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Abstract

Many natural disasters have recently occurred in Laos. Among them, flooding
has been the greatest problem. Land use change (deforestation and urbaniza-
tion) and climate change have played significant roles, and it is important to
understand the impacts of these changes on flooding. We have developed an
integrated hazard map based on a combination of four hazard maps of flood-
ing, land use change and climate change to assess hazard areas at the national
scale. The hazard map was developed using the analytical hierarchy process
(AHP) and a hazard index. Finally, we divided the map into four hazard area
categories, which include low, medium, intermediate and high. Based on this
analysis, the integrated hazard map of Laos indicates that low hazard areas
cover 87.44% of the total area, medium hazard areas cover 8.12%, and inter-
mediate and high hazard areas respectively cover 2.42% and 2% of the land
area. We compared the results with historical events to confirm that the pro-
posed methodology is valid.
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1. Introduction

Lao People’s Democratic Republic, or Laos, is a country in Southeast Asia. The
country is landlocked with no direct access to the sea, and it shares common
borders with China, Vietnam, Cambodia, Myanmar, and Thailand. In recent
decades, Laos has encountered many floods of different magnitude and dura-
tion. Over three consecutive years from 1994 to 1996, the floods were large and
disastrous. More recently, Laos has rapidly developed both socially and eco-

nomically, but most Laotian incomes originate from natural resources and agri-
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cultural products. However, water systems in rural areas are not well distributed.
Only areas located along rivers or where irrigation has been developed are suita-
ble for agriculture; hence, most of the rural population tends to settle and live
downstream from dams [1]. However, floods are one of the major problems
causing both social and economic damage to the country. Moreover, damage
caused by floods could significantly increase in the future due to socioeconomic
growth and climate change [2]. A flood hazard map would help reduce these
damages. A map is a tool for assisting decision makers to prioritize plans for ha-
zard mitigation, develop response efforts, and identify areas prone to flooding.
Hence, to determine suitable areas for development, it is important to identify
locations and their flood susceptibility range.

Over the last few decades, floods have become one of the main problems
causing damage to human and animal lives, infrastructure, and agricultural and
economic areas [3]. Furthermore, in the near future, socioeconomic develop-
ment, climate change and the decrease in forest density could significantly in-
crease the impact of floods [2] [4]. However, the impact of floods can be reduced
by developing a flood risk map. Generally, flood risk maps are generated based
on a combination of factors related to hazards (physical) and vulnerability (so-
cioeconomic). Current global flood models can be unsuccessful in precisely pre-
dicting the dynamics of climate change and socioeconomic development [4].
Nevertheless, knowledge of flood hazards plays an important role in the strategy
for minimizing flood risks such as reducing damage in agricultural areas and
losses of animal and human lives. In addition, decision-makers can create future
development plans. Flood hazards can be quantified by considering the occur-
rence probability of potentially damaging events. The occurrence probability can
serve as an indicator for verifying the sensitivity of such areas. Many researchers
have developed reliable flood hazard maps as a basis for generating flood risk
maps to support flood mitigation plans [5] [6]. However, many countries in the
Southeast Asia area still lack flood hazard maps.

To date, there has only been limited assessment, analysis or projections re-
garding potential climate change impacts on the physical and social environ-
ment in Lao PDR. The Intergovernmental Panel on Climate Change (IPCC) has
found that floods will tend to occur more frequently in Southeast Asia in the fu-
ture [7]. The occurrence of climate change can lead to increases in heavy rainfall
and flooding [8], and floods are one of the most dangerous hazards to the
economy and human lives, especially for developing countries like Laos.

Hazards can be single or combined in their origins and effects on an area. In
recent decades, many researchers have paid attention to the used of mul-
ti-hazard assessment, which focuses on all scales. For example, Marzocchiet [9]
used the multi-hazard assessment at the medium scale in their studies. Large
scale studies involving the multi-hazard assessment include those of [10] [11]. In
addition, several models have been developed for estimating the risk of mul-

ti-hazards, but most of these models are very data intensive.
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Recently, many studies have used geographic information systems (GIS),
which are a powerful tool for managing large volumes of spatial data, integrating
data from different sources and performing analyses [12] [13]. Nevertheless, for
decision-making purposes, GIS applications are inefficient for use in multiple
criteria analyses. To use GIS for multi-criteria decision-making, it is necessary to
combine GIS with multi-criteria decision analysis (MCDA). Several studies have
shown that coupling GIS with MCDA can be used to generate a flood hazard
map. Among MCDA methods, the analytic hierarchy process is the most popu-
lar because it is a user-friendly, convenient method that provides accurate results
and is suitable for other hazard studies [13] [14]. Until recently, flood hazard
mapping using AHP and GIS has been applied using GIS-based map informa-
tion such as slope, flow accumulation, elevation, land use, and rainfall intensity
[15].

