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ABSTRACT

Jakarta is the economic hub of Indonesia and the primary target for urbanization. This condition encourages
urban growth, particularly in the peri-urban regions of Jakarta. Uncontrolled urban growth impacts Jakarta
negatively, because of its ion downslope of eight watersheds. This study evaluated the spatiotemporal
characteristics and types of growth in the watersheds that flow into Jakarta Bay using remote sensing data.
Spatial rules revealed three urban growth types, including infilling, edge expansion, and outlying, from 2001 to
2017. Spatial metrics provided quantitative data on urban growth characteristics and explained the spatio-
temporal dynamies of urban growth. The study area was divided into eight cardinal directions to analyze urban
growth trends. From 2001 to 2017, the average annual urban and population growth rates were 3.75% and
3.9%, respectively. The prominent urban growth types, edge expansion and infilling, coalesced urban patches
and rendered urban areas more compact. Results indicated that the North-West (NW) region demonstrated the
most orderly urban growth, whereas the East region demonstrated the least.

1. Introduction

Urban growth is the process of changing the spatial structure of a
city because of increasing population; this process may be followed by
land expansion (Reis et al., 2016). Rapid economic growth in a region is
the main driving factor for population and urban growths and may
occur in a planned or unplanned manner (Bhat et al., 2017). Urban
growth without systematic land use planning characterized by low
density is termed urban sprawl (Bruegmann, 2005). The emergence of
urban sprawl for a city is the conseq e of economic maturity. Ac-
cording to Mosammam et al. (2017), urban sprawl is often associated
with a negative socio-economic and environmental impact.

Mumford (1938) states that cities grow through the following six

es: eopolis, polis, metropolis, megapolis, tyranopolis, and necro-
ﬁs. Spatially, the process of urban evolution comprises the phases of
diffusion and coalescence (Dietzel et al., 2005). In the diffusion phase,
urban evolution begins with the emergence of urban seeds or cores that
become new urban centers. The new urban areas expand and fill the
spaces between existing urban lands. The growth of urban lands attains

the phase of coalescence when the urban landscape has fully grown.

Considering the phases of urban spatial evolution, Forman (1995)
partitioned urban growth into the following three types: outlying, in-
filling, and edg ansion types. The outlying urba wth is char-
acterized by the diffusion phase while the infilling an e expansion
types reflect the coalescence ph These three urban growth types are
frequently used to analyze urbi owth trends and the potential for
urban sprawl in a region (Dahal et al., 2017; Shi et al., 2012; Sun et al.,
2012). Spatial metrics are employed in the representation of char-
acteristics of urban growth. Research on urban growth characteristics
and types continues to evolve alongside remote sensing technology,
enhancing the ease of obtaining and quality of information from sa-
tellite imagera lan et al., 2016). According to Clarke et al. (2005), the
combination of remote sensing and spatial metrics provides more
congistent and detailed spatial information on changes in urban struc-
tur

Jakarta, the capital of Indonesia is one of the largest metropolitan
cities in Asia. Its strong economy makes it attractive for Indonesians to
live and work. Data from the Statistical Agency of Jakarta (2018)
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indicates the population of Jakarta changed from 10.18 million pe
in 2015 to 10.37 million in 2017. This represents an increase of 269
people per day (11 people per hour) in the population of Jakarta from
2015 to 2017.

The increasing population in Jak&43 exacerbates the demand for
residential and commercial lands. 43 Jakarta Metropolitan Area (JMA)
also referred as Jabodetabek (Jakarta, Bogor, Depok, Tangerang,
Bekasi) experienced massive developments in the last three decades.
These involve& transformation into new towns of over 300,000 ha
of rural lands in the peri-urban area of Jakarta (Winarso et al., 2015).
The Jakarta peri-urban area therefore expanded from about 10 km in
1970 to around 40-45 km from Jakarta in recent times (Winarso et al.,
2015).

This expansion exposes Jakarta which is located downslope of eight
watersheds to environmental risks including flood disasters, which
occur almost annually. Major floods that occurred in Jakarta in 2007,
2013, 2015 and 2018 damaged the economy, with losses estimated in
milli f dollars. Therefore, understanding the characteristics and
types of urban growth in watersheds of the Jakarta Bay is critical for the
formulation of policies to overcome floods and spatial problems in
J and surrounding cities.

