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Abstract: Flooding area records have been available since 1993 in Japan; however, there have been no
studies that have utilised these records to elucidate urban pluvial flooding formation mechanisms.
Therefore, frequent urban pluvial flooding areas using 20 years of urban pluvial flooding area
records during 1993-2012 were identified and analysed using the principal component analysis of
their topographical characteristics in Osaka and Nagoya Cities, Japan. The results showed that
the topographical characteristics of the frequent urban pluvial flooding areas in both cities were
different, with particularly conflicting trends in principal component 1. Furthermore, the urban
pluvial flooding in Osaka City could not be described solely by topographical characteristics, and the
influence of anthropogenic factors such as dominant structures that may influence inundated water
flows in and around frequent urban pluvial flooding areas and stormwater drainage improvements
on the occurrence of urban pluvial flooding were shown to be influential. In addition, most of the
frequent urban pluvial flooding areas in Nagoya City were located on almost no gradient with a
slope of less than 1 degree, and thus, the mere presence of dominant structures around it would dam
up the inundated water and cause urban pluvial flooding. The results of this study quantitatively
showed the paradigm shift of urban pluvial flooding factors from topographical characteristics to
anthropogenic characteristics by the statistical analysis of newly defined urban pluvial flooding
frequency areas.

Keywords: frequent urban pluvial flooding; topographical characteristics; anthropogenic characteristics;
urbanisation; GIS; principal component analysis

1. Introduction

Urban flooding has had a strong negative impact on many cities around the world
for most of human history and certainly in recent decades [1-3]. More than half of the
global population lives in urbanised areas, and the frequency as well as the intensity of
hydro-meteorological extremes are on the rise [4,5]. Urban flooding is therefore likely
to cause greater losses in the coming decades. For example, urban flooding and associ-
ated property damage accounted for 73% of the total damage caused by flooding in the
USA from 1960 to 2016, amounting to USD 107.8 billion [6]. Of the total damage caused
by flooding in Japan’s three largest cities, namely Tokyo’s 23 wards, Osaka City, and
Nagoya City, from 2006 to 2013, 82% of the total damage was caused by urban pluvial
flooding [7]. Urban pluvial flooding is one of the typical urban floodings and flood damage
that occurs when rainwater is not discharged to mainstream or tributary rivers because rain-
fall exceeds the design capacity of a drainage facility. In recent years, severe urban pluvial
flooding has been caused by the reduction of rainwater soil penetration amounts because
of changes in land use and increased strong downpour occurrence frequency. Furthermore,
according to the IPCC assessment report [8], the risk of urban pluvial flooding in urban
areas will increase in the future as a result of increased strong downpours due to climate
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change. Therefore, it is important to clarify the characteristics of past urban pluvial flooding
areas in large cities and urbanising cities, where damage from urban pluvial flooding will
become more apparent in the future, and take efficient countermeasures against urban
pluvial flooding.

Managing urban flood risk is a high priority worldwide, as suggested by a large
number of cities, from all continents, taken as case studies in recent research papers
dedicated to urban flood modelling [9]. In Japan, it has become mandatory for local
authorities to publish urban pluvial flooding hazard maps as a measure against urban
pluvial flooding. On the other hand, the spatial and temporal characteristics of flooding
in urban areas are complex due to extensive changes to land use [10] that introduce
micro-urban features such as buildings, roads, and drainage networks [11,12], and most
inundation simulations cannot accurately simulate flooding in urban areas [13]. Thus,
flooding simulations using physical models represent the flooding mechanism through
known physical analyses. Therefore, if the unknown factors are mainly important for the
inundation mechanism, the accuracy will be low. On the other hand, the statistical analytical
approach is considered to be able to elucidate the distribution of areas where urban pluvial
flooding frequently occurs (hereafter referred to as frequent urban pluvial areas) based on
past flooding area records and to quantitatively evaluate their characteristics, including
unknown factors that cannot be considered in flooding simulations [14].

A statistical analytical approach has been greatly developed by utilising several ap-
propriate factors, such as bedrock geology, soil properties, land use, drainage networks,
road networks, building, and precipitation. Some previous studies have identified flood
mechanisms. For example, Fariza et al. (2019) used fuzzy multi-criteria decision making
(FMCDM) to assess urban flood risk levels in Sidoarjo, Indonesia [15]. Sato and Hayashi
(2014) used principal component analysis (PCA) to analyse the main topographic charac-
teristics of inundation in the Musashino Plateau of Tokyo and Saitama [16]. However, no
report of an earlier study describes the quantitative assessment of the universal character-
istics of flood-prone areas because they analysed areas where inundation has occurred at
least once [14], and most of the earlier studies were limited to case studies of one city or
one case study.

