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The methodology examined for this study was based on statistical analyses and GIS computations of frequent inland water flooding areas in Tangerang city, Indonesia during 2008–2015. Primary data used for this study were inland water flooding records from Tangerang city government and an approximately 90 m Merit DEM. We extracted the topographical characteristics of frequent inland water flooding areas and used principal component analysis to find its main characteristics. Results show that frequent inland water flooding areas in Tangerang emerged because of a slope in the upstream condition, the correlation between concave and flow length conditions, correlation of the slope condition and distance to a river, and relations among flow length in upstream characteristics and distance to a pond. Furthermore, a principal component score of frequent inland water flooding areas and other areas in the city was compared with measure similarity. This method correctly identified 71% of frequent inland water flooding areas. Also, 74% of one-time inland water flooding areas were classified as locations with high topographical similarity. Furthermore, field surveys indicated that the remaining 29% of frequent inland water flooding areas had low topographical similarity because of anthropogenic factors.
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INTRODUCTION

Urban inundation has strongly and adversely affected many cities worldwide for much of human history, and certainly in recent decades (Hammond et al., 2015; Lowe et al., 2017; Wang et al., 2018). Recorded catastrophic floods in 2007 inundated 144,914 properties in Greater Jakarta (Jakarta, Bogor, Depok, Tangerang, and Bekasi), causing an estimated economic loss of 5.1 trillion rupiahs (USD 346 million) (The Ministry of National Development Planning of the Republic Indonesia, 2017). In Beijing, the flood event of July 2012 killed 79 and led to estimated economic losses of 11.64 billion yuan (US$1.78 billion) (Yin et al., 2016). Some studies have found that increased flood frequencies are related to increasingly urbanized populations, storm and hurricane frequency, and a lack of measures to restrict building in flood-prone zones (Youssef et al., 2011; Bathrellos et al., 2012; Papadopoulou-Vrynioti et al., 2013; Jourde et al., 2014). Furthermore, economic losses in urban areas are worse because urban areas have concentrated population and assets (Jha et al., 2012). In 2016, 54.5% of the world's population lived in urban settlements. The figure is projected to be 60% in 2030 (United Nations, 2016). Therefore, urban inundation is likely to lead to greater losses in the coming decades.

Because topographical and meteorological factors mainly determine rainfall inundation in rural areas, its related mechanisms can be clarified using two-dimensional (2D) inundation models (Hromadka and Lai, 1985; Wasantha Lal, 2008). By contrast, urban inundation is more complex because it incorporates many urban factors such as land use, infrastructure, and drainage systems (Hsu et al., 2000). These urban factors elevate the surface run-off rate, affect the volume, and change the flow direction of the water surface. These flow changes alter surface run-off phenomena in urbanized areas, making them different and more complicated to predict compared with those in rural areas.

To elucidate urban inundation, many scholars have developed a physical model: one uses a topographical index model (Manfreda et al., 2011). Using the employed rainfall-runoff and flood inundation model, Moe et al. (2016) found that 79.6% inundations in Jakarta were attributable to a shortage of river discharge capacity. The remaining 20.4% came from urbanization and land subsidence. However, that study did not incorporate consideration of the artificial structures. It cannot explain more details related to urban factors of the inundations. Using a numerical model compiled by building arrangement, Farid et al. (2012) elucidated general mechanisms of inundations in the city. The reported inundation map and his calculated map were similar. However, some reported inundations were severer than the calculated results. These mismatched inundation results are probably attributable to insufficient modeling of local drainage systems in the model and some unknown urban parameters. The physical model expresses flooding mechanisms through known physical analysis. Therefore, the accuracy is low if the unknown parameters were primarily important ones related to flooding mechanisms. However, statistical analysis approaches can examine such unknown parameters to elucidate more details about the flooding mechanism.

Statistical analytical approaches have been developed to a great degree by exploiting multiple pertinent input factors such as bedrock geology, soil characteristics, land use, drainage network, road networks, building formation, and precipitation. Some earlier studies clarified flood mechanisms. For example, Murayama (1987) and Fukushima (1988) used flood statistics to select areas that have been prone to inland inundation in the past. They described processes by examining its topographical characteristics. However, ascertaining inundation characteristics for a whole city cannot be done by the emphasis on its local characteristics; the characteristics must be explained generally.

