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ABSTRACT. Flash floods have been blamed for significant losses and destruction all around the world are widely, including
Vietnam, a developing nation that has been particularly hard hit by climate change. Therefore, flash flood hazards are
essential for reducing flood risks. The topographic wetness index (TWI), altitude, slope, aspect, rainfall, land cover, normalized
difference vegetation index (NDVI), distances to rivers and roads, and flow length were used in this study to create a spatial
database of ten exploratory factors influencing the occurrence of flash floods in the Ngan Sau and Ngan Pho river basins
(North-Central Vietnam). Subsequently, the analytic hierarchy process (AHP) was applied to calculate the weights of these
influencing factors. The flood threat was then mapped using GIS techniques. The validation of the flash flood hazards involved
151 flood inventory sites in total. The findings demonstrate that (i) distance from rivers (0.14) and TWI (0.14) factors have the
greatest influence on flash flooding, whereas distance from roads (0.06) and NDVI (0.06) factors were found to have the least
influence; (ii) a good conformity of 84.8 percent between flood inventory sites and moderate to very high levels of flash flood
hazard areas was also discovered; (i) high and very high flood hazard levels covering areas of 275 and 621.1 km? were mainly
detected along and close to the main rivers and streams, respectively. These results demonstrated the effectiveness of GIS
techniques, AHP, and Landsat-8 remote sensing data for flash flood hazard mapping.
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INTRODUCTION risk to life and destruction of buildings and infrastructure
(Gaume et al. 2009) and pose the greatest flood risk to the

Flood represents the excess flow that inundates the  general population (Kvoc¢ka et al. 2016). According to a
conveying or holding medium when its capacity has  researchby Chatzichristakietal.(2015),areas with increased
been exceeded (Getahun and Gebre 2015). This is the housing development such as tourist destinations and
most frequently occurring natural disaster in the world  places near city centres, where the stream bed is severely
(Jonkman 2005), which has caused millions of fatalities affected by human pressure, are more likely to experience
in the twentieth century, tens of billions of dollars of  flood fatalities. Due to the increasingly devastating effects
direct economic loss each year, and serious disruption  of floods, the recent year’s scientific community has drawn
to global trade (Merz et al. 2021). Recently, Kvocka et al.  attention for the identification of flood-exposed areas and
(2016) generally characterized four types of flood eventsas  particularly critical infrastructure and assets in flood hazard
extreme flood events, including dam-break floods, storm zone (Qiang 2019; Stefanidis et al. 2022). Therefore, flood
surges, flash floods, and extreme/large river floods. Among risk assessment, including three approaches of hazard,
these types of extreme flood events, flash floods are one  exposure, and vulnerability assessment as proposed by
of the most significant natural hazards that cause serious Field et al. (2012), plays a vital role in flood prevention and
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flood risk management. Among these approaches, flood
hazard assessment usually receives the most attention as
flood hazard maps are used for estimating the danger to
people due to flooding (Koks et al. 2015).

