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ABSTRACT:

The growing population size in the City of Yogyakarta increases the need for settlement and supporting
facilities, which consequently expands land-use conversion from previously vacant, productive, and
conservative lands to built-up areas. Meanwhile, extensive development means wider impervious
surface and gradually narrowing recharge areas, increasing the potential for flooding. This study aimed
to analyze the land-use change in the last fourteen years and its relation to runoff coefficients, the
maximum discharges occurring with the return periods of 2, 5, 10, and 25 years, and the inundated
areas in each return period. The flood inundation was modelled using HEC-RAS. The results showed,
in particular, the expansion of the settlement area during the period of 2004-2017. However, such
change did not significantly alter the runoff coefficient and, by proxy, the maximum flood discharge.
Spatially, the flood scenarios showed overflows from the upper and middle segments of the river.
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1. INTRODUCTION

The rising number of populations in Indonesia is a major fundamental issue. A high population
in urban area can cause new problems, among others, increased needs for settlement. Requiring more
spaces for living, human initiates conversion of land utilization from non-residential to settlement
areas. In urban development, urbanization (urban feature expansion) is also a cause of land-use
conversion (Kodoatie & Sugianto, 2002). Changes in land functions shrink the number of productive
and conservative zones, such as forests and plantations. Decrease in land cover in the form of forest
can affect the rise or fall of the discharge value, which in turn affects the extent of inundating water
(Dasanto et al, 2014).

Expansion of built-up area and city development broadens the open and impervious surface. As
a result, rain falling to the ground transforms into runoff and increases the proportion of surface runoff
in the total amount of runoff. The rainfall is an important weather factor because it can increase the
quantity of peak flow (Karaoui et al, 2016). The ground no longer has layers that can retain rainwater
but immediately turning it into runoff instead. In the case when flow velocity exceeds the infiltration
rate, water can neither be absorbed nor appropriately stored (Hadisusanto, 2011). The sprawl of built-
up land is proportionally followed by a decrease in the rain catchment area, resulting in a higher
potential of flooding. Land-use conversion significantly contributes to the increase in flood quantity
and quality (Kodoatie & Sugianto, 2002).

In the last ten years, the City of Yogyakarta has experienced quite rapid development. It is
followed by the accelerated growth of infrastructure (new road networks) (Prayitno, 2018), to support
the needs of facilities in the city. This growth expands to the surrounding regions and forms an
agglomeration, referred to as the Yogyakarta Urban Agglomeration Area. The increasing density of
infrastructures like roads that connect the centers of activities indicates that Yogyakarta is currently
developing as the core and point of development according to the spatial concept (Buletin Tata Ruang,
2008). With roads reaching more regions, economic activities multiply as more and more population
mobility around their centers is accommodated. An indicator of population mobility is a rise in the
population size of Yogyakarta, i.e., around 400,000 inhabitants (BPS Kota Yogyakarta, 2018).

One characteristic of urban physical development is more extensive built-up areas. The growth
of the City of Yogyakarta has led to changes in the structure of spatial use. Villages on the outskirts
of the city, i.e., Sleman and Bantul Regencies, that provide spaces for shelter have now transformed
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into urban areas (Johnston, 1981; Giyarsih & Marfai, 2018). Obstacles in developing regions include
uncontrolled Building Permit (IMB) that causes constructions to fail to correspond to the principle of
water conservation. Multi-story buildings and impervious surfaces in urban areas decrease the chance
of rainwater to infiltrate into the soils and, instead, change most of it into surface runoff and even
floods. In addition, the lack of ability to manage urban development accompanied by increased
climate variability can also be a trigger for flooding (Alvarez & Resosudarmo, 2019).

