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Abstract: Developing countries in the global south that contribute less to climate change have suffered
greater from its impacts, such as extreme climatic events and disasters compared to developed
countries, causing climate justice concerns globally. Ho Chi Minh City has experienced increased
intensity and frequency of climate change-induced urban floods, causing socio-economic damage that
disturbs their livelihoods while urban populations continue to grow. This study aims to establish a
citywide flood risk map to inform risk management in the city and address climate justice locally. This
study applied a flood risk assessment framework integrating a coupled nature–human approach and
examined the spatial distribution of urban flood hazard and urban flood vulnerability. A flood hazard
map was generated using selected morphological and hydro-meteorological indicators. A flood
vulnerability map was generated based on a literature review and a social survey weighed by experts’
priorities using the Fuzzy Delphi Method and Analytic Network Process. Vulnerability indicators
including demographic characteristics, infrastructure, and land use patterns were used to generate a
flood vulnerability map. The results illustrate that almost the entire central and northeastern parts
of the city are at high flood risk, whereas the western part is at low flood risk. The findings have
implications in urban planning via identifying risk hot spots in order to prioritize resources for
mitigating hazards and enhancing community resilience to urban floods.

Keywords: Fuzzy Delphi Method; analytical network process; flood hazard; vulnerability; flood risk;
Ho Chi Minh City

1. Introduction

In the global climate change forum, climate justice is a great concern for countries that
contribute less to greenhouse gas emissions yet suffer more from climate change impacts.
Developing countries in the global south, such as Vietnam, are facing climate justice on top
of urbanization challenges. Ho Chi Minh City (HCMC, formerly known as Saigon before
1975), the largest city in Vietnam with a population of over eight million, is the economic
engine of the country. The city has contributed tremendously to the economic development
and process of industrialization in southern Vietnam and north to the Mekong Delta since
the late 1980s in a liberalization process known as “Ðổi mới” in Vietnamese [1,2]. In the
meantime, the increased disparity of economic opportunities between rural and urban ar-
eas compounded with a lack of comprehensive growth management and land use policies
across the country [3] have resulted in fluxes of migrants from the countryside to cities
over time and accelerated the urbanization process in the HCMC metropolitan area [2].
Anthropogenic activities in the urbanization process have made significant impacts on the
degradation of ecosystem structures and functions. The increased urban development has
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led to a notable amount of land cover change from vegetation to compacted impervious
surfaces (i.e., asphalt, concrete, pavers, building footprints) [2,4,5], resulting in the loss
of regulatory ecosystem services for flood mitigation [6]. Unsustainable and imbalanced
development continue to aggravate risks and make the city more vulnerable to disasters [7].
Climate change presents a particular challenge to urban areas and their expanding popula-
tions [8]. Combined with uncertainty in the increased probability of extreme storm events,
typhoons, and climate change-induced flooding [9–17], more communities are likely to
be exposed to flooding hazards and suffer from losses and disruptions from disasters.
The greatest hits are in vulnerable communities and developing cities, where government
investment for public stormwater infrastructure, flood-proof buildings, and risk manage-
ment services have not met the needs in local communities and population growth [18],
posing climate justice and urban resilience concerns in cities [19,20]. In addition, coastal
areas and deltas are exposed to sea-level rises and greater water level changes due to
climate change, resulting in a higher probability of floods occurring in these flood-prone
regions [21]. Consequently, combined factors of high population concentration and low
investment in infrastructure upgrades have increased flood risks in urbanized areas in
Vietnam [22].

HCMC reflects a climate justice city for studying vulnerability to urban floods under
climate change impacts [23]. The extent of flooding in HCMC has increased in recent years.
In 2008, a total number of citywide submerged locations reached 126 points [24], where
urban development construction projects have increased 8-fold, and the population has
doubled since the 1990s [25]. In 2009, 235 of the total 322 communes and wards were
flooded, regularly affecting about 971,000 inhabitants (12% of the city’s population) and
covering nearly 140,000 ha (68% of the city area) [26]. Due to the constantly extending
impervious surface, the city added 23 more new flooded sites in 2014 [24]. Under climate
change scenarios, urban floods are projected to affect 30 more communities, adding to total
flood-prone areas to be 71% of the city’s residential areas and affecting 48% of the city
population by 2050 [26]. Each year, it is estimated that the damage caused by inundation
in the city is more than 1500 billion VND (65 million USD) [27]. The city’s transportation
network is predicted to be exposed to damage or disruption due to extreme and frequent
floods. Economic disruption could be devastating by preventing workers from reaching
the workplace, and goods cannot be supplied. In case of sewage system overflows in flood
events, the spread of pathogens such as cholera and diarrhea would exist, which endangers
public health when people contact contaminated water sources [26].

Currently, there is a lack of comprehensive study on future urban flooding and its
socio-economic impacts in HCMC’s official reports. Understanding of urban flooding vul-
nerability and spatial relationship is crucial to facilitate better mitigation and preparedness
policies in urban planning and design and to address climate justice in cities [19,20,28].
This project aims to provide an urban flooding vulnerability assessment framework and
create an urban flood risk map for HCMC in order to inform urban planners for policy
making to build urban resilience and address climate justice in communities.

