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Abstract

While Japan’s population is declining overall, some areas remain densely populated within
designated hazard zones. Understanding how these spatial patterns vary across urban
contexts is important for sustainable and resilient urban development. This study presents
a nationwide analysis of hazard-specific estimated population exposure at postcode-level
population core cells across walkability-based urban spatial characteristics in Japan. We
integrated designated hazard-zone layers from the Geospatial Information Authority of
Japan (GSI) with 250 m census population grids and linked the resulting dataset to the
Japan Postcode-level Walkability Index using these core cells as a common spatial unit. This
analysis used postcode-level population core cells and was not designed to estimate total
hazard-zone-based exposure within entire postcode areas. The four hazard-zone layers
were analyzed separately to characterize hazard-specific patterns, not to assess simultane-
ous or compound hazard events, cumulative exposure, or compound risk. Population core
cells in higher-JPWI strata generally overlapped more frequently with flood, storm surge,
and tsunami inundation zones, whereas lower-JPWI population core cells overlapped more
frequently with designated landslide warning zones. Where hazard-zone overlap was
identified, estimated exposed populations tended to be larger in higher-JPWI core cells.
The pattern should be interpreted descriptively because the estimate is partly influenced
by cell population and JPWI includes a population-density component. Overall, the results
show hazard-specific differences in how walkability-based urban spatial characteristics
coincide with hazard-zone-based estimated population exposure, providing a transparent
and nationally consistent baseline for characterizing designated hazard-zone overlap and
estimated exposed population at population core cells in Japan.

Keywords: disaster prevention; natural disasters; hazard information; walkability;
estimated exposed population

1. Introduction
A variety of natural hazards, including river flooding, storm surges, tsunamis, and

landslides, occur in Japan, and their impacts have become more evident due to climate
change, urban development, and urbanization. The scale of damage is shaped not only by
the magnitude and frequency of hazards but also by the number of people living in affected
areas and the urban environment in which they conduct their daily lives. In Japan, while
the overall population has been declining nationwide in recent years, some disaster-prone
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areas have continued to attract or retain population. This highlights the need to characterize
nationwide patterns and associations among urban spatial characteristics, hazards, and
population distribution.

Walkability provides one perspective for describing urban spatial characteristics. In
urban planning and public health research, walkability is commonly discussed in relation
to population density, land-use or facility diversity, street connectivity, proximity to daily
life destinations, and pedestrian accessibility. These walkability-related characteristics
are relevant not only to everyday mobility and urban sustainability but also to disaster
preparedness, because they are associated with where people live, how populations are
concentrated, and how residents may access local facilities and evacuation-related infor-
mation. Accordingly, examining hazard-zone overlap and estimated exposed population
across walkability-based urban spatial contexts can provide useful baseline information for
sustainable and resilient urban development.

From the perspective of hazard exposure, existing studies have analyzed population
exposure to natural hazards at multiple spatial scales. At the global level, satellite observa-
tions have revealed an increasing trend in population exposure to climate-related hazards
such as floods, with urbanization and changes in residential locations identified as drivers
of increased exposure [1]. Efforts have also been made to evaluate simultaneous exposure
to multiple climate-related hazards, and an increase in multi-hazard exposure has been
reported [2]. In Japan, nationwide analyses covering earthquakes, tsunamis, storm surges,
floods, and landslides have integrated social vulnerability and population exposure at the
sub-municipal level [3]. Studies have estimated current population exposure to floods
and other hazards using Population Census data [4]. In addition, long-term increases and
decreases in exposure have been projected at a nationwide scale while accounting for future
population scenarios and climate change [5]. These studies show the importance of analyz-
ing population exposure to natural hazards at broad spatial scales. However, to interpret
such exposure in relation to everyday urban environments, it is also useful to consider
walkability-based urban spatial characteristics using a consistent national framework.

Focusing on populations and households within designated flood inundation zones,
prior work reports that despite nationwide population decline, residential development
within such areas has led to increases in population and the number of households [6].
It has also been pointed out that nationwide population growth within designated flood
inundation zones is largely driven by in-migration into Urbanization Promotion Areas [7].
Regarding evacuation, studies have estimated the number of people requiring evacuation
during heavy rain events by considering flood and landslide warning zones together with
building stories, at both national and prefectural levels [8]. In addition, for catchment
zones of designated evacuation centers in Yokohama City, research has integrated multiple
hazard datasets and population information and classified zone characteristics via cluster
analysis [9].

To operationalize these walkability-based urban spatial characteristics, walkability
has been assessed through objective indicators of urban form, including density, land-use
mix, intersection density, proximity to destinations, and accessibility [10–12]. However,
conventional walkability indices developed mainly for Western cities may not fully capture
the characteristics of high-density Asian cities [13]. In Japan, the Japanese Walkability Index
(JWI) has been proposed as a walkability indicator developed for Japanese cities [14], and
its validity as an explanatory measure of walking behavior has been examined using large-
scale step-count data in Yokohama [13]. Furthermore, the Japan Postcode-level Walkability
Index (JPWI) has been developed at the postcode scale for all of Japan, integrating three
components within a 1 km walking catchment: population density, the number of types of
daily life facilities, and street connectivity [15,16].
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Research on walkability in relation to disaster risk and hazard information remains
limited [17]. A comparative study across multiple Baltic Sea coastal cities discusses the
potential compatibility of walkability and flood resilience in waterfront public spaces [18].
In Japan, a case study of Susaki City, Kochi Prefecture, argues on conceptual and qualitative
grounds that walkability should be considered in the context of disaster risk [19], although
the analysis focused on a single city. An analysis of the Tokyo metropolitan area shows that
both walkability and disaster risk affect housing preferences, suggesting that the interaction
between topography, convenience, and safety shapes urban structure [20]. Relatedly, a
case study of post-2011 Great East Japan Earthquake collective relocation areas indicates
that steep terrain increases the walking burden for older adults, affecting both daily conve-
nience and safety [21]. These studies provide important insights into population exposure,
evacuation planning, and walkability-related urban environments. However, no nationally
consistent analysis has yet linked JPWI-defined urban spatial characteristics with multiple
designated hazard-zone layers and estimated exposed population using postcode-level
population core cells as a common spatial unit. This gap limits the ability to characterize
how walkability-based urban spatial contexts coincide with designated hazard zones and
estimated population exposure in a comparable nationwide framework. Addressing this
gap is also relevant to international frameworks that emphasize both sustainability and
disaster risk reduction, such as SDG 11 (“Make cities and human settlements inclusive,
safe, resilient and sustainable”) [22] and the Sendai Framework for Disaster Risk Reduction
from 2015 to 2030 [23].

To address this gap, this study aims to establish a nationwide analytical framework that
integrates JPWI, hazard-zone layers, and 250 m population grid data using postcode-level
population core cells as a consistent spatial unit. In this study, “exposure” is operationally
defined as hazard-zone-based estimated population exposure derived from spatial overlap
between population core cells and designated hazard-zone layers. This definition does
not represent hazard probability, expected event frequency, event likelihood, or expected
loss. This framework supports a systematic nationwide characterization of hazard-specific
estimated population exposure across JPWI-defined urban spatial contexts in Japan. Using
this approach, we examine differences in (i) hazard inclusion frequency, (ii) areal overlap,
and (iii) estimated exposed population across JPWI strata.

This study makes three contributions. First, it provides a nationwide, walkability-
stratified characterization of hazard-zone-based estimated population exposure for four
hazard types at postcode-level population core cells in Japan. Second, it establishes a
nationally consistent and reproducible analytical framework that integrates hazard-zone
layers, JPWI as a nationwide walkability index, and population distribution, thereby en-
abling comparable characterization across urban spatial contexts. Third, it shows, within
this common framework, that the observed patterns of hazard-zone overlap and esti-
mated exposed population across JPWI strata differ by hazard type rather than following
a uniform pattern across all hazards. Taken together, these contributions provide a na-
tionally consistent and reproducible descriptive baseline for characterizing designated
hazard-zone overlap and estimated exposed population for four hazard types examined
separately across walkability-based urban spatial characteristics in Japan. This baseline
is intended as a population core-cell-based descriptive characterization, rather than as a
test of causal mechanisms or an estimate of total hazard-zone-based exposure within entire
postcode areas.
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2. Materials and Methods
This section describes the data and analytical workflow. In this study, we analyze the

following hazard types available on the Hazard Map Portal Site provided by the Geospatial
Information Authority of Japan (GSI) [24]:

• Flood inundation (planned scale, L1);
• Storm surge inundation (maximum assumed scale);
• Tsunami inundation (maximum assumed scale);
• Landslide warning zones (including designated zones for debris-flow, steep-slope

failure, and landslide).

We exclude layers for designated areas where buildings are at high risk of collapse
due to flood flow or riverbank erosion because their damage mechanisms differ from the
other hazards analyzed. We also exclude inland flooding and snow-avalanche warning
layers because nationwide coverage in the GSI hazard tiles is incomplete, which limits
national-scale comparability. Figure 1 presents the overall analytical flow.

