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Abstract The production of flood hazard assessment maps is an important component of
flood risk assessment. This study analyses flood hazard using flood mark data. The chosen
case study is the 2013 flood event in Quang Nam, Vietnam. The impacts of this event
included 17 deaths, 230 injuries, 91,739 flooded properties, 11,530 ha of submerged and
damaged agricultural land, 85,080 animals killed and widespread damage to roads, canals,
dykes and embankments. The flood mark data include flood depth and flood duration.
Analytic hierarchy process method is used to assess the criteria and sub-criteria of the flood
hazard. The weights of criteria and sub-criteria are generated based on the judgements of
decision-makers using this method. This assessment is combined into a single map using
weighted linear combination, integrated with GIS to produce a flood hazard map. Previous
research has usually not considered flood duration in flood hazard assessment maps. This
factor has a rather strong influence on the livelihood of local communities in Quang Nam,
with most agricultural land within the floodplain. A more comprehensive flood hazard
assessment mapping process, with the additional consideration of flood duration, can make
a significant contribution to flood risk management activities in Vietnam.

Keywords Flood marks - Flood hazard assessment - AHP - GIS - Flood
hazard map - Vietnam

1 Introduction

Flooding occurs when water levels overtop riverbanks, lakes, dams or dykes in low-lying
areas during significant rainfall events. Its high frequency and widespread damages impact
severely on humans (Jongman et al. 2015). While many structural and non-structural
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measures have been introduced to reduce these adverse impacts, flooding remains one of
the most devastating hazards to affect communities globally (Brody et al. 2008). The
global disaster database, EM-DAT (Fig. 1), shows that the frequency of flood and storm
events is correlated with economic loss.

Flood risk poses a threat to many densely populated areas in both low-lying river basins
and coastal regions around the world (Maaskant et al. 2009; Islam et al. 2016). The
definition of flood risk is a combination of flood hazard, flood exposure and flood vul-
nerability (Kron 2005; Winsemius et al. 2013; WMO 2013; Budiyono et al. 2014). Global
flood hazard and exposure are projected to increase, especially in many low-latitude
regions in Asia and Africa (Hirabayashi et al. 2013). Meanwhile, tropical cyclone intensity
and rainfall are increasing, whereas the frequency of such large storms appears to be
decreasing or unchanged (Knutson et al. 2010).

Vietnam is particularly vulnerable to flood risk, recently ranking eighth in the ten
countries most affected by extreme weather events in the 1996-2015 period (Kreft et al.
2016) and fourth in the top 15 countries with the greatest population exposed to river flood
risk worldwide (Luo et al. 2015). Flood risk in Vietnam derives from the tropical monsoon
characteristic, dense river systems, long coastline and densely populated riverine and
coastal areas (Razafindrabe et al. 2012; Chau et al. 2014b). From 1989 to 2015, floods
caused significant losses, including 14,867 dead and missing people, with asset damages
equivalent to 1% of GDP for Vietnam (Luu et al. 2015).

Geographic Information System (GIS) emerged from the 1960s through the work of
Roger Tomlinson in Canada (Wieczorek and Delmerico 2009) and has been widely used
all over the world. GIS is considered an essential instrument for spatial analysis and has
been applied broadly to natural hazard risk assessment (Finn and Thunen 2014). The
combination of flood risk assessment and GIS has been implemented in many recent
studies at local scales (Fernandez and Lutz 2010; Ward et al. 2010; Budiyono et al. 2014;
Papaioannou et al. 2014; Foudi et al. 2015) and global scale (Jongman et al. 2012; Win-
semius et al. 2013). Spatial flood risk assessments are useful tools for the identification of
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Fig. 1 Global flood and storm events and economic loss between 1950 and 2016 (compiled from data
source in http://emdat.be)

@ Springer


http://emdat.be

Nat Hazards (2018) 90:1031-1050 1033

at-risk locations and the determination of at-risk components which are a basic foundation
to establish relevant mitigation and adaptation measures, (Lindley et al. 2007; Mazzorana
et al. 2012; Foudi et al. 2015).