2. Study Area

HCMC is a low-lying coastal metropolis situated in the southern region of Vietnam [23]
within the northern boundary of the Mekong Delta [25] in the Saigon River Basin [29]
(Figure 1), with an urban area of 494.01 km2. However, 65% of the city’s territory is located
between 0 and 1.5 m [25], exposing to high tidal events [23]. In addition, HCMC is in a
tropical monsoon climate characterized by two distinct wet (May to November) and dry
seasons [23,30], with a period of heavy precipitation between September and October [23].
According to the city’s 11 meteorological measuring stations collecting data for the Center
for Hydro-Meteorological Data of Vietnam, the annual average precipitation in HCMC is
about 1900 mm. Heavy rains exceeding 100 mm has become more frequent in the recent
decade, which remarkably increased from five to 20 events per year between 2009 and
2018. Associated with poor sewage infrastructure, the intensity of heavy precipitation
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intensity makes this megacity vulnerable to urban flash and pluvial floods [31] in addition
to seasonal riparian and coastal tidal floods [24]. A total of 66 tidal events that exceeded
alert level III (level of river water rises over 1.6 m) has continuously occurred over three
years 2017–2019, including record-high peak events at Saigon and Dong Nai Rivers. The
combined tidal, riparian, and pluvial floods have caused severe inundation and threatened
the livelihood of the communities [32].
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Figure 1. The land use map of Ho Chi Minh City, Vietnam, in 2018.

3. Methods
3.1. Coupled Nature–Human Flood Risk Assessment Framework

The coupled nature–human flood risk assessment framework aims to integrate social
and ecological factors that are critical in identifying place-based flood hazard exposures and
vulnerability [33,34] (Figure 2). Flood hazards are defined by a high probability of being
inundated with floodwater over a specified duration [35–39]. Flood hazard assessment
comprises selective geomorphological and hydro-meteorological variables [40–43]. Vul-
nerability refers to the intrinsic sensitivity of a component at risk exposed to hazards plus
the adaptive capacity to cope with impacts from disasters [44]. Flood vulnerability encom-
passes human development, infrastructural susceptibility, and resilience capacity [41,45]
(Table 1).
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Figure 2. The coupled nature–human flood risk assessment framework.

In order to understand the flood risk at a local level, we engaged stakeholders to
reflect on the geographical and climatic characteristics of the place, extreme weather and
associated environmental degradation patterns, impacts from rapid population growth,
and unplanned urbanization combined with socio-economic conditions in the development
history and aspirations of HCMC, providing fundamental information to urban planners
to prioritize potential resources for reducing urban flood. A social survey was conducted
from 1 January to 15 February 2020 in HCMC. Six stakeholders who participated in
this study include university researchers who often provide scientific data and policy
recommendations to the city in the fields of agriculture, water resources management,
land management, GIS and remote sensing, water resources, and environment in state
research institutes. According to the interviews, three dimensions related to the urban
flood in HCMC—natural condition, human development, and land use management—
related to flooding in HCMC. The natural condition includes topography and extreme
weather events associated with flooding conditions [23,24]. Human development refers to
increased population density and the needs for infrastructure construction and updates
for enhancing coping capacity with floods [24]. Governmental weakness demonstrates the
unsustainability in land use management, which can be observed by the misuse of urban
planning [3].

There are three government projects (S) that represent current flood management
strategies: (S1) Drainage system improvement in Ho Chi Minh City drainage system master
plan up to 2020 [46]; (S2) Water retention pool in Ho Chi Minh City drainage system master
plan up to 2020 [46]; (S3) Tidal control gate to mitigate tidal flooding in Ho Chi Minh City
considering climate change factors (phase 1) [47]. These projects are in the pipeline and are
expected to be effective flood mitigation and adaptation strategies in terms of reducing the
frequency of flood disasters and adverse effects of flooding impacts.

The Fuzzy Delphi Method (FDM) was used to select critical indicators based on
stakeholders’ judgments. Furthermore, Analytic Network Process (ANP) using the weight-
based evaluation was used to establish a ranking for indicators and adaptation strategies.
Moreover, geographic information systems (GIS) and remote sensing data were used
to process and standardize each indicator and produce spatial layers. The results were
combined with the weighted indicators to create flood hazard and flood vulnerability maps,
respectively, and a composite map for assessing flood risk.
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Table 1. The list of flood hazard and vulnerability indicators identified for HCMC.

Dimension Indicator Source Justification (Flood-Related Relationship) References

Natural condition Elevation NASA (−) Low-lying terrain is more likely to be
flooded by water flowing from higher into
lower altitude areas.

[4,48–50]

Slope NASA (−) The slope affects the flow rate of the water.
An area with a more rough slope causes the
water to flow speedily where the slope is more
gentle.

[18,51]

Distance to river * NASA (−) Areas further from the river basins have
less possibility of floods, while overflowing
water from major rivers often causes flooding
in neighboring areas.

[49,51,52]

Heavy rainfall * CHMD (+) If natural watercourses beyond the coping
capacity to convey the excess precipitation
during heavy rains, flooding will occur and
devastate the areas it sweeps through.