Figure 1. Main analytical workflow for extracting postcode-level population core cells and summa-
rizing JPWI-stratified hazard-zone indicators.

2.1. Input Data
2.1.1. Integrated 250 m Grid Dataset of Hazard-Zone Overlap and Estimated
Exposed Population

We use a nationwide Japan 250 m grid dataset that represents hazard-zone overlap
and estimated exposed population. The dataset was developed by integrating hazard-
zone layers from the GSI Hazard Map Portal [24] with the 2020 Population Census 250 m
grid [25] and is publicly available on Zenodo [26]. In this dataset, exposure is operationally
represented by spatial overlap with designated hazard-zone layers and by the estimated
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population within those overlapping areas. This operational definition does not represent
hazard probability, expected event frequency, event likelihood, or expected loss. The GSI
hazard-zone layers differ in data availability and spatial coverage depending on hazard
type and responsible authority. Therefore, the absence of identified hazard-zone pixels in
a grid cell does not necessarily mean that the cell is free from hazard. It may also reflect
the absence of an available source layer for that location. Because explicit and nationally
consistent coverage masks were not available for all hazard-zone layers, this study did
not construct an approximate coverage proxy, as doing so could introduce additional
uncertainty and arbitrary assumptions. The hazard-zone layers used in this study were
retrieved on 31 January 2026.

Table 1 summarizes the scenario or designation, coverage limitations, and interpre-
tation of the hazard-zone layers used to construct the integrated 250 m grid dataset. All
hazard-zone layers were obtained from the GSI Hazard Map Portal as raster tiles, and
hazard pixels were summarized within 250 m Population Census grid cells to calculate
HazardInclusion, HazardCoverageRatio, and HazardExposedPopulation. Because the hazard
layers differ in scenario assumptions, designation criteria, and spatial coverage, the analy-
sis was designed to characterize JPWI-stratified patterns separately for each hazard type,
rather than to directly compare hazard severity or risk levels between hazard types.

Table 1. Characteristics and interpretation of designated hazard-zone layers used to construct the
integrated 250 m grid dataset of hazard-zone overlap and estimated exposed population.

Hazard-Zone Type Scenario/Designation Coverage Limitation Interpretation/Analytical Use

Flood
inundation zones

Planned scale (L1). Both
planned-scale and
maximum-assumed-scale
flood layers are available
as open data; this study
used the planned-scale
layer because it represents
a more frequent scenario.

Availability and spatial
coverage vary by
responsible authority.

Identify population core cells
overlapping with
planned-scale flood
inundation zones.

Storm surge
inundation zones Maximum assumed scale.

Primarily limited to coastal
areas; preparation and
publication are not uniform
across all coastal regions
and responsible
authorities.

Identify population core cells
overlapping with
maximum-assumed storm
surge inundation zones.

Tsunami
inundation zones Maximum assumed scale.

Primarily limited to coastal
areas; availability varies by
responsible authority.

Identify population core cells
overlapping with
maximum-assumed tsunami
inundation zones.

Landslide
warning zones

Designated warning zones
for debris-flow, steep-slope
failure, and landslide;
warning and
special-warning classes
were not distinguished.

Coverage and designation
status vary by responsible
authority; warning and
special-warning classes
were not distinguished in
this study.

Identify population core cells
overlapping with designated
landslide warning zones.

Note: All hazard-zone layers were obtained from the GSI Hazard Map Portal as raster tiles and summarized
within 250 m Population Census grid cells. Because the hazard layers differ in scenario assumptions, designation
criteria, and spatial coverage, the indicators were interpreted separately for each hazard type and were not used
to compare absolute hazard severity or risk levels directly across hazard types.

For landslide-related hazards, three types of zones are defined in Japan: debris-flow,
steep-slope failure, and landslide. Consistent with the dataset specification, these three zone
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types are combined into a single binary indicator (presence/absence) using the union of
the debris-flow, steep-slope failure, and landslide layers, without distinguishing between
yellow (warning) and red (special-warning) classes. This unified binary indicator was used
to characterize whether a population core cell overlapped with any designated landslide-
related warning zone, rather than to estimate landslide hazard severity or regulatory status.
We hereafter refer to this unified indicator as landslide warning zones.

For each 250 m grid cell i and hazard type h, the dataset provides the following indicators:

• HazardInclusioni,h (0/1): This is 1 if at least one raster pixel within grid cell i is classified
as a hazard zone; otherwise, it is 0. Because the published hazard layers do not cover
all areas uniformly nationwide, HazardInclusion = 0 indicates that no hazard-positive
pixel was identified in the available hazard-zone layer for that cell. It should not be
interpreted as definitive absence of hazard, a complete estimate of hazard absence, or
confirmation that the cell is outside all possible hazard areas.

• HazardCoverageRatioi,h (ranges from 0.000 to 1.000): The ratio of cell i covered by the
hazard, calculated as the ratio of hazard pixels to total pixels in grid i.

HazardCoverageRatioi,h =
Nexposed

i,h

Ntotal
i

Nexposed
i,h : The number of raster pixels within grid cell i that fall inside the hazard zone

of type h.
Ntotal

i : The total number of raster pixels contained within grid cell i.

• HazardExposedPopulationi,h: The estimated exposed population in each 250 m grid
cell, calculated by multiplying the census population (CellPopulationi) of the cell by
HazardCoverageRatioi,h.

HazardExposedPopulationi,h = CellPopulationi × HazardCoverageRatioi,h

2.1.2. Walkability Index (JPWI)

The Japan Postcode-level Walkability Index (JPWI) [15,16] defines a representative
point for each postcode area as the center coordinate of the 250 m grid cell with the largest
population. In this study, this cell is referred to as the population core cell. JPWI is calcu-
lated within a 1 km network-based walking catchment from each postcode representative
point by integrating population density, the diversity of daily life facilities, and street
network connectivity. It therefore captures urban spatial characteristics beyond population
density alone and can be used to characterize urban environments consistently across
Japan. JPWI is available for 113,156 postcode areas across Japan. Figure 2 shows the
histogram of JPWI values. The ranges, counts, and percentages of JPWI quartiles are sum-
marized in Table 2. Figure 3 presents the spatial distribution of JPWI quartiles in the Tokyo
metropolitan area. The national distribution of JPWI quartiles and the supplementary
component-level summary by JPWI quartile are provided in Appendix A, Figure A1 and
Table A1, respectively.

Table 2. Sample size in each JPWI quartile in the original JPWI dataset.

JPWI Quartile JPWI Interval Original JPWI Records, n Percentage (%)

Q1 [−1.848, −0.806) 28,289 25.0%
Q2 [−0.806, 0.041) 28,289 25.0%
Q3 [0.041, 0.764) 28,289 25.0%
Q4 [0.764, 2.589] 28,289 25.0%

Total 113,156 100.0%
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Figure 2. Histogram of JPWI values for all postcode areas in Japan.

Figure 3. Distribution of JPWI quartiles at population core cells in the Tokyo metropolitan area.

2.2. Extraction of Postcode-Level Population Core Cells and Integration with JPWI

For each postcode area, we extracted the 250 m census grid cell corresponding to the
representative point provided in the JPWI dataset and used it as the population core cell.
This population core cell approach was used to ensure spatial consistency with the JPWI
representative point, which is defined as the center coordinate of the most populous 250 m
grid cell within each postcode area. JPWI values and the integrated 250 m grid dataset
of hazard-zone overlap and estimated exposed population (Section 2.1.1) were linked to
these core cells. Because JPWI is defined for postcode areas using this representative point,
rather than as an area-wide average of walkability across the entire postcode area, using the
corresponding population core cell was necessary to maintain spatial consistency between
JPWI and the 250 m grid-based hazard-zone indicators. An analysis using all populated
250 m cells or entire postcode areas would require either treating JPWI as an area-wide
proxy or recalculating walkability-related indicators for alternative spatial units, thereby
changing the analytical unit and scope of the present study. Therefore, the present approach
characterizes hazard-zone overlap and estimated exposed population at postcode-level
population core cells and was not designed to estimate total hazard-zone-based exposure
within entire postcode areas.

https://doi.org/10.3390/su18136821
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After excluding postcode areas for which the corresponding 250 m census grid cell was
unavailable because of confidentiality-related suppression, the final analysis sample com-
prised 106,230 postcode-level population core cells. Table 3 shows the number of original
JPWI records, retained population core cells, excluded records, and retention rates by JPWI
quartile. Excluded records correspond to JPWI records whose representative 250 m census
population grid cells were unavailable because of confidentiality-related suppression. The
overall retention rate was 93.9%, although the retention rate was lower in Q1 than in the
other quartiles. Nevertheless, the retained sample included 23,226 population core cells
in Q1 and more than 27,000 cells in each of Q2–Q4. Therefore, the original JPWI quartile
thresholds were retained to ensure consistency with the published JPWI dataset, while the
potential influence of confidentiality-related exclusion, particularly in Q1, is acknowledged
as a limitation.