Floods occur not only within the city where roads are submerged but also on the banks of the
river as well as on floodplain event on the rural area (Gyori et al. 2016). Riverbanks are used for
settlements and other types of constructions that involve soil hardening, reducing the capacity of the
river to store water and can causing flood (Idham 2018). Drastic human activity can also cause
drainage patterns to change (Xie et al, 2017) and decrease the capacity of river channel and river water
quality (Suprayogi et al, 2019). Then, water flows faster even when its discharge is unchanged
because the cross-section of the river segment narrows. The combination of accelerated flow and
exceeded capacity increases the likeliness of intensified erosion on riverbanks. When erosion with
faster river flow occurs continuously, buildings on the riverbanks are more prone to collapse.

The state of the art of GIS technology has grown (Goodchild, 2009), and continue to gain
important recognition from disaster practitioners and academic researchers. GIS has also been widely
used for geographic analysis of flood (Fujiki & Renand, 2018), for spatio-temporal analysis (lvan,
2015), to support design and planning on flood protection (Nusi et al. 2019; Al Dianty et al. 2020),
and to produce modifications together with other application to visualize flood (Marfai & Sekaranom,
2015; Tomaszewski, 2015). One of the applications that uses GIS to visualize the results of flood
modelling is HEC-RAS. This application is widely used for flood inundation analysis in urban area
(Marfai, 2003; Silva et al, 2014; Beretta et al, 2018; Kim et al. 2020)

HEC-RAS is developed for the application of floodplain management and studies that evaluate
flood inundation, and it can assess changes in the profiles of riverwater and channel (US Army Coprs
of Engineers, 2010a). This application helps to create models and examine hydrological problems and
watershed-related issues, specifically floods (US Army Corps of Engineers, 1987). Integrated with
the Geographic Information System (GIS) software, it assists users in explaining data spatially. This
study aimed to analyze (1) land use in the last fourteen years and its relation to runoff coefficient, (2)
the maximum flood discharges occurring with the return periods of 2, 5, 10, and 25 years, and (3) the
area of flood inundation for each return period.

2. METHODS

2.1. Research area

This research was carried out in Winongo Watershed, which administratively includes seven
districts, namely Turi, Pakem, Sleman, Ngaglik, Mlati, Gamping, and Tegalrejo. As for the flood
inundation scenario, it used a segment of the Winongo River that traverse five districts in the City of
Yogyakarta, which are Tegalrejo, Jetis, Gedongtengah, Wirobrajan, and Ngampil. This research area
id presented in Fig. 1. This river segment was selected because it is located in an urban area with the
rapid growth of urban housing. Meanwhile, the drainage system is natural, i.e., rivers and tributaries.
Rivers are the primary system that receives rainwater and wastewater from secondary and tertiary
channels, triggering flood problems in the study area, particularly overflows to urban settlements and
roads.

2.2. Material and equipment

The study employed field observations for spatial analysis, and the required data were as follows:
Quickbird imagery for land cover analysis on a detailed scale, the Indonesian Topographic Maps
(RBI), land use map, soil map, time-series rain data, and drainage network map. Meanwhile, the tools
and instruments used were GPS, Abney levels, measuring tapes, ranging rods, digital cameras,
personal computers, and stationery, as well as distometer and uncrewed aerial vehicles to create DEM.
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Fig. 1. The map of research area

2.3. Procedure

Flood inundation scenario or modelling was created in HEC-RAS and ArcGIS software using
riverflow data, river geometry, and Manning’s roughness coefficient as the parameters (US Army
Corps of Engineers, 2010b). However, due to limited data on river flow, the rational method was used
to estimate the maximum discharge (flood peak) (Kusumastuti et al, 2019). Spatially, the river
geometry was obtained through mathematical calculations on DEM derived from elevation data. The
Manning’s coefficient of roughness was determined at each cross-section on each channel (Arcement
and Schneider, 1989), namely the left overbank, main channel, and right overbank. The modelled or
simulated flood inundations were displayed in ArcGIS software to identify the location and
distribution of flooding spatially.

e  Maximum discharge calculation

The rational method is widely used to calculate peak flow (Chin, 2019). The formula used to
estimate the maximum discharge was that of the rational method, which is:

Q=0278CIA (D)
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Notes:

Q : the peak discharge of surface runoff (m3/s)
C : runoff coefficient (dimensionless)

A : area of drainage basin (Km?)