[42,53]

Tidal level * ICOE (+) Influenced by the semi-diurnal tidal waves
and high flows from upstream rivers, the river
basins are prone to inundation due to the
overflow of high tide.

[24,54,55]

Human development Population growth rate HCSO (+) In areas where the urbanization process is
strongly perusing, the rapid population growth
has both an effect on soil structure and
vegetation and overloading the drainage
system.

[56]

Population density * HCSO (+) The increasing rate of population density
along the riverine floodplain is observed
positively related to the likelihood of flood
vulnerability, leading to the expansion of the
impervious area.

[2,41]

Distance to dike system * ICOE (−) Areas sheltered by dikes receive effectively
physical and human protection from a
hydraulic infrastructure in recurrent riverine
flooding.

[57,58]

Land use management Forests USGS (−) Forests function to prevent flooding from
upstream rivers and mangroves to reduce the
influence of tides from the sea, which pushes
the rise of river water.

[59–61]

Loss of forest areas USGS (+) Deforestation loses natural shields from the
influence of floods. The intensity of floods
occurs stronger in areas with deforestation.

[59]

Agricultural lands USGS (−) The temporary absorption of runoff on the
surface of agricultural land through the
permeability of the soil structure increases the
likelihood of flood reduction.

[62]

Loss of agricultural lands USGS (+) The agricultural land of HCMC noticeably
decreased between 2010 and 2017. The
encroachment reduces the agricultural land and
increases problems overwhelming urban floods.

[63]

Loss of water bodies * USGS (+) The encroachment of construction schemes
along water bodies on natural water bodies is
directly proportional to the occurrence of floods.
This could be due to the loss of natural flooding
protection systems.

[64]

CHMD = Center for Hydro-Meteorological Data; ICOE = Institute of Coastal and Offshore Engineering; HCSO = Ho Chi Minh City
Statistical Office; NASA = United States National Aeronautics and Space Administration; USGS = United States Geological Survey. * means
criteria mentioned by more than 80% of stakeholders.
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3.2. Establish Stakeholder-Driven Ranked Indicators

In order to rank and prioritize indicators, several methodologies have been imple-
mented in disaster adaption, particularly flood management, including the Fuzzy Delphi
Method (FDM) [65], which is an Analytic Network Process (ANP) approach [66]. The ANP
is a theory for measuring intangible parameters relative to one another. The process should
be used to make multicriteria assessments that include incentives, opportunities, expenses,
and hazards. The principles are built in stages and contrasted with real-life judgment ex-
amples [67]. Based on interdependent relationships between indicators, the model of ANP
is prospective in ranking indicators of community and creating weight-based indicators
more accurately through a network process. The fuzzy Delphi with set theory approach is
an improved Delphi variant using triangulation statistics to distinguish consensus among
stakeholders [68]. The effectiveness of the standard Delphi approach could be significantly
upgraded by applying the algorithms and adding the dual triangular fuzzy number [69].
This enables the amended algorithm to incorporate stakeholders’ opinions more accurately
and shape a consensus, eliminating asking stakeholders repeatedly. Since missing or
unreliable data create specific judgment problems, it is best to display data rather than
definitive figures, and fuzzy sets are used to analyze stakeholders’ opinions [70,71]. Studies
combined the FDM with the ANP as an evaluation framework to provide a paradigm for
assessing criteria. First, various abstruse and qualitative parameters can be simplified into
basic and representative measurement criteria using the objective quantitative formula of
FDM. Secondly, ANP can expose the interdependent relationships of the problem by using
variables derived by FDM [72].

3.3. Selecting Indicators Using Fuzzy Delphi Method

We began our quest by seeking scientists acquainted with environmental science,
landscaping, water resources, land management, geographic information system, remote
sensing, and agriculture through the “snowball sampling” technique [73]. A group of 20
indigenous researchers with an average of 15 years of seniority in related studies or teaching
experience was formed: 15 are teaching at universities, and 5 belong to governmental
research institutes. We sent questionnaires on 29 April 2020 and received 17 responses until
30 June 2020. Eliminating three invalid responses, a total of 14 valid responses were used
for analysis.

The social survey includes an FDM questionnaire in three sections. The first section
explained the study purposes and illustrated a hierarchical structure of the proposed flood
risk assessment framework, which was followed by a brief introduction to FDM, including
examples of how the method is used to select indicators. The second section illustrated the
importance of identifying indicators through both qualitative and quantitative evaluation.
In qualitative judgment, stakeholders may choose either the “important” or “remove”
option for each indicator. The quantitative judgment was based on a Likert scale between
0 and 10, whereas 0 indicates the least important and 10 indicates the most important
indicator [74]. The last section was designed to collect personal information.