The production of flood hazard assessment maps is a first step towards flood risk
assessment (Directive 2007/60/EC). Flood hazard assessment maps can inform local
managers, planners and communities about levels of flood hazard areas and taking the
appropriate response activities (WMO 2013). Such a map is deemed to be a core tool in
developing flood risk mitigation strategies and raising flood risk awareness within com-
munities (Vojinovic 2015).

The traditional method for flood hazard mapping used a hydrological and hydraulic
model to show inundation depth and extent for several return periods (Merz et al. 2007;
Apel et al. 2008; de Moel et al. 2009; Winsemius et al. 2013; Budiyono et al. 2014). This
approach requires many observed and simulated input data and parameters such as
meteorological data, river cross-sections and observed discharge (de Moel et al. 2009).
These data are often not available for many areas, especially in developing countries with a
lack of hydro-meteorological observation stations. Flood hazard maps can also be directly
created from flood depth marks and digital elevation model (DEM) (Hagemeier-Klose and
Wagner 2009; Ho and Umitsu 2011; Bhuiyan and Baky 2014; Chau et al. 2014b, Shen
et al. 2015).

Depth and duration of floods impact severely on the level of flood damage (Lekuthai
and Vongvisessomjai 2001; Thieken et al. 2005). The flood depth of disastrous flood events
is the most important factor and is always used to assess the flood hazard. Flood duration
can seriously affect agriculture areas, particularly paddy field (Kent and Johnson 2001).
Orchards or farm produce (Guo et al. 1998) can be destroyed due to a lengthy flood
duration. However, previous research has not considered flood duration in flood hazard
assessment maps.

Multi-criteria decision-making (MCDM) techniques enable to handle quantitative
variables and help decision-makers in solving flood management problems such as for-
mulating their values and preferences, quantifying these priorities and applying them to
decision-making processes (Levy 2005). Analytic hierarchy process (AHP) is the most
implemented MCDM method in flood risk management field (de Brito and Evers 2016).
AHP fundamentally works by developing priorities for multi-criteria evaluated by deci-
sion-makers (DMs), stakeholders or experts who are involved in the decision-making
process in a given field (Dewan 2013).

AHP is a decision-analysis tool developed by Saaty (1977). The main advantages of
AHP are simple GIS integration (Malczewski 1999), direct DMs’ opinion involvement,
criteria and sub-criteria systemization and consistency in evaluation (Ishizaka and Labib
2009). Besides these advantages, the method has three main negative aspects. The first
disadvantage of AHP is that the judgement and ranking of factors are based on the opinion
of domain DMs or experts. The dependence upon personal choice and knowledge can lead
to subjective preference in the ranking (Schmoldt et al. 2001; Thanh and De Smedt 2011).
The second drawback of this method is a high number of pairwise comparisons required
which can become overwhelming with a large number of criteria or alternatives (Harker
1987; Carmone et al. 1997). The third disadvantage is that the approach often forces the
analyst to make pairwise comparisons based on very vague or general criteria (Soni et al.
1990; Ishizaka and Labib 2009; Velasquez and Hester 2013). However, most of these
limitations exist in all MCDM methods, not only in AHP (Ishizaka and Labib 2009).

Weighted linear combination (WLC) is a broadly applied technique in integrated
MCDM-GIS models (Malczewski 2000). The combination of MCDM and WLC can be
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implemented for spatial analysis of the decision and assessment situations (Malczewski
and Rinner 2015). The AHP and WLC can be incorporated into a GIS framework when
AHP is utilised to determine weights for the criteria and sub-criteria, and the weighted
layers are integrated by WLC technique (Dewan 2013). For example, a combination of
AHP and WLC was applied to create flood vulnerability assessment map and flood risk
map for Dhaka, Bangladesh (Dewan 2013; Masuya 2014).

This study aims to provide a method to assess the flood hazard in Quang Nam, Vietnam,
using flood marks (including both flood depth and duration factors). The AHP method was
used to evaluate the criteria and sub-criteria of the flood hazard. The weights of criteria and
sub-criteria using AHP method are generated based on the DMs’ opinion. This assessment
was combined into a single map using WLC integrated with GIS. Besides flood depth,
flood duration has a strong influence on local communities’ livelihood as previously dis-
cussed. Therefore, this study included both flood depth and duration factors in generating
the flood hazard assessment map. This map can provide information about past events and
therefore is essential for emergency response and long-term flood risk management.