Table 3. Retained and excluded postcode-level population core cells by JPWI quartile.

JPWI
Quartile JPWI Interval

Original
JPWI

Records, n

Retained
Core-Cell
Records, n

Excluded
Records, n

Retention
Rate (%)

Q1 [−1.848, −0.806) 28,289 23,226 5063 82.1%
Q2 [−0.806, 0.041) 28,289 27,030 1259 95.5%
Q3 [0.041, 0.764) 28,289 27,787 502 98.2%
Q4 [0.764, 2.589] 28,289 28,187 102 99.6%

Total 113,156 106,230 6926 93.9%
Note: Original records indicate postcode areas included in the published JPWI dataset. Retained core-cell records
indicate records for which the corresponding representative 250 m census population grid cell was available and
linked to the hazard-zone indicator dataset. Excluded records indicate original JPWI records whose corresponding
representative 250 m census population grid cells were unavailable because of confidentiality-related suppression.
Retention rate was calculated as retained records divided by original JPWI records.

Quartile cut points were defined using the original JPWI dataset and then applied
to classify the retained sample. The processed analysis subset used in this study, which
includes postcode-level population core cells and indicators of hazard-zone overlap and
estimated exposed population, has been deposited on Zenodo and is publicly available [27].
JPWI values are not included in this repository because they are part of a separately
published dataset created by other authors.

2.3. Quartile-Stratified Analysis and Bivariate Map Visualization

Population core cells were stratified into JPWI quartiles (Q1–Q4). For each JPWI
quartile and hazard type, we summarized the dataset-derived indicators as follows: (i) the
proportion of core cells with HazardInclusion = 1, (ii) the distribution of HazardCoverageRatio
among cells with HazardInclusion = 1, and (iii) the distribution of HazardExposedPopulation
among cells with HazardInclusion = 1. For HazardInclusion, the proportion was calculated
using all retained population core cells in each JPWI quartile as the denominator. These
proportions indicate the share of retained population core cells in which hazard-positive
pixels were identified in the available hazard-zone layers. They should not be interpreted as
complete estimates of hazard presence or absence, because explicit and nationally consistent
coverage masks were not available for all hazard-zone layers.

For bivariate mapping of HazardCoverageRatio and HazardExposedPopulation, JPWI
quartiles were grouped into three categories: Q1, Q2–Q3, and Q4. Each hazard indicator was
also reclassified into three quartile-based categories: Q1, Q2–Q3, and Q4, using thresholds
derived separately for each hazard type from the national distribution of population core
cells with HazardInclusion = 1. These JPWI and hazard-indicator categories were combined
in a 3 × 3 bivariate scheme. Because the thresholds were defined separately for each hazard
type and indicator, the bivariate maps are intended to support within-hazard interpretation
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of spatial co-distribution patterns, not direct comparison of absolute areal overlap or the
magnitude of estimated exposed population across different hazard types. Maps for the
Tokyo metropolitan area are presented in the main text, whereas nationwide maps are
provided in Appendix B.

2.4. Supplementary Diagnostic, Sensitivity, and Descriptive Analyses

As a supplementary diagnostic analysis, we compared hazard-zone indicators cal-
culated using postcode-level population core-cell records with those calculated using all
populated 250 m census grid cells in selected case-study regions. This comparison was
conducted to examine how the population core-cell representation differs from an all-
populated-cell representation within selected regional contexts. The comparison was used
only as a diagnostic check and was not designed to replace the nationwide core-cell analy-
sis or to provide a comprehensive region-specific exposure assessment. Because JPWI is
defined for postcode representative points rather than for all populated 250 m census grid
cells, the all-cell comparison was not conducted as a JPWI-stratified analysis. The detailed
procedure and results are reported in Appendix C.

As a supplementary local-neighborhood sensitivity analysis, we calculated hazard-
zone indicators using the population core cell itself and the surrounding grid cells with
available census population data within a 3 × 3-cell neighborhood centered on each
postcode-level population core cell. This analysis was conducted to examine whether
the JPWI-stratified patterns observed in the main core-cell analysis were sensitive to the
use of only the representative population core cell. For each population core cell and
hazard type, we calculated the proportion of these cells with HazardInclusion = 1, the mean
HazardCoverageRatio, and the sum of HazardExposedPopulation across these cells. These
local-neighborhood indicators were then summarized by JPWI quartile. JPWI quartiles
were assigned based on the JPWI value of the postcode representative point corresponding
to the central population core cell and were not recalculated for the 3 × 3 neighborhood.
This analysis was not intended to estimate total hazard-zone-based exposure within entire
postcode areas, because the 3 × 3 neighborhood does not necessarily correspond to postcode
boundaries. The results are reported in Appendix D.

As a supplementary descriptive analysis, we also counted, for each population core
cell, the number of hazard-zone types for which HazardInclusion = 1. This count was used
to characterize cases in which multiple hazard-zone types were identified within the same
population core cell in the available hazard-zone layers. It does not represent simultaneous
hazard occurrence, compound hazard processes, cumulative exposure, or multi-hazard
risk. The resulting counts and percentages are reported in Appendix E Table A4, and the
detailed combinations are reported in Appendix E Table A5.

2.5. Computational Environment and Use of Generative AI Tools

Generative AI tools were used as auxiliary tools for computational workflow support
and manuscript preparation. Google Colaboratory (Google Colab; Google LLC, Moun-
tain View, CA, USA) with Python 3.12.13 was used for data analysis and figure prepara-
tion. Google Gemini (Gemini 3 Flash; Google LLC, Mountain View, CA, USA; used in
March–May 2026) was used to assist in generating and revising Python code snippets for
data analysis and figure preparation. The generated code was manually reviewed, modified
where necessary, executed by the authors, and verified against the input datasets and inter-
mediate outputs. ChatGPT (GPT-5.5 Thinking; OpenAI, San Francisco, CA, USA; used in
March–June 2026) and Microsoft 365 Copilot (Think Deeper mode; Microsoft Corporation,
Redmond, WA, USA; used in March–June 2026) were used to support AI-assisted language
checking and wording refinement. The generative AI tools were used only as auxiliary
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tools; the final analytical workflow, results, interpretation, and manuscript content were
determined and verified by the authors. All AI-assisted outputs were manually reviewed
and verified by the authors.

3. Results
This section presents the results of a descriptive national-scale analysis based on the

nationally consistent framework described above, focusing on broad patterns of estimated
population exposure at population core cells across hazard types and walkability-based
urban spatial characteristics.

3.1. Hazard-Zone Inclusion Frequency by JPWI Quartiles

Figure 4 presents the proportion of population core cells in which at least one hazard-
positive pixel was identified for each hazard type, stratified by JPWI quartiles. For flood
inundation, the proportions of core cells with HazardInclusion = 1 in Q2–Q4 (0.351–0.391)
were consistently higher than in Q1 (0.190), indicating that population core cells in higher
JPWI quartiles overlapped more frequently with flood inundation zones than those in Q1.
Although storm surge and tsunami inundation zones are geographically concentrated in
coastal areas and thus exhibit lower absolute proportions, both hazards show an increasing
trend in hazard inclusion with higher JPWI quartiles. In contrast, landslide warning zones
display the opposite pattern: the proportion of included population core cells decreases
with higher JPWI quartiles. Because explicit and nationally consistent coverage masks were
not available for all hazard-zone layers, the reported HazardInclusion proportions should be
interpreted as the proportion of retained population core cells in which hazard-positive
pixels were identified in the available official hazard-zone layers. These proportions should
not be interpreted as complete estimates of hazard presence or absence.

Figure 4. Proportion of retained population core cells with HazardInclusion = 1 by hazard type and
JPWI quartile. Percentages were calculated using the number of retained population core cells in
each JPWI quartile as the denominator; N indicates the number of retained population core cells in
each quartile. The reported percentages represent identified overlap in the available official hazard-
zone layers and should not be interpreted as complete estimates of hazard presence or absence.
HazardInclusion = 0 indicates that no hazard-positive pixel was identified in the available hazard-zone
layer and should not be interpreted as definitive absence of hazard.

3.2. Areal Overlap with Hazard Zones by JPWI Quartiles
3.2.1. Distribution of Areal Overlap (Boxplots)

Figure 5 shows boxplots of HazardCoverageRatio for population core cells with
HazardInclusion = 1, stratified by JPWI quartiles. The number of included cells and de-
scriptive statistics are reported in Table 4. In the boxplots, whiskers represent the minimum
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and maximum values within 1.5 times the interquartile range (IQR) from the first and
third quartiles; outliers are not shown. For flood, storm surge, and tsunami inundation,
both the median and upper-end values of HazardCoverageRatio tend to increase with higher
JPWI quartiles. Conversely, for landslide warning zones, higher JPWI quartiles show lower
medians and narrower distributions, suggesting that overlap with designated landslide
warning zones was more extensive among low-JPWI population core cells.

