then, in 2019, they decreased by approximately 
3%, indicating forest conversion for rice fields and residences due to population growth 
[67]. This also occurred in agricultural land cover, which decreased by 5% or approxi-
mately 14 km2 after 2013. The initial residential area of 2.59 km2 in 2009 increased to 5.55 
km2 or approximately 100% in 2019, with an average annual land use growth rate of 0.3 
km2. Rice fields, on the other hand, which were originally 2.93 km2 in 2009, increased to 
19.36 km2 in 2019, with an average annual land use growth rate of 1.6 km2 per year. Mean-
while, the water body, which, in 2009 ,was only 6.61 km2, increased by 11.01 km2, with an 
increase of 0.4 km2 per year. If it is assumed that the growth rate of residential land use in 

Figure 5. Spatial map of Krueng Teunom watershed land use from 2009 to 2019.

The results of the land cover analysis (Table 2) based on survey results combined
with geospatial data show that the Krueng Teunom watershed experienced significant
degradation when compared to geospatial data in 2009 and 2013 (Figure 6). The greatest
change occurred in the conversion of scrubland into rice fields due to the increase in
population. Scrubland conversion is easy to do in rice fields. Part of the forest land is
turned into water bodies in low-lying areas, while plantation land is used for settlement
expansion. As a result, the open land is expanding, causing the hydrological water capacity
to shrink. This can be seen from the increasing magnitude of water bodies due to silting as
a result of erosion from the watershed land.

Land cover characteristics changes are important to analyze the level of flood risk in
an area. This increase is linear with the increase in the residential area, which indicates an
increase in the number of residents [68]. This will indirectly increase the number of people
vulnerable to flooding. The exposure to flood risk in developing residential areas will
be accelerated by increasing spatially impermeable land and changes in natural drainage
channels [69]. This is due to the inhibition of water infiltration after a precipitation event,
which is a contributing factor to flooding.

The increase in population resulted in increased food consumption, resulting in an
increased use of agricultural land at the expense of forest land, shrubs and bare lands, most
of which function as flood plains [70]. During the flood event, most of the agricultural land
was covered by water, causing crop and economic losses. These events put the people living
in the area, which is their main source of livelihood, at risk of starvation. The continuous
plowing of agricultural land will also loosen the soil, thereby increasing the possibility
of riverbed sedimentation as the topsoil is carried away by water [71]. Sedimentation
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at the bottom of the river will raise the water level in the river, which also increases
flooding [10,71].
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4.2. Impact of LULC on Runoff and Infiltration Capacity

The results of the infiltration experiments carried out in each cover class to determine
the infiltration capacity can be seen in Table 3. The infiltration experiments in each land
class were tested based on water availability and location access. Based on the experi-
mental results, the highest infiltration rate was found in sandy areas, while the lowest
infiltration rate was found in clay soil. This explains that the type of soil affects the rate of
infiltration [72].

Table 3. Results of infiltration experiments in the field.

No Land
Classification

Water Level
Reading (cm) Time (s) Infiltration

Rate (cm/s) Soil Type

1. Agriculture 0.2 240.12 0.000640 Sandy loam
2. Forest 0.2 240.12 0.000833 Clay
3. Bare lands 0.0 240.12 0.000000 Clay
4. Paddy field 0.3 360.00 0.000670 Clay
5. Urban 0.7 540.00 0.001200 Sand
6. Shrubs 0.1 420.12 0.000140 Loamy sand

In the field testing, it took approximately 4 min for water to completely infiltrate in
agricultural land, which is sandy loam soil, an average of 4 min in forest land, an average
of 7 min in bare lands, an average of 6 min in rice fields, an average of 9 min in residential
areas, and an average of 4 min in shrubs. For experiments conducted under clay, it took an
average of 5.67 min for water to seep into the soil in bare lands and 9 min in residential
areas. The results of the water absorption experiment on sandy clay soil types showed an
average of 4 min in agricultural land, 4 min in grasslands, and 9 min in residential areas,
respectively, while for sandy soil, it took an average of 9 min in residential areas.

The water level readings differed in the experiments carried out as a result of the
permeability of the material type located underground and the depth of the soil. Therefore,
there was an opportunity for increased flooding as a result of decreased soil infiltration
capacity and increased runoff. During precipitation, the absorption of water by the soil
can exceed the ability of the soil to absorb water; therefore, if soil infiltration decreases, the
possibility of flooding will occur more quickly.