According to the given Likert scale, each stakeholder provided the interval values
of importance based on his individual judgments for each evaluation criterion, which is
denoted by i in the second section. Subsequently, a minimum interval value is defined
to indicate “the most conservative cognition (Ci

L)” of a quantified criterion. In contrast,
the highest interval value specifies “the most optimistic cognition (Oi

U)” [75,76]. To test
the consensus among stakeholders, we applied the following parameters defined by Chou
et al. in 2014 [75]: minimum Ci

L, maximum Ci
U, and geometric mean Ci

M of “the most
conservative cognition” and the parameters of minimum Oi

L, maximum Oi
U, and geometric

mean Oi
M of “the most optimistic cognition” [75]. The FDM survey is considered complete

when the indicators achieve convergence (each verification value is greater than 0) because
of the consistency in stakeholders’ consensus. Moreover, the importance of each indicator
is directly proportional to the value of Ci. The standard threshold value was determined
by the proposed Likert scale and each stakeholder’s point of view, affecting the number
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of important indicators that are selected from the evaluation results using the FDM. This
study calculated a threshold determined by the multiplication of arithmetic mean of expert
consensus (Gi) with a constant of 90% [75]. Consequently, the value of indicators below the
threshold would be removed from the results.

3.4. Prepare Spatial Layers of Indicators
3.4.1. Natural Condition

Topography is a critical geographical characteristic for defining flood hazards [77].
The high spatial resolution of remote sensing is critical to reproduce place-based flood
dynamics [78,79]. Due to the flexibility in representing terrain for multiple landforms [80]
and being widely used in mapping flood-prone areas [41,81–83], the Advanced Spaceborne
Thermal Emission and Reflection Radiometer (ASTER) Global Digital Elevation Model
Version 3 (GDEM) obtained via NASA Earthdata was employed to estimate an elevation
map corresponding to the scale of 1:600,000 with moderate spatial resolutions of 30 × 30 m,
which is a resolution used throughout this study. Then, this GDEM was used for generating
a slope map with the measurement of the degree unit.

GDEM was also used to extract the area boundaries of the river system [77,84]. The
grading approach used to approximate a raster map for distance to river was generated
by the ArcGIS Euclidean Distance tool. For mapping heavy rainfall distribution, nine
meteorological stations distributed around HCMC were selected as well as measured values
of monthly precipitation in the period of 2010–2019. Considering the rainfall observations in
the city, an approach of recurrence intervals of eight years (approximately 100 months) was
applied to calculate based on the total monthly precipitation for each station [85] associated
with the rainfall intensities up to 674.68 mm. Identifying the probability of occurrence and
recurrence intervals can represent a long-term series and statistical inferences of occurred
heavy rainfall [86,87]. Then, the rainfall distribution across the study area was constructed
through a geostatistical interpolation tool that interpolates a surface from points using an
inverse distance weighted (IDW) technique [45,53].

The hydrogeomorphic models have flourished in many studies based on the increasing
impetus available to the GDEM [88–91]. These models delineated the areas subjected to
inundation through a direct comparison between the states of a river and the surrounding
terrain elevation automatically. This study collected the measured record of daily tidal
levels from 2017 to 2019 through the hydrological stations distributed across the city and
calculated a maximum (1.8 m), a minimum (−2.50 m), and an average (0.31 m), respectively.
Based on this calculation, we reclassified the GDEM into five classes using a scale from 1 to
5 associated with the extent of flood vulnerability [41]. Since the default value of GDEM is
integers and other accompanying factors combining the tide level raises such as heavy rain
were considered, we ranked the value of GDEM as 0: very high, 1: high, 2: moderate, 3:
low, and higher than or equal to 4: very low.

3.4.2. Human Development

The population density (persons/km2) of 24 districts in 2018 was collected from the
Statistics Office of HCMC and then processed in the ArcGIS. A dike system stretching
along the riverside was used as an indicator for the fighting-calamity capability of flood
control projects and had the function of protecting residents and highly concentrated asset
values [92,93]. A map of the dike system was provided by the Institute of Coastal and
Offshore Engineering. A map of the distance to the dike system was generated using the
ArcGIS Euclidean Distance tool.

3.4.3. Land Use Management

All satellite imageries were presented and pre-processed utilizing ENVI 5.3 imag-
ine software for the radiometric and geometrical corrections. The geodata and the pre-
processed satellite imageries were projected into the geographical coordinate system as
WGS84/Universal Transverse Mercator/Zone 48 North [63]. According to an HCMC
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Statistical Office regulation, this city’s urban area comprises five components: forests, water
bodies, agricultural lands, built-up areas, and bare land. A pixel-based image process-
ing was undertaken using the Maximum Likelihood algorithm through the supervised
classification for land patterns classification in order to find areas with the same spectral
reflection [94]. Then, we set them to intended class objects based on external knowledge
of the study area, as shown in the image [95]. In classification accuracy assessment, the
necessary reference data were collected, which was used to determine whether the classi-
fied Landsat images can be used for further comparative analysis of post-classification [96].
Overall accuracy (OA) and Kappa coefficient (Kvalue) were statistical parameters used for
the assessment of classification accuracy, which were computed using randomly sampled
truth points for 2010 and 2018 [63,97]. The result of the classification accuracy assess-
ment showed the overall high proficiency of supervised classification algorithms used for
producing land cover maps in 2010 and 2018, with the OA = 89.60%, Kvalue = 0.87, and
OA = 87.60%, Kvalue = 0.84 for classification of Landsat images in 2010 and 2018, respec-
tively, which are over the limitation of 85%. Thus, the results of the classification method
and ground control points are reasonably compared and considered acceptable for the
following land cover type change detection [98].