Figure 5. Distribution of HazardCoverageRatio by JPWI quartile among population core cells with
HazardInclusion = 1. Outliers are not shown for readability. Descriptive statistics are reported in
Table 4.

Table 4. Hazard inclusion frequency and descriptive statistics of HazardCoverageRatio by hazard type
and JPWI quartile.

Hazard-Zone
Type

JPWI
Quartile

Retained
Cells

Included Cells, n (%)
(HazardInclusion = 1)

HazardCoverageRatio
Median IQR P95

Flood
inundation zones

Q1 23,226 4409 (19.0%) 0.274 0.591 1.000
Q2 27,030 9488 (35.1%) 0.616 0.744 1.000
Q3 27,787 10,858 (39.1%) 0.775 0.635 1.000
Q4 28,187 9933 (35.2%) 0.870 0.550 1.000

Storm surge
inundation zones

Q1 23,226 409 (1.8%) 0.391 0.627 0.994
Q2 27,030 1690 (6.3%) 0.806 0.608 1.000
Q3 27,787 3147 (11.3%) 0.927 0.437 1.000
Q4 28,187 5377 (19.1%) 0.984 0.265 1.000

Tsunami
inundation zones

Q1 23,226 2013 (8.7%) 0.231 0.433 0.993
Q2 27,030 3053 (11.3%) 0.496 0.734 1.000
Q3 27,787 3699 (13.3%) 0.666 0.762 1.000
Q4 28,187 3939 (14.0%) 0.871 0.605 1.000

Landslide
warning zones

Q1 23,226 15,023 (64.7%) 0.404 0.463 0.931
Q2 27,030 9643 (35.7%) 0.238 0.450 0.916
Q3 27,787 6091 (21.9%) 0.148 0.329 0.827
Q4 28,187 3356 (11.9%) 0.090 0.216 0.690

Note: Retained cells indicate the number of population core cells included in the analysis after excluding records
affected by confidentiality-related suppression. Included cells indicate the number and percentage of population
core cells with HazardInclusion = 1. Percentages were calculated using the retained cells in each JPWI quartile as
the denominator. These percentages represent identified overlap in the available official hazard-zone layers and
should not be interpreted as complete estimates of hazard presence or absence. The median, IQR, and P95 of
HazardCoverageRatio were calculated among included cells for each hazard type and JPWI quartile. IQR indicates
the interquartile range, and P95 indicates the 95th percentile.
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3.2.2. Spatial Co-Distribution of Areal Overlap (Bivariate Maps)

Figures 6 and 7 illustrate bivariate maps showing the spatial co-distribution between
JPWI categories and HazardCoverageRatio for flood inundation and landslide warning
zones in the Tokyo metropolitan area. Light gray cells indicate population core cells for
which no hazard-positive pixels were identified in the corresponding available hazard-
zone layer. For flood inundation, population core cells with high JPWI (Q4) include both
low and high HazardCoverageRatio categories, indicating heterogeneous spatial overlap.
High-coverage cells in the Q4 HazardCoverageRatio category are particularly concentrated
in major urban areas along Tokyo Bay, as well as in the downstream areas of major rivers
such as the Arakawa, Edogawa, and Tamagawa. These patterns indicate that population
core cells in these regions show relatively greater overlap with flood inundation zones. For
landslide warning zones, high-coverage cells in the Q4 HazardCoverageRatio category are
more frequently associated with low-JPWI population core cells (Q1). This pattern suggests
that population core cells in lower JPWI strata within the mapped area tended to have more
extensive overlap with designated landslide warning zones.

Figure 6. Bivariate classification map of population core cells by JPWI categories and HazardCoverageRatio
for flood inundation in the Tokyo metropolitan area. Green lines indicate coastlines (land–sea
boundaries) used as geographic reference.

3.3. Estimated Exposed Population by JPWI Quartiles
3.3.1. Distribution of Estimated Exposed Population (Boxplots)

Figure 8 shows the distribution of HazardExposedPopulation for each hazard type,
stratified by JPWI quartiles. The number of included cells and descriptive statistics are
reported in Table 5. Across the four hazard types, the median values of HazardExposed-
Population tend to increase with JPWI quartile and are highest in Q4 among population
core cells with HazardInclusion = 1. This pattern suggests that population core cells with
identified hazard-zone overlap in higher JPWI quartiles tended to have larger estimated
exposed populations. Because the estimated exposed population indicator incorporates
cell population, these differences should be interpreted descriptively and in relation to the
HazardCoverageRatio results.
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Figure 7. Bivariate classification map of population core cells by JPWI categories and HazardCoverageRatio
for landslide warning zones in the Tokyo metropolitan area. Green lines indicate coastlines (land–sea
boundaries) used as geographic reference.

Figure 8. Distribution of estimated HazardExposedPopulation by JPWI quartile among population
core cells with HazardInclusion = 1. Outliers are not shown for readability. Descriptive statistics are
reported in Table 5.

3.3.2. Spatial Co-Distribution of Estimated Exposed Population (Bivariate Maps)

Figures 9 and 10 present bivariate maps showing the spatial co-distribution between
JPWI categories and HazardExposedPopulation for flood inundation and landslide warning
zones in the Tokyo metropolitan area. Light-gray cells indicate population core cells for
which no hazard-positive pixels were identified in the corresponding available hazard-
zone layer. For flood inundation zones, high-JPWI population core cells (Q4) frequently
fall into categories with large HazardExposedPopulation, particularly in central and densely
populated parts of the metropolitan area. For landslide warning zones, population core cells
with high HazardExposedPopulation (Q4) appear across multiple JPWI categories, although
their overall distribution is more scattered.
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Table 5. Descriptive statistics of estimated HazardExposedPopulation by hazard type and JPWI quartile.

Hazard-Zone
Type

JPWI
Quartile

Retained
Cells

Included Cells, n (%)
(HazardInclusion = 1)

HazardExposedPopulation

Median IQR P95

Flood
inundation zones

Q1 23,226 4409 (19.0%) 10.1 23.7 68.3
Q2 27,030 9488 (35.1%) 47.4 81.7 207.9
Q3 27,787 10,858 (39.1%) 160.3 229.4 489.0
Q4 28,187 9933 (35.2%) 394.0 479.9 1487.6

Storm surge
inundation zones

Q1 23,226 409 (1.8%) 19.8 39.0 96.9
Q2 27,030 1690 (6.3%) 75.8 101.4 264.0
Q3 27,787 3147 (11.3%) 210.0 248.3 561.0
Q4 28,187 5377 (19.1%) 554.0 701.7 1967.0

Tsunami
inundation zones

Q1 23,226 2013 (8.7%) 8.7 21.6 69.0
Q2 27,030 3053 (11.3%) 44.5 85.2 207.6
Q3 27,787 3699 (13.3%) 125.9 225.6 472.1
Q4 28,187 3939 (14.0%) 382.4 503.7 1529.9

Landslide
warning zones

Q1 23,226 15,023 (64.7%) 10.8 18.0 54.1
Q2 27,030 9643 (35.7%) 20.7 44.3 129.7
Q3 27,787 6091 (21.9%) 32.8 75.5 258.1
Q4 28,187 3356 (11.9%) 51.3 105.9 389.8

Note: Retained cells indicate the number of population core cells included in the analysis after excluding records
affected by confidentiality-related suppression. Included cells indicate the number of population core cells
with HazardInclusion = 1. Percentages were calculated using the retained cells in each JPWI quartile as the
denominator. These percentages represent identified overlap in the available official hazard-zone layers and
should not be interpreted as complete estimates of hazard presence or absence. Median, IQR, and P95 were
calculated for HazardExposedPopulation among included cells for each hazard type and JPWI quartile. IQR indicates
the interquartile range, and P95 indicates the 95th percentile. Values of HazardExposedPopulation are expressed
in persons.

Figure 9. Bivariate map of JPWI categories and HazardExposedPopulation for flood inundation zones
among postcode-level population core cells in the Tokyo metropolitan area. Green lines indicate
coastlines (land–sea boundaries) used as geographic reference.
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Figure 10. Bivariate map of JPWI categories and HazardExposedPopulation for landslide warning zones
among postcode-level population core cells in the Tokyo metropolitan area. Green lines indicate
coastlines (land–sea boundaries) used as geographic reference.

3.4. Overview of Key Results and Supplementary Analyses

As summarized in Figures 4, 5 and 8, and Tables 4 and 5, HazardInclusion, Hazard-
CoverageRatio, and HazardExposedPopulation showed different patterns across JPWI quartiles
by hazard type. Population core cells in high-JPWI strata overlapped more frequently
with flood, storm surge, and tsunami inundation zones, whereas population core cells in
low-JPWI strata overlapped more frequently with designated landslide warning zones.
In addition, among population core cells where spatial overlap with hazard zones was
identified, estimated exposed populations tended to be larger in high-JPWI strata across all
hazard types. However, HazardInclusion results should be interpreted as identified overlap
in the available hazard-zone layers and not as complete estimates of hazard presence or
absence. In addition, the larger estimated exposed populations observed in high-JPWI
strata should be interpreted as descriptive results and not as evidence that walkability itself
independently explains larger exposed populations.