Regarding the region, there is a difference between the impact of land use
change and climate change to flood [16] [17]. Characteristic of hazards in each
region can lead to the transformation of future land use to lower the impact of
the flood. Therefore, it is important to understand the characteristic of hazards
in each region. Understanding the factor that driven regional sensitivity is essen-
tial for future mitigation and adaptation strategies for instance based on Laos
national report [18]. The magnitude of hazard is increasing in the northern and
southern part of Laos because of the climate change.

The main objective of this study is to propose a reliable and capable of AHP
method to integrate hazard maps to gather and the integrated hazard map can be
used to identify sensitive areas over the region with limited available data. The
modeling method combines different hazard maps including flood, land use
change, and climate change. AHP is used as a tool to weigh the priority of the
maps. The proposed methodology provides an integrated hazard map that can
be used as a guide map, which provides important information for developing
countermeasures for floods, as well as other natural hazards. The map index is
shown on a scale from zero, which means low hazard to one, which means high
hazard probability. This is also the first time a hazard map for the entire country
of Laos has been developed. Another advantage of this proposed study is that the
AHP weights used to develop unified hazard maps are based on the decision
maker’s design criteria and the priorities. It is helpful to identify hazard areas

and focus on potential impact areas.

2. Study Area and Dataset

Located in the center of the Indochinese Peninsula, Laos is situated between
longitudes 100° and 108°E and latitudes 14" and 23°N. The country has a total
area of 236,800 km’, with the Mekong River flowing through approximately
1900 km of its territory from north to south and with over 800 km comprising a
natural border with Thailand.

Land use in Laos is classified as forests (65.2%), vegetation or agricultural
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areas (33.8%), and water bodies and bare land (1%). Almost all agricultural areas
are paddies. Land use type is one of the factors used to determine water infiltra-
tion. Soil data are based on the Harmonized World Soil Database, which is a 30
arc-second raster database with over 16,000 different soil mapping units; it com-
bines existing regional and national soil information updates worldwide with the
information contained within the 1:5,000,000 scale FAO-UNESCO Soil Map of
the World. The original soil type data based on the global soil unit (SU) was
converted to the soil texture class. The soil type data plays an important role in
the infiltration factor of the hydrological distribution. Based on the government
the country can separately into 3 regional areas namely, northern, central and
southern region (Figure 1).

To simulate hydrological distributed models, a hydrological and meteorologi-
cal dataset from the Mekong River Commission is used. The daily meteorologi-
cal data at 40 stations for the period of 1970 to 2000 is used for the rain-
fall-runoff simulation and for calibration and validation of the distributed hy-
drological model (Figure 1). The parameters include precipitation, soil types,
and elevation. In addition to the rainfall data, daily maximum data were selected
to analyze the rainfall intensity for 50 and 100-year return periods (Figure 2).
The rainfall intensity for many return periods was calculated using the

Log-Pearson Type III

Rainfall station

. Rainfall station
Elavation

Meter
P Hieh : 2682

Low : 45

0 35 70 140 210 280
- Kilometers

Figure 1. Study area and location of all rainfall station.
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Figure 2. Return period rainfall: 50 (a) and 100 (b) years.

The digital elevation map (DEM) with a 100 m by 100 m original spatial reso-
lution was obtained from the National University of Laos. The DEM, which is
the principal source for extracting topographic factors, is one of the most im-

portant pieces of data used in various studies.
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3. Methodology

We have developed a model for the multi-criteria analysis of hazard maps. The
AHP hazard index aims to support the identification of areas that are sensitive to
flood hazards. Figure 3 shows the methodology used. The first step is the data
collection stage, in which spatial data in the target area and the judgment of sev-
eral experts on hazard assessment criteria are collected. Phase I includes model-
ing and the analysis of hazard maps such as flooding, land use changes, and cli-
mate changes. In Phase II, we calculate the weights of the hazard maps criteria.
During this phase, we used AHP as a tool to measure the weights of the criteria,
and the consistency ratio is computed to verify the expert judgment consistency.
Finally, Phase III covers the integration of the hazard maps and the criteria
weights, which generates an integrated flood hazard map. Using this integrated
map, sensitive areas may be easily determined, which provides support for deci-
sion makers to design plans. The hydrological model was used to estimate 3 ha-

zard maps, which include floods, climate changes, and land use changes.