I : rainfall intensity (mm/hour)

The runoff coefficient (C) was based on the Cook’s method (Miller, 1984) i.e., by calculating the
weight of the overlaid layers of land use, soil, relief (slope gradient), and surface storage. In this study,
the surface storage was computed by the flow density approach. As for the rainfall intensity, it was

2
estimated using the formula I = % (%)5 where P24 is 24-hour rainfall (mm) and Tc is the time of

concentration (in hour, based on the Kirpich’s method) (Suripin, 2002). Rainfall was estimated from
predicting recurrent maximum precipitation for the return periods of 2, 5, 10, and 25 years in the
Rainbow software. From this rainfall data, the maximum discharge for each return period was derived.

e  River geometry data

The geometric features of a river can be spatially described in HEC-GeoRAS, which shows river
network and elevation data in the TIN format. There are four geometric components, namely stream
centerlines, bank lines, flow path centerlines, and XS Cross Section. Stream centerlines were used as
a reference for creating bank lines, flow path centerlines, and XS Cross Section. XS Cross Section, a
line traversing the river flow, was used to determine the condition of the river cross-sections produced
in the TIN extraction process. The geometric components of the river are presented in Fig. 2.
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Fig. 2. The visual description of river geometry in HEC-GeoRAS
(Source: US Army Coprs of Engineers, 2010a)
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3. RESULTS AND DISCUSSION

3.1. Physical Condition

The soil in the study area is composed of volcanic deposits, deposits of clay, clay-sand, sand, and
gravel, and dacitic tuffs. Based on the spatial distribution, clay and sand deposits are dominant. In
terms of responses to rainwater, a more porous soil absorbs higher rainwater volume. Therefore,
compared with clay, sandy soils absorb water faster and store a more significant amount of water.

Flow velocity is influenced by the slope and roughness of the surface (frictions) on which water
flows (Govers et al. 2000). Topography (slope) plays a role in modifying the speed and volume of
river flow. Higher slope gradient reduces the capacity of soil to absorb rainwater and, instead, it
transforms more portions of it into surface runoff that accumulates in the river body. In the study area,
the slope ranged between 0.0097-10.26% with high slope gradients identified in Turi and Pakem
Districts; then, it gradually flattened from the middle to the lower part of the watershed.

Winongo Watershed is mainly used for irrigated rice fields and settlements. The study found
land-use conversions between the year 2004 and 2017. The increased residential areas in the City of
Yogyakarta is attributable to educational activities, which are believed to have triggered urbanization
and urban development (Rachmawati et al, 2004). A higher density of settlement means a broader
impervious surface that contributes to transforming more proportion of rainfall into surface runoff.
This is consistent with previous research, that urban areas will affect the infiltration process. The
waterproof surfaces will worsen the runoff process because the dynamics of the infiltration process
area disrupted (McGrane, 2016). The land-use change in Winongo Watershed is presented in Table
1. Spatially, the densely populated residential areas in the downstream, i.e., close to the city, had
significantly expanded in 2017. The 2004 and 2017 land use maps are illustrated in Fig. 3.

Table 1.
The land utilization of Winongo Watershed in 2004 and 2017

Area (Km?)