Over the years, a lot of work has gone into developing
methods for effective flood hazard mapping. Teng et al.
(2017) summarizes flood hazard mapping can be carried out
based on three major approaches, namely the physically-
based, empirical,and physical modelling methods. A review
of the most recent studies by Mudashiru et al. (2021) has
indicated an application rate of 43.8% for physically based,
10% for physical, and 46.2% for the empirical modelling
methods in flood hazard mapping. This shows that the
use of empirical modelling methods has received a lot of
attention in flood hazard mapping. The empirical models
are data-driven models, popularly referred to as black-box
models that rely on observation data and characteristics
and mechanisms of the hydrological cycle Mudashiru et al.
(2021).Chenetal. (2019) divided empirical models for flood
modeling and mapping into qualitative and quantitative
methods. The quantitative-based empirical models
depend upon data analysis targeted at evaluating the
relationship between flood occurrence and flood-causing/
contributing factors, while the qualitative approach relies
upon experts’ opinions of the same (Mudashiru et al.
2021). With the help of a Geographic Information System
(GIS), one of the main advantages of empirical models is
their operability with various statistical and data-driven
approaches through the use of different types of data such
as Digital Elevation Model (DEM), terrain, hydrological and
geomorphology data, and remotely sensed images. These
data-driven approaches for flood hazard mapping are
categorized into multi-criteria decision-making modelling
methods (Arabameri et al. 2019; Mudashiru et al. 2022),
statistical modelling methods (Arabameri et al. 2019; Malik
et al. 2021), artificial intelligence (Chang et al. 2020; Chapi
et al. 2017), machine learning models (Hosseini et al. 2020;
Rahman, Chen, et al. 2021), and the state-of-the-art deep
learning models (Costache et al. 2022; Satarzadeh et al.
2022). Among these approaches, a combination of GIS
with a multi-criteria decision-making modelling method-
based analytic hierarchy process (GIS-AHP) has proved
its effectiveness in many recent studies on flood hazard

105°0'0"E  115°0°0"E
1 1 1

mapping (Aydin and Sevgi Birincioglu 2022; Daneshparvar
etal. 2022; Pathan et al. 2022). In addition, a recent study of
Sahin (2021) has revealed that the most important benefit
of AHP over other multi-criteria decision-making modelling
methods is that it not only allows pairwise comparisons,
which increase the accuracy of judgments compared to
evaluating all the alternatives simultaneously, but also
permits consistency checking. Despite numerous studies,
there hasn't been much research done on mapping flash
flood hazards using a combination of remote sensing, GIS,
and AHP techniques. To fill this literature gap, this paper
aims to investigate the use of Landsat-8 imagery, AHP, and
GIS in identifying the flash flood influencing factors and
map flood hazards.

Disastrous flooding is projected to increase in many
regions, particularly in Africa and Asia (Merz et al. 2021). As
a country situated in Asia, Vietnam frequently experiences
extreme weather-related natural disasters (Noy and Vu
2010), of which flooding in North-Central Vietnam is the
most serious (Bich et al. 2011). The Ngan Sau and Ngan
Pho river basins, which are in North-Central Vietnam, are
frequently the area most affected by floods (Kha et al. 2018;
Long and Dung 2009; Nguyen and Ha 2017). Therefore, the
objective of this study is to investigate the integration of
Landsat-8 imagery, AHP, and GIS in mapping flash flood
hazards in the study area.

STUDY AREA AND DATA USED
Study area

Geographically, the study area of the Ngan Sau and
Ngan Pho river basins is located between 17°50°00"'N to
18°37'58'N latitudes and 105°07°00"E to 106°56 00 'E
longitudes, covering an area of approximately 4,274 square
kilometers (Fig. 1). Politically, the Ngan Sau and Ngan Pho
river basins consist of Huong Son, Duc Tho, Vu Quang,
and Huong Khe districts, which are located in Ha Tinh
administrative province (Fig. 1-b), North-Central Vietnam (Fig.
1-a). The Ngan Pho river basin covers an area of 1,060 km?
with a river and stream density of 0.91 km/km?” and a total
volume of water of 1.40 km?® corresponding to an average
flow of 45.6 m*/s (Tran et al. 2020). Whereas the Ngan Sau
river system is the second largest tributary of the Ca river,
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Fig. 1. Location of the study area: (a) location of Ha Tinh province (North-Central Vietnam), (b) location of Ngan Sau-Ngan
Pho River basin, (c) altitude of Ngan Sau-Ngan Pho River basin overlaid by flood inventory sites and main rivers and
streams
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extending 135 km (Hoang et al. 2020). The study area’s relief
is low in the north and northeast, increasing towards the
west and southwest at as high as 2264 m (Fig. 1-c).