Each parameter of agricultural lands and loss of water bodies with functional re-
lationships of very low, low, moderate, very high, and high to flood risk intensity was
ranked associated with a scale from 1 to 5: very low (1), low (2), moderate (3), high (4), and
very high (5). This assessment was assigned regarding the direct or inverse flood-related
justification of individual factors with flood risk intensity [41]. The detailed ranking value
of transformative classes is shown as follows: unchanged = 1, new agricultural lands or
new water bodies = 2, agricultural lands or water bodies respectively changed into water
bodies or agricultural lands and forest = 3, other transformations = 4, and agricultural
lands or water bodies respectively changed into built-up areas and bare soils = 5.

3.5. Computing Stakeholder-Driven Weighted Indicators

The design of an ANP questionnaire included two sections. The first section stated
our study purposes and presented a proposed framework to compute the weight of the
criteria that were selected by FDM with suggested governmental projects. Then, a brief
introduction of ANP, including examples, was presented to confirm the stakeholders’ un-
derstanding of expressing their evaluation based on Saaty’s scale [99]. The second section
evaluates the weight and rank of the interdependent relation of criteria and governmental
projects. We sent out 14 questionnaires to stakeholders who participated in the FDM earlier
and received 11 valid responses on 10 October 2020. We employed Super Decision software
to derive weights of stakeholder-driven judgments. The formulation of the ANP network
structure was set as a network that is interdependent among criterion, sub-criterion, so-
lutions, and the relation between different nodes in a cluster [100]. Lastly, examining the
consistency of the stakeholder-driven judgments by intending the consistency ratio (CR)
calculation aims to illustrate the confidence level of the judgments for each pairwise com-
parison. If CR has a value from 0 to 0.1, the judgment is accepted; otherwise, prejudgment
is needed [101].

3.6. Mapping Flood Hazard, Flood Vulnerability, and Flood Risk

A flood hazard map was created based on the natural condition layers, and a flood
vulnerability map was constructed from both standardized human development and land
use management layers. According to the inhomogeneous essence of each indicator, each
spatial layer must be standardized after generated. In order to effortlessly compare the data,
it is better to set them dimensionless. Thus, parameters relating to the natural condition,
human development, and land use management were normalized in the range of 0–1
(0 = the minimum intensity, one = maximum intensity) [102]. The standardization process
objectively enhances the validation of the approach [103]. Each layer was normalized in
this study based on the direct or inverse function of flood-related relationships [41]. Each
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layer is weighted and normalized for each indicator to demonstrate the spatial variations of
flood intensity across HCMC. The priority-based weight (W) generated through ANP was
automatically calculated by the Super Decision software. The normalized (N) rankings of
the number (n) of hazard indicators (H) or vulnerability indicators (V) together were used
to compute the hazard intensity (formula 1) and vulnerability intensity (formula 2) [41,104]
for each pixel via the Raster Calculator tool in ArcGIS. Flood hazard and vulnerability were
calculated as the following:

(1) Hazard intensity = WH(1) × NH(1) + WH(2) × NH(2) + WH(3) × NH(3) + . . . WH(n) ×
NH(n)

(2) Vulnerability intensity = WV(1) × NV(1) + WV(2) × NV(2) + WV(3) × NV(3) + . . . WV(n)
× NV(n)

Finally, both composite scores of flood hazard and flood vulnerability were combined
to generate the flood risk intensity [41,105] using the following formula:

(3) Risk intensity = Hazard intensity × Vulnerability intensity.

4. Results
4.1. Fuzzy Delphi Method

The results from the qualitative evaluation show that the bottom three least important
indicators to assess urban floods in HCMC are the forest areas (78.57%), loss of agricultural
lands (78.57%), and loss of forest areas (71.43%) (Table 2). Other indicators account for
92.86% and 100% importance by stakeholders’ judgment. In terms of quantitative assess-
ment, three out of thirteen indicators have a verification value less than 0: population
growth rate, forest areas, and loss of forest areas. Accordingly, indicators that have the
verification value of the project less than 0 represent a divergence in the stakeholders’
opinion and therefore are deleted [75]. The fuzzy linguistic scale determines the threshold
value. The user’s preferences can influence the number of relevant parameters chosen from
the evaluation results using the fuzzy Delphi approach. We decided on a low threshold
to increase the number of indicators to be included [106]. This selection can increase the
efficiency of the assessment purpose and the representativeness of the indicators [107]. Fi-
nally, we determined the threshold through an arithmetic mean of stakeholders’ consensus
value (7.06) multiplied by 90% to reach 6.36. Consequently, nine indicators are selected:
elevation, slope, distance to river, heavy rainfall, tidal level, population density, distance to
dike system, agricultural lands, and loss of water bodies.

Table 2. The results of Fuzzy Delphi Method questionnaire—Criteria index.