3.1. Floods

The method is based on the distributed hydrological model proposed by Kazama
[19] and developed by Kashiwa [20]. The hydrological processes considered in
this model include precipitation, infiltration, surface runoff, base water flow and
water balance in each layer. The model technically consists of a set of hydrologi-
cal parameters describing the catchment properties and algorithms describing
the physical processes. For each grid cell, two layers are considered in the vertic-
al direction: the base water layer and the surface layer. The model incorporates a
direct flow and base flow model used to estimate the river flow. Direct flow and
base flow are calculated using kinematic wave concepts, which process meteoric
water runoff using momentum and a continuity equation. Calculations of base
flow use precipitation data as input and Manning’s equation to determine the
base flow rate, as well as infiltration from the upper layer as input data and the
storage function method to determine the sub-base outflow. The infiltration rate
was determinedly based on soil type. For distributed system modeling, informa-
tion on river catchment geological and topographical characteristics is required
to derive or measure the necessary parameters. River basin characteristics are
described by a dataset (e.g., elevation, flow direction, catchment area and stream
network, and land use type), which are derived from the DEM.

Manning’s roughness coefficients were calibrated by trial and error; three ba-
sins, which include the northern Ou river (Figure 4(a)), the central Sane river
(Figure 4(b)) and the southern Sedone river (Figure 4(c)) in Laos of 2000 were
chosen as example for comparison between observed and simulated discharge.
The comparison is shown in Figure 4. The performance of this model was de-
termined using two commonly used statistical performance measures. The first
is the coefficient of determination R’ and the second is the Nash-Sutcliffe effi-
ciency E, all the stations’ coefficients of 2000 are shown in Table 1 as an exam-

ple. The overall results of the validation are satisfactory since all the values are
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above 0.6, which indicates a satisfactory fit between observed and simulated hy-

drographs [21].

Table 1. Nash and R? of all station in Laos from (Jan.1 to Dec.31, 2000).

Station id Nash R? Station id Nash R?
140,501 0.81 0.82 170,207 0.75 0.76
140,504 0.83 0.87 170,404 0.73 0.74
140,505 0.66 0.72 170,501 0.77 0.79
140,506 0.74 0.77 180,203 0.65 0.66
140,507 0.7 0.72 180,205 0.78 0.83
140,705 0.85 0.89 180,206 0.87 0.9
150,504 0.9 0.95 180,207 0.89 0.94
150,506 0.84 0.88 180,213 0.86 0.88
150,508 0.76 0.81 180,303 0.72 0.73
150,602 0.73 0.74 180,306 0.85 0.9
150,607 0.79 0.8 180,307 0.85 0.87
160,405 0.81 0.83 180,308 0.75 0.77
160,504 0.74 0.77 180,501 0.77 0.81
160,505 0.8 0.81 190,101 0.69 0.71
160,507 0.76 0.78 190,103 0.76 0.78
160,508 0.74 0.77 190,205 0.7 0.72
160,601 0.87 0.9 190,301 0.82 0.83
160,602 0.82 0.86 190,302 0.84 0.85
160,603 0.88 0.9 200,101 0.66 0.69
170,203 0.78 0.8 200,204 0.71 0.76

Spatial data

Phase | Phase Il

_| Expert Judgments
Y

=

Figure 3. Methodology for integrating flood map with AHP.