Djamres et al. (2021) identified the frequent urban pluvial flooding areas using seven
years of urban pluvial flooding area records during 2008-2015 and analysed, using the
PCA, their topographical characteristics in Tangerang, Indonesia [14]. Results showed
that frequent urban pluvial flooding areas in Tangerang emerged because of a slope in the
upstream condition, the correlation between concave and flow length conditions, the corre-
lation of the slope condition and distance to a river, and relationships among flow length
in upstream characteristics and distance to a pond. Furthermore, 29% of frequent urban
pluvial flooding areas had low topographical similarity because of anthropogenic factors
such as changes in overland flow directions due to the change of a slope in the upstream
condition by land-use change and trapping of flood water by “dominant structures” that
may influence inundated water flows in and around frequent urban pluvial flooding areas.
Mignot and Dewals (2022) argued that a particular impediment to progress in urban flood
modelling science is that the conclusions of most studies remain genuinely site-specific
formulations and that significant progress could be made by attempting to extract general
knowledge from the collection of existing case studies [9]. They also suggested that this
may be achieved by designing appropriate metrics for classifying and standardizing the
definition of flooding scenarios, investigated processes, and effects of analysed factors [9].
As the newly defined urban pluvial flooding frequency areas contain primary factors re-
lated to flooding mechanisms, statistical analysis of frequent urban pluvial flooding areas
may reveal previously unknown factors such as anthropogenic factors and their relative
influence on the flooding mechanism.

In Japan, flooding area records have been available since 1993, and
Kakehashi et al. (2014) [17] used these records to identify frequent river flooding ar-
eas throughout Japan and to elucidate their formation mechanisms. However, there have
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been no studies that have utilised these records for urban pluvial flooding. Therefore, the
objectives of this study were to identify the frequent urban pluvial flooding area using
these records for 20 years during 1993-2012 in Osaka and Nagoya Cities, the two cities
with the largest proportion of urban pluvial flooding damage from 2006 to 2013 [7], and
to analyse the topographical characteristics of frequent urban pluvial flooding areas and
their distribution at both cities by applying methods reported by Djamres et al. (2021) [14].
This study also aimed to elucidate anthropogenic characteristics of urban pluvial flood-
ing from the views of the location of “dominant structures” and the impact of drainage
system improvement.

2. Materials and Methods
2.1. Study Area

In this study, two cities, namely Osaka and Nagoya Cities in Japan, were selected as
the study area. The location and detailed information of the target cities in Japan are shown
in Figure 1 and Table 1. These cities were selected because their urbanised areas cover
more than 90% of the city area, while they have differences in urban population, urban area
population, and other factors related to the urban scale of the cities, and therefore, they
are suitable for this study to compare characteristics of urban pluvial flooding areas due
to differences in an urban scale. Furthermore, there were relatively more urban pluvial
flooding area records than in other cities, and it was thought that more reliable analysis
results could be obtained (in detail, see Section 2.2). In addition, the amount of capital
expenditure on sewerage projects in each city was large, and it was considered that cities
with larger investments in sewerage projects were more likely to have experienced more
urban pluvial flooding in the past (Table 1).
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- Low-lying areas classified by MLIT.

Figure 1. Location of the target cities in Japan and low-lying areas in the target cities. Low-lying
areas are classified by the Ministry of Land, Infrastructure, Transport, and Tourism (MLIT) as areas
where the elevation is lower than the surrounding [18].

Table 1. Detailed information on Osaka and Nagoya Cities.

Osaka City Nagoya City
Population (person) 2,717,000 2,311,000
Population density (person/km?) 12,000 7000
Urbanised area ratio (%) 93.9 92.6
Gross domestic product (trillion yen) 20.0 14.4
Urban pluvial flooding area records 1551 302!

Note: ! In detail, see Section 2.2.
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The annual maximum one-hour rainfall data as short-time extreme rainfall causing
urban pluvial flooding in the study area for 20 years during 1993-2012 in Osaka and
Nagoya Cities are shown in Table 2. One-hour precipitation data from JMA AMeDAS
stations (Osaka: 34°40.9’ N, 135°31.1’ E; Nagoya: 35°10.0' N, 136°57.9' E) were used [19].
The average annual maximum one-hour rainfall was 33.2 mm in Osaka City and 39.4 mm
in Nagoya City, respectively. Above-average annual maximum one-hour rainfalls were
recorded seven times in Osaka and nine times in Nagoya, with no bias towards increased
annual maximum one-hour rainfall through the 20-year period 1993-2012.

Table 2. Annual maximum one-hour rainfall during 1993-2012 in Osaka and Nagoya Cities. The
shaded values are greater than the average for each city.