2 Study area and flood marks

Quang Nam is one of the most vulnerable provinces to flood hazards in Vietnam (Chau
et al. 2014a). This province has a total area of 10,575 km? and a population of 1.48 million
in the year 2015 (Quang Nam Statistical Office 2015). Quang Nam has Vu Gia-Thu Bon
river basin and a long coastal line of 125 km. It often faces disastrous flooding, especially
during the rainy season from October to December.

Some disastrous floods have been recently recorded in Quang Nam, including the events
of the year 1999, 2004, 2007, 2009, 2013 and 2016. Flood depth marks are often collected
after serious flood events in Quang Nam. The Project on Building Resilient Societies in
Central Region in Vietnam was implemented in 2009 by the Japan International Coop-
eration Agency and has encouraged this practice (JICA 2009; Chau et al. 2013). The flood
duration factor had not been considered or collected in Quang Nam before the year 2013.
The Quang Nam Provincial Committee of Natural Disaster Prevention and Control and
Search and Rescue (Provincial Committee) collected flood marks for both flood depth and
duration factors for the flood event in November 2013 as in Fig. 2.

Fig. 2 Flood marks for the 2013 flood event established and collected by the Quang Nam Provincial
Committee. Source: the Quang Nam Provincial Committee
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After Super Typhoon Haiyan had affected the Philippines, tropical depression Podul
dumped huge amounts of rainfall on provinces in central Vietnam in 14 and 15 November
2013 (Evans and Falvey 2013). The heavy rainfall of 401-793 mm caused severe flooding,
deaths and other impacts for Quang Nam, Quang Ngai, Binh Dinh and Phu Yen Provinces.
It resulted in 47 people dead or missing, 425,987 damaged houses and 5799 hectares of rice
and crop damaged (UN Country Team in Vietnam 2013).

In Quang Nam Province specifically, tropical depression Podul caused 17 deaths, 230
people injured, 91,739 flooded properties, 11,530 ha of submerged agricultural land,
85,080 animals killed and widespread damage to roads, canals, dykes and embankments.
The Quang Nam Hydro-meteorological Forecasting Station analysed the historical dis-
charge and water level data from 1980 to 2015 at two hydrology stations on Vu Gia-Thu
Bon river basin to draw flood frequency curves. They concluded that the 2013 flood event
has the frequency of a 1:20 year event, corresponding to the water level at Giao Thuy
hydrology station (Table 1).

The Quang Nam Provincial Steering Committee of Natural Disaster Prevention and
Control and Search and Rescue collected 300 flood marks of the flood event on 14-18
November 2013 in seven districts in Quang Nam including Dai Loc, Dien Ban, Duy
Xuyen, Hoi An, Que Son, Tam Ky and Nong Son. The location of the 300 flood mark is
shown in Fig. 3. Each flood mark has a code, coordinates (longitude and latitude), address,
flood depth, flood duration, name of information provider. The 300 collected flood marks
contain two factors of flood hazard, flood depth and flood duration.

3 Methodology

The AHP is used to derive weights of criteria and sub-criteria by evaluation of DMs,
stakeholders or experts who involve in the decision-making process (Saaty 1990; Dewan
2013). This method has been the most widely applied MCDM method in determining flood
risk (de Brito and Evers 2016). The DMs can evaluate the relative importance or weights of
criteria and sub-criteria by their judgements in pairwise comparison tables.

The assessment of AHP depends on the judgements of DMs or experts, so this method is
focused on the quality of DMs rather than the quantity of DMs. The AHP assessment can
run with very small groups of DMs, such as one DM (Godfrey et al. 2015), three DMs
(Kokangiil et al. 2017), four DMs (Al-Awadhi and Hersi 2006; Kienberger et al. 2009), five
DMs (Plattner et al. 2006), six DMs (Gao et al. 2007; Zou et al. 2012), nine DMs (Pa-
paioannou et al. 2014) and ten DMs (Wang et al. 2011), or run with the author experience-

Table 1 Flood frequencies measured and calculated at Giao Thuy hydrology station. Source: The data were
provided by Quang Nam Hydro-meteorological Forecasting Station

No. Frequency (%) H,ax (cm) Return period (year)
1 1.0 1065.52 100
2 2.0 1031.74 50.0
3 5.0 982.88 20.0
4 10.0 941.24 10.0

The 2013 flood event had H,,,x = 984 cm, equivalent to the frequency of 5%
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Fig. 3 Location of 300 flood marks for the 2013 flood event collected by the Quang Nam Provincial
Committee, Vietnam

based assessment (Sarker and Sivertun 2011; Kandilioti and Makropoulos 2012; Dewan
2013; Li et al. 2013).