DOI: 10.4236/jwarp.2019.118056 943 Journal of Water Resource and Protection


https://doi.org/10.4236/jwarp.2019.118056

S. Phrakonkham et al.

Ou river
mrainfall ——Observe —simulation
500 - — . P T T T L e - S . 0
z [ I 1| ||| L (I =
T a0 g
<= R?=0.72 00 &
<2)
o Nash = 0.66 E
[+ =
= 200 w0 E
g w0 ~ S
07 300
OO OO OO0 IO OO OO0 OO IO O OO A O IO O HOAO IO IO O A O AOAO A OO HO A D D
deH e8I en B8RRI 85838 0888380838858 8 3898580838788 8d338883888:28
SSoSSNSOEIIESgEENERIRRANINNRRAIILERERRNIZIATBESaIS33II8E88
Time (day)
(a)
Sene River
= Rainfall ——Observe — Simulation
1000 — . I - — . '”IT .|. - -r--|r|r-"1|| - - 0
800 50 o
& 8
T e R2=0.80 00 g
b Nash = 0.79 w0 €
> 400 =]
& 200 £
= 2
g 200 250 &
o
0 300
O O © O T © OO O O D D OO © D 0 © OO0 © OO @O O OO0 © OO @@ D
Jed e8I e N B8R 85838 0885839082888 8 033878780888 es8g8382388985¢3828
SSOdNSg3IIE 885N EERZRANINNQRAIINLEERRNIZIARABIISIISIIIBE8Y
Time (day)
Sedone river
. rainfall ——observe ——simulation
4000 e - I N - 0
3500 r | I”Irl L —
o >
3 3000 s
) 2— 100 3
E 2500 R*=0.79 E
@ 2000 Nash = 0.77 200 =
g 1500 g
= c
g 1000 3
a 500 300 &
o A
OO OO @O IO OO IO O E O OO @ OO O OO IO OO IO IO OO OO HO IO OO L@@ D
T8I e N B8R 85838 05082839808 8N 8588805888790 8céresg8gss8ognggassgnges
SSoONSgOIINNEEEESISRRANIANRAIINEERRNIZIAIBESSISBIIILERS
Time (day)
()

Figure 4. Comparison of observed and simulated discharges in 3 basins (Jan.1 to Dec.31, 2000).

We propose a hazard index, which is adapted from the relationship between

velocity and flood depth [22], which is shown in Table 2. By considering the

water depth of every grid in the flood map, we converted the map to a hazard

index.

The scenario is that the water velocity from flooding areas is low, and the

depth can be transformed into a hazard index. The index is scaled from zero to

one, with zero describing the lowest risk and one describing the highest risk.

3.2. Land Use Change

Soil, topography and land cover are the most important factors that determine

rainfall runoff, which leads to the scale of flood events in the catchment area.

Land use changes may result in flood-drought disasters or ecological problems
[23]. A land use change scenario has been generated. First, the forested area be-

comes an agricultural area with the assumption that the ground slope is less than

12° [24]. Second, there is an expansion of urban areas based on the increased

population probability, and then, a shift from rural areas to urban areas occurs.

For this scenario, data from the NASA Global Grid of Probabilities of Urban

Expansion were used.
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Table 2. Depth-velocity matrix showing hazards to people.

Depth of flooding (m)

Velocity (m/s)
0.1 0.2 0.3 0.4 0.5 0.6 0.8 1 1.5 2 2.5

0.1

0.25

0.5

Remark

Water depth (m) Hazard index

Medium hazard < 0.5 0.25 - 0.5

3.3. Climate Change

Climate change is expected to increase both the magnitude and frequency of ex-
treme precipitation events, which may lead to more intense and frequent river
flooding. Several studies have shown that climate change has been a contributing
factor to flooding by raising the precipitation level relative to the average annual
rainfall [25] [26]. We used the inverse distance weight (IDW) spatial analysis
function in ArcGIS to distribute the rainfall, which is shown in Figure 2. In this
study, 50 and 100 years return period rainfall was used to represent the increase
of rainfall in the future. The difference in water depth from 50 and 100 years re-
turn period hazard map can determine the sensitivity of the area regarding to the
increase of rainfall. The impact of climate change on the flood hazard map was
estimated by comparing 2 hazard maps for 50 and 100-year rainfall return pe-
riods because most of the historical flooding events in Laos are recorded as
50-year return periods [18]. Therefore, we chose to compare it with higher po-
tential events in the future, which is the 100-year return period in this case. The
hazard index is determined by the normalization from the differential in water

depth between 50 and 100 return periods.
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3.4. Integrated Hazards

3.4.1. Analytical Hierarchy Process (AHP)

AHP is a powerful tool for multi-criteria decision-making [27]. To provide the
relative weights of the criteria, it is necessary to define each criterion’s relative
importance, and thus, a pair-wise comparison matrix for each criterion is
created to enable significance comparisons. We have 3 criteria, which include
Flood, Land use change and Climate change, and thus, the matrix is 3 by 3, and
the diagonal elements are equal to 1. The value of each row of pair-wise compar-

isons is determined based on expert judgments.