In residential areas, the land is mostly paved and cemented so that it is impermeable
to surface water. The soil surface that is modified to be hard takes a lot of time to seep
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into the soil when it rains [73]. Most of the rainfall in residential zones flows in the form
of runoff, accumulates in low land areas, has an impact on water absorption, and causes
flooding [74]. According to [75], runoff velocity is highest in residential areas due to the
difficulty of water seeping into the ground; hence, most of the water uses canals to flow to
other low land, often at a high speed and in a great volume. As a result, the accumulation
of water in low land areas will cause flooding and erosion. This also occurs in rice fields,
where infiltration also has a low value due to soil compaction during land cultivation
and weeding. Generally, the paddy fields in the Krueng Teunom watershed are highly
mechanized agricultural lands with a higher soil density due to its low infiltration rate and
large runoff velocity.

Forest and scrubland areas were found to have high water infiltration rates and low
runoff rates. This is caused by the trees and leaves in this area reducing the runoff rate
of water when it rains such that the erosion effect due to the speed of erosion by water
is significantly reduced, so it has more time to absorb water [76]. On the other hand, the
level of infiltration in the shrubs was found to be moderate because the shrubs, which also
contain grass, also block water runoff and give the water time to be absorbed into the soil.

4.3. Flood Risk Zoning

Several key factors are considered to produce a flood risk zoning, especially phys-
ical parameters such as land cover characteristics; soil types that affect infiltration; and
topography (elevation and slope), hydrology (drainage), and rainfall. The following is a
description of flood hazard zoning based on the land cover distribution, elevation, and
slope of the watershed and soil type.

4.3.1. Based on Land Cover Distribution

Land cover characteristics not only affect land use but also affect soil infiltration and
soil stability [77]. Vegetation, such as forests, grasslands, shrubs, and even food crops
on agricultural land, has an impact on the capacity of the soil to reduce runoff, thereby
reducing the amount of flooding water on vacant land or land with a low infiltration rate,
i.e., impermeable land such as residential areas.

The analysis used to determine the risk of flooding due to land cover distribution used
a map of the distribution of land cover in 2019 (Table 2 and Figure 5). It was possible to
identify the inhabitation areas in residential areas, and they were least likely to be found in
swampy areas. In many cases, drainage canals and culverts in residential areas are usually
too small to accommodate rainwater, which causes water to overflow in residential areas.
This problem is exacerbated by the large amount of solid waste that is dumped in the open
by residents, clogging the drainage system. Land cover appearances and land use activities
thus only add to the flood risk posed by the infiltration capacity [78], as well as the nature
of the slopes on which the land use activities are carried out. The geology of the area under
each LULC category is due to its effect on soil infiltration and runoff [72,76]. Changes in
LULC, especially the removal of vegetation, increase the chance of the area being at risk of
flooding [79].

In accordance with the obtained results (Figure 7), it can be said that the reduction in
grassland/shrubs increases the water discharge. Therefore, grasslands/shrubs are equally
important in controlling river discharge when rainfall increases. Vegetation (forests and
shrubs) plays an important role in reducing peak water discharge loads [80]. Watersheds
with vegetation gradually restrain the speed of water discharge so that the peak load
increases gradually; on the other hand, watersheds without vegetation will increase the
discharge rate sharply and suddenly [81]. This shows that lands that have an effect on
reducing water infiltration, when precipitation occurs in the watershed, will be quickly
converted into runoff, which ends up in basins and rivers. Therefore, the accumulation
of water volume builds up quickly, while the capacity is small, causing water runoff and
flooding.
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4.3.2. Based on the Distribution of Elevation and Slope

The survey results explain that the Krueng Teunom watershed is geologically an allu-
vial deposition area, with the dominant sediment originating from the Miocene era (results
of a field survey). Geomorphologically (Table 4, Figures 1 and 8), the Krueng Teunom
watershed is a low-lying area with a slope of 0.0–5.5%, covering an area of approximately
~85% of the watershed area; the rest are upland and mountainous areas that have slopes
greater than 5.5%, occupying an area of ~14%. In lowland areas, ~67% of the total area is
rice fields and agriculture, and the rest is plantation areas and a small portion of forests
and water bodies.

Table 4. Classification of the slope of the Krueng Teunom watershed and its coverage area.

No Slope Angle Area (km2) % Area

1. 0.0–1.2 132.194 42.56
2. 1.2–3.0 105.944 34.11
3. 3.0–5.5 27.665 8.91
4. 5.5–10.3 33.030 10.63
5. 10.3–30.0 11.780 3.79
6. >30.0 0.001 0.00

Total 310.620 100.00

The results of the topographic map analysis show that most of the Krueng Teunom
watershed area is a sloping plain with a very high risk of flooding in the event of inundation
due to rain, while steep slopes have a small area, so they have a very small risk of flooding
because the overflow water moves at a relatively high speed. The rest are areas of moderate
steepness that have a moderate risk of flooding.