In the Ngan Sau and Ngan Pho river basins, which were
among the floodplains in central Vietnam that were most
severely affected (Kha et al. 2018; Long and Dung 2009;
Nguyen and Ha 2017; Nguyen 2017), flash floods have been
blamed for several fatalities and significant environmental
and societal harm. Typically, ten deaths, 16,200 households
flooded, 177 houses washed away, and 5,026 hectares of
winter-spring rice crops were damaged by a flash flood
in the upstream area of the Ngan Pho River basin in 1989
(Hoang et al. 2020). Also in this upstream area, heavy rain
caused another flash flood in 2002. A total of 77 deaths,
hundreds of injuries, and 70,694 houses flooded were also
reported in a recent study of Hoang et al. (2020). In addition,
loss of life, social-economic and environmental damages
caused by other flash floods were also confirmed in recent
years (Hoang and Tran 2018; Nguyen and Ha 2017).

Data used

In this study, Landsat-8 Collection 2 Level 2 Science
Product (L2SP) (paths of 126 and 127, rows of 47 and
48) recently distributed by the United States Geological
Survey (USGS) website (www.usgs.gov) was acquired on
April 8, 2022. Landsat-8 L2SP with a spatial resolution of
30 meters provides surface reflectance data that is already
atmospherically corrected (Marzouki and Dridri 2022). These
Landsat-8 L2SP images were used to extract land cover types
and NDVI. Thirty-meter resolution DEM datasets downloaded
from the USGS were used to calculate topographic and

hydrologic parameters (slope, aspect, TWI, flow length, flow
direction, flow accumulation, and stream networks). Rainfall
data was obtained from the CRU (Climate Research Unit)
website (https://crudata.uea.ac.uk). The road network layer
and 151 flood inventory sites were obtained from the project
(grant number: TNMT.2016.05.12), which was financially
supported by the Ministry-level Scientific and Technological
Key Programs of the Ministry of Natural Resources and
Environment of Vietnam. The road network layer was used to
calculate the distance to roads, whereas flood inventory sites
were used for the validation of the flash flood hazards.

METHODOLOGY

Data from Fig. 2 demonstrates the workflow of this
study. The input data (flood inventory and ten exploratory
factors) was first collected and prepared in ArcGIS. Among
these factors, land cover types and NDVI were extracted from
Landsat-8 OLI imagery in ENVI. Subsequently, the weights of
the flood conditioning factors were calculated using the AHP
technique. Then, GIS techniques were applied to categorize
flash flood hazards into five levels: very low, low, moderate,
high, and very high. Finally, the validation of flash flood
hazards was carried out based on the test data values of 151
flood inventory sites.

Selection of influencing factors

In this study, based on the causes of flash floods
reported previously and the important characteristics of
the Ngan Sau and Ngan Pho river basins such as natural
conditions, topography and hydro-meteorology, a total

3 Landsat-8 OLI Digital Elevation Hydrological Flood inventory :
g images Model and other data sites !
|
f- _______________ L L L L L L L L L L L L L L LI o o T o o e 1|
. \ \ | v | |
! S - - -
i =] Altitude, Slope, Aspect, Distances Distances . i
! g LULC and NDVI TWI, Flow length to roads to rivers Rainfall :
H @
| S E—— I— N A I N— |
; pintindinbinbinbitintiniinininiiniin [t intitiotioininbinbinbinl intiotioiiniiniinbinsisiotiotioininiiniinbins it iotin b i st hpiutll Hppps st ,I
; Y i
2 k5 AHP techniques @ :
|33 !
il 28 !
| 22 |
e S i
HZ2E i
i [ !
il ® !
: Weights of i
H 1 1 |
:V influencing factors |
e ¢ ¢ - - R N N e ¢ ¢ ¢ ¢ ¢ ¢ ¢ - - - - o o o 4
poDDDnnnooznnnoooo IS oDz e A
A Flash flood hazard map
Sum of weights
Y

Accuracy assessment

GIS-based flash
flood hazard mapping
ﬁ
=]

<

Results and implications

Fig. 2. Workflow of this study
59



GEOGRAPHY, ENVIRONMENT, SUSTAINABILITY

2023

of ten major flash flood hazard-influencing factors were
chosen to investigate the effectiveness of the proposed
method. These factors include altitude, slope, aspect, TWI,
land cover, NDVI, distances to rivers and roads, rainfall, and
flow length.