Evaluation Index

Conservative
Cognitive

Value

Optimistic
Cognitive

Value
Best Value Geometric

Mean Mi= Zi= Verification
Value

Stakeholders
Consensus

Value

Ci
L Ci

U Oi
L Oi

U ai
L ai

U Ci
M Oi

M ai
M Oi

M − Ci
M Ci

U − Oi
L Mi − Zi Gi = (Ci

M +
Oi

M)/2

Elevation 3 8 6 10 7 10 5.18 8.98 8.48 3.81 2 1.81 7.08
Slope 2 8 6 10 6 9 5.09 8.24 7.63 3.15 2 1.15 6.67

Distance to river 2 10 9 10 8 10 5.84 9.45 8.83 3.60 1 2.60 7.65
Heavy rainfall 4 9 8 10 7 10 6.35 8.97 8.26 2.62 1 1.62 7.66

Tidal level 2 10 8 10 7 10 5.66 9.18 8.66 3.52 2 1.52 7.42
Population density 4 9 7 10 6 9 5.91 8.38 7.78 2.47 2 0.47 7.14

Population growth rate 3 10 7 10 6 10 5.81 8.77 7.99 2.97 3 −0.03 7.29
Distance to dike system 2 10 7 10 6 10 5.66 8.95 8.28 3.29 3 0.29 7.30

Forest areas * 2 10 5 10 3 10 4.83 8.05 6.81 3.22 5 −1.78 6.44
Agricultural lands 3 8 6 9 5 8 5.33 8.02 6.70 2.69 2 0.69 6.67

Loss of water bodies 5 9 8 10 6 10 6.57 9.27 8.30 2.70 1 1.70 7.92
Loss of agricultural lands * 1 8 5 10 4 9 4.12 7.26 6.55 3.14 3 0.14 5.69

Loss of forest areas * 2 9 4 10 3 9 4.02 7.29 6.47 3.26 5 −1.74 5.65

* means criteria judged to be important by less than 80% of stakeholders.
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4.2. Analytic Network Process

The results of the comparative relevance analysis of criteria show the relative weight
scores A for land use management (0.444), human development (0.370), and natural
condition (0.185) (Table 3). The relative weight scores B for nine elements used in sub-
criteria highlighted that the highest score (0.500) is given population density, distance to
dike system, agricultural lands, and loss of water bodies within the assessment parameters
in Hierarchy II, followed by agricultural lands (0.222). Then, the overall weight coefficients
were calculated by multiplying A and B, accounting for the stakeholders’ judgments.
The value of the overall weight coefficient also illustrates that the loss of water bodies
and agricultural lands are critical indicators for flood risk mapping. Distance to the
dike system (0.185) and population density (0.185) are two highly ranked sub-criteria
in the human development category. Heavy rainfall (0.042), distance to river (0.041),
elevation (0.039), tidal level (0.037), and slope (0.027) are ranked highly in the criteria
natural condition category.

Table 3. The overall weights of the scheme strategy under criteria for the evaluation.

Criteria Relative Weight (A) Sub-Criteria Relative Weight (B) Overall Weight
(A × B)

Final Weight
(A × B × S)

Natural condition 0.185

Elevation 0.211 0.039 0.018
Slope 0.146 0.027 0.013

Distance to river 0.219 0.041 0.019
Heavy rainfall 0.226 0.042 0.020

Tidal level 0.198 0.037 0.017

Human development 0.370
Population density 0.500 0.185 0.088

Distance to dike system 0.500 0.185 0.088

Land use
management 0.444

Agricultural lands 0.500 0.222 0.105
Loss of water bodies 0.500 0.222 0.105

The relative weight (S) for drainage system improvement (0.473) is the highest among
the three proposed projects that stakeholders judged highly as a strategy for mitigating
urban floods. Therefore, this strategy was chosen in this study to map the flood risk. The
final weight coefficient (A × B × S) of overall weights for nine sub-criteria associated
with drainage system improvement ranked from the most to the least are loss of water
bodies (0.105), agricultural lands (0.105), distance to dike system (0.088), population density
(0.088), heavy rainfall (0.020), distance to river (0.019), elevation (0.018), tidal level (0.017),
and slope (0.013).

4.3. Flood Hazard Distribution

In HCMC, the variation of hazard intensity varies from west to east (Figure 3). Ac-
cordingly, in the eastern region, an area of 254.9 km2 covering districts of 2, 9, Thu Duc,
and Binh Thanh are shown to be highly exposed to flood hazard with an intensity value
ranging from 0.063 to 0.075. Specifically, the Saigon River and Dong Nai River have the
highest exposure to floods (0.088). This area is located in a low-lying terrain, surrounded
by steep slopes in the west and northeast, alongside the large river basins, and remarkably
observed extreme precipitation. In contrast, the flood hazard intensity is moderate (ranging
from 0.051 to 0.063) in the city center together with the Can Gio district in the southeast,
covering 957.9 km2. The hazard intensity gradually decreases toward western areas. More
than 41.4% of the city area in the north and northwest of the city illustrates low to very low
hazard intensity (decreasing from 0.051 to 0.019), whereby the northern side of the Cu Chi
district and western side Binh Chanh district are very low hazard-prone.
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4.4. Flood Vulnerability Distribution