3.4.2. Relative Weight of Criteria

To obtain the criteria relative importance value, expert judgments are required.
We designed and conducted a questionnaire at the Ministry of Natural Resource
and Environment of Laos because most of the officers that work in this ministry
have knowledge of flood hazards, climate changes, and land use impacts in Laos.
Approximately 41 samples were collected from the Ministry and by using Equa-

tion (1), we obtained a value for each pair-wise comparison.

\ZJ\ X8|

(1)

where RI is relative important of pairwise A and B, are the responses to
the questionnaire and m is the number of samples.

Based on the data gathered from the questionnaire, a pair-wise comparison
matrix was constructed with normalized values of each parameter from Table 3.
When we compare the inverse of the pair-wise values, the scale value is the reci-
procal value. For example, the value for flooding vs. land use change is 4.90, and
thus, the value for land use change compared to flooding is 1/4.90 = 0.20; the
parameter averages for each row in the normalized matrix are computed to ob-

tain the corresponding weight W, of each criterion, which is shown in Table 3.

3.4.3. Consistency Check

In practice, it is impossible to expect the decision maker to provide a pair-wise
comparison matrix that is completely consistent. Therefore, after obtaining w,,
the consistency needs to be evaluated.

The consistency ratio is evaluated as follows:

Cl
CR= ar (2)

where CR is the consistency ratio, Cl is the consistency index and RI isa
random index that is dependent on the sample size, which is shown in Table 4,
where the values of Rl are tabulated. There are three criteria, and as a result,
Rl =0.58.

According to AHP theory, CR must be less than 0.1. C7can be calculated as

follows:
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Table 3. AHP pair-wise comparison matrix (A).

—
—
—

Option\A\ —~_ OptionB  Flood Land use Climate change Weight (w,)
Flood 1.00 0.50 0.56 0.21
Land use 2.00 1.00 0.436 0.3
Climate change 1.79 2.29 1.00 0.49
Sum 4.79 3.79 2.00 1.00

Table 4. Random index (R/) used to compute consistency ratios.

n 1 2 3 4 5 6 7 8 9
RI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45
A —n
Cl = Zmax (3)
n-1

where A4, is the maximum eigenvalue of the comparison matrix and n is
number of criteria.

Apax 18 calculated according to:

1 n Vi
ﬂ’max :szi:lwli (4)
Vv, = AxWw, (5)

where A isa pair-wise comparison matrix from Table 3.

From Equation (5), we find V,; from Equation (4), we can find 4, = 3.10
and CI = 0.05. Finally, the consistency ratio was calculated to be CR = 0.086.
Since, the CR wvalue is lower than the threshold (0.1), this indicates that the

expert judgments are reasonably consistent.

3.4.4. AHP Based Hazard Index
The AHP method was used to weight the priority of each hazard on the national
scale but on the regional scale, the priority of each hazard is different. Therefore,

on the regional scale, the weight of each hazard is defined by:

AHP,, hazard index = (hxyyﬂood xwﬂood)+(h

xy,land use change X Wland use change )

(6)
+ (hxy,climate chnage XWcIimate chnage )
3.5. Hazard’s Weight in Regional Scale
avgHW, .,
hazard — hazard (7)

avgHW, +avgHW,, +avgHW,,

where HW is the weight of the hazards in regional scale, avgHW is the av-
erage weight of the hazards index, hazard iseither fl, lu or cc (fl isflood

hazard map, lu island use hazard map and cC is climate change hazard map).
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4. Results
4.1. Flood Hazard Map

A distributed hydrological model was used to simulate a flood hazard map for
all of Laos. We considered the greatest water depth in every grid cell, which
was determined by contributing factors during the simulation, and these in-
cluded the 100-year return periods of rainfall, land types, soil hydrologic cha-
racteristics, and elevation. The results are shown in Figure 5(a), where we can
see the potential flood hazard area. The results reveal that low hazard areas
cover 75.88% of the total area, medium hazard areas cover 12.64%, and inter-
mediate and high hazard areas respectively cover 6.14% and 5.34%. Even
though the intermediate and high hazard percentages are low, we still must
pay attention to land use types in those areas. The intermediate hazard areas
can be divided into 89.32% forest, 10.52% agricultural and 0.15% urban. The
high hazard areas can be divided into 90.51% forest, 9.23% agricultural and
0.25% urban. In addition, most of the hazard areas are distributed around the
northern and southern part. The average hazard indexes in the northern, central
and southern region are 0.08, 0.16, and 0.1 respectively. As seen from the results,
urban areas have the smallest hazard area, and the next smallest is the agricul-
tural areas. These areas are very important to both the country and villagers be-
cause most rural areas are dependent on agricultural products as a main source

of income.