‘This study aims to analyze the spatiotemporal characteristics and
types of urban growth in wat ds of the Jakarta Bay using urban
land data from remote sensing. The study area was chosen because The
hydrological characteristics of the watersheds, which influence 13
rivers in the Jakarta area, provided a rationale for choosing the study
area. According to Ali et al. (2016), land use changes, especially in
elevated areas, will affect the entire watersheds area and promote
flooding in the low-lying areas. Land use changes can disrupt the eco-
logical system of watersheds by causing changes in the distribution of
surface runoff, infiltration, evapotranspiration
(Sajikumar and Remya, 2015).

interflow and

2. Study area

This study comprised eight watersheds of the Jakarta Bay, covering
an area of about 443314.5 Ha (Table 1). Ge phically, the study area
lies between latitudes 06° 0014.8 “- 06° 4?’%” S and longitudes 106”
28'53.5 “- 107° 13'6.6" E. The downslope area is in the north of the
study area with an average slope below 8%. This area is adjacent to
Java Sea and is covered mostly by the Jakarta Province. The south of
the study area is the upslope area located in the Bogor District. This
upslope area incorporates mountainous areas with slopes of more than
25% and plays an important role as a catchment area.

The administrative boundary data from the Geospatiaation
Agency of Indonesia (BIG) situates the study area in Bantefii¥angerang
Regency, Ta ang City and South Tangerang City), DKI Jakarta
(North Jaka st Jakarta, South Jakarta, West Jakarta and Central
Jakarta) and West Java (Bogor Regency, Bogor City, Depok City, Bekasi
Regency, Bekasi City) (see Table 3).

Table 1

Watersheds in the study area with their respective surface areas and relative
percentage areas.

Source: Ministry of Environment and Forestry, Indonesia

No Watershed Area (Ha) Area (%)
1 Ciliwung 38610.25 871

2 Cisadane 151576.65 34.19

3 Angke Pesanggrahan 48732.38 10.99

4 Bekasi 140845.76 31.77

5 Buaran 8008.18 1.81

6 Cakung 14743.37 3.33

7 Krukut 22392.65 5.05

8 Sunter 18405.26 4.15
Total 443314.50 100
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Fig. 1 mis the study area in the JMA or Jabodetabek area. Ja-
bodetabek is an acronym for Jakarta Bogor Depok Tangerang Bekasi,

ich represents a combination of 13 regencies or cities. The eight
&rsheds of the Jakarta Bay fall within these cities. Jabodetabek is
based on regional administrative boundaries while the study area is
predicated on watershed boundaries. Watershed boundaries represent
ecological boundaries and are therefore more useful in the development
of environmental management plans (Barham, 2001).

3. Materials and methods

3.1. Urban area classification

This study utilized two multitemporal medium resolution Landsat
images downloaded from the United States Geological Suxay website
(http://earthexplorer.usgs.gov). These included a Landsat 7
ETM + image acquired on September 17, 2001, and a Landsat 8 OLI
image acquired on August 04, 2017. The spatial resolution of both
images is 30 m, making it feasible to analyze urban growth character-
istics and types between 2001 and 2017.

The images were geometrically corrected based on the World
Geodetic System (WGS Version 1984) projectiil)| for Universal
Transverse Mercator Zone 48 South. The images were corrected for

ospheric effects using the Fast Line-of-sight Atmospheric Analysis of

tral Hypercubes (FLAASH) model of ENVI 5.1 software. The
FLAASH module is a radiative transfer cod del that corrects images
by suppressing or eliminating the effects of water vapor, oxygen, carbon
dioxide, methane, ozone, molecular, and aerosol scattering based on
the radiation transfer code MODTRAN-4 (Danoedoro, 2012). Modtran-4
uses the adjacency effect calculation to correct the reflectance value for
reflections from surrounding objects (Mathew et al., 2003).