The topographic factors, including altitude, slope,
aspect, and TWI, play significant roles in flood hazard
mapping. The altitude of the Ngan Sau and Ngan Pho river
basins varies from 16 meters to 2264 meters (Fig. 3-b) and
was derived from DEM (acquired from the USGS). Flood
hazard and altitude are inversely proportional, which
indicate that relatively more elevated areas are relatively
less susceptible to floods (Rahman and Ningsheng et al.
2021). Aspect and slope were derived from DEM data.
Aspect reflects the direction of the terrain and then the
direction of floodwater flow (Bui et al. 2020), whereas,
the slope is a significant factor in flood mapping. The TWI
factor measures the direction and accumulation of water
flow due to the gravity of the place (Tehrany et al. 2015)
and is calculated by equation (1):

:

A
)
tanf

TWI= ln(

where: A_is the upslope area per unit of contour length
(m?/m) and 3 measures the topographic gradient or local
slope gradient in degrees (Park and Kim 2019).

Rainfall is the main factor contributing to flooding in
the Ngan Sau and Ngan Pho river basins. Most of the rainfall
occurs in the monsoon season from August to October.
Rainfall data was first obtained from the CRU (Climate
Research Unit) website. The inverse distance weighted
interpolation method in ArcGIS software was then applied
to obtain the thirty-meter resolution rainfall data of the
Ngan Sau and Ngan Pho river basins.

Land cover-related factors such as land cover types and
NDVI are crucial factors in flood hazard mapping because
areas with relatively less vegetation are often more prone
to flooding (Rahman and Ningsheng et al. 2021). In this
study, both land cover types and NDVI were generated
from Landsat-8 OLI images in ENVI software. Based on the
supervised method of maximum likelihood supervised
classification, the land cover in the study area was classified
into five categories: water bodies, built-up, bare land,
agricultural land, and forest, respectively. Whereas the NDVI
is calculated using bands 4 (red band) and 5 (near infrared
band) in a Landsat-8 OLI image. The NDVI can be expressed
in equation (2) (Alvarez-Mendoza et al. 2019):

Band5 — Band4

- )
Band5 + Band4

NDVI

Distances to rivers and roads also play significant roles
in the mapping of flash flood hazards. These distances can
be calculated using the Euclidean distance. Areas close to
main channels are more likely to be flooded (Chowdhuri
et al. 2020), whereas impermeable surfaces (roadways,
pavements, and parking spaces) increase the rainfall-runoff
process (Mukherjee and Singh 2020).

Flow length is considered to be an important factor
in flood susceptibility assessment. Flow length would be
used to extract the surface runoff (Abou El-Magd et al.
2010). High surface runoff increases flood risk (Prokesova
et al. 2022). Based on DEM data, it was possible to calculate
the flow length within each cell, which is either equal to
the grid cell length (L) in the case of orthogonal or L/2 in
the case of diagonal (Abou EI-Magd et al. 2010).
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Analytic hierarchy process (AHP)

The AHP first introduced by Saaty (1988), is a geospatial
technique for determining the weights of the influencing
factors (Rehman et al. 2022). Numerous studies have
successfully applied the AHP for hazard mapping (Gigovic¢
et al. 2017; Koem and Tantanee 2021; Neji et al. 2021). In
particular, AHP assembled with GIS (GIS-AHP) not only
effectively provides a wide range of geographically
spatial data manipulation costs and time, but also offers
procedures and techniques to evaluate, to analyze, to
design, and to prioritize value judgments (Rehman et al.
2022). Therefore, GIS-AHP was used in this study for the
calculation of the weights of the ten flash flood hazard
influencing factors.