First, an AHP model for flood hazard assessment was designed. Second, data were
gathered from DMs. Two staff working in the local committees were recruited to judge
criteria according to an AHP questionnaire. Finally, the assessment was incorporated with
WLC in a GIS framework to generate a flood hazard map.

The case study is in Quang Nam, Vietnam, so staff working in committees of Natural
Disaster Prevention and Control and Search and Rescue at provincial and commune levels
in Quang Nam were approached to participate as DMs. Participants are decision-makers in
flood risk management in Quang Nam, Vietnam.

The complexity of AHP algorithms’ calculation can be solved by using the Superde-
cisions software (Whitaker and Adams 2005) and the statistical software R (R Core Team
2016) with ‘ahp’ package (Glur 2017). The AHP pairwise comparison judgements of DMs
for flood hazard assessment were analysed using these programs. The weights resulting
from the analysis were combined with WLC method using ArcGIS 10.1 software (Envi-
ronmental Systems Research Institute Inc., USA) to create a flood hazard assessment map.
The integrated AHP and WLC was implemented within the GIS environment using
Weighted Sum tool through ArcGIS software.

3.1 Group decision-making and the AHP

The AHP was originally introduced by Thomas L. Saaty in 1977 (Saaty 1977) as a robust
and flexible technique for supporting priority setting and improving decision-making. This
method has been widely used in a variety of areas and recently applied to many studies in
flood risk assessment (de Brito and Evers 2016).
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The AHP is performed in this study using three main steps (Saaty 2005; Tzeng and
Huang 2011):

Step 1  Construct a hierarchical decision model as in Fig. 4;

Step 2 Develop a paired comparison matrix for criteria or sub-criteria of the decision
model as in Eq. (1) based on DMs’ judgement and reciprocal judgement axiom;

Step 3 Obtain the relative importance or weights of criteria and sub-criteria

The paired comparison matrix in step 2 is A = [a,-j} ,ij = 1,2,...,n. The entries a; are
defined by reciprocal judgement rule if a; = a, then a;; = 1/a,a > 0 in Eq. (1). The DMs
provide their judgements for the pairwise comparison values a;;

1 ap o an
1/&112 1 Ay

A= . . (1)
1/a1n 1/[12,, 1

The pairwise judgement scoring is based on the rule of Saaty (1977) with a 9-point scale
from 1 to 9 in Table 2. The consistency of judgements is checked by a consistency ratio
(C.R.) using Eq. (2). Saaty (1988) suggested that C.R. should be less than 0.1, although the
greater consistency does not mean the greater accuracy.

CR.=CI/RL (2)

The random index (R.1.) in Eq. (2) is depended on the size of matrices or the number of
criteria/sub-criteria n and obtained referring to Table 3 by Saaty (1988).
The consistency index (C.I.) is defined as in Eq. (3)

CL = (unax — )/ (n— 1), (3)

where A, is the largest eigenvalue derived from the paired comparison matrix, n is the
number of criteria or sub-criteria.

Flood hazard assessment

/\

Flood depth Flood duration
\ 4 v
<0.5m, 0.5-1m, 1-2m, >2m <12h, 12-24h, 24-36h, >36h
Low Medium High Very high Extremely high
Index 0-1

Fig. 4 Development of hierarchical decision model for flood hazard assessment for Quang Nam, Vietnam
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Table 2 Fundamental scale of absolute number in AHP (Dewan 2013; Ramanathan 2001; Saaty 2005)