Legend
Flood
Hazard index
B o-02s5
[ Jo2s-05
[ 05-075
B o7s-1

04590 180 270 360
O Kilometers

(a)
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Figure 5. Hazard maps: (a) flood hazard map, (b) land use
change hazard map, and (c) climate change hazard map.
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4.2. Land Use Change Hazard Map

The results in Figure 5(b) show the overall impact of the hazard areas, which are
growing significantly; this is mostly because of the loss of forest area that slows
the rainfall runoff. Without the forest area, all rainfall runoff runs directly
downstream without storage or other factors to slow it down. Therefore, the ha-
zard areas downstream are expanding. The total area where land use change oc-
curs can be divided into 71.88%, 12.68%, 7.94% and 7.5% of low, medium, in-
termediate and high hazard areas, respectively. Intermediate and high hazard
areas can be further divided: 89.32% of intermediate areas are in the forest,
10.55% are in agricultural areas, and 0.12% are in urban areas. We found that
90.52% of high hazard areas are in forests, 9.32% are in agricultural areas and
0.12% are in an urban area. In addition, we analyzed the increase of total hazard
index between flood and land use change hazard map to identify the sensitivity
of the area to land use change in 3 different regional areas namely, northern
area, central area, and southern area. The average hazard indexes in the north-
ern, central and southern region are 0.12, 0.16, and 0.13 respectively.

4.3. Climate Change Hazard Map

Developing countries in tropical regions are highly susceptible to floods. These
regions already have high levels of precipitation, and the hydrologic cycle is sig-
nificantly interlinked and sensitive to the weather. The objective here is to find
areas that are sensitive to intense rainfall. Therefore, 50 and 100-year return pe-
riod rainfall events were used to determine the sensitivity of these areas. From
the results, it appears that low hazard areas cover 69.4% of the total area, me-
dium hazard areas cover 12.57%, and intermediate and high hazard areas re-
spectively cover 10.18% and 7.85%. As shown in Figure 5(c), for the percentage
increase in water depth from 50 and 100-year return period rainfall events, many
areas were susceptible to the change in rainfall intensity. Those areas show a
percentage increase in water depth, which leads to an increase in flood hazards
that need to be considered in a flood management plan or met with counter-
measures. The average hazard indexes in the northern, central and southern re-

gion are 0.18, 0.11, and 0.21 respectively.

4.4. Integrated Hazard Map

The main objective of this paper is to integrate four existing hazard maps. Many
studies have estimated the risk of different hazards in various zones using GIS as
a tool to integrate and analyze data from different sources. The weight of each
hazard is defined using the analytical hierarchy process (AHP), and a flood ha-
zard map is created, which is shown in Figure 6. Table 5 shows both the total
hazard areas and the corresponding area for each land use type. The total cover-
age of intermediate and high hazard areas can be separated by land covers as
follows: for intermediate hazard areas, 90.44% are from forest, 9.34% are from
agriculture and 0.16% are from urban areas; for high hazard areas, 88.11% are

from forest, 9.79% are from agriculture and 2.1% are from urban areas.
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Figure 6. AHP hazard map and historical events.

Table 5. Hazard area and corresponding percentages.

Area (km?) Percentage (%)
Hazard index for Laos
Low hazard 0 - 0.25 188,053 87.44
Medium hazard 0.25 - 0.5 17,469 8.12
Intermediate hazard 0.5 - 0.75 5220 2.42
High hazard 0.75 - 1 4309 2.00
Hazard index of agricultural area
Low hazard 0 - 0.25 16,144 87.58
Medium hazard 0.25 - 0.5 1540 8.35
Intermediate hazard 0.5 - 0.75 434 2.35
High hazard 0.75 - 1 315 1.70
Hazard index of urban area

Low hazard 0 - 0.25 267 81.40
Medium hazard 0.25 - 0.5 36 10.97
Intermediate hazard 0.5 - 0.75 13 3.96
High hazard 0.75 - 1 12 3.66
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Continued