AHP evaluates two influencing factors simultaneously,
and gives preference to one factor over another based on
experienced judgments. These judgments are measured
using a preference scale of 1 to 9, in which a lower number
(1) indicates a lesser preference and a higher number (9)
shows more importance of that particular factor over
another (Rehmanetal. 2022). The accuracy and consistency
of the obtained weights can be assessed based on the
Consistency Ratio (CR). The CR is calculated by equation (3):

CI

=— 3)
RI

CR

where: CR is the consistency ratio of a particular AHP
matrix, the Consistency Index (Cl) can be calculated from
equation (4), and R/ is the random index.

A —n

RI="% )

n—1

u,

where: )\max is the consistency vector, and “n" represents
the number of influencing factors (n = 10 in this study).
The CR should be within the limits of 10% (CR < 0.01),
otherwise theassigned score values should bereconsidered
(Arabameri et al. 2019; Lootsma 1999).

GIS-based flash flood hazard mapping

After weights of influencing factors were obtained, the
weighted sum tool in ArcGlIS software was used to multiply the
designated field values for each input raster by the obtained
weight. The overall weight for the final map of flash flood
hazards was then synthesized using equation (5):

n
FFHI= ) H X W, ©

i=1

where: FFHI is the flash flood hazard index, n represents
the number of influencing factors, His the rescaled values of
influencing factor i, and W, is the weight of the influencing
factor /.

FFHI ranges from 0 to 5. Based on values of FFHI, levels of
flash flood hazards in the Ngan Sau and Ngan Pho river basins
were classified into five classes: very low (less than 1), low
(between 1 and 2), moderate (between 2 and 3), high (between
3and 4), and very high (more than 4).

Accuracy assessment

The areas of flash flood hazards were finally validated based
on 151 flood inventory sites collected from the field survey. The
accuracy assessment was performed using ArcGlIS software. The
layer of flood inventory sites is laid over that of flash flood hazard
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areas which were obtained from the above-discussed method.
The degree of spatial correlation or conformity between the
areas of medium-to-high hazard levels and flood inventory is
the basis for evaluating the accuracy of the proposed method.
In this case, the accuracy of the proposed method increases
with the increasing spatial correlation or conformance.

RESULTS AND DISCUSSIONS
Analysis of influencing factors

After datasets were collected, based on the maximum and
minimum values of ten factors affecting flash flood hazards,
the values of these factors were divided into 5 equal intervals
or classes. The degree of these influencing factors affecting
flooding was then ranked using a 1 to 5 scale or class. Class 1
represents the factor having the least influence, whereas class
5 represents the factor having the most influence. Data from
Table 1 illustrates the degree of influence on flash floods of ten
influencing factors in the Ngan Sau and Ngan Pho river basins.

The TWI ranged from 2 to 24.9 (Fig. 3-a). The TWI ranged
between 11 and 15, and between 15 and 24.9 had the highest
weight, demonstrating high and very high flood susceptibility
at this range of TWI (Fig. 4-a). Whereas very low and low flood
susceptibility were found with the TWI of between 2 and 5.8,
and between 5.8 and 7.9. Low altitude areas, such as flat areas,
foothills, and valley floors, are more susceptible to flooding
(Rahman and Chen et al. 2021). The altitude ranging from -16 to
2264 meters (Fig. 3-b), was accordingly classified into five classes
(Table 1). The altitude ranging between -16 and 145, 145 and
379, 379 and 717, 717 and 1155, and 1155 and 2264 meters,
indicates very low, low, moderate, high, and very high influence
on floods, respectively (Fig. 4-b). A low slope gradient, usually
flat areas, is more susceptible to flooding (Rahman and Chen et
al. 2021). The slope gradient ranged from 0 to 86.8 degrees (Fig.
3-¢), and five classes of 0-6.8, 6.8-14.6, 14.6-22.1, 22.1-31, and 31-
86.8 were classified (Fig. 4-). In the case of aspect, based on the
flow of main streams and rivers, the eastern-facing slopes (east,
northeast, and southeast) showed a positive correlation with the
flooding, hence these aspects were classified as class numbers 5
and 4 (Fig. 4-h). In contrast, the western-facing slopes (northwest,
southwest, and west) indicated a weaker relationship with the
flooding, with class numbers of 2 and 1, respectively. Whereas
the flat areas showed the strongest relationship with flooding,
therefore the flat area was classified as class 5.