The flood vulnerability intensity score of the city in HCMC reflects coupled nature–
human indicators such as population density, distance to dikes, agricultural lands, and loss
of natural water bodies, which collectively intensify the extent of vulnerability. Areas that
are shown as very high vulnerability are associated with the high population density (over
30,000 inhabitants/km2), and the high urban development construction density is highly
prone to flood vulnerability. Central districts (1, 3, 4, 5, 6, 8, 10, 11, Binh Tan, Tan Phu, Tan
Binh, Go Vap, Binh Thanh, Phu Nhuan), covering 12.8% area or 270.5 km2 of the city area),
show a very high vulnerability intensity (0.385) (Figure 4). The growing population in
the city’s urbanization process leads to the expansion of impervious surfaces in built-up
regions [2], and ultimately increases vulnerability to floods [63]. Districts of 2, 7, 9, 12, and
Thu Duc in the eastern city in addition to Can Gio mangrove forest, accounting for 39.9%
of the city area, have moderate-high intensity (ranging between 0.169 and 0.269) due to the
fact that those urban districts had a significant urban expansion earlier from 2010 to 2018,
and the mangroves are vulnerable to high tide from the South China Sea. In contrast, the
north (Cu Chi district), northwest (Hoc Mon district), and west (Binh Chanh district) parts
of the city are primarily agricultural lands that are in close proximity to the dike systems
and thus have low to very low flood vulnerability (0.169 to 0).
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4.5. Flood Risk Distribution

Five levels of flood risk intensity are relatively equally distributed in every direction of
the city (Figure 5). The very high intensity of flood risk (ranging between 0.014 and 0.030),
an area of 229.3 km2, is mostly in the central and northeast of HCMC (districts 1, 3, 4, 5,
6, 10, 11, Go Vap, Thu Duc, Binh Thanh, Phu Nhuan). About 24.1% of the city illustrates
similar flood risk intensity in districts 9, 2, 7, 8, Binh Tan, Tan Binh, Tan Phu, and Nha Be
(ranging between 0.012 and 0.014). Cu Chi, Binh Chanh, Hoc Mon, and Can Gio districts
show more diverse patterns of flood risk intensity. High-risk areas are in close proximity to
the built-up areas, whereas elevated, undulating interfluve zones show varying moderate
to very low risks. The moderate flood risk ranges between 0.008 and 0.012, an area of
381.2 km2, which is distributed mainly in the Can Gio district. In reverse, 46.9% (989.7 km2)
of the city area is in low to very low flood risk (from 0.008 to 0). The northern and western
areas show less flood risk than the surrounding areas. Overall, the results show that 19 out
of 24 administrative districts have high and very high intensity of flood risk.
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5. Discussion
5.1. Contribution to Flood Assessment Methods

In-depth knowledge from experts has indicated that flooding in HCMC causes con-
gestion in transportation, environmental pollution, and economic slowdowns, impacting
significantly the health and livelihoods of city residents. Flood risk mapping plays a critical
role in the first phase of planning and designing flood control plans and allocating flood
protection as well as predictive and warning infrastructures. This study contributes to flood
assessment methods by conducting a social survey and integrate stakeholders’ knowledge
and values judgments through advanced FDM, which resulted in a value representing
the consensus of stakeholders based on both quantitative and qualitative evaluations.
Based on the gray zone of triangular fuzzy number [75], a tentative conclusion about the
usability standards was reached. The results suggest that the obtained indicators have high
validity and reliability. As an enhancement to current risk management methodologies
using AHP [41,55,108], the study reveals an approach to flood risk studies focused on
the ANP [109,110]. In addition, the study integrates indicators in coupled nature–human
systems and uses ANP-based weights to standardize the ranked indicators. The study
attempts to logically combine environmental factors in calculating flood hazard severity
and social systems in human development and land use characteristics for measuring
vulnerability intensity.

5.2. Correlation between Flood Hazard and Flood Vulnerability Maps

To investigate whether there is a relationship between flood hazard and vulnerability
in this study [111], we conducted a paired comparison of intensity between flood hazard
and flood vulnerability. The result illustrates a significant level (p < 0.01) of the Pearson
correlation coefficient with the value of r = −0.164 [112], showing a weak linear correla-
tion [113]. The analysis of inverse correlation indicates that the two individual variables
generally move in opposite directions in a statistical relationship. The variables flood
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hazard and flood vulnerability are negatively correlated. As the flood hazard increases
in value, flood vulnerability will decrease, and vice versa. It is worth noting that most of
the eastern part of the city, including Districts 2 and 9, shown as moderate flood hazard
(Figure 3), have high flood vulnerability due to the expansion of built-up areas and a high
population density. In addition, the city’s western districts maintain from low to very
low flood hazard risk, while many areas have relatively high or very high vulnerability
(Figure 4).