Osaka City Nagoya City
Rank Dat Annual Maximum Dat Annual Maximum
ate One-Hour Rainfall (mm) ate One-Hour Rainfall (mm)
1 16:00 27 Aug. 2011 73 19:00 18 Sep. 2000 93
2 15:00 18 Aug. 2012 52 6:00 08 Oct. 2009 67
3 1:00 29 Aug. 1996 49.5 0:00 29 Aug. 2008 55
4 11:00 03 July 1995 45.5 0:00 28 July 1998 49.5
5 15:00 05 Aug. 1977 45.5 15:00 05 Sep. 2004 49.5
6 18:00 20 Oct. 2004 38 23:00 21 Aug. 1999 49
7 2:00 11 Aug. 1999 36 21:00 17 Sep. 1994 46.5
8 15:00 24 Sep. 2003 31 16:00 20 Sep. 2011 43.5
9 15:00 28 July 2008 30.5 18:00 25 July 1993 40.5
10 2:00 16 June 2010 29.5 14:00 20 July 2012 37
11 3:00 05 July 1993 28.5 5:00 23 Aug. 2007 33.5
12 15:00 30 Aug. 2005 27 5:00 11 July 1997 33
13 8:00 08 Sep. 1994 26.5 9:00 21 July 1995 28.5
14 5:00 13 July 2002 26.5 18:00 26 Aug. 2003 27
15 0:00 17 July 2007 26 9:00 06 Sep. 2002 26
16 22:00 16 May 1998 23 9:00 20 Aug. 2005 245
17 18:00 11 Sep. 2000 22 20:00 30 Aug. 2001 23.5
18 8:00 01 Oct. 2001 21 1:00 16 June 2006 23.5
19 6:00 19 July 2006 19 11:00 08 Sep. 2010 21.5
20 1:00 30 July 2009 135 6:00 09 May 1996 17

2.2. Identification of Frequent Urban Pluvial Flooding Areas

An example of a flooding area record in the case of urban pluvial flooding (urban
pluvial flooding area records) is shown in Figure 2. Flooding area records are produced
by each municipality as part of flood damage statistical surveys. Flooding area records
since 1993 are stored as image data (pdf format) by MLIT. In this study, a total of 457 urban
pluvial flooding area records for 20 years from 1993 to 2012 in Osaka and Nagoya Cities
were obtained from MLIT, and frequent urban pluvial flooding areas were identified.

To confirm the reliability of urban pluvial flooding area records in the study area, these
records were compared with the presence or absence of flood damage caused by urban
pluvial flooding in the flood damage statistics. It was confirmed that 89.5% of urban pluvial
flooding in Osaka City and 97.4% in Nagoya City were correctly recorded as the urban
pluvial flooding area records. Here, these ratios were calculated by dividing the number
of urban pluvial flooding area records by the number of urban pluvial flooding events
recorded in the flood statistics. The reason why the flood pluvial flooding area record did
not reach 100% might be that the flooding area record has been allowed not to record cases
where the flooded area was less than 1000 m2, and the number of flooded houses was less
than 10 [17]. Namely, it was possible that although urban pluvial flooding damage was
recorded in the flood damage statistics, flooding area was not recorded in the urban pluvial
flooding area record.
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Figure 2. An example urban pluvial flooding area record (in Japanese). The seven shaded areas
indicate the area where urban pluvial flooding occurred by Typhoon No. 17 on 22 September 1996.
The scale of the map is 1/2500.

These urban pluvial flooding area records for the 20 years from 1993 to 2012 in Osaka
and Nagoya Cities were input into GIS, and vector data were created for each year for
the identification of frequent urban pluvial flooding areas. The areas where urban pluvial
flooding occurred in Osaka and Nagoya Cities each year were converted into raster data of
10 m, 30 m, 50 m, 100 m, 200 m, and 400 m meshes. If even a small amount of urban pluvial
flooding occurred within a mesh, that mesh was regarded as having been subject to urban
pluvial flooding. The total years of urban pluvial flooding that occurred in each mesh over
the 20 years from 1993 to 2012 were calculated by adding up the raster data for each year.

2.3. Topographical Characteristics of Frequent Urban Pluvial Flooding Area
2.3.1. Topographical Factors

Referring to Djamres et al. (2021) [14], the topographical factors of each mesh in the
target city were quantified. The topographical factors used were “Elevation”, “Slope”,
“Depth of concave”, “Capacity of concave”, “Catchment area”, “Slope of upstream”, “Slope
of downstream”, “Difference of slope”, “Flow length of upstream”, “Flow length of down-
stream”, and “Difference of flow length”. The method used to create each topographical
factor is shown in Table 3. In this study, the 5 m mesh digital elevation model (DEM)
provided by the Geospatial Information Authority of Japan (2013) [20] was used as the
elevation data. This digital elevation model is produced based on Lidar data.

2.3.2. Visualisation of the Topographical Characteristics of Urban Pluvial Flooding

Based on Djamres et al. (2021) [14], it was attempted to identify areas with similar
topographical characteristics to those of frequent urban pluvial flooding areas as areas that
are strongly influenced by topographical factors of urban pluvial flooding, based on the
results of the PCA. First, from the principal component loadings evaluated in the PCA,
each principal component score for the whole area mesh of each city was calculated using

the following formula:
12

Pyijy = L (i) lm) M
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where P,(; ;) is the principal component score of number n at mesh (i,j); a,,;; is the
standardised value of factor m at mesh (i j); and I, is the factor loading of factor m. To
assess similarity rates of topographical characteristics in frequent urban pluvial flooding
areas and other areas in the city, we computed the deviation value of the averaged principal
component score of urban pluvial flooding areas and scores of every mesh in the targeted
areas using the following formula:

Hj = i (’Pn(i,j) P wn) 0

=1
where H; ; is the indicator of how similar topographical characteristics with frequent urban
pluvial flooding areas at mesh (x,y); P,,; ;) is the principal component score of number # at

mesh (i,j); P, is the mean principal component score of number # in the frequent urban
pluvial flooding area; w;, is the contribution rate of the principal component of number
n. In other words, the smaller Hy; ;) is, the more the location has similar topographical
characteristics to the frequent urban pluvial flooding area, and the greater the influence of
topographical factors on urban pluvial flooding.