As a supplementary diagnostic comparison, Appendix C, Table A2 compares hazard-
zone indicators calculated using postcode-level population core-cell records with those
calculated using all populated 250 m census grid cells in selected case-study regions. The
comparison showed that the two spatial representations produced generally comparable
but not identical values, with differences varying by hazard type. These results indicate
that the population core-cell approach should not be interpreted as equivalent to an all-
populated-cell representation of broader local areas.

As a supplementary local-neighborhood sensitivity analysis, we examined whether
the JPWI-stratified patterns observed in the main core-cell analysis were sensitive to the
use of only the representative population core cell (Appendix D, Table A3). The 3 × 3-
neighborhood results showed patterns broadly consistent with the main core-cell anal-
ysis. HazardInclusion proportions were similar to the main core-cell proportions, and
although HazardCoverageRatio values were lower in absolute terms, the JPWI-stratified
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tendencies were consistent with the main results. The mean 3 × 3-neighborhood sums of
HazardExposedPopulation also showed patterns consistent with the main findings.

The combinations of identified hazard-zone types within the same population core
cells were further summarized in Appendix E. Most population core cells had zero or one
identified hazard-zone type, while cells with three or four identified hazard-zone types
were relatively uncommon. These counts should not be interpreted as simultaneous or
compound hazard events, cumulative exposure, or compound risk.

4. Discussion
This section discusses the descriptive national-scale patterns of hazard-zone overlap

and estimated exposed population identified in Section 3, derived using the nationally
consistent analytical framework developed in this study. The focus is on differences across
walkability-based urban spatial characteristics represented by JPWI strata. The discussion
remains descriptive rather than causal, because the primary purpose of this study is to
establish a nationally consistent basis for characterizing hazard-zone-based estimated
population exposure across JPWI-defined urban spatial contexts in Japan.

4.1. JPWI and Hazard-Zone Overlap

For flood, storm surge, and tsunami inundation zones, Q2–Q4 generally showed higher
proportions of population core cells with HazardInclusion = 1 than Q1, along with larger me-
dian and upper-quantile values of areal overlap within included cells (HazardCoverageRatio).
In contrast, for landslide warning zones, lower JPWI quartiles showed higher inclusion
proportions, and HazardCoverageRatio values were also larger. These tendencies were also
reflected in the bivariate maps presented in Section 3.2.2 (Figures 6 and 7), with correspond-
ing national maps provided in Appendix B. These results indicate systematic differences in
identified hazard-zone overlap across JPWI strata at the national scale, with contrasting
tendencies across hazard types. The storm surge and tsunami inundation zones analyzed
in this study are geographically concentrated in coastal areas. Therefore, the higher in-
clusion proportions in high-JPWI strata may partly reflect the concentration of high-JPWI
population core cells in coastal urban areas.

These patterns should not be interpreted as evidence that JPWI independently ex-
plains hazard-zone overlap or estimated exposed population. The analysis did not adjust
for topography, coastal location, land use, or other geographic factors. Instead, the ob-
served JPWI-stratified patterns likely reflect the spatial co-distribution of JPWI-defined
urban spatial contexts with Japan’s broader settlement geography, including dense coastal
lowlands and metropolitan areas as well as rural, hilly, or mountainous settlements. In
this sense, the results should be understood as descriptive co-distribution patterns, rather
than as evidence of an independent or causal effect of JPWI on hazard-zone overlap or
estimated exposed population. Although this study does not identify the mechanisms
underlying these co-distribution patterns, it documents where JPWI-stratified differences
are observed and for which hazard types they are most evident. These descriptive findings
may serve as a starting point for future studies examining whether topography, coastal
location, land-use context, and the individual components of JPWI partly account for the
observed JPWI-stratified differences.

The supplementary case-study comparison in Appendix C, Table A2, which used
all populated 250 m census grid cells in selected regions, further supports this cautious
interpretation. In the selected regions, the population core-cell representation and the
all-populated-cell representation produced broadly related but not equivalent values, with
differences varying by hazard type. Core-cell values tended to be higher for several
inundation-related indicators, whereas all-cell values tended to be higher for landslide
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warning-zone overlap. These results indicate that population core cells characterize repre-
sentative population concentrations associated with postcode areas but do not necessarily
represent all populated locations in broader local areas. Accordingly, the JPWI-stratified
results should be interpreted as descriptive patterns at postcode-level population core cells,
not as complete local-area or whole-postcode exposure estimates.

4.2. Exposed Population at Population Core Cells

Section 3.3 showed that estimated exposed populations among included cells differed
across JPWI quartiles in both magnitude (Figure 8) and spatial pattern (Figures 9 and 10).
For flood, storm surge, and tsunami inundation zones, higher JPWI quartiles tended
to have larger estimated exposed populations when spatial overlap with hazard zones
was identified. This pattern is partly expected because the exposed population estimate
incorporates cell population, and JPWI includes a population-density component. However,
these population-related quantities are not calculated over the same spatial unit. The
exposed population estimate is based on the 250 m population core cell, whereas the JPWI
population-density component is based on the 1 km network-based walking catchment
from each postcode representative point. For landslide warning zones, the results should be
interpreted together with the inclusion and coverage patterns. In lower JPWI quartiles, core
cells were more frequently included in landslide warning zones and tended to have larger
areal coverage, but their populations were generally smaller. In higher JPWI quartiles,
overlap with landslide warning zones was less frequent, but when it occurred, larger
core-cell populations could result in greater estimated exposed populations.

Because HazardExposedPopulation is calculated by multiplying HazardCoverageRatio by
the population of each core cell, variation in this indicator reflects both the areal coverage
of hazard zones and the population size of the cell. By reporting HazardCoverageRatio
separately from HazardExposedPopulation, this study helps distinguish, at a descriptive level,
the areal-overlap component of exposure from the cell-population component. In addition,
because JPWI includes population density as one of its components, the larger estimated
exposed populations observed in high-JPWI strata should not be interpreted as evidence
of an independent effect of walkability-related urban characteristics. Rather, they may
partly reflect the population-density component of JPWI and the concentration of dense
settlements, particularly in lowland, coastal, and metropolitan areas.

The JPWI component variables summarized in Appendix A, Table A1, were calculated
within the 1 km network-based walking catchment around each postcode representative
point, whereas HazardExposedPopulation was calculated at the 250 m population core-cell
level. Therefore, the component-level summary should be interpreted as a diagnostic aid
for understanding the population-density component of JPWI, not as a population-adjusted
analysis or a component-level causal assessment.

4.3. Implications for Disaster Preparedness

The JPWI-stratified results provide screening-level baseline information for framing
disaster-preparedness planning questions across different JPWI-defined urban spatial
characteristics and hazard-zone-based exposure patterns. These findings are intended to
support planning and review processes, such as revisions of local disaster management
and evacuation plans, rather than to prescribe specific countermeasures. For forecast- or
warning-based hazards, including flood inundation, storm surge, tsunami inundation,
and landslide-related hazards represented by designated landslide warning zones, the
results may help local governments identify aspects of existing evacuation planning that
require review, including evacuation-center capacity, evacuation modes, route guidance,
and communication arrangements [8,28]. These planning implications are consistent with
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Priority 4 of the Sendai Framework, which emphasizes enhancing disaster preparedness
for effective response. However, the choice of concrete measures should depend on local
conditions and detailed hazard assessments by each local government.

For high-JPWI population core cells overlapping with inundation-related hazard
zones, including flood, storm surge, and tsunami inundation zones, the results suggest
that further review may be warranted regarding the adequacy of evacuation information,
route guidance, signage, assembly points, evacuation sites, and evacuation-center capacity,
particularly where estimated exposed populations are large [8,28–30]. In particular, where
high-JPWI core cells coincide with inundation zones, evacuation route information and
guidance may require periodic review in terms of clarity, visibility, and practical usabil-
ity [29,30]. These considerations are consistent with previous discussions on evacuation
planning and the relationship between walkability and resilience [18,19,28–30].

For low-JPWI population core cells overlapping with designated landslide warning
zones, the results suggest a different set of planning questions. Because these areas may
include more rural, hilly, or less densely settled contexts, further review may be warranted
regarding evacuation timing, possible isolation, mobility constraints, local communication
arrangements, and the siting of evacuation facilities [28,31]. These issues are particularly
relevant when considering staged pre-evacuation for rainfall-related hazards in landslide
warning zones [28,31].

Overall, these findings provide a nationally consistent, screening-level baseline that
may serve as a preliminary reference for reviewing disaster-preparedness planning. Because
this study did not directly measure evacuation behavior, shelter accessibility, road capacity,
travel time, age structure, disability, car ownership, road-network disruption, or other
dimensions of population vulnerability, these implications should be interpreted as indirect
planning considerations rather than direct policy conclusions.