Intensity of Definition Explanation
importance
Equal importance Two criteria/sub-criteria are equal important
2 Weak
3 Moderate importance One criterion/sub-criterion is slightly
favoured over another
4 Moderate plus
5 Strong importance One criterion/sub-criterion is strongly

favoured over another
Strong plus

7 Demonstrated importance One criterion/sub-criterion is very strongly
favoured over another

Very, very strong
Extreme importance Evidence favouring one criterion/sub-
criterion over the other is the highest
possible order of affirmation
Reciprocals  If A; is the judgement value when i is A reasonable assumption
compared with j, then A; has the reciprocal
value when compared to A;

Table 3 Random index (R.I.)

n 1 2 3 4 5 6 7 8 9

R.IL 0.0 0.0 0.58 0.90 1.12 1.24 1.32 1.41 1.45

After pairwise comparison judgements of each DM meet the consistency requirement
(C.R. < 0.1), it is required to combine the judgements of the group. The AHP allows each
DM to specify a value and then combine all individual judgements for the final assessment
result according to the geometric mean rule of Saaty (1989) as in Eq. (4).

1N
apy = [a}, x af, x ... x d]"", 4)

where 1 ... N are decision-makers, a}, ... a}, are judgements of decision-makers from 1 to
N.

3.2 Flood hazard assessment model

There are several studies on creating flood hazard maps in Quang Nam, Vietnam, such as
Ho and Umitsu (2011) and Chau et al. (2013). However, only flood depth marks were used
to build the flood hazard map; the flood duration factor has not been considered in these
maps. This study implemented flood hazard assessment based on both flood depth and
flood duration criteria for the flood event in Quang Nam in November 2013. There are four
sub-criteria for each criterion. The AHP structured the criteria and sub-criteria into a
hierarchical decision model for flood hazard assessment as in Fig. 4.
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3.3 The AHP and a GIS framework

Although many MCDA methods are available (Hwang and Yoon 1981), there are only a
few theoretical and applied research studies about GIS-MCDA. These include the weighted
linear combination, ideal point methods and outranking methods (Malczewski and Rinner
2015). The weighted linear combination (WLC) is the most often used technique for
dealing with spatial assessment using MCDM (Malczewski and Rinner 2015). The com-
bination of AHP and WLC in flood risk assessment has been applied in many recent studies
(Moeinaddini et al. 2010; Kandilioti and Makropoulos 2012; Rahman et al. 2012; Dewan
2013).

The WLC method is based on the concept of a weighted average (Malczewski
1999, 2006). Each criterion and sub-criterion are handled as a data layer in GIS analysis. A
WLC is conducted by multiplying criteria and sub-criteria by the corresponding weights
and layers (Dewan 2013). In this study, the integrated AHP and WLC method is used to
create flood hazard map using the following equation:

FHA = 2': 2/: WiW;iX, (5)

=1 j=1

where FHA is the flood hazard assessment index for flood depth and flood duration criteria
(Fig. 4), w; and w;; are the weights of the ith and jth criterion and sub-criterion and
x represents the value of a criterion. The weights represent the relative importance of the
criteria and sub-criteria.

4 Results

This study applied the methodology to the case of Quang Nam, Vietnam. First, criteria and
sub-criteria for flood hazard assessment were evaluated by judgements of two DMs using
pairwise comparison tables as in Fig. 5. Second, flood mark data were incorporated with
GIS data including DEM and province border to create a flood depth map and flood
duration maps through tools in ArcGIS software as in Fig. 6. Finally, the flood hazard
assessment map was built based on the integration of the AHP assessment result and flood
depth and duration maps.

/1 .2 Flood depth (Criteria: Flood depth <0.5 m, 0.5-1.0 m, 1.0-2.0 m, >2 m) \

Which depth is more dangerous when you compare the following pairs? Place the mark near
the more dangerous one (1: Equal, 3: Moderate, 5: Strong, 7: Very strong, 9: Extreme).

cxtreme < equivalent » extreme

9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9

0.5-1.0 m <0.5m

1.0-2.0m <0.5m
>2.0m <0.5m

1.0-2.0m 0.5-1.0 m
>2.0m 0.5-1.0 m

\ >20m 1.0-20m /

Fig. 5 Format of AHP pairwise comparisons
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Fig. 6 ArcGIS model for creating flood hazard map of the 2013 flood event in Quang Nam, Vietnam using
ModelBuilder