Land use 2004 % 2017 %
Shrubs 0.11 0.26 0.109 0.26
Building 0.04 0.10 0.254 0.60
Plantation 2.05 4.81 2.379 5.58
Settlement 12.47 29.22 15.239 35.72
Grass 0.34 0.80 0.337 0.79
Rice field 26.73 62.65 23.391 54.83
Dry agricultural land 0.93 2.17 0.829 1.94
Industrial area - 0 0.123 0.29
Total 42.661 100.00 42.661 100.00

Land use with increased areas included buildings, plantations, settlements, and industrial zones.
These four types of land use are closely related to human activities. Expansion of buildings, residential
areas, and industrial estates is an effort to improve urban facilities due to urban development.
Meanwhile, a decrease in vacant land covered by shrublands and grass, as well as irrigated rice fields
and dry agricultural lands with productive soils, confirms that the land-use conversion in Winongo
Watershed is oriented to built-up areas. Moreover, abandoned spacefaring of many factors attracting
developers to build houses in the city (Suradi & Bakti, 2004).
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Recurrent rainfall was estimated using 15-year series of rain data at five weather stations, namely
Angin-Angin, Beran, Gemawang, Kemput, and Prumpun. The software calculation resulted in rainfall

Fig. 3. The land use of Winongo Watershed in 2004 (left) and 2017 (right)



Slamet SUPRAYOGI, Reviana LATIFAH and Muh Aris MARFAI / PRELIMINARY ANALYSIS OF ... 63

data with the return periods of 2, 5, 10, 25, and 50 years. Afterward, Intensity Duration Curve
Frequency (IDF) was developed to obtain rainfall intensity based on time of concentration, as
presented in Fig. 4.

40

E

K — 2-Year
E w— 5-Y

s -Year
2

[7]

E 10-Year
c

= — 25-Year
©

S

c

= == 50-Year
o

1 2 3 45 6 7 8 9 1011 12 13 14 1516 17 18 19 20 21 22 23 24
Rainfall Duration (hr)

Fig. 4. Rainfall intensity-duration-frequency curves based on time of concentration.

3.2. Runoff coefficient

The runoff coefficient shows the ratio of surface runoff to rainfall, with values ranging from 0 to
1. A smaller coefficient (approaching 0) indicates that an area stores a portion of rainwater falling to
it, whereas a larger one (closer to 1) shows that an area has less ability to store rainwater properly and
tends to transform it into runoffs. Cook’s methodconfirmed that the land-use conversion from the year
2004 to 2017 did not change the runoff coefficient drastically. The runoff coefficients in both years
were similar, i.e., the weighted average in 2004 was 0.64 and slightly increased to 0.652 in 2017.

3.3. Maximum flood discharge

The maximum flood discharge calculated by the Rational method is presented in Table 2. The
characteristics of a watershed are relatively static, except for land use that tends to be dynamic.
Therefore, parameter C (runoff coefficient) in 2004 was different from the one in 2017, and it
represents how land use has changed in fourteen years. Meanwhile, the rainfall intensity and area of
drainage basin incorporated in the calculation were unchanged. High rainfall intensity and
concomitant extreme runoff can lead to flooding in urban areas (Jha et al. 2012). The rainfall
intensities of Winongo Watershed for each return period were as follows: 16.5 mm/hour for the 2-
year return period, 20.8 mm/hour for 5-year, 23.0 mm/hour for 10-year, and 25.3 mm/hour for 25-
year. This watershed covers an area of 42.66 Km2.



64

Table 2.
The estimation of maximum flood discharge (in m3/sec) in 2004 and 2017
Return Period 2004 2017
(Year) c I A o c I A Q
2 0.640 16.5 42.66 127.3 0.652 16.5 42.66 127.9
5 0.640 | 20.8 42.66 157.9 0.652 20.8 42.66 160.5
10 0.640 | 23.0 42.66 174.6 0.652 23.0 42.66 177.6
25 0.640 | 25.3 42.66 192.0 0.652 25.3 42.66 195.7

From 2004 to 2017, changes in land use did not significantly affect the maximum flood discharge
for the 2-year return period, with a difference of merely 0.6 m%/s. However, for the 5-, 10-, and 25-
year return periods, the differences were noticeable, i.e., 2.6 m®/s, 3.0 m¥/s, and 3.7 m%/s, respectively.
The longer the recurrence intervals, the higher the maximum discharge and the more extensive the
flood inundation are.