Table 3. The method used to create each topographical factor.

Topographical Factor Unit Methodology for Creating Dataset
Elevation m DEM is converted to raster data.
Slope % The slope at each mesh is calculated from “Elevation”.
Depth of concave m The area where the elevation is lower than the surrounding area and the contour lines
are closed is extracted as a concave area, and the depth and volume of the concave
Capacity of concave m? area are calculated.
C 2 Flow direction data are created from “Elevation”, and the area is calculated from the
atchment area m
number of meshes upstream of each mesh.
Slope of upstream % The average of the slope in the catchment area of each mesh is calculated.
Slope of downstream % The average of the slopes in the downstream channel of each mesh is calculated.
The difference between “Slope of upstream” and “Slope of downstream” at each mesh
Difference of slope % is calculated.

The length of longest upstream channel in each mesh is extracted from the flow

Flow length of upstream m direction data.
The length of the downstream channel to a sink or outlet of the catchment area in each
Flow length of downstream m . . .
mesh is extracted from the flow direction data.
Difference of flow length m The dlfference.z between “Flow length of upstream” and “Flow length of downstream
at each mesh is calculated.
3. Results

3.1. Identification of Frequent Urban Pluvial Flooding Areas

There are two points to consider in identifying frequent urban pluvial flooding areas:
the frequency and extent of urban pluvial flooding. First, the frequency of urban pluvial
flooding was examined. The relationship between the total years of urban pluvial flooding
and the number of urban pluvial flooding areas in the raster data for each mesh size is
shown in Table 4. The maximum total years of urban pluvial flooding in Osaka City and
Nagoya City was 5-7 years. It is natural that when the criterion for the total years of urban
pluvial flooding is small, areas that are not suitable for frequent urban pluvial flooding
areas are selected. However, when the criterion is too large, the number of identified urban
pluvial flooding areas becomes small, and it is not possible to obtain sufficient areas for
analysis. In this study, urban pluvial flooding areas were identified as areas where urban
pluvial flooding occurred more than four years (more than once every five years) in the
20 years from 1993 to 2012, considering more than half of the maximum total number of
years in Osaka and Nagoya Cities.
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Table 4. (a) The relationship between the total years of urban pluvial flooding and the number of
urban pluvial flooding areas in the raster data for each mesh size in Osaka City. (b) The relationship
between the total years of urban pluvial flooding and the number of urban pluvial flooding areas in
the raster data for each mesh size in Nagoya City.

(@)

Osaka City
Total Years of Urban Pluvial Mesh Size
Flooding (Year) 10 m 30 m 50 m 100 m 200 m 400 m

1 38,687 7648 4089 1879 898 337
2 3820 1082 692 462 323 210
3 645 261 189 138 116 99
4 70 36 45 49 42 45
5 4 8 10 20 23 18
6 1 1 4 5
7 2

More than 4 74 45 55 70 69 70

(b)
Nagoya City
Total Years of Urban Pluvial Mesh Size
Flooding (Year) 10 m 30m 50 m 100 m 200 m 400 m

1 632,915 73,366 27,436 7406 2093 542
2 102,193 13,330 5540 1920 743 303
3 11,737 1931 929 435 261 161
4 1243 256 153 83 54 51
5 172 35 22 16 17 19
6 39 16 12 9 5 6
7 1 2

More than 4 1454 307 187 108 77 78

Next, the mesh size of frequent urban pluvial flooding areas was examined. In Table 4b,
the number of frequent urban pluvial flooding areas in Nagoya City decreased as the mesh
size increased in terms of the reference total years (more than four years) of frequent urban
pluvial flooding. This could be since large urban pluvial flooding areas that were duplicated
and over-accounted for in smaller meshes were accounted for as a single area when the
mesh size increased. Furthermore, this was also considered to be since some urban pluvial
flooding areas that were closely located were accounted as one area with increasing the
mesh size. On the other hand, in Osaka City, the number of identified frequent urban
pluvial flooding areas increased when the mesh size was larger than 30 m and was almost
the same when the mesh size was larger than 100 m (Table 4a). This suggested that the
urban pluvial flooding areas in Osaka City were smaller and less closely located than in
Nagoya City and that a mesh size of 100 m or larger would enable the frequent urban
pluvial flooding areas to be identified.