The Urban Index (UI) was employed to delineate urban pixels in the
study area. The Ul h spectral transformatiog _method to generate
built-up areas using shortwave infrared (pSWI and Near Infrared
(NIR) bands. The UI produced better urban land maps of th&Study area
relative to other spectral transformations including the Normalized
Difference Built-up Index (Zha et al., 2003), the Index-based Built-up
Index (IBI; Xu, 2008), and the New Built-up Index (Chen et al., 2010).
The Ul values were determined from the relation in Kawamura et al.
(1996) given as follows:

_ PSWIR2 — pNIR
"~ pSWIR2 + pNIR (1)

The UL maps resulted in urban and non-urban land use classifica-
tions. This was achieved through a supervised classification method
relying on a maximum likelihood algorithm of the ENVI 5.1 software.
According to DudaHart and Stork (2000), the maximum likelihood
employs vagigus classification decisions using probability and cost
functions, &oriz'mg each pixel into its correspondence class. Al-
though the Urban land use classes represented the entire built up the
urban land data necessitated improvement because of some mis-
clagsifications. We corrected the misclassifications through a visual
inéretation method on true composite Landsat imagery with the aid
of high-resolution images from Google Earth.

The confusion matrix and Kappa statistical test permitted testing of
the accuracy of the land use classification. These techniques have pre-
viously demonstrated their effectiveness in land use classification
(Lillesand and Kiefer, 2005). A hundred urban pixel points from the
classification results were ch randomly and tested for accuracy
through ground checks and high-resolution satellite imagery from
Google Earth. The overall classification of the urban area yielded 93%
for 2001 and 94% for 2017. The kappa coefficients determined for
urban areas consisted of 0.86 for 2001 and 0.88 for 2017.
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Fig. 1. Study area map.

3.2, Urban growth types

The urban land maps in 2001 and 2017 enabled the generation of a
map of urban growth. Th;ﬁ)an growth map resulted in three types
namely; infilling growth, edge expansion and outlying growth. The
infilling growth is a ty@rban growth where gaps are filled between
existing urban land, T ge expansion is a type of urban growth that
involves an extension from the edge of an existing urban land. The
outlying growth is a type of urban growth that emerges separately from
an existing urban land. In this study, urban growth types were analyzed
according Shi et al. (2012) using the following steps:

1. The polygon maps of existing urban patches were converted to
polyline maps, and then, the polyline maps were converted back to
polygon maps. This process eliminated perforations in the polygon
maps of existing urban patches. Furthermore, the polygon maps
were overlain with the polygon maps for urban growth. An ID of 1
was assigned to a newly developed urban patch that coincided with
an existing urban patch, otherwise an ID of 0 was assigned.

2. Analyses of 1-m-wide buffer zones were conducted on polygons with
an ID of he buffer zone analysis aimed to determine the P value;
Where t value represents the proportion of the existing urban
patch in the buffer zone of the newly developed urban patch.

3. Determination of the types of urban growth including:

a. ID = 1 representing infilling growth

b. ID = 0 and P value > 50% representing infilling growth
c. ID = 0 and P value = 50% representing edge expansion
d. ID = 0 and P value = 0 representing outlying growth

3.3%(1&01 metrics

Spatial metrics were used tca'lalyze urban growth characteristics
with the Fragstats 4.2 software (McGarigal et al., 2012). We selected 5

metrics including the number of patches (NP), the mean patch size
(MPS), the large patch index (LPI), the edge densi }, and the eu-
clidean mean nearest neighbor (ENN_MN) listed in Table 2. These
metrics were chosen based on the research needs and knowledge from
previous research studies quantifying the celhcteristics of urban
growth (Dasgupta et al., 2010; Bekalo, 2009; Lal et al., 2017; Akintunde
et al.,, 2016; Dahal et al., 2017; Helmi et al., 2018).

3.4. Directional analysis

To analyze the urban growth trends in various directions 8¢ urban
growth types and spatial metrics were assessed based in the North (N),
Northeast (NE), East (E), Southeast (SE), South (S), Southwest (SW),
West (W) and Northwest (NW) directions.

4. Results
4.1. Evolution of urban growth types

The mapping and the measurement of urban land revealed that the
urban area studied covered 81,335.91 Ha in 2001 and 132,099.68 Ha in
2017 (see Fig. 2). This indicates an increase of 50,763.77 Ha in 16 years
(3,172.74 Ha/year). The Bekasi watershed which increased by 29.84%,
the Angke Pesanggrahan watershed which changed by 22.20% and the
Cisadane waters@athat expanded by 18.37% represent the watersheds
with the highest urban growth in the study area. Data from the Statistics
Agency of Indonesia indicates a population of 18,923,333 in 2001 and
30,289,472 in 2017. This amoun a 3.74% annual population
growth rate from 2001 to 2017. This population growth rate is close to
the urban growth rate of 3.9% per year from 2001 to 2017.