It is therefore important to analyze a broader scale such as an entire urban area. Fariza et al. (2019) used fuzzy multicriteria decision making (FMCDM) to assess the level of urban flood risk in Sidoarjo city, Indonesia. By comparison with the inundation-observed map compiled by the local government, their research accuracy reached 66%. Sato and Hayashi (2014) used principal component analysis (PCA) to analyze the main topographical characteristics of inundations of the Musashino plateau in Tokyo and Saitama. However, no report of an earlier study describes the quantitative assessment of the universal characteristics of inundation-prone areas because they have analyzed areas where inundation has occurred at least once.

Nakaguchi et al. (2018) used 20 years of inland water flooding records to define “frequent inland water flooding areas” that have experienced more frequent inundation. They analyzed such areas in Osaka city. Inland water flooding records recorded inundation recorded in the past by government. That study revealed frequent inundations in Osaka, which was distributed to flat areas over a low slope. Moreover, a tendency was apparent by which inundated areas were located near buildings, roads, and railways. Presumably, inundation waters were impeded from flowing properly to the drainage system. Frequent inland water flooding areas involve primary parameters related to inundation mechanisms. Therefore, statistical analyses of frequent inland water flooding areas might reveal heretofore unknown parameters such as urban parameters and their relative influences on inundation mechanisms. Particularly, megacities in economically developing countries undergoing rapid economic growth have insufficient infrastructure and facilities. Application of work by Nakaguchi et al. (2018) to a megacity in an economically developing country is important not only to elucidate topographical characteristics but also non-topographical characteristics and their relative effects on inundation mechanisms. Therefore, the objectives of this study were to elucidate the primary parameters and their weighted effects on urban inundation mechanisms in Tangerang city, a populous metropolitan area in Indonesia undergoing rapid growth and development, by applying methods reported by Nakaguchi et al. (2018).



STUDY AREA, MATERIALS, AND METHODS


Study Area

Tangerang city, a city in the Banten province, is part of the Jabodetabek (Greater Jakarta metropolitan area). The city is located in the western part of Jakarta, the Indonesian capital. With a population of more than 2 million, Tangerang is mainly a commuter city for Jakarta. The vast majority of the city consists of extensive new housing developments. The city is also considered the main gateway of Indonesia because Soekarno–Hatta International Airport is part of the city.

Topographically, the city is located in western Banten province and western Jakarta province. It is situated at 6°6′S to 6°6′S latitude and 106°36′E to 106°42′E longitudes. The city is ~60 km from Serang city, the capital city of Banten province, and 27 km from Jakarta province. Its area of 184.24 km2 comprises 13 districts and 104 subdistricts. Tangerang city lies 10–18 m above sea level (m.a.s.l.). The northern part of the city has an altitude of about 10 m.a.s.l.; the southern part is 18 m.a.s.l. Tangerang is situated on a low-lying area with a slope of 0–3%. Just a small area in the southern part of the city has a slope of 3–8%. Visually, it can be presented as shown in Figure 1.


[image: Figure 1]
FIGURE 1. Location map of the study area.




Materials and Methods

The researchmethod used for this research is shown in Figure 2. First, we collected inland water flooding records of Tangerang city for 2008–2015. The maps are based on eyewitness reports by government officers during inundation events and on interviews with residents after the event. After the maps were digitalized on GIS data, all topographic parameters were extracted from its meshes. Here, the digital elevation model (MERIT-DEM) by Yamazaki et al. (2017) was used as a high-accuracy global DEM at 3-arcsec resolution (approximately 90 m at the equator).


[image: Figure 2]
FIGURE 2. Research methodology.


To select “frequent inland water flooding areas,” we examined their relative frequencies among all inundations. The areas of inundation varied in size: each inundation included different meshes. Therefore, determining an appropriate mesh size is important for obtaining objective results. Rescaling the mesh size multiple times to reduce differences in the number of meshes among inundations can prevent domination of large inundations in the analyses. Frequently inundated areas should be more frequent than other inundations.

Furthermore, we analyzed a set of topographical elements based on work reported by Sato and Hayashi (2014): elevation, slope, depth of concavity, capacity of concavity, slope upstream, slope downstream, the difference of slopes, flow length upstream, flow length downstream, flow length difference, and distance to a river. Additionally, we added distance to a pond because many inundations in Tangerang city are near artificial ponds. Table 1 presents an explanation of how the topographical dataset was created.


Table 1. Data creation methods.

[image: Table 1]

After obtaning all topographic values from all frequent inundation area samples, we analyzed its main topographical characteristics using PCA based on an earlier report by Sato and Hayashi (2014). Based on principal components we inferred from PCA, we calculated a set of principal component scores for each cell. The scores can be interpreted geometrically as projections of the results of principal components. To obtain the score, the following equation was used.