Since the objective of this study is to elucidate the specific distribution of frequent
urban pluvial flooding areas and their topographical characteristics, the smaller the mesh
size to be identified, the better. It is considered that the applicable mesh size to be identified
was about 30 m mesh because the flooding area record has been allowed not to record cases
where the flooded area was less than 1000 m?2, and the number of flooded houses was less
than 10 [17], as mentioned above. However, the urban pluvial flooding area record has been
produced manually, and some errors may be included between the actual urban pluvial
flooding area and its record. For example, a discrepancy of about 1 m to 50 m between
them was recognised in the field survey, and if the mesh size was too small, the frequent
urban pluvial flooding area could not be identified properly because flooded areas that
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occurred at the same location might be accounted for separately. Therefore, the mesh size
was set to 100 m x 100 m in this study.

The frequent urban pluvial flooding areas in Osaka and Nagoya Cities identified
according to the above-mentioned identifications are shown in Figure 3. In total, 70 frequent
urban pluvial flooding areas were identified in Osaka City and 108 in Nagoya City. The
proportion of frequent urban pluvial flooding areas in the area of each city was 0.34% in
Osaka City and 0.33% in Nagoya City.

S

- k
025 '5 75

Figure 3. The distribution of frequent urban pluvial flooding areas (red circle) in (a) Osaka City and
(b) Nagoya City.

3.2. Topographical Characteristics of Frequent Urban Pluvial Flooding Areas
Principle Component Analysis (PCA) of Topographical Characteristics

The PCA of frequent urban pluvial flooding areas on topographical characteristics
was performed using the topographical factors quantified in the previous chapter. Detailed
results are shown in Table 5. The principal components with eigenvalues exceeding 1 were
up to the fourth principal component (PCs) in both cities, with cumulative contribution
rates of 85.7% for Osaka City and 88.6% for Nagoya City. This indicated that the topo-
graphical factors used in this study were appropriate for describing frequent urban pluvial
flooding areas.

In Osaka City, the first principal component (PC1) accounted for 34.3% of the total vari-
ance. The factors that correlated the most with the PC1 were “Slope upstream” (0.404) and
the difference of slope (0.390) in positive values. One can infer that frequent urban pluvial
flooding areas had an upstream slope that was higher than the downstream slope. Principal
component 2 (PC2) was negatively correlated with “Slope of downstream” and “Difference
of flow length” and positively correlated with “Flow length of downstream”. Therefore,
PC2 was considered to be the component that aggregates the downstream situation, and
one can conclude that frequent urban pluvial flooding areas had a downstream slope
gentler than upstream, downstream flow length longer than upstream, and the location at
a low elevation. In contrast, the third component (PC3) showed strong positive correlations
with “Flow length of upstream” and “Catchment area”. Therefore, PC3 was considered
to be the component that aggregates the upstream situation. Principal component 4 (PC4)
had negative correlations with “Depth of concave” and “Capacity of concave” and a pos-
itive correlation with “Slope of downstream”. Therefore, PC4 was considered to be the
component that aggregates the concave situation.
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Table 5. (a) The PCA result for Osaka City. The shaded values are the factors that correlated the
most in each PC. “-” indicates that no topographical factors in the principal components satisfied the
95% confidence interval. (b) The PCA result for Nagoya City. The shaded values are the factors that
correlated the most in each PC.

(@)

Factor Loading PC1 PC2 PC3 PC4
Standard deviation (eigenvalue) 1.94 1.63 1.39 1.04
Contribution ratio 0.343 0.241 0.176 0.098
Cumulative contribution ratio 0.343 0.584 0.759 0.857
Elevation 0.373 —0.017 —0.016 0.162
0.354 —0.387 - 0.008
Depth of concave —0.278 —0.311 —0.051 —0.539
Capacity of concave —0.308 —0.331 —0.049 —0.401
Catchment area —0.027 0.060 0.683 0.018
Slope of upstream 0.404 —0.295 0.102 —0.212
Slope of downstream 0.213 —0.435 —0.043 0.391
Difference of slope 0.390 —0.210 0.125 —0.337
Flow length of upstream —0.070 0.014 0.687 —0.018
Flow length of downstream 0.310 0.409 0.045 —0.333
Difference of flow length —0.319 —0.389 0.163 0.315
(b)
Factor Loading PC1 PC2 PC3 PC4
Standard deviation (eigenvalue) 1.93 1.77 1.34 1.05
Contribution ratio 0.338 0.285 0.164 0.100
Cumulative contribution ratio 0.338 0.623 0.786 0.886
Elevation —0.387 0.193 0.078 —0.249
—0.366 0.195 —0.297 —0.322
Depth of concave 0.352 —-0.172 —0.126 —0.581
Capacity of concave 0.383 —0.120 —0.131 —0.547
Catchment area —0.147 —0.463 0.201 —0.073
Slope of upstream —0.434 -0.217 —0.025 -0.172
Slope of downstream —0.317 0.200 —0.416 —0.180
Difference of slope —0.349 —0.309 0.128 —0.118
Flow length of upstream —0.104 —0.495 0.212 —0.040
Flow length of downstream —0.054 0.206 0.647 —-0.271
Difference of flow length —0.012 —0.443 —0.422 0.204