4.1 AHP assessment result

The pairwise comparison tables for AHP assessment were designed as in Fig. 5 to obtain
the weights of flood depth and flood duration criteria and their sub-criteria. The pairwise
comparison questions include flood hazard criteria and sub-criteria as the hierarchical
decision model in Fig. 4. The criteria for flood hazard assessment include flood depth and
flood duration. The sub-criteria of flood depth criterion are < 0, 0-0.5, 0.5-1.0, 1.0-2.0 and
> 2.0 m. The sub-criteria of flood depth criterion are < 6, 612, 12-24 and > 24 h.
Firstly, the pairwise comparison judgements of each DM were put in a matrix of the
Eq. (1) as in Table 4. Second, the result was checked for consistency using Superdecisions

Table 4 Pairwise comparison
matrix of flood depth from one of
DMs and the priorities of criteria

Flood depth (m) <05 05-1.0 1.0-2.0 >20 Weights

<0.5 1 3 7 8 0.04728
0.5-1.0 173 1 4 6 0.10075
1.0-2.0 177 1/4 2 0.32358

2.0 1/8 1/6 172 1 0.52838

Consistency index = 0.03176
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software (Whitaker and Adams 2005). This software also evaluated many different areas
for their weight or priority, with higher value indicating a more dangerous area (Table 4).
After that, the geometric mean of the pairwise comparisons as in the Eq. (4) was used to
combine the individual judgements into a representative group judgement.

The Superdecisions software allows the integer number only. The result of the group
judgement was not an integer number, so we could not use the Superdecisions software to
generate weights. The ‘ahp’ package (Glur 2017) in the statistical software R (R Core
Team 2016) was employed to solve this problem. The final weights of criteria and sub-
criteria were generated using ‘ahp’ package (Glur 2017). The results are shown in Table 5.

4.2 Flood hazard assessment map

This study used 300 flood marks of 2013 flood event collected from the provincial com-
mittee and 10 m DEM resolution to construct flood hazard map for Quang Nam, Vietnam.
The spatial analyses for creating the flood hazard map were implemented in ArcGIS 10.1
using ModelBuilder (Fig. 6). ModelBuilder is an application that allows the implementa-
tion of a series of analytical procedures and transfers it into a tool. The created tool can be
reused for similar analytical processes in other areas or regions. The ModelBuilder enables
an explicit modelling process as in Fig. 6. The main disadvantage of ModelBuilder is hard
to update, modify and replace parameters. The blue blocks are the input layers, the yellow
ones are sequence analytical tools and the green ones are sequence output data as in Fig. 6.
The model in Fig. 6 includes ten steps from (a) to (j) with three stages. The details are
shown in Table 6.

The flood depth map in Fig. 7 is the result of the geospatial modelling techniques from
steps (i) to (f) in stage 1. The flooded areas are located close to and along rivers. The most
severe flooded areas are nearby the confluence of Vu Gia river and Thu Bon River in Dai
Loc district. The total flooded area in the 2013 flood event in Quang Nam is 60,736 ha, in
which 9340 ha of < 0.5m, 12,977 ha of 0.5-1.0 m, 25,821 ha of 1.0-2.0 m and
12,597 ha of > 2.0 m.

The flood duration map in Fig. 8 is the result of the geospatial modelling techniques
from steps (g) to (h) in stage 2. The flooded area is near the sea, so the flood duration is not
long. The most frequent flood duration level is 12-24 h on 52,574 ha. The flood duration
levels of 6-12, > 24 h and < 6 h are on 7740, 388 and 35 ha, respectively.