Fig. 4a illustrates that the Northwest (NW) and the Northeast (NE)
regions represent the areas with the highest urban growth. The urban
growth rates in these regions are equivalent to the population growth
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Spatial metrics employed in the assessment of the characteristics of urban growth in the study area.

_& Metric Abbrev Deswon Range (unit)
1 Number of Patches NP The r of patches of the corresponding patch type (class) NP = 1 (none)
2 Mean Patch Size 5 The landscape area divided by the total number of patches MPS = 0 (hectare)
3 Large Patch Index roportion of the largest patch in a given class to the entire landscape area 0 < LPI = 100 (%)
4 Edge Density ED um of the lengths of all edge segments in the landscape, divided by the total landscape area  ED = O (meters/hectare)
5 Euclidean Mean Mearest Neighbor ENN_MN  Represents the average minimum distance between the individual patch ENN MN = 0 (meters)
Table 3

Summary of the dominant cities, districts and watershed from directional analysis in the study area.

Dominant districts/cities

Dominant watershed

—m“on

North (N) Jakarta

North-East (NE) Northern part of Bekasi District and Bekasi City
East (E) Southern part of Bekasi District

South-East (SE) Eastern part of Bogor District

South (S) Center part of Bogor District and B ity
South-West (SW) Western part of Bogor District w

West (W) Northern part of Bogor District and Depok City

North-West (NW) Tangerang City, South T:

City and T

g District

Ciliwung (downslope), Krukut, Sunter and Buaran

Bekasi (downslope) and Cakung

Bekasi (midslope)

Bekasi (upslope)

Cisadane (upslope), Ciliwung (upslope) and Bekasi (upslope)
Cisadane (upslope) and Angke Pesanggrahan (upslope)
Cisadane (midslope) and Angke Pesanggrahan (midslope)
Cisadane (downslope) and Angke Pesanggrahan (downslope)

rates. The Southeast (SE) region showed the lowest population and
urban growth rates. Fig. 4a also display similar population growth rates
in the North (N) and the Northwest (NW) regions, while the urban
growth rate in the North (N) area about 50% that of the NW area.

Spatial identification to classify types of urban growth revealed that
57.04% of the urban area studied is classified as edge expansion. The
infilling urban growth type represented 37.69%, while the outlying
class consisted of 15.17% (Fig. 3). Careful observation of each region
shows that the infilling growth type covers most areas in the North (N)
region, while other regions were mostly identified as edge expansion.
The edge expansion and infilling growth types occur mostly in the
Northwest (NW) while the outlying growth type is prevalent in the East
(E) region.

4.2. Spatial metrics analysis

According to Clarke et al. (2005), spatial mms are used to spa-
tially measure the heterogeneity of each patch, all patches in a class,
and landscape conditions in a set of patches. In this study, we used 5
metrics to describe the characteristics of patches including the number,
the size, the shape, the density, the edge, the distribution, and the di-
versity.

In general, the NP in the study area decreased from 2001 to 2017
(Table 4). The incorporation of patches resulting from the growth of
new urban lands account for the decrease in the NP. Patch integration
was indicated by a significant increase of the MPS. The increase of the
LPI to over 100% suggests that the largest patch in the study area
continues to expand.

In fact, a decrease in the NP was only found in the Northwest (NW),
North (N) and Northeast (NE) regions, with a significant decrease in the
Northwest (NW) region (Fig. 4). Moreover, the MSL and LPI values
increased significantly in the Northwest (NW), North (N), and North-
east (NE) regions. The NP increased mostly in the Southwest (SW) and
East (E) regions. Besides, the increases in MSL and LPI values in the
region of Southwest (SW) and East (E) regions were considerably low
relative to other regions.