7

In Nagoya City, PC1 had negative correlations for all factors except “Depth of concave”
and “Capacity of concave”, showing the opposite trend to that of Osaka City. PC2 was
negatively correlated with three factors: “Flow length of upstream”, “Catchment area”, and
“Difference of flow length”. Therefore, PC2 was considered to be the component that aggre-
gates the upstream situation and the factors related to the flow channel. PC3 had a strong
positive correlation with “Flow length of downstream” and negative correlations with
“Slope of downstream” and “Difference of flow length”. Therefore, PC3 was considered to
be the component that aggregates the downstream situation. PC4 had negative correlations
with “Depth of concave” and “Capacity of concave”, as did Osaka City. The results of
the PCA for Osaka and Nagoya Cities showed that the topographical characteristics of
the frequent urban pluvial flooding areas in both cities were different, with particularly
conflicting trends in PC1.

The distribution of H; ;) and the urban pluvial flooding areas of each city is shown
in Figure 4. Many urban pluvial flooding areas were located in areas with small H; ;),
which has similar topographical characteristics to the frequent urban pluvial flooding areas.
On the other hand, especially in Osaka City, the urban pluvial flooding areas were also
distributed in areas with relatively large H; ;, which do not have similar topographical
characteristics to the frequent urban pluvial flooding areas. This suggested that factors
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other than topographical characteristics that caused urban pluvial flooding were largely
responsible for such areas in many parts of Osaka City and some parts of Nagoya City.

The similarity of topographical characteristics with @ : Frequent urban pluvial flooding area
frequent urban pluvial flooding areas at mesh scale : Urban pluvial flooding area from 1993 to 2012

Large (H(;; = 0)

0 25

5 1.5

Figure 4. The distribution of H(;; and the urban pluvial flooding areas (light blue dot) in
(a) Osaka City and (b) Nagoya City.

In addition, the average H; ;) in the inundated areas by urban pluvial flooding from
1993 to 2012 (areas shown in the light blue dot in Figure 4) was calculated to be 3.26 in
Osaka City and 2.81 in Nagoya City. This suggested that the distribution of urban pluvial
flooding areas in Nagoya was better described by topographical characteristics than in
Osaka City. Furthermore, the average H (i,f) for the whole area of each city, which was 2.64
in Osaka City and 3.18 in Nagoya City, was smaller in Osaka City than the average H; ;)
for the inundated area. This indicated that the urban pluvial flooding in Osaka City could
not be described solely by topographical characteristics.

3.3. Other Characteristics of Frequent Urban Pluvial Flooding Areas
3.3.1. Impact of Structures in Frequent Urban Pluvial Flooding Areas

Referring to Djamres et al. (2021) [14], the location of “dominant structures” was
examined as another characteristic of these areas. Here, “dominant structures” are roads
that divide sewers, railway lines (excluding subways and elevated lines), embankments,
and structures with a site of more than 100 m per side. In addition, a road dividing a sewer
is not a road with a sewer pipe buried directly under the centre of the road but a road with
a sewer pipe buried under each side of the road. These are roads with a median strip or
large road widths, such as dual carriageways in one direction, which were included in the
analysis in this section because they influenced the flow of water.

Frequent urban pluvial flooding areas were classified according to the relationship
between the location of “dominant structures” and the direction of inclination to “dominant
structures”. A conceptual diagram of the classification conditions and the proportions
of the classified frequent urban pluvial flooding areas are shown in Figure 5 and Table 6.
Figure 5a,d,g h (the red line enclosure in Figure 5) show areas where “dominant structures”
were located in the direction of inclination (direction of inundated water flow). In Osaka
City, there were 90% of the total frequent urban pluvial flooding areas in which one or more
“dominant structures” existed within 8 mesh around the area. Of the frequent urban pluvial
flooding areas with “dominant structures” within 8 mesh of the perimeter, 74% of the areas
had “dominant structures” in the direction of inundated water flow (Figure 5a,d,gh).
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Figure 5. A conceptual diagram of the classification conditions of the classified frequent urban pluvial
flooding areas. (a—h) are areas where “dominant structures” were located within 8 mesh around
the urban pluvial flooding area, while (i,j) are areas where “dominant structures” were not located
within 8 mesh around the urban pluvial flooding area. (h) is the area where “dominant structures”
were located in three directions around the frequent urban pluvial flooding area, and “dominant
structures” were located in the front of the slope direction. The red line enclosure are areas where
“dominant structures” was located in the direction of inclination (direction of inundated water flow).

Table 6. The proportions of the classified frequent urban pluvial flooding areas in Figure 5. The grey
values are areas where “dominant structures” were located in the direction of inundated water flow.