Areas close to rivers and roads are more likely to be
flooded (Chowdhuri et al. 2020), hence distances close to
rivers and roads were assigned high-class numbers. In the
case of distance to rivers, class numbers 5 and 4 were found
within distances of below 778 and 778-1622 meters, followed
by 1622-2587, 2587-4070, and above 4070 meters as class
numbers 3, 2, and 1, respectively (Fig. 4-f). As for the factor of
distance to roads, class numbers 5 and 4 were found within
distances of below 3402 and 3402-7793 meters, followed by
the 7793-12842, 12842-18769, and above 18769 meters as
class numbers 3, 2, and 1, respectively (Fig/ 4-g). In this study,
three types of land cover (Fig. 3-d), namely, water bodies,
agricultural and bare lands, were found to be more susceptible
to flood occurrence, whereas, other land cover types were
found to have a weaker relationship with flooding. Therefore,
the highest-class numbers 5 and 4 were assigned to water
bodies and agricultural land, followed by bare soil, built-up,
and forest as class numbers 3, 2, and 1, respectively (Fig. 4-d).
The derived NDVIranges between -0.11 and 0.65 (Fig. 3-e). The
low values of NDVI indicate the less dense vegetated areas,
which are more susceptible to flooding. Accordingly, the high-
class numbers 5 and 4 were assigned to NDVI in the range
between -0.1 and 0.14, 0.14 and 0.25, followed by the NDVI in
the range of 0.25-0.3, 0.3-0.4, and 0.4-0.65 as class numbers 3,2
and 1, respectively (Fig. 4-e).

Rainfall is an important factor that is positively correlated
with flooding in the Ngan Sau and Ngan Pho river basins.
In this study, the high rainfall areas were classified as high-
class numbers. In this case, high-class numbers 5 and 4 were
assigned to rainfall between 1736 and 1772, and between 1717
and 1736 mm, followed by the rainfall between 1697-1717,
1675-1697, and 1646-1675 mm, assigned as class numbers of
3,2 and 1, respectively. The flow length ranged between 0 and
120594 (Fig. 3-i). High-class numbers 5 and 4 were assigned
to flow length between 93272-120594 and 70189-93272,
followed by the rainfall between 50875-70189, 27793-50875,
and below 27793 were assigned as class numbers 3, 2, and 1,
respectively.

Analysis of weights of influencing factors
In this study, the experts give their opinions and compare

the pairwise influencing factors either jointly or individually.
It is, accordingly, based on the experienced judgments of the

Table 1. Flash flood hazard influencing factors

Classes (degree of influence)
No Influencing factors
1 (very low) 2 (low) 3 (moderate) 4 (high) 5 (very high)

1 Altitude (m) -16-145 145-379 379-717 717-1155 1155-2264
2 Slope (degree) 0-6.8 6.8-14.6 14.6-22.1 22.1-31 31-86.8

3 Aspect West Northwest, Southwest North, South Northeast, Southeast Flat, East
4 TWI 2-58 58-79 7.9-11 11-15 15-24.9

5 Flow length 0-27793 27793-50875 50875-70189 70189-93272 93272-120594
6 Distance to streams (m) 4070-9321 2587-4070 1622-2587 778-1622 0-778