4.4. Contributions of This Study

The main contributions of this study can be summarized in three points. First, this
study provides a nationwide, walkability-stratified characterization of hazard-zone over-
lap and estimated exposed population for four hazard types examined separately, using
postcode-level population core cells as a common spatial unit. By applying this com-
mon spatial unit, the study supports consistent interpretation of indicators derived from
hazard-zone layers across JPWI strata for each hazard type within the stated methodologi-
cal limitations. Prior walkability–hazard research has largely focused on region-specific
analyses, such as studies of the Tokyo metropolitan area [20] or single-site case stud-
ies [21], limiting national-scale characterization based on a common spatial unit. This
study extends prior work by providing a nationwide descriptive baseline within a unified
analytical framework.

Second, this study presents a nationally consistent and reproducible analytical frame-
work that integrates hazard-zone layers, JPWI as a nationwide walkability index, and
population distribution. This framework supports systematic characterization of hazard-
zone-based estimated population exposure across diverse urban spatial characteristics and
provides a screening-level baseline for disaster-preparedness discussions. By building on
openly available source data and archiving the final analysis subset for public release upon
acceptance [27], this study also improves the reproducibility and reusability of the analysis.

Third, within this nationally consistent framework, the three descriptive indicators
in Section 3, namely HazardInclusion, HazardCoverageRatio, and HazardExposedPopulation,
showed that hazard-zone overlap and estimated exposed population vary across JPWI
strata in a hazard-specific manner rather than following a uniform pattern across hazard
types. Flood, storm surge, and tsunami inundation zones generally showed higher pro-
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portions of cells with HazardInclusion = 1 in Q2–Q4 than in Q1, whereas landslide warning
zones showed higher HazardInclusion proportions in low-JPWI quartiles. These contrasting
tendencies indicate that patterns of hazard-zone overlap and hazard-zone-based estimated
population exposure differ by hazard type across walkability-based urban spatial charac-
teristics. Although the analysis is limited to postcode-level population core cells and does
not estimate total hazard-zone-based exposure within entire postcode areas, it provides a
common and nationally consistent baseline for characterizing how designated hazard-zone
overlap and estimated exposed population are distributed across JPWI-defined urban
spatial contexts in Japan.

4.5. Limitations and Future Research

First, the publicly available hazard data used in this study do not necessarily provide
complete nationwide coverage. The analysis relies on published categorical hazard-zone
layers, such as designated flood inundation zones and landslide warning zones, and on
250 m grid population data. In addition, hazard intensity measures, such as inundation
depth for flood, storm surge, and tsunami, or distinctions between warning and special-
warning classes for landslides, were not considered. Therefore, the estimated areal overlap
and estimated exposed population should be interpreted as approximate representations
of hazard-zone-based exposure patterns rather than precise measurements. This study ana-
lyzes overlap with designated hazard-zone layers and does not estimate hazard probability,
expected event frequency, event likelihood, or expected loss. For landslide-related zones,
the results should be interpreted as a broad characterization of overlap with designated
landslide warning zones, not as an assessment of landslide hazard severity, special-warning
status, or regulatory risk level. Because the source hazard-zone layers do not provide uni-
form nationwide coverage and explicit coverage masks were not consistently available, this
study could not reliably distinguish cells outside effective hazard-data coverage from cells
where no hazard-positive pixels were identified. Therefore, HazardInclusion proportions
were calculated using retained population core cells as the denominator and should be
interpreted as indicators of identified hazard-zone overlap in the available hazard-zone
layers, not as complete estimates of hazard presence or confirmed absence.

Second, for each postcode area, we used the 250 m grid cell corresponding to the
JPWI representative point as the “population core cell.” This definition follows the JPWI
framework, in which the representative point is the center coordinate of the most populous
250 m grid cell within a postcode area. Therefore, the results characterize hazard-zone
overlap and estimated exposed population at postcode-level population core cells and
should not be interpreted as estimates of total hazard-zone-based exposure within entire
postcode areas or as detailed site-specific risk assessments. The supplementary 3 × 3-
neighborhood sensitivity analysis in Appendix D provides a local-neighborhood robustness
check, but it does not validate the method against whole-postcode exposure estimates. The
supplementary case-study comparison in Appendix C further showed that core-cell-based
indicators and all-populated-cell indicators were broadly related but not equivalent. Thus,
the main findings should be interpreted as descriptive patterns at postcode-level population
core cells, not as complete local-area or whole-postcode exposure estimates.

Although the case-study comparison in Appendix C included selected regions with
different broad geographic contexts, this study did not conduct a formal nationwide strati-
fication or adjustment by coastal versus inland, lowland versus mountainous, or metropoli-
tan versus non-metropolitan settings. Therefore, the JPWI-stratified patterns may partly
reflect geographic factors related to Japan’s broader settlement geography and should not
be interpreted as effects of JPWI-defined urban spatial characteristics alone. In addition,
confidentiality-related suppression of census grid cells affected Q1 more strongly than the
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other JPWI quartiles, and possible spatial concentration of excluded records remains a limi-
tation. Future research should examine these issues using all populated 250 m cells within
complete local administrative units and nationally consistent geographic stratifications.

Third, the relationships among JPWI, hazard-zone overlap, and estimated exposed
population were analyzed using data from a single point in time; temporal change was
not considered. Previous research [6] has shown that population and household numbers
within designated flood inundation zones in Japan have increased since 1995, highlighting
the importance of finer-scale analyses for understanding population dynamics in areas
within designated hazard zones. Future research could examine the relationship between
JPWI and population change from 2020 onward within designated flood inundation zones,
with possible extension to other hazard zones in subsequent analyses.

Fourth, JPWI includes population density as one of its components, and population is
also used to calculate HazardExposedPopulation. Therefore, the association between higher
JPWI strata and larger estimated exposed populations should not be interpreted as an
independent or causal effect of walkability-related urban characteristics. Rather, the results
characterize hazard-zone-based exposure patterns within JPWI-defined urban spatial con-
texts, which reflect the combined influence of population density, facility diversity, and
street connectivity. By reporting HazardCoverageRatio separately from HazardExposedPop-
ulation, this study helps distinguish, at a descriptive level, the areal-overlap component
from the cell-population component of estimated exposure. However, this separation does
not identify the independent effects of individual JPWI components. This study did not
include land use, elevation, slope, distance to coastline, municipality type, or other geo-
graphic factors that may confound the relationship between JPWI strata and hazard-zone
overlap. In addition, the component-level effects of JPWI, including population density,
facility diversity, and street connectivity, were not estimated separately. Such adjusted
or component-level analyses would require additional datasets and a different modeling
framework and are therefore left for future research.

Building on these limitations, future research should incorporate hazard intensity mea-
sures, analyses using all populated grid cells or entire postcode areas, temporal population
change, geographic covariates, and component-level analyses of JPWI. Such extensions
would support a more nuanced characterization of hazard-zone-based exposure patterns
across hazard types and urban spatial contexts.

5. Conclusions
This study developed a nationally consistent descriptive framework for characterizing

hazard-zone-based estimated population exposure for four hazard types across JPWI-
defined urban spatial contexts in Japan. The analysis was conducted at postcode-level
population core cells and was not designed to estimate total hazard-zone-based exposure
within entire postcode areas. The hazard-zone layers were analyzed separately by hazard
type; therefore, the findings should not be interpreted as a complete assessment of simulta-
neous or compound hazard events, cumulative exposure, or compound risk. In addition,
the analysis was based on overlap with designated hazard-zone layers and did not estimate
hazard probability, expected event frequency, event likelihood, or expected loss.

By using postcode-level population core cells as a common spatial unit, the analysis
supported consistent characterization of hazard-zone inclusion, areal overlap, and esti-
mated exposed population. The results show that higher-JPWI strata generally had more
frequent overlap with flood, storm surge, and tsunami inundation zones than Q1, whereas
low-JPWI population core cells more often overlapped with designated landslide warning
zones. Where hazard-zone overlap was identified, estimated exposed populations tended
to be larger in high-JPWI strata. However, this pattern should be interpreted descrip-
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tively because the exposure estimate incorporates cell population and JPWI includes a
population-density component. It should not be interpreted as an independent effect of
walkability itself.