Classified Frequent Urban Pluvial

Flooding Areas in Figure 5 Osaka City Nagoya City
(a) 29% 14%
(b) 7% 21%
(c) 3% 19%
(d) 20% 4%
(e) 9% 6%
(£ 4% 2%
(g) 1% 1%
(h) 17% 0%
() 9% 22%
g 1% 11%

Total 100% 100%

In Nagoya City, there were 67% of the all-frequent urban pluvial flooding areas in
which one or more “dominant structures” existed within 8 mesh around the area. Of the
frequent urban pluvial flooding areas where “dominant structures” existed within 8 mesh
of the perimeter, 28% of the areas had “dominant structures” in the direction of inundated
water flow (Figure 5a,d,gh).

A comparison of the results for Osaka and Nagoya Cities showed that the proportion
of frequent urban pluvial flooding areas with “dominant structures” in Nagoya City was
smaller than that in Osaka City, and in particular, the proportion of frequent urban pluvial
flooding areas with “dominant structures” in the direction of the inundated water was
much smaller. Therefore, the distribution of elevation and slope in frequent urban pluvial
flooding areas in Osaka and Nagoya Cities was calculated based on the assumption that
the topographical differences in frequent urban pluvial flooding areas might influence
the characteristics of frequent urban pluvial flooding areas in both cities. The average
elevation of the frequent urban pluvial flooding areas was 3.30 m in Osaka City and
3.61 m in Nagoya City, respectively. Although the elevation was higher in Nagoya City,
there was no significant difference. On the other hand, the average slopes of all frequent
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urban pluvial flooding areas in Osaka City and Nagoya City were 2.20% and 0.33%, respec-
tively, indicating that the slopes of the frequent urban pluvial flooding areas in Nagoya
City were much smaller than those in Osaka City. The frequency distribution of slopes at
the frequent urban pluvial flooding areas in Osaka and Nagoya Cities is shown in Figure 6.
Most of the frequent urban pluvial flooding areas in Nagoya City were located on almost no
gradient with a slope of less than 1 degree. It was inferred that in such areas, regardless of
the location of “dominant structures”, the mere presence of “dominant structures” around
it would dam up the inundated water and cause urban pluvial flooding. In addition, this
was considered to be one of the reasons why “Slope” and “Slope of upstream” were not
correlated as PCs in the PCA as the topographical characteristics of the frequent urban
pluvial flooding area in Nagoya City described in the previous section.

3.3.2. Impact of Drainage System Improvements in Frequent Urban Pluvial Flooding Areas

To examine the impact of the improvement of drainage systems as another characteris-
tic of frequent urban pluvial flooding areas, the occurrence trends of urban pluvial flooding
in the urban pluvial flooding areas of Osaka and Nagoya Cities were investigated. The
difference in urban pluvial floodings between the first 10 years (1993-2002) and the second
10 years (2003-2012) of the 20 years (1993-2012) is shown in Figure 7. Of the areas classified
as green (1993-2002), 64 (91%) were in Osaka City compared with 8 (7%) in Nagoya City.
On the other hand, red areas (2003-2012) were only 1 (1%) in Osaka City compared with
56 (52%) in Nagoya City. In addition, blue areas (1993-2012) were also only 5 (7%) in
Osaka City compared with 44 (41%) in Nagoya City.

B Osaka City

Nagoya City
75
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19
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17
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3 3
- :

0.0to 0.5 0.5to 1.0 1.0to 1.5 1.5t02.0 2.0and above

Slopes at the frequent urban pluvial flooding areas (degree)

Figure 6. The frequency distribution of slopes at the frequent urban pluvial flooding areas in Osaka
and Nagoya Cities.



Water 2022, 14, 2795

13 of 16

<

0 3

6 km

o

<

%

>

4"'7

(a)

@ differences of 2 and more
@ differences of -1 to 1
@ differences of -2 and less
a

(b)

Figure 7. The difference in urban pluvial floodings between the first 10 years (1993-2002) and the
second 10 years (2003-2012) of the 20 years (1993-2012) in (a) Osaka City and (b) Nagoya City. The
differences of 2 or more are shown in red, —1 to 1 in blue, and —2 or less in green. Red indicates areas
where urban pluvial flooding occurred more frequently in the second 10 years, blue indicates areas
where urban pluvial flooding occurred continuously throughout the 20 years, and green indicates
areas where urban pluvial flooding occurred more frequently in the first 10 years.