Hazard index of forest area

Low hazard 0 - 0.25 160,121 88.50
Medium hazard 0.25 - 0.5 13,617 7.52
Intermediate hazard 0.5 - 0.75 3969 2.19
High hazard 0.75 - 1 3201 1.76

4.5. Land Use Change Hazard Map

The results in Figure 5(b) show the overall impact of the hazard areas, which are
growing significantly; this is mostly because of the loss of forest area that slows
the rainfall runoff. Without the forest area, all rainfall runoff runs directly
downstream without storage or other factors to slow it down. Therefore, the ha-
zard areas downstream are expanding. The total area where land use change oc-
curs can be divided into 71.88%, 12.68%, 7.94% and 7.5% of low, medium, in-
termediate and high hazard areas, respectively. Intermediate and high hazard
areas can be further divided: 89.32% of intermediate areas are in the forest,
10.55% are in agricultural areas, and 0.12% are in urban areas. We found that
90.52% of high hazard areas are in forests, 9.32% are in agricultural areas and
0.12% are in an urban area. In addition, we analyzed the increase of total hazard
index between flood and land use change hazard map to identify the sensitivity
of the area to land use change in 3 different regional areas namely, northern
area, central area, and southern area. The average hazard indexes in the north-

ern, central and southern region are 0.12, 0.16, and 0.13 respectively.

5. Discussion

According to Table 5, the high hazard areas have shallow water depth, and most
of them include forest areas. Similarly, forest areas comprise the largest percen-
tage of the area, which is followed by agricultural and urban areas. Comparing
the hazard areas before integration (flood, land use change and climate change)
and after integration (integrated hazard map by AHP), we found that most of
the high hazard areas (90.73%) were located in forest areas, which increased
compared to the hazard maps before integration (flood (90.47%), land use
change (90.54%) and climate change (89.80%); 8.93% of the integrated hazard
map was located in urban areas, which increased from the climate change hazard
map (8.16%) but decreases when compared to the flood hazard map (9.38%) and
land use change hazard map (9.21%); and 0.34% of the integrated hazard map
was located in agricultural areas, which increased from the flood (0.15%) and
land use change hazard map (0.25%) but decreased from the climate hazard map
(2.04%). Although, each region has its own sensitivity to hazard, the priority of
each hazard from the AHP method can reflect the overall situation of hazard in
national scale. Based on these results, it is important to focus priorities on flood
protection and management plans in high hazard areas that are in urban areas to

minimize the consequences of flood damage.
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To validate the hazard weights of AHP method, we compared them with the
hazard weight from the average hazard index in Equation (7) for intermediate
and high hazard indices. The weights from the AHP method were acquired from
experts’ judgments. The experts’ judgments rely on their involvement in hazard
events that occurred in accessible areas such as urban, agricultural and paddy
field areas; the experts did not take into consideration the hazard events that
occurred in areas that are hard to access such as mountainous and forest areas.
The areas were divided into 3 regions (southern, central and northern) to moni-
tor the hazard events because the same hazard can have different magnitudes
depending on the region. Therefore, we used Equation (7) to estimate the hazard
weight for intermediate and high hazard indices and excluded the mountainous
areas of the flood, land use change, and climate change hazard map in each re-
gion. From the results, the composition of the hazard weight from the average
hazard index in the northern and southern regions (Figure 7(a) and Figure
7(b)) have similar proportions with the hazard weight from AHP method
(Figure 7(c)). The hazard weight of climate change in the northern region (0.47)
is slightly smaller than that from AHP method (0.49), the hazard weight of land
use change (0.23) is larger than the AHP method (0.21), and for flood hazard
both weights from averaged indices and AHP method have similar results (0.3).
For the southern area, the weights of flood, climate change land use change ha-
zard map are 0.23, 0.29 and 0.48, respectively, which are quite similar to the ha-
zards weight of AHP method. For the central area (Figure 7(d)), the proportion
of the hazards weight is significantly different from the weight of AHP method;
the weight from the land use change is 0.39, climate change is 0.33 and flood is
0.28. By comparing the weights from AHP method and the weights from the av-
erage hazard index, we can conclude that the northern and southern regions
have similar hazard weights, while the central region is susceptible to land use
change more than another region. The northern and southern regions are sus-
ceptible to climate change more than land use change, and the central region is
susceptible to land use change. Laos national report [18] 2 states that the mag-

nitude of hazard increases in the northern and southern region because of the

North region hazard Southern region hazard Central region hazard AHP based hazard
@) weight (b) weight ©) weight @ weight