3.4. Flood inundation analysis

The stream centerlines generated from HEC-GeoRAS were 2.12 km in length. Referring to
Marfai (2003), this study concluded that there were two types of channel surfaces. Since meandering
channels with clear water were dominant in Winongo River, its Manning’s coefficient of roughness
was n=0.04. Also, the presence of dams and buildings on both right and left floodplains categorized
the coefficient of roughness at n=0.013. The terrain along the river varied, and there were even river
segments with terraced cliffs and crags.

The modeling using elevation data,as derived from aerial photographs, produced an acceptable
accuracy, with recommended minor corrections on points of elevation that were distorted due to the
high densities of vegetation and built-up land in the study area. The HEC-GeoRAS modeling
generated a pattern of flood inundation scenarios that were similar for each return period and runoff
coefficient in 2004 and 2017. In general, the eight models (four return periods each in 2004 and 2017)
showed that several river segments could not accommodate the maximum discharge and, therefore,
caused overflows. Spatially, these segments are located in the upper and middle parts of the river.
Settlements and buildings were land utilizations that regularly suffered losses due to flood inundation
for the return periods of 2, 5, and 10 years because these forms of human occupation were built close
to the river, particularly on the riverbanks. Meanwhile, for the 25-year return period, the area of
inundation was broader and even reached several cemeteries.

Compared to the year 2004, the simulated floods in 2017 inundated a more extensive area but
with less noticeable change. This condition was caused by the conversion of land use in the last
fourteen years, which likely led to increased runoff coefficient and, subsequently, maximum
discharge. The inundated area for the 2-year return period was 7,131.1 m?in 2004 and expanded to
7,178.1 m? in 2017.For the 5-year return period, the modeled maximum discharge inundated 7,461.7
m? land in 2004 and broadened to 7,498.8 m? in 2017. As for the return period of 10 years, the
inundated area increased from 7,977.8 m?in 2004 to 8,017.8 m? in 2017. The same case applies to the
maximum discharge with a 25-year return period, which inundated 8,649.7 m? in 2004 and up to
8,844.4 m? in 2017. The spatial distributions of flood inundation based on land use in 2004 and 2017
are presented in Fig. 5, 6, 7 and 8 each for maximum flood discharge with the return period of 2, 5,
10, and 25 years.
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4. CONCLUSION

Land-use conversion, as seen in the last fourteen years from 2004 to 2017, is the consequence of
urban development in Winongo Watershed. It causes an increase in built-up areas (i.e., settlements,
buildings, industrial zone) and a decrease in vacant land (i.e., shrubs, grass) and productive land (i.e.,
irrigated rice fields and dry agricultural land). As a result, the runoff coefficients changed from 0.64
in 2004 to 0.652 in 2017. Although insignificant, such difference has led to varying changes in
maximum river flow discharge. In 2014, the maximum discharge with a 2-year return period was
127.3 m¥/s and slightly increased to 127.9 m®/s in 2017. However, for the 5-, 10-, and 25-year return
periods, there were noticeable rises in maximum discharge. The model for a 5-year return period
showed an increase from 157.9 m®/s (in 2004) to 160.5 m®/s (in 2017). For the 10-year return period,
the maximum discharge rose from 174.6 m®/s (in 2004) to 177.6 m%/s (in 2017), and for the 25-year
return period, it also increased from 192.0 m%/s (in 2004) to 195.7 m¥/s (in 2017). Furthermore, the
areas of flood inundation for each return period (2, 5, 10, and 25 years) were respectively: 7,131.1 m?
(2004) and 7,178.1 m? (2017); 7,461.7 m? (in 2004) and 7,498.8 m? (in 2017); 7,977.8 m? (in 2004)
and 8,017.8 m? (in 2017); 8,649.7 m? (in 2004) and 8,844.4 m? (in 2017). As preliminary, this analysis
shown that spatially, the overflows and floods have been identified in the upper and middle segments
of the Winongo River. More elaborative research including the governance in disaster management
is necessary to be done in the near future.
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