The slope map in this study was compiled from the DEM of the Krueng Teunom
watershed. The class of each slope was graded from a low-risk class to high-risk class.
Classes with steep slope values were rated as being at a low risk of flooding. Such areas do
not allow for the accumulation of water build-up, which, in turn, causes waterlogging [82].
The greatest flood risks are in areas that are flat; have soils with a low infiltration capacity,
such as clay and loam; are poorly drained; do not have vegetation; and have land use
activities within them that prevent percolation, especially in residential areas (Figure 8).
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4.3.3. Based on Soil Type Distribution

The soil classification in this study was based on the type of surface soil in the Krueng
Teunom watershed, which is categorized into four types, namely, clay, sandy clay, loamy
sand, and sand (Table 5). Meanwhile, the distribution of the soil types can be seen in
Figure 9. The classes of soil types were classified into three main classes of flood risk levels.
A high value was assigned the number “3”, while the type of soil with the least possibility
of flooding was given a rating of “1”.

Table 5. Classification of soil types and area of cover.

No Soil Type Soil Flood Risk Area (km2) % Area

1 Clay High 20.075 42.56
2 Loamy sand High 28.167 34.11
3 Clay Low 56.515 8.91
4 Sandy loam Moderate 197.452 0.63
5 Clay Very high 2.650 3.79
6 Sand Very high 5.757 0.00

Total 310.62 100.00
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Soil texture greatly affects the level of flood risk. Sandy soil types produce high
infiltration and permit water to pass through faster than other soil types. Sandy soils have
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soil particles and large soil pores, so they are able to absorb water faster and, thus, runoff is
small, while the type of clay, besides having fine particles, is also less permeable as a result
of less soil absorption and a large runoff, so it accumulates water for a longer period of time.
This type of soil restrains the rate of water infiltration into the soil such that it retains water,
and the implication is that it is vulnerable and more likely to be at risk of flooding. Other
important factors when evaluating the impact of soil type on flooding are soil structure
and infiltration capacity. Therefore, different soil types have different infiltration capacities;
if the infiltration capacity is low, then the risk of flooding is more likely to occur [83].

4.4. Flood Risk Map

The flood risk area map was generated from a combination of thematic maps overlaid
using spatial analysis in ArcGIS. The resulting outputs were four flood risk classes from
low to very high (Table 6 and Figure 10). The results of the analysis showed that the
high-flood-risk zone covers the widest area. The very-high-risk zone is concentrated on the
south side of the area and in the coastal area. These areas are the main residential areas
according to the land use map classification (Figure 7). These areas are mostly characterized
by clay with flat elevations and gentle slopes (Table 7). This risk area is also located along
the coastline, facing the risk of coastal flooding due to its proximity to the sea. Most areas
of agricultural land and grasslands are also included in the high-risk zone of flooding.

Table 6. Classification of flood risk and area of land cover.

No Risk Classification km2 % Area

1 Very Low 29.758 9.58
2 Low 68.97 22.21
3 Moderate 174.69 56.24
4 High 21.64 6.97
5 Very High 15.56 5.01

310.62 100.00
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Table 7. Flood risk class based on different slopes of Krueng Teunom watershed and its coverage area.

No Flood Risk Slope (%) Area (km2) % Area

1 Very high 0.0–1.2 132.12 42.56
2 Very high 1.2–3.0 105.88 34.11
3 High 3.1–5.0 27.65 8.91
4 Moderate 5.5–10.3 33.01 10.63
5 Low 10.3–30.0 11.77 3.79
6 Very Low >30.0 0.00 0.00

Total 310.43 100.00

5. Conclusions

The expansion of residential land and changes in open land, paddy fields, and wet-
lands (bodies of water) due to unbalanced land use has led to an increase in the incidence
of flooding due to soil saturation and affects the infiltration capacity of the soil. Changes
in land use also change the water runoff and river discharge due to siltation on the river
and water body. The spatial analysis results of land use, soil type, and slope indicated
that the Teunom watershed has a high and very high risk of ~11.98% of the total area, a
moderate risk of 56.24%, and a low and very low risk of ~31.79% of the total area. Thus, the
Teunom watershed generally has a high flood risk, which makes the overall risk of flooding
in the area moderate to very high, with a total of ~68% of the total area. Therefore, the
segmentation of flood-risk zones is essential for development preparation in the study area.
This study offers necessary information about flood hazard areas for central governments,
local governments, NGOs, and communities to intervene in preparedness, responses, and
flood mitigation and recovery processes if flooding occurs.
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