‘The ED is a development indicator of urban sprawl, which displays
the fragmentation of urban land. The ED value is significantly influ-
enced by the NP, with higher ED as NP increases. In the study area, the
increasing value of the ED was influenced by unevenly distributed de-
creases in the NP values. Fig. 4 shows that the increase in the ED values
are dominant in the East (E), West (W) and Southwest (SW) regions,
coinciding with a significant increases in NP values.
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The change in the ENN_value (Table 4) demonstrated that the
types and characteristics of urban growth in the study area were cap-
able of reducing the average distance of an urban patch by approxi-
mately 9%. Furthermore, we noticed that the North (N) region dis-
played the lowest value of ENN_MN, with little change from 2001 to
2017. The ENN_MN values for the Southwest (SW), West (W) and East
(E) regions decreased significantly. The decrease in the ENN_MN values
indicated that the presence of new patches around the existing urban
area.

5. ﬁ:ussi{m

A key element in the analysis of land coverg;ges including the
types and characteristics of urban growth using te sensing data is
the accuracy of the land cover classi on. The accuracy of land cover
classification is strongly influenced by the spatial and spectral resolu-
tion, the seasonal variability in vegetation cover and the soil moisture
conditions (Poursanidis et al., 2015). The Landsat series of satellites
provide ﬁ'@zntly used remote sensing data used in land cover analysis
including urban, peri-urban and rural areas analysis. Although Landsat
imagery is qualified as providing a low-resolution image (30m), this
free image, contains a complete spectral channel (Band). The combi-
nation of spectral channels from an image generates colored images
that permit users to identify and distinguish characteristics and condi-
tions of land cover. These characteristics fac&tes the detection,
measurement, and analysis of changes in ts on the Earth's surface.
A detailed mapping of urban land requires very high-resolution satellite
images like those from Worldview, Geoeye, and Pleiades. However, the
use of high-resolution satellite image data requires financial and com-
puter resources beyond those for processing Landsat imagery, The
Sentinel imagery is an alternative available for free, with a spatial re-
solution of 10 m.

In this study, we used the Landsat 7 ETM + imagery to produce
urban land maps for 2001 because, in that year, the Landsat 8 OLI and
Sentinel satellites were yet launched. The Landsat 8 OLI imagery served
in producing urban land maps for 2017 because, stripping lines have
affected Landsat 7 ETM + satellite imagery since 2003. The urban land
map from the UI results indicate that the Landsat 8 OLI imagery gen-
erates better urban land maps than the Landsat 7 ETM +_imagery. The
primary classification error for urban land is the mis, fication of
bare land as urban land. This is consistent with research by Poursanidis
et al. (2015), which shows that Landsat 8 OLI imagery produce more
accurate land cover maps (pixel- and object-based classifications)
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Table 4
The Spatial metric result in the study area.
No Metrics 2001 2017 A 2017-2011
1 NP 21890 21320 - 570
2 MPS (hectare) 3.72 6.19 2.48
3 LPI (%) 7.42 20.01 12.59
4 ED (meters/hectare) 47.99 63.86 15.87
5 ENN_MN (meters) 100.76 91.71 -9.04

compared to Landsat TM. The misclassifications observed in the
Landsat 8 OLI results were subordinate to those for the Landsat TM.

The similarity between the urban growth rate the population
growth rate indicates a significant control of the latter on the former.
The Bekasi watershed, Angke Pesanggrahan watershed, and Cisadane
watersheds account for 70.41% of urban land growth. This is explained
by the size and proximity of these watersheds to Jakarta's peri-urban
area. The urban and populations growth dominant in the downslope
regions (NW, N, NE) demonstrates a preference for residenti d
commercial activities near Jakarta. Consequently, the small urban
growth in the North (N) region (representing the Jakarta area) was
classified as infilling due to the increasing population and scarcity of
land. The preference to live in Jakarta over other cities observed,
confirms Jakarta remains the primary economic hub. Yet, it also in-
dicates inadequate development of the transportation network linking
Jakarta to its surrounding cities. The skyrocketing prices of land and
property in Jakarta can trigger the growth of slums. This will provoke
other problems including environmental and, mcio-eﬁic,

The edge expansion and infilling types dominated growth in
the study area from 2001 to 2017. According to Schneider and
Woodcock (2008) and Shi et al. (2012),_most urban growth in devel-
oping countries emerges near existing an land. The spatial metrics
results revealed good characteristics of urban growth in the study area,
as evidenced by low sprawl. The urban land integrated as urban patch
grew along the track of the existing urban patch. The urban growth in
the downslope area is characteristic of adequate planning The down-
slope area represented an earlier urban area in the coalescence phase.