7 Distance to roads (m) 18769-27989 12842-18769 7793-12842 3402-7793 0-3402

8 Rainfall (mm) 1646-1675 1675-1697 1697-1717 1717-1736 1736-1772
9 LULC Forest Agriculture Built-up Bare soil Water

10 NDVI 0.4-0.65 0.3-04 0.25-03 0.14-0.25 -0.1-0.14

* Notes: Class numbers 1, 2, 3,4, and 5 indicate the degree of very low, low, moderate, high, and very high influence on flash floods.
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experts, the pairwise comparison matrix was formed (Table
2). The AHP technique was then employed to identify the
corresponding weight of each influencing factor. Data from
Table 2 illustrates the weight values of influencing factors
that were obtained from AHP. The Consistency Ratio (CR) of
5.5% was within the limits of 10% (CR < 0.01). This proves the
expert's consistency and the validity of the computed weights.
Therefore, there is no need to repeat the evaluations. A higher
weight value of the factors represents the corresponding
factors having more influence on flash floods than others
within the Ngan Sau and Ngan Pho study area. Data from
Table 2 demonstrates that, with the highest weights of 0.14,
two factors, namely distance from rivers and TWI, have the
greatest influence on flooding in the study area. These two
factors are characterized by the position, the direction, and the
accumulation of water flow. It is followed by the rainfall and
altitude factors with corresponding weights of 0.13 and 0.12,
respectively. This implies that after distance from rivers and TWI
factors, rainfall and altitude make more of a contribution to
flooding in the area as compared to the remaining factors. This
rainfall factor-related result was consistent with those reported
by Nguyen (2017) that rainfall duration and intensity in the
period of 1990-2012 caused floods in 2002 2007, and 2010 in
this area (Hoang et al. 2020; Nguyen 2017). Slope, aspect, flow
length, and LULC, with the corresponding weights of 0.1, 0.09,
0.09, and 0.07, respectively, are factors having less influence
as compared with the factors discussed above. The lowest
weight values of 0.06 were found for both the distance from
roads and NDVI factors. This indicates that these two factors
have the least influence on flooding in the study area.

Analysis of flash flood hazards

The use of 151 flood inventory sites for the validation of
the flash flood hazards in the Ngan Sau and Ngan Pho river
basins has revealed that a total of 84.8 percent of flood
inventory sites were in good conformity with moderate to
very high levels of flash flood hazard areas. This indicates
a high degree of strong spatial correlation. In particular,
a higher degree of correlation between flood inventory
areas and moderate-to-high level flash flood hazard areas
obtained from the proposed method was found in the
Ngan Sau River basin, in the northern and northwestern

study areas (Fig. 5). This result suggests that the integration
of Landsat-8 imagery, GIS and AHP allows for accurate and
reliable flash flood hazard mapping in this study area.

The areas of flash flood hazards in the Ngan Sau and
Ngan Pho river basins were statistically summarized in Table
3 and their corresponding spatial distribution was shown
in Fig. 5, respectively. Data from Table 3 illustrates the areas
of very high and high flash flood hazard levels were 275
and 621.1 km?, accounting for 19.5 and 8.6 percent of the
total areas of the river basin, respectively. Moderate, low,
and very low flash flood hazard levels were extracted with
areas of 923.2, 889.1, and 477.8 km?, accounting for most
of the total area with 29, 27.9, and 15 percent, respectively.
Data from Fig. 5 demonstrates the very high and high flash
flood hazard levels. They were mainly located in the areas
along and close to the main Ngan Sau and Ngan Pho rivers
and streams, whereas the moderate, low, and very low
flood hazard levels were mostly detected in the areas of
high and very high altitudes and far from rivers and roads.
It is clear that there was a strong correlation between
areas of high, very high flash flood hazard levels and close
distances to rivers and high TWI areas. In particular, the
results on high and very high levels of flash flood hazard
areas are in good agreement with the locations of floods
recorded and reported in recent studies in the districts of
Huong Son in 2016 and 2017 (Hoang et al. 2020; Nguyen
and Ha 2017; Nguyen 2017; PSN 2016) and of Duc Tho
in 2017 (Group 2016; Thien 2017) in the northwest and
northeast of the river basin. High and very high levels of
flash flood hazard areas were also identified in Vu Quang
district in the west of the basin where flash floods often
hit in flood seasons such as in 2011 (Minh Thu 2011) and
2017 (Tien 2017). In addition, moderate-to-very high levels
of flash flood hazards were found in the area of Huong Khe
district, southwest of the river basin. These areas of flash
flood hazards were in good conformity with flash flood
sites reported in recent studies such asin 2013 (VT 2019). A
negative correlation between low and very low flash flood
hazard areas and flood inventory sites. This is consistent
with the fact that no floods in history were reported and
occurred in very low and low-flash flood hazard areas.