5.3. Implications for Climate Justice Planning

The finding of a flood risk zone is 97.33% consistent with the record of the frequent and
extreme flooded locations in 2018 collected by the HCMC Flood Control Center (Figure 6).
These locations were situated in high to very high-risk areas in the city’s most vulnerable
urban districts. The degree of a disaster affiliated with the waterlogging calamity depends
on population density in a particular area from the human development perspective [114].
A total of 19 urban districts are susceptible to flood risk, with the mean intensity ranging
from 0.011 to 0.017. Comparing to a less populous region, residents in a densely populated
area would be more considerably impacted by disasters with comparable magnitude [115].
Roughly 70.1% of the city’s population (more than 6.3 million people) in those districts
could be affected when urban floods occur. Moreover, these districts consist of more
than 180,000 entities, which highly hold more than 95% value of the property belonging
to municipal enterprises [116]. The flood risk map assists urban planners to identify a
remarkable circumstance for the atrocious effects on social security and the future devel-
opment of HCMC, which has implications in climate justice planning [20]. Consequently,
the flood risk assessment framework established in this study can be used to identify
the most vulnerable populations exposed to urban floods, who are likely to suffer more
from climate change impacts. Those climate justice hotspots should be given the highest
priority for safety planning, practical actions, and early intervention projects to protect
residents from damages under urban flood events. The study demonstrates a negative
correlation between flood hazard and flood vulnerability, implying that there is a potential
to reduce flood risks and damages when high flood-prone areas are not exposed to highly
vulnerable populations.
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5.4. Implications for Urban Resilience Strategies

Flood disasters often traumatize society in Vietnam. Reducing economic losses and
enhancing urban resilience play a critical role in the sustainable development of HCMC. The
governmental authorities together with civil society organizations shall work hand-in-hand
in sustainable development programs to exacerbate synergies and institute strategies for
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implementing transformative changes to enhance urban resilience. A robust intervention
would not only enable flood mitigation but ensure that development achievements are
sustained in the city. This study demonstrates the value of using a flood risk map to identify
sensitive sites for demanding righteous strategies. Most high flood risk areas shown are
concentrated along the eastern side of the city, where it can be determined in the central
basin of Saigon and Dong Nai River and observed extreme rainfall annually. Many flood
management projects have been proposed in HCMC; however, they are often delayed for
several years [3]. Our analysis indicates that the governmental project of drainage system
improvement is the most important strategy for long-term environmental management
aiming to protect urban populations from flood disasters. Alternatively, urban spatial
planning can contribute to reducing exposures to multiple hazards through changing urban
morphology, reducing vulnerability, and enhancing urban resilience [117]. For example,
preserving and restoring natural vegetation landscapes would reduce vulnerability to
floods [118,119]. In addition, other approaches, including utilizing aquaculture areas
as water retention ponds, building pumping stations, and constructing flood diversion
culverts, are also considered as effective urban resilience strategies in a recent study by
Chang et al. 2020 with the case of Tuku lowlands in Taiwan [120]. Finally, transdisciplinary
collaborations between governmental organizations, stakeholders, scientists, engineers,
planners, designers, etc., that at all stages closely work with communities to co-develop
place-based strategies that reflect complex coupled nature–human systems are crucial for
building urban resilience and sustainability [117,121].

6. Conclusions

Years of flood events have wreaked havoc on the lower Saigon River flood plain.
The damage that occurred in flood events emphasized the importance of risk manage-
ment to understand better the social–ecological systems associated with floods. Flood risk
management embraces a broad range of strategies from the forecast of flood hazards and
vulnerabilities to the social effects and risk-reduction measures and tools [44,122]. Flood
risks assessment considers dynamics in the interconnected social–ecological–technological
systems across temporal and spatial scales [112] and identifies a climate justicescape [20].
This study proposed a coupled nature–human approach that can better inform risk man-
agement and enhances urban resilience toward sustainable development pathways [33,34].
The quantitative and qualitative evaluation of flood risk is essential in regional planning
and catastrophe preparedness [110]. The aggregate impact estimation of many vital pa-
rameters in urban flood management aims to plan and improve urban infrastructure for
resilience, impacting climate change in the future [123–125]. Identifying flood-prone areas
is a critical and significant component of emergency prevention for any regions seeking to
monitor and mitigate the effects of preventing urban flood damage [51,103].

The implementation of urban flood risk management in climate justice areas has
become the top priority in building resilient cities [34,126–128]. In the case of HCMC,
areas dominated by elevation elements, slope flat, low-lying plain, and surrounded rivers
are highly risk-prone due to the excessive likelihood of flood events associated with
populated concentration, built-up areas extension encompassing almost the entire centre,
and northeastern parts of the area HCMC. Consequently, the result of the current study can
be accessible in determining variables that boost resilience, which can then be factored into
potential flood risk management planning decisions. Furthermore, the implementation of
this study can be further conducted, more specifically at a district level along the basins
of the Saigon and Dong Nai rivers. This would allow the attempt to generate a more
comprehensive risk map for a district to manage the floods of a sensitive region effectively.
Finally, the flood risk assessment framework developed in this study can be applied to
other regions of the world for identifying vulnerable populations exposed to climate change
associated hazards and highlight top priority areas for climate justice planning and policies
for urban resilience.
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