[image: image]

Pn(i, j) where is the principal component score of number n at mesh (i, j); am(i, j) is the standardized value of m factor at mesh (i, j); and lm is the factor loading of m factor.

Conceptually, to assess similarity rates of topographical characteristics in frequent inland water flooding areas and in other areas in the city, we computed the deviation value of the averaged principal component score of frequent inundation meshes and scores of every mesh in the targeted areas using Equation 2.

[image: image]

where H(i, j) is the indicator of how similar topographical characteristics at mesh (i, j) are; Pn(i, j) is the principal component score of number n at mesh (i, j); [image: image] is the average principal component score of number n at frequent inundation area mesh (i, j); wn and is the contribution ratio of number n.

In other words, a smaller deviation value between the principal component score at a cell and average principal component score of frequent inundations indicates that cells share strong topographical similarities and vice versa. By the deviation value of the principal component score, one can visualize similarity rates on a map. Using the map, a cell with higher and fewer similarities will be easier to differentiate and to understand. Frequent inland water flooding areas that are laid on less topographical similarity can then be considered because other factors are primary. Then by field surveys, one can obtain other causes of inundation.




RESULTS AND DISCUSSION


Comparison of Numbers of Inundation and Numbers of Meshes in Varying Mesh Size

Inland water flooding records replicated using approximately 90 m DEM data generated 888 meshes from 40 inundations of 8-year recorded inundations. Moreover, this mesh size produced an unbalanced mesh ratio among inundation frequencies. The mesh ratio was the ratio of the number of meshes in an inundation frequency. For instance, the three-time inundation frequency had mesh ratio of 12.8, which means that there were 12–13 meshes in an inundation. As might be apparent from Table 2, the ratios of four-, five-, and six-time inundation were mesh ratios of 24: one inundation had 24 meshes or in the other words through 90 m DEM, four-, five-, and six-time inundation were almost two times stronger than three-time inundation. All topographical parameters were extracted from each mesh and calculated using PCA. The unbalances of the ratio will then produce a biased result because of the dominance of several inundations with numerous meshes against inundations with fewer meshes.


Table 2. Mesh size comparison.

[image: Table 2]

Therefore, rescaling the mesh size multiple times to obtain an appropriate mesh size was necessary to avoid biased results. As shown in Table 2, 180 and 270 m mesh sizes still leave an unbalanced ratio between its frequencies, with the highest ratio differences at 1.6 to 2.7 consecutively. The 450-m mesh size was larger than some inundations. Using it, five-time inundations cannot be captured. The mesh ratios among inundation frequencies of 360 m mesh were not overly large differences. The range of ratios is 1–2.3; the meshes in all inundations can represent parameters adequately. Even though the numbers of locations and meshes in this large mesh size were reduced, in PCA calculations, it was reasonable because it can avoid the dominant topographical characteristics from some vast inundations.

After determining the mesh size, the “frequent inland water flooding areas” must be clarified based on the inundation portion of each frequency in 360 m mesh size (Table 2). The percentages of one-time to six-time frequencies were 48, 30, 6, 3, 3, and 9% successively. For representing frequent inundations, summing the percentages must be done from most-frequent to least-frequent inland water flooding areas to get at least 50%. The total two-time to six-time inundations were 17 inundated spots, equal to 52% of the total inundations. Therefore, results clarified that areas facing inundation two to six times during an 8-year recording period were frequent inland water flooding areas.



Principal Component Analysis Results

Details of the results of PCA analyses of topographical parameters from frequent inland water flooding areas are shown in Table 3. Four principal components (PCs) had eigenvalues exceeding 1 and had 77.5% cumulative contribution ratios. The first principal component (PC1) accounted for 30.8% of the total variance. The variables correlated the most with the PC1 were slope upstream (0.427) and difference of slope (0.421) in positive values. One can infer that frequent inland water flooding areas had an upstream slope that was higher than the downstream slope.


Table 3. Principal component result.
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Principal component 2 (PC2) was strongly correlated with three variables: elevation, depth of concavity, and flow length difference. Elevation had a different pattern from the others. It had a positive value, whereas the two others had negative values. These results suggested that frequent inland water flooding areas were correlated with the contrary condition between the depth of concavity, flow length difference, and elevation. Therefore, one can conclude that frequent inland water flooding areas had downstream flow length longer than upstream, low concavity depth, and location at a high elevation.

The third component (PC3) showed a large opposition association between slope and distance to a river. One can assume that if an area was close to a river and that its slope was steep, then it was likely to be a frequent inundation area.