Overall, the findings indicate that hazard-zone overlap and hazard-zone-based esti-
mated exposed population show consistent differences across JPWI strata at the national
scale in Japan, and that these patterns differ by hazard type. Because the analysis is based
on postcode-level population core cells and available hazard-zone data, the findings should
be interpreted as a national-scale characterization of exposure patterns rather than as esti-
mates of total hazard-zone-based exposure within entire postcode areas or as detailed local
risk assessments. Within these methodological constraints, this study provides a nationally
consistent descriptive baseline for characterizing designated hazard-zone overlap and
estimated exposed population at postcode-level population core cells in Japan. Future
research should extend this framework by incorporating analyses based on all populated
grid cells or entire postcode areas, hazard intensity measures, explicit hazard-data coverage
information, topographic and coastal variables, land-use characteristics, demographic
vulnerability, and evacuation-related indicators.
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250 m grid dataset by restricting the data to postcode-level population core cells consistent with the
JPWI definition. It is publicly available on Zenodo (DOI: 10.5281/zenodo.19313406) (accessed on 18
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Appendix A. National Distribution and Component-Level Summary
of JPWI

Figure A1 provides the national distribution of JPWI quartiles at postcode-level pop-
ulation core cells, complementing the Tokyo metropolitan area map shown in Figure 3.
Table A1 summarizes the JPWI component variables by JPWI quartile for the retained
postcode-level population core-cell records. These component variables were calculated
within the 1 km network-based walking catchment around each postcode representative
point and should not be interpreted as measurements within the 250 m population core
cell itself.

Figure A1. National distribution of JPWI quartiles at postcode-level population core cells.

Table A1. Supplementary component-level summary of JPWI by quartile.

JPWI
Quartile

Retained Core-Cell
Records, n

Population Density Intersection Density Facility-Type Diversity
Median IQR Median IQR Median IQR

Q1 23,226 257.1 212.3 16.3 16.5 1 2
Q2 27,030 800.0 597.3 60.1 38.2 6 4
Q3 27,787 2819.1 1518.5 137.1 47.3 13 4
Q4 28,187 7741.2 5822.9 222.6 67.6 16 2

Note: Values are summarized for retained postcode-level population core-cell records. Population density, inter-
section density, and facility-type diversity are component variables of JPWI and were calculated within the 1 km
network-based walking catchment around each postcode representative point, not within the 250 m population
core cell itself. This table was prepared as a supplementary diagnostic summary to support interpretation of the
relationship between JPWI and HazardExposedPopulation and is not intended to estimate the independent effect of
each JPWI component on HazardExposedPopulation.

Appendix B. National Bivariate Maps
This appendix provides nationwide maps that correspond to the JPWI-stratified haz-

ard analyses presented in the main text. For each hazard type, the figures visualize the
spatial distribution of bivariate categories based on JPWI and either HazardCoverageRatio
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or HazardExposedPopulation at population core cells. These maps serve as supplementary
materials to complement the regional examples shown in the main text and allow readers
to view the JPWI-stratified results at a nationwide scale.

Figure A2. National bivariate map of JPWI categories and coverage ratio of flood inundation zones
among postcode-level population core cells with identified hazard-zone overlap.

Figure A3. National bivariate map of JPWI categories and coverage ratio of storm surge inundation
zones among postcode-level population core cells with identified hazard-zone overlap.
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Figure A4. National bivariate map of JPWI categories and coverage ratio of tsunami inundation
zones among postcode-level population core cells with identified hazard-zone overlap.

Figure A5. National bivariate map of JPWI categories and coverage ratio of designated landslide
warning zones among postcode-level population core cells with identified hazard-zone overlap.
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Figure A6. National bivariate map of JPWI categories and estimated exposed population for flood
inundation zones among postcode-level population core cells with identified hazard-zone overlap.

Figure A7. National bivariate map of JPWI categories and estimated exposed population for storm
surge inundation zones among postcode-level population core cells with identified hazard-zone
overlap.
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Figure A8. National bivariate map of JPWI categories and estimated exposed population for tsunami
inundation zones among postcode-level population core cells with identified hazard-zone overlap.

Figure A9. National bivariate map of JPWI categories and estimated exposed population for desig-
nated landslide warning zones among postcode-level population core cells with identified hazard-
zone overlap.

Appendix C. Supplementary Case-Study Comparison Using All
Populated 250 m Census Grid Cells

The selected case-study regions were Tokyo Metropolis, Osaka Prefecture, Shizuoka
Prefecture, and Nagano Prefecture. These regions were selected to provide a supplementary
diagnostic comparison across different broad geographic contexts. Tokyo Metropolis

https://doi.org/10.3390/su18136821

https://doi.org/10.3390/su18136821


Sustainability 2026, 18, 6821 27 of 31

and Osaka Prefecture were used as examples of metropolitan coastal contexts, Shizuoka
Prefecture as an example of a coastal and mountainous context, and Nagano Prefecture
as an example of an inland mountainous context. Tokyo Metropolis was treated as a
prefecture-level administrative unit and therefore includes its island municipalities. For
each selected region and hazard type, hazard-zone indicators were calculated separately
for postcode-level population core-cell records and for all populated 250 m census grid
cells in the region. We summarized the number of analysis units, the proportion of units
with HazardInclusion = 1, mean HazardCoverageRatio, and mean HazardExposedPopulation
per analysis unit. JPWI quartiles were not assigned to all populated 250 m census grid cells
because JPWI is defined for postcode representative points and their 1 km network-based
walking catchments, not for all populated cells. Therefore, this comparison should be
interpreted as a diagnostic check of spatial representation rather than as a replacement for
the nationwide postcode-level population core-cell analysis.

Table A2. Supplementary case-study comparison between postcode-level population core-cell records
and all populated 250 m census grid cells in selected regions.

Case-Study
Region

No. of Analysis Units, n
Hazard

Type

Proportion of Cells with
HazardInclusion = 1

Mean
HazardCoverageRatio

Mean
HazardExposedPopulation,

Persons per Cell

Core-Cell
Records

All
Populated

Cells
Core-Cell

All
Populated

Cells

Diff.
(All-Core) Core-Cell

All
Populated

Cells
Core-Cell

All
Populated

Cells

Tokyo
Metropolis 1650 17,542

Flood 0.310 0.285 −0.024 0.231 0.201 389.4 221.3
Storm
surge 0.241 0.194 −0.047 0.183 0.151 340.3 186.4

Tsunami 0.005 0.008 0.003 0.002 0.002 0.2 0.1
Landslide 0.179 0.246 0.067 0.040 0.053 12.5 8.5

Osaka
Prefecture 3341 15,889

Flood 0.255 0.249 −0.006 0.149 0.135 154.4 104.7
Storm
surge 0.198 0.161 −0.037 0.170 0.132 200.8 120.2

Tsunami 0.112 0.102 −0.010 0.076 0.068 95.2 62.7
Landslide 0.130 0.184 0.054 0.034 0.047 10.6 8.8

Shizuoka
Prefecture 2713 25,140

Flood 0.386 0.310 −0.076 0.233 0.180 77.0 33.2
Storm
surge 0.087 0.052 −0.035 0.038 0.022 12.7 4.7

Tsunami 0.136 0.112 −0.024 0.072 0.056 22.7 9.5
Landslide 0.351 0.406 0.055 0.126 0.129 16.5 8.6

Nagano
Prefecture 1396 24,994

Flood 0.144 0.135 −0.009 0.095 0.077 28.1 9.6
Storm
surge 0.000 0.000 0.000 0.000 0.000 0.0 0.0

Tsunami 0.000 0.000 0.000 0.000 0.000 0.0 0.0
Landslide 0.437 0.500 0.064 0.197 0.223 24.6 11.1

Note: This supplementary case-study comparison was conducted as a diagnostic analysis and was not intended
as a full national reanalysis. Core-cell values were calculated using postcode-level population core-cell records,
whereas all-cell values were calculated using all populated 250 m census grid cells in each selected case-study
region. JPWI quartiles were not assigned to all populated cells because JPWI is defined for postcode representative
points, not for all populated 250 m census grid cells. In some regions, multiple postcode-level records share
the same 250 m population core cell. The difference in HazardInclusion was calculated as the all-cell proportion
minus the core-cell proportion. The proportion of units with HazardInclusion = 1 indicates identified overlap in the
available official hazard-zone layers and should not be interpreted as a complete estimate of hazard presence or
absence. Mean HazardExposedPopulation per analysis unit should not be interpreted as total exposure within the
selected regions.

Appendix D. Supplementary 3 × 3-Neighborhood Sensitivity Analysis
The 3 × 3-neighborhood sensitivity analysis showed JPWI-stratified patterns broadly

consistent with the main core-cell analysis. The 3 × 3-neighborhood mean HazardInclusion
proportions were similar to the main core-cell proportions. The 3 × 3-neighborhood
mean HazardCoverageRatio values were lower than those in the main analysis because
grid cells with no identified hazard-zone overlap were included in the average, but the
JPWI-stratified tendencies were consistent. The average of the 3 × 3-neighborhood sums
of HazardExposedPopulation also showed patterns consistent with the main findings, while
reflecting the larger local-neighborhood spatial unit and the population-size component of
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the exposure estimate. Therefore, the 3 × 3-neighborhood indicators should be interpreted
as local-neighborhood hazard indicators around JPWI-classified population core cells.

Table A3. Supplementary 3 × 3-neighborhood sensitivity analysis of hazard-zone indicators by
JPWI quartile.