Table 2. Ranking of flash flood influencing factors to obtain the pairwise comparison matrix and their
corresponding weights

Comparison Matrix
Weights

Influencing factors 1 2 3 4 5 6 7 8 9 10
TWI 1 1 1 1 3 5 1 3 1 1 0.14
Altitude 1 1 1 1 2 3 1 3 1 1 012
Slope 1 1 1 1 3 1 1/2 1 1 1 0.10
Rainfall 1 1 1 1 3 2 2 3 1 1 0.13
LULC 1/3 172 1/3 1/3 1 1 1/3 3 1 1 0.07
NDVI 1/5 1/3 1 1/2 1 1 1/5 1 1 1 0.06
Distance from rivers 1 1 2 1/2 3 5 1 3 1 1 0.14
Distance from roads 1/3 1/3 1 1/3 1/3 1 1/3 1 1 1 0.06
Aspect 1 1 1 1 1 1 1 1 1 1 0.09
Flow length 1 1 1 1 1 1 1 1 1 1 0.09

Consistency Ratio = 5.5% (< 10%)
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Table 3. Areas of flash flood hazard levels

Levels of flash flood hazards Areas [km?] Percentage [%] Accumulated percentage [%)]

Very low 477.8 15.0 15.0
Low 889.1 279 429
Moderate 923.2 29.0 719
High 621.1 19.5 914
Very high 2750 86 100.0
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CONCLUSIONS

This study set out to investigate the integration of
Landsat-8 imagery, AHP, and GIS in mapping flash flood
hazards in the Ngan Sau and Ngan Pho river basins, in
north-central Vietnam. A total of ten exploratory factors
influencing the flash flood hazards occurrence, namely
TWI, altitude, slope, aspect, rainfall, land cover, NDVI,
distances to rivers and roads, and flow length, were used to
calculate the weights with the help of the AHP technique.
Land cover and NDVI were extracted from Landsat-8 OLI
imagery. Methods for spatial analysis in GIS were then
applied to map the flood hazard. Finally, the validation
was carried out using 151 flood inventory sites. The
study’s results indicated that flash flood hazards are mainly
associated with distance from rivers, TWI, and rainfall
factors. In addition, a high degree of spatial correlation
between 128 flood inventory sites and moderate to very
high levels of flash flood hazard areas were also revealed.
Last but not least, high and very high flood hazard levels
were mainly detected along and close to the main rivers
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and streams, with areas of 275 and 621.1 km?, respectively.
All these results confirm the effectiveness of the Landsat-8
imagery, AHP, and GIS combination in providing practical
flash flood hazard maps. These findings from this study
not only enable better watershed management but also
effectively reduce the likelihood of future flooding. One
source of weakness in this study which could have affected
the accuracy of the proposed method was the lack of the
factor of rainfall threshold for flash floods. Therefore, more
research is required to fully understand how this aspect
affects the identification of flash flood hazards.
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