Regarding the improvement of drainage systems, in Osaka City, the Naniwa Under-
ground Discharge Channel (total length of 12.2 km), a large-scale drainage system to drain
rainwater from the south-eastern area of Osaka City into the Sumiyoshi River, began to
be constructed in 1984 and was completed in 2000, following the large-scale urban pluvial
flooding caused by Typhoon No. 19 in September 1979 and Typhoon No. 10 in August 1982.
As a result of such progress made in countermeasures against urban flooding, it can be
inferred that urban pluvial flooding ceased to occur in frequent urban pluvial flooding
areas during 2003-2012. On the other hand, Nagoya City, which is on a smaller urban
scale than Osaka City, has been implementing emergency drainage system improvements
in response to the large-scale urban pluvial flooding caused by the torrential rains of
September 2002 and September 2006. However, it was found that most of the frequent ur-
ban pluvial flooding areas during 2003-2012 were located in areas where the improvement
had not yet been completed (Figure 8). These results indicated that anthropogenic factors
such as “dominant structures” and drainage system improvements influence the occurrence
of urban pluvial flooding as characteristics other than topographical characteristics.
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3 Areas where urban pluvial flooding control measures against the torrential rains of September 2000 have been completed.
Areas where urban pluvial flooding control measures against the torrential rains of Septernber 2000 have NOT been completed.
Areas where urban pluvial flooding control measures against the heavy rainfall of August 2008 have been completed.

Figure 8. Urban flood management plan in Nagoya City (Progress as at the end of 2015) [21].

4. Discussion and Summary

This study clarified the distribution of frequent urban pluvial flooding areas in Osaka
and Nagoya Cities by using urban pluvial flooding area records. The identified frequent
urban pluvial flooding areas were 70 in Osaka City and 108 in Nagoya City, and their
proportion to the area of each city was 0.34% in Osaka City and 0.33% in Nagoya City.
Analyses of their characteristics revealed the following:

e  The PCA of frequent urban pluvial flooding areas using the eleven topographical
factors showed high cumulative contribution rates for Osaka and Nagoya Cities,
which indicated that the topographical factors used in this study were appropriate for
describing frequent urban pluvial flooding areas. The results of the PCA quantitively
showed that the topographical characteristics of the frequent urban pluvial flooding
areas in both cities were different.

e  Using the results of PCA of topographical characteristics in the frequent urban pluvial
flooding area, the similarity with these topographical characteristics at a 100 m mesh
scale in both cities was quantified. Although many urban pluvial flooding areas
were located in areas with similar topographical characteristics, especially in Osaka
City, the urban pluvial flooding areas were also distributed in areas without similar
topographical characteristics. This suggested that factors other than topographical
characteristics that caused urban pluvial flooding were largely responsible for such
areas in many parts of Osaka City and some parts of Nagoya City.

e Anthropogenic factors such as “dominant structures” and drainage system improve-
ments as characteristics other than topographical characteristics on the occurrence of
urban pluvial flooding were shown to be influential. The results also showed that the
impact of anthropogenic factors was greater in Osaka City, which is on a larger urban
scale than Nagoya City.

In general, urbanisation increases the accumulation of assets in topographically flood-
prone areas, and the risk of urban pluvial flooding increases. On the other hand, urban
pluvial flood risk has been reduced through the improvement of drainage systems in such
areas; however, urban pluvial flooding has also been observed in topographically less-flood-
prone areas due to changes in land use and land cover. In other words, as urbanisation
progresses, the main cause of urban pluvial flooding is likely to shift from topographical
factors to anthropogenic factors. The results of this study quantitatively showed this
paradigm shift of urban pluvial flooding factors by the statistical analysis of newly defined
urban pluvial flooding frequency areas. This is demonstrated as one of the methods for
a major advance in urban flood modelling science proposed by Mignot and Dewals [9].
Furthermore, this study showed that it is difficult to describe past urban pluvial flooding
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areas in Osaka and Nagoya Cities solely based on topographical characteristics. This was
consistent with the findings of the numerical experiment [22] and statistical analyses [14]
and showed that in some cases that artificial structures formed areas vulnerable to urban
pluvial flooding even outside topographically flood-prone areas.

In addition, it is particularly difficult to collect flow velocity and depth observations
during urban floods, as they are usually of short duration. The recent proliferation of
mobile phones and online video-sharing platforms gives access to countless amateur
videos [23-25], which are being used in most geophysical sciences, but difficulties with
retrieving the location and time of the scenes impair the use of these data for detailed model
validation [9]. The urban pluvial flooding area record used in this study and the newly
defined frequent urban pluvial flooding area could be important sources for this validation.

On the other hand, although this study succeeded in quantitatively assessing the
differences in the impact of topographical characteristics on the formation of frequent
urban pluvial flooding areas due to urban scale by comparative analyses in Osaka and
Nagoya Cities, this study only compared two cities, and the relationship between urban
scale and frequent urban pluvial flooding areas has not been quantitively clarified. Further
quantitative comparison with the characteristics of frequent urban pluvial flooding areas
in other cities of different urban scales would help to understand the characteristics of
urban pluvial flooding and their transition from topographical factors to anthropogenic
factors, which is associated with urbanisation. Furthermore, socio-hydrology [26,27], which
deals with the interaction between water systems and human activities, has been recently
applied worldwide for flooding and water resources management [28]. Further quantitative
comparative analysis of the characteristics of frequent urban pluvial flooding areas among
different urban scale cities would provide a quantitative understanding of the system
dynamics of urban pluvial flooding interacting with urbanisation, namely human activities.
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