Hazard-Zone
Type

JPWI
Quartile

HazardInclusion Mean 3 × 3-Neighborhood
HazardCoverageRatio

Mean 3 × 3-Neighborhood Sum of
HazardExposedPopulationCore-Cell 3 × 3 Mean Difference

Flood
inundation

zones

Q1 0.190 0.190 0.001 0.076 9.7
Q2 0.351 0.353 0.002 0.202 92.4
Q3 0.391 0.393 0.002 0.247 432.3
Q4 0.352 0.354 0.001 0.241 1234.8

Storm surge
inundation

zones

Q1 0.018 0.017 −0.001 0.008 1.3
Q2 0.063 0.060 −0.002 0.039 21.9
Q3 0.113 0.113 −0.001 0.081 153.1
Q4 0.191 0.191 0.000 0.150 942.7

Tsunami
inundation

zones

Q1 0.087 0.085 −0.002 0.026 3.6
Q2 0.113 0.110 −0.003 0.053 27.4
Q3 0.133 0.133 0.000 0.075 125.9
Q4 0.140 0.141 0.001 0.093 476.9

Landslide
warning

zones

Q1 0.647 0.638 −0.009 0.253 21.8
Q2 0.357 0.353 −0.003 0.109 44.9
Q3 0.219 0.229 0.009 0.057 87.6
Q4 0.119 0.128 0.008 0.025 92.7

Note: The 3 × 3-neighborhood analysis was conducted as a local-neighborhood sensitivity check and was not
intended to estimate total hazard-zone-based exposure within entire postcode areas. The mean 3 × 3-neighborhood
HazardInclusion proportion represents the average proportion of grid cells with HazardInclusion = 1 among the
population core cell itself and the surrounding grid cells with available census population data within the 3 × 3
neighborhood. The difference was calculated as the mean 3 × 3-neighborhood HazardInclusion proportion minus
the main core-cell HazardInclusion proportion. The mean 3 × 3-neighborhood HazardCoverageRatio includes grid
cells within the 3 × 3 neighborhood with no identified hazard-zone overlap. The mean 3 × 3-neighborhood sum
of HazardExposedPopulation represents the average, across population core-cell records, of the summed estimated
exposed population in the grid cells included in the 3 × 3 neighborhood. It should not be directly compared
with the core-cell value as an equivalent spatial unit. JPWI quartiles refer to the JPWI value of the postcode
representative point corresponding to the central population core cell. JPWI was not recalculated for the 3 × 3
neighborhood, and neighboring cells were not assigned their own JPWI values. Therefore, the 3 × 3-neighborhood
indicators should be interpreted as local-neighborhood hazard indicators around JPWI-classified population core
cells, not as indicators calculated over the same spatial unit as JPWI.

Appendix E. Combinations of Identified Hazard-Zone Types
As a supplementary descriptive analysis, we counted the number of identified hazard-

zone types for each population core cell. This count was calculated by summing the four
binary HazardInclusion indicators for each cell and was summarized by JPWI quartile
(Table A4). This analysis was intended to describe cases in which multiple hazard-zone
types were identified within the same population core cells in the available hazard-zone
layers, not to assess simultaneous or compound hazard events, cumulative exposure, or
compound risk.

Across all JPWI quartiles, most population core cells had either zero or one identified
hazard-zone type. Cells with three or four identified hazard-zone types were relatively
uncommon, although the proportion of cells with three identified hazard-zone types
was higher in Q4 than in Q1. These results indicate that multiple hazard-zone types
were identified within some population core cells, but the patterns should be interpreted
cautiously because the four hazard-zone layers differ in scenario assumptions, designation
criteria, and spatial coverage.

Table A5 reports the detailed combinations of identified hazard-zone types within
population core cells. These combinations correspond to the counts of zero to four identified
hazard-zone types summarized in Table A4. As with Table A4, the combinations should be
interpreted as cases in which multiple hazard-zone types were identified within the same
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population core cells in the available hazard-zone layers, not as evidence of simultaneous
or compound hazard events, cumulative exposure, or compound risk.

Table A4. Number and percentage of identified hazard-zone types at population core cells by
JPWI quartile.

JPWI
Quartile

Retained
Core-Cell
Records, n

0 Types, n (%) 1 Type, n (%) 2 Types, n (%) 3 Types, n (%) 4 Types, n (%)

Q1 23,226 5590 (24.1%) 13,753 (59.2%) 3560 (15.3%) 311 (1.3%) 12 (0.1%)
Q2 27,030 9024 (33.4%) 13,047 (48.3%) 4097 (15.2%) 816 (3.0%) 46 (0.2%)
Q3 27,787 10,282 (37.0%) 12,553 (45.2%) 3708 (13.3%) 1150 (4.1%) 94 (0.3%)
Q4 28,187 13,051 (46.3%) 9515 (33.8%) 3847 (13.7%) 1700 (6.0%) 74 (0.3%)

Note: The number of hazard-zone types was calculated by summing the four binary HazardInclusion indicators
for flood inundation zones, storm surge inundation zones, tsunami inundation zones, and landslide warning
zones for each population core cell. Percentages were calculated using retained cells in each JPWI quartile as
the denominator. A value of 0 types indicates that no hazard-positive pixels were identified in the available
hazard-zone layers and should not be interpreted as definitive absence of hazard. Because the hazard-zone layers
differ in scenario assumptions, designation criteria, and spatial coverage, the counts should be interpreted as the
number of hazard-zone types identified within the same population core cell, not as evidence of simultaneous or
compound hazard events, cumulative exposure, or compound risk.

Table A5. Detailed combinations of identified hazard-zone types at population core cells by
JPWI quartile.

Hazard-Zone Combination No. of
Types Overall, n (%) Q1, n (%) Q2, n (%) Q3, n (%) Q4, n (%)

No identified overlap 0 37,947 (35.7%) 5590 (24.1%) 9024 (33.4%) 10,282 (37.0%) 13,051 (46.3%)
Flood only 1 21,260 (20.0%) 2024 (8.7%) 6221 (23.0%) 7388 (26.6%) 5627 (20.0%)
Storm surge only 1 1633 (1.5%) 15 (0.1%) 158 (0.6%) 510 (1.8%) 950 (3.4%)
Tsunami only 1 2438 (2.3%) 374 (1.6%) 672 (2.5%) 849 (3.1%) 543 (1.9%)
Landslide only 1 23,537 (22.2%) 11,340 (48.8%) 5996 (22.2%) 3806 (13.7%) 2395 (8.5%)
Flood + storm surge 2 2908 (2.7%) 35 (0.2%) 392 (1.5%) 809 (2.9%) 1672 (5.9%)
Flood + tsunami 2 1689 (1.6%) 76 (0.3%) 353 (1.3%) 670 (2.4%) 590 (2.1%)
Flood + landslide 2 1767 (1.7%) 47 (0.2%) 258 (1.0%) 500 (1.8%) 962 (3.4%)
Storm surge + tsunami 2 5529 (5.2%) 2144 (9.2%) 2000 (7.4%) 999 (3.6%) 386 (1.4%)
Storm surge + landslide 2 475 (0.4%) 48 (0.2%) 126 (0.5%) 206 (0.7%) 95 (0.3%)
Tsunami + landslide 2 2844 (2.7%) 1210 (5.2%) 968 (3.6%) 524 (1.9%) 142 (0.5%)
Flood + storm surge + tsunami 3 2476 (2.3%) 42 (0.2%) 310 (1.1%) 688 (2.5%) 1436 (5.1%)
Flood + storm surge + landslide 3 237 (0.2%) 17 (0.1%) 60 (0.2%) 88 (0.3%) 72 (0.3%)
Flood + tsunami + landslide 3 363 (0.3%) 59 (0.3%) 106 (0.4%) 122 (0.4%) 76 (0.3%)
Storm surge + tsunami +
landslide 3 901 (0.8%) 193 (0.8%) 340 (1.3%) 252 (0.9%) 116 (0.4%)

Flood + storm surge + tsunami
+ landslide 4 226 (0.2%) 12 (0.1%) 46 (0.2%) 94 (0.3%) 74 (0.3%)

Note: Combinations of identified hazard-zone types were defined using the four binary HazardInclusion indicators
for flood inundation zones, storm surge inundation zones, tsunami inundation zones, and landslide warning
zones. Percentages in the “Overall” column were calculated using all retained population core cells as the
denominator, whereas percentages in the JPWI quartile columns were calculated using retained cells in each JPWI
quartile as the denominator. “No identified overlap” indicates that none of the four HazardInclusion indicators
equaled 1 and corresponds to 0 identified hazard-zone types in Table A4; it should not be interpreted as the
definitive absence of hazard. As with Table A4, these combinations should be interpreted as cases in which
hazard-zone types were identified within the same population core cells in the available hazard-zone layers, not
as evidence of simultaneous or compound hazard events, cumulative exposure, or compound risk.
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