The ArcGIS software has added a WLC tool called Weighted Sum, so the final output as
in Fig. 9 was produced from running the Weighted Sum tool using the weights resulted
from AHP method. The flood hazard map was created after implementing the geospatial
modelling techniques from steps (i)—(j) as in Fig. 6. The flood hazard was quantified based

Table 5 Final weights after combining the individual judgements into a representative group judgement

Flood depth (m) Weights Flood duration (h) Weights Hazard criteria Weights
<0.5 0.056 <6 0.074 Flood depth 0.71
0.5-1.0 0.102 6-12 0.122 Flood duration 0.29
1.0-2.0 0.324 12-24 0.243

>2.0 0.518 > 24 0.562

Consistency index = 0.026 Consistency index = 0.019 Consistency index = 0
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Table 6 Details of automating processes for creating flood hazard assessment map with ten steps from
(a) to (j) in ModelBuilder

Stages Automating steps used in ModelBuilder

Stage 1: creating the flood (a) Flood marks of the 2013 flood event, including flood depth and duration
depth map factors, are posted compatible with ArcGIS format

(b) Flood depth marks are put on the elevation of mean sea level by using
Add Surface Information tool with Quang Nam DEM

(c) The water height surface is built by using Inverse Distance Weighting
(IDW) tool with the result of (b). The province border is used to set the
environment settings of IDW algorithm as a mask and processing extent

(d) The inundated area is calculated by using Raster Calculator tool with the
result of (¢) and Quang Nam DEM. The algorithm is that taking the
product of (c) minus the DEM. The province border is used to set the
environment settings of IDW algorithm as a mask and processing extent.
The flooded areas have positive values, and the non-flood areas have
negative values

(e) Inundation levels are classified into < 0 m, 0-0.5, 0.5-1.0,
1.0-2.0, > 2.0 m by using Reclassify tool with the result of (d)

(f) The final flood depth map is produced by using Extract by Attributes tool
with the product of (e). The inundation level of < 0 m, which is the non-
flooded area, is extracted

Stage 2: creating the flood (g) The flood duration surface is created by using Inverse Distance
duration map Weighting (IDW) tool with 2013 flood marks. The province border is used
with the IDW algorithm for environment settings of mask and processing
extent

(h) The flood duration map is established by using Extract by Mask tool with
the result of (g) and the product of (f)
(i) The final flood duration map with classified levels of < 6, 6-12, 12-24,
> 24 h is built by using Reclassify tool with the result of (h)
Stage 3: creating the flood (j) The final flood hazard assessment map is generated by using Weighted
hazard map Sum tool with the result of (i) and the result of (h). The weights for the
layers are from the AHP result in the previous subsection

on flood depth and duration factors. The combination of AHP and WLC was implemented
within the GIS environment using Weighted Sum tool in the ArcGIS software as in stage 3
with step (j). The areas with no value are non-flooded areas. The higher value an area has,
the more significant flood hazard is present.

5 Discussion

The selected case study is Quang Nam Province, Vietnam, since this is one of the most
hazard-prone provinces in Vietnam, where significant flooding occurs every year and
causes serious impacts on communities. Flooding problems in Quang Nam Province relate
to the flow of Vu Gia—Thu Bon river basin. This basin is located in the west of Quang Nam
with a total area of 5290 km?. Over the years, successive river floods impacted seriously on
the residents’ livelihood and social-economic development. Most flooded areas are the
farming areas and densely populated (Fig. 9). The lowland area districts along Vu Gia river
and Thu Bon river including Dai Loc, Dien Ban, Hoi An and Duy Xuyen frequently
subjected to flooding. Flood duration had not been included in previous studies in this
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region; this factor was only collected since 2013. The return period of the 2013 flood event
is 20 years as in Table 1. The total flooded area in the 2013 flood event in Quang Nam is
60,736 ha (Fig. 7). This result corresponds to the result produced by the Institute Geog-
raphy in Fig. 10b.

The flood depth map created in Fig. 7 used flood depth marks and modelling techniques
which were applied and validated in the study of Chau et al. (2013). They created a flood

ODEM:-Flood depth mark OMIKE11-GIS

Flood scenario
1:100 YR

120 YR

1:10 YR

0 20000 40000 60000 80000
Inundated area (ha)
(b)

Fig. 10 a 100-year flood map created by the Institute of Geography using hydraulic model MIKE11-GIS
and b total areas of inundation in Quang Nam, Vietnam. Source: Chau et al. (2014b)
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depth map using the 86 flood depth marks of the 2009 flood event and 30 m DEM
resolution of Quang Nam, and used this result to assess agricultural impacts. The flood
hazard maps for Quang Nam, Vietnam, were built on the studies of Ho and Umitsu (2011)
and Chau et al. (2013), using only flood depth marks. As discussed previously, flood
duration was not considered in their analysis. The present study used 300 flood depth
marks from the 2013 flood event and a higher DEM resolution which was built from a
contour map at 1:10,000 scale.