The data rated portrays the NW region as the most organized
and planned area. The population growth in the region was similar to
the growth of the area. The development of Bumi ong Damai (BSD)
in Tangerang Selatan significantly influenced the urban growth in the
NW area. The city of BSD, planned for development in three phases
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until 2035, will be the biggest city around Jakarta. It is planned to
accommodate 600,000 people on 6000ha (Winarso et al., 2015).
Analysis of age, family background, educational background, occupa-
tion and ﬁy income reveals most residents of BSD are young pro-
fessionals working in the private sector (Leisch, 2002; Winarso and Sari,
2007; Winarso et al., 2015). This study also demonstrates that In-
donesians or Chinese-Indonesians from middle to high-income families
constitute most property owners in the area (Leisch, 2002; Winarso
et al., 2015).

The most prominent outlying urban growth occurred in the East (E)
region. Outlying is a diffusion phase at the onset of formation of a city.
The urban seed formed outside the existing urban area intified as
an urban sprawl because its unexpected development (Ha@sl al., 2012).
The result of the spatial metrics analysis showed that the urban growth
in the (E) region is more irregular relative to other areas.

The urban growth in the East (E) region is controlled by industrial
activity, especially manufacturing in the southern Bekasi Regency
(Cikarang Industrial Towns & Estates). In 2017, the manufacturing
contributed 78.37% of the Bekasi Regency GDRP. The Statistics Agency
of the Bekasi Regency (2018) also revealed manufacturing accounted
for 35.56% of the workforce. The industrial activity in this area is
supported by easy access to the Jakarta-Cikampek highway, which fa-
cilitates transport to Jakarta and the International Harbor of Tanjung
Priuk. The connection of the Bekasi Regency to the Jatiluhur dam
provides a nearby adequate source of water. In addition to better access
to the water source, (Hudalah and Firman (2012), indicate that the
location of the main industrial area on land covering only three of
twenty-one sub-districts in the Bekasi Regency explains an income gap
among the sub-districts.

According to Abdullah fm2] rapid growth of the manufacturing
industry sector can trigger urban sprawl. Urban growth is primarily
driven by the residential needs of industry workers. The economic in-
equality as observed in the East (E) region, forces the low to middle
income population to seek affordable residential areas, usually in re-
mote areas.

Sustainable development of a region or city depends strongly on the
condition of the watershed in the region. The continues growth of urban
land in an urban system degrades the environmental capacity and dis-
rupts the balance of the watershed system. The criticality level of the
catchment area in the Bekasi Regency, the city of Bekasi, the Bogor
regency, the city of Depok, the Tangerang regency, and the city of South
Tangerang increased significantly from 2001 to 2017 (Fitriyanto and
Helmi, 2018). The cities and regencies are mostly located in the NW
and NE zones, which experienced the highest growth of urban land in
this study. The high population and urban growth especially in Ja-
karta's peri-urban areas threatens food and water security. This
prompted the g ment include the Ciliwung and the Cisadane wa-
tersheds within 15 critical watersheds priority of Indonesia, as re-
vealed by the National Medium-Term Development Plan (RPJMN)
2015-2019.

6. Conclusions

The urban growmaase was effectively described through classi-
fication of the types of urban growth. The study area is characterigZl by
the edge expansion and the infilling urban growth types, and it is in the
coalescence phase. The edge expansion and the infilling urban growth
types are prevalent with increasing proximity to Jakarta. The increasing
population and growth of infilling urban areas in Jakarta demonstrate
the desire for people to reside closest to Jakarta. This desire js explained
by the bad and unintegrated inter-regional transportation §gitem.

The spatial metrics method explains the characteristics and pattern
of urban growth in each area. Through the spatial metrics method, we
can tell apart the urban growth pattern in the regions with edge ex-
pansion type. Urban growth in the Northwest (NW) region is more
orderly relative to other regions.
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The characteristics of urban growth are influenced by several fac-
tors. It is necessary to closely examine_these factors and their interac-
tion in shaping urban areas. Accura formation about the types,
characteristics, and controlling factors of urban growth provide a basis
for predicting urban growth and improvement of regional management

élans.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.rsase.2019.04.002,
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