Principal component 4 (PC4) had a contrary value between flow length upstream and distance to a pond. An area with a short of flow length upstream and a nearby pond showed similar characteristics to those of frequent inland water flooding areas.



Visualization of Topographical Inundation Rates Map

Figure 3 presented the distribution of the H(i, j) value in Tangerang city. The rates of H(i, j) were 0.13–3.76. Almost all areas in Tangerang city had high and medium similarity rates. In other words, no high topographical difference was found among the city areas. Moreover, from 4,158 calculated meshes, 432 meshes had low similarity rates, 1,902 meshes had medium similarity rates, and 1,824 meshes had high similarity rates.


[image: Figure 3]
FIGURE 3. Topographical inundation rates map.


Of 21 frequent inland water flooding areas in the city, 15 were in the high topographical similarity area. Furthermore, even though in the PCA calculation topographical parameters of one-time inundation areas were not included, the result was still capable of capturing those inundations. In other words, 14 one-time inundations, representing 74% of total one-time inundations, belonged to a high topographical similarity area. The remaining six frequent inland water flooding areas had no close relation with the topographic conditions. Therefore, topography itself cannot explained its mechanisms. Those inundations tend to be caused by urban factors. For that reason, identifying the phenomenon requires further analysis by direct field observation.

Field observations were conducted at six frequent inland water flooding areas that had no close relation with topographic conditions. A conceptual diagram of the surface water direction and structure barrier of these locations was shown in Figure 4. On the diagram, each inundated location was separated to be eight cells, with an inundated spot in the center. Those six inundations were located near a river. Moreover, five were equipped with flood control structures such as dikes, watergates, and a pumping station. The latter helps to protect the areas from inundation by pumping away the disturbance of flow downstream to a river or main drainage system. However, its flow downstream hitting the dike then cannot be pumped efficiently by the pump because of a lack of capacity. This condition made water flow become an inundation. Furthermore, the water flow of another inundation failed to flow to the river because of obstruction by a bridge. It then becomes inundated. Finally, it can be stated that 29% of frequent inland water flooding areas were found to be related to artificial structures and urban factors.


[image: Figure 4]
FIGURE 4. Classification of frequent inland inundation areas by the position of its surrounding structure and flow direction. [image: yes], Water pump; [image: yes], Water surface direction; [image: yes], Structure barrier; [image: yes], Inundated area.





CONCLUSION

From PCA results, one can infer that the main characteristics of frequent rainfall inundation areas in Tangerang city were its upstream slope steeper than its downstream slope, the correlation between the concave condition and flow length condition, the correlation between the slope condition and distance from an area to a river, and the correlation between upstream flow length and distance to a pond.

This study quantitatively evaluated influences of topographical characteristics on the formation of frequent inland water flooding areas in Tangerang city because the average value of H(i, j) for frequent inundation was 0.66; the average value of H(i, j) in all areas was 0.89. Therefore, topographical characteristics remained as main issues affecting frequent inundation of Tangerang. Among all factors, 71.4% (15 inundations) were attributable to its topographical conditions; another 28.6% (six inundations) were attributable to anthropogenic factors such as change overland flow directions in these areas and trapping of water by facilities.
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Slope is a maximum elevation value change over the distance between

acelland its eight neighbors

Concave is an area where the
altitude is lower than its
surrounding, and the countur fine
is close.

Fillin all concaves and find the
heigh between filed concave
and original elevation to get a
depth then sum up al depth in a
concave to find its capacity.

Slope of upstream is the average
of al steepest slope ina
catchment area.

Determine the steepest siope of
other 8 slopes around a cel,
then averaging all the steepest
slope in a catchment area.

Slope of downstream is the
slope of a mesh against the
lowest point in a catchment area
(exit point of a catchment)
Galculate the deviation of
elevation of a mesh and elevation
of exit catchment area, then
divide by its distance

Galculate the deviation between
slope of upstream and
downstream in a catchment area

(61-6)

Flow length of upstream is to
caloulate the length of the flow
path of acellina

catchment area.

Extract and calculate a distance
of each cell to the top of

its catchment

Extract and calouiate the
distance along the flow path,
from each cell to a sink or outlet
of a catchment area.

Caloulate the deviation between
water flow length in upstream
and downstream in a catchment
area (8)-9)

Convert raster data to a point
data, then calculate the shortest
distance from each point to a
iver

Gonvert raster data to a point
data, then calculate the shortest
distance from each point to a
pond
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