As well as combining flood depth and flood duration factors, this study utilised the AHP
method for the following reasons: (1) MCDM and GIS combination, (2) DMs’ opinion
integration, (3) criteria and sub-criteria systemization and (4) consistency in evaluation by
checking the consistency index (C.1.). AHP is the most applied MCDM method in the field
of flood risk management (de Brito and Evers 2016). The WLC method was utilised to
integrate AHP in a GIS framework. The flood hazard map was generated by considering
both flood depth and flood duration using the integrated AHP-WLC with the geospatial
analysis model in Fig. 6.

The main limitation of the study relates to the application of AHP pairwise compar-
isons, something difficult for non-academic persons such as staff of the local committees of
Natural Disaster Prevention and Control and Search and Rescue. Although these are the
most qualified experts to participate, they are part-time workers and were very difficult to
recruit due to the onerous nature of the methodology. That only two experts participated
can be viewed as a limitation, but is within the acceptable limits of similar published
studies.

The flood hazard assessment map output can support decision-making in water resource
planning and flood risk management in Vietnam. Planners and managers need accurate
location-based hazard information. The combination of flood duration and flood depth
factors in flood hazard assessment for Quang Nam, Vietnam, can lead to a more com-
prehensive flood hazard assessment than previously available.

The loss of life and injury can be significantly mitigated with proper evacuation plans
(Coppola 2015). Evacuation capability among poor communities is particularly important
(Masuya et al. 2015; Liu et al. 2017). Flood hazard assessment maps can be combined with
housing data and population data to support decision-makers in developing effective
evacuation plan for flood-prone areas. It must be emphasised that farmers in Vietnam and
in Quang Nam in particular are generally poor. They are highly vulnerable and do not have
access to the natural disaster insurance scheme.

The negative consequence of flood hazards can be mitigated through an integrated
approach to flood risk management (Dewan et al. 2007). Current management activities in
Quang Nam are not adequate to combat flood problems. Decision-making is always based
on knowledge; therefore, accurate mapping outputs at local scale for flood risk are
essential. If knowledge is available, planners can identify the most at-risk areas, assess the
effectiveness of various adaptation measures and design appropriate flood risk mitigation
measures.

6 Conclusions
Flood hazard assessment is the first step in flood risk assessment. This study presented an

approach to assess flood hazard using flood mark data combined with DMs’ judgements.
The assessment was integrated into a GIS framework to provide a flood hazard assessment
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map. The 2013 flood event in Quang Nam, Vietnam, was used as a case study. The model
of DEM and flood depth marks utilised generated a result that corresponds to the hydraulic
model MIKE11-GIS.

Flood duration has not been included in flood hazard maps in previous research. An
assessment that considers both flood depth and duration factors could provide a more
comprehensive perspective on the impacts of flood hazard. A multi-criteria flood hazard
assessment and spatial analysis were introduced and applied for Quang Nam, Vietnam, in
this study. This methodology can be applied to spatial flood hazard assessment in areas
with inadequate data for hydraulic modelling and to generate a preliminary evaluation of
flood hazards using flood mark data.

This study analysed flood hazard in the local area, and the findings can be useful in
defining specific flood risk management plans for Quang Nam Province. The local flood
hazard assessment map can serve as a tool for decision-makers. The results can also be
incorporated into a land use map to support land use planning decision-making.

It is important to remember that the local committee officers are local government
officers and are DMs in flood risk management activities at the local scale. However, they
do not possess expertise in disaster management, and the system does not feature a great
deal of accountability. For this reason, subject experts, researchers and scientists should in
future be engaged in the decision-making process alongside the committees in future.

Flooding is a common occurrence in lowland areas along the rivers in Quang Nam,
Vietnam. The residents are familiar with flooding, and on the other hand, most of them,
who are farmers, need flooding for fertilising agriculture land (Tran et al. 2010). The
impact of flooding could be considerably mitigated through proactive community-led
action. A more comprehensive flood hazard assessment with the consideration of flood
duration can support such a proactive flood risk management approach.
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