I

¥ Flood ® land use change m climate change )

Figure 7. Comparison of hazard weight from 3 regional area and hazard weight from
AHP method: (a) northern region (b) Southern region (c) central region and (d) AHP
based hazard weight.
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climate change, which is the same trend with our results. In addition, the AHP
method compiles various hazards to create an integrated hazard map by deter-
mining their weight. Furthermore, the AHP method has proved its consistency
in the climate change susceptibility to the hazard map in the northern and
southern region. The hazard maps were able to show similar susceptibility of
different hazards to the real events, thus indicating the reliability of the AHP
method to be applied in Laos, particularly in those areas where climate change
susceptibility is extremely vulnerable.

30 flood events determined by the United Nations Office for Disaster Risk
Reduction are used for comparison for the validation of a hazard map. Historical
flood events are shown as red circles in Figure 6. Only events with a high depth
of water in the named villages were considered. These locations are used for va-
lidating the flood hazard map. In Figure 6, 4 events (13%) are in small hazard
areas (0 - 0.25), 9 events (30%) are in the medium hazard areas (0.25 - 0.5), 7
events (23%) are in intermediate hazard areas (0.5 - 0.75), and 10 events (34%)
are in high hazard areas (0.75 - 1.0), which is shown in Table 6. From these re-
sults, the relatively high consistency of the flood hazard map can be seen, be-
cause most of the flood events based on the historical data are in intermediate to
high hazard areas. Hence, the reliability of the integrated hazard map is con-
firmed.

The integrated hazard map can be used in combination with other maps, such
as the future development plan from the government or private sector, and thus,
areas of risk in the development of agricultural areas or expansion of urban areas
can be verified. By comparing two land use datasets (current land use and the
future land use change scenario) with the integrated hazard map, the impact
from the expansion of agricultural and urban areas can be predicted. For exam-
ple, before the change in land use, the agricultural areas located in intermediate
and high hazard areas were 432 km” and 315 km?, respectively, and after land use
change, the agricultural areas located in intermediate and high hazard areas were
4250 km’ and 3375 km’, respectively (Figure 8(a)). Additionally, before the
changes in land use, urban areas located in intermediate and high hazard areas
were 13 km® and 12 km’, respectively, and after land use changes, these areas in-
creased to 32 km” and 34 km?, respectively (Figure 8(b)). The results show that
in terms of the impact area, the agricultural areas have a more significant impact
than urban areas if the trend in changing land use is according to our assump-
tions. To minimize the impact from the expansion of agricultural and urban
areas, those areas located in hazard areas must be avoided.

Flooding can be alleviated using agricultural land to store water. For example,
an agricultural area can act as a sub-catchment to reduce the impact of flooding
on urban and rural areas. In addition, it is necessary to include strategies for
flood mitigation downstream from urban areas. With planning, areas prone to
flooding will be able to store floodwaters in rural areas. Moreover, water from

flooded areas can be used for irrigation systems to develop a tolerance to climate
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change. The advantage of the proposed integrated hazard map is its ability to

provide an overall assessment of flood hazard areas at the national scale. The ap-

plication can also be extended to assess hazard zones in urban areas.

Table 6. Flood event locations with hazard index.

Hazard index Lon Lat Hazard index Name of village
0.13 100.5 19.67 Small hazard Southwestern Houamuang
0.21 100.81 19.58 Small hazard Southeastern Pavan
0.22 101.71 19.26 Small hazard Eastern Simoung
0.23 102.48 20.63 Small hazard Western Donkha
0.25 101.34 19.71 Medium hazard Western Donxai
0.32 101.26 17.93 Medium hazard Southwestern Pongdet
0.37 102.28 20.1 Medium hazard Southeastern Houaykho
0.43 101.91 19.44 Medium hazard Eastern Keomani
0.44 102.09 19.86 Medium hazard Western Pongvan
0.47 101.12 17.6 Medium hazard Northern Nanoy
0.48 101.12 17.75 Medium hazard Southern Pakxong
0.48 101.46 18.89 Medium hazard Eastern Koum
0.49 102.62 19.97 Medium hazard Northern Sopchia
0.54 101.16 17.77 Intermediate hazard Northern Nahouaxang
0.55 102.44 19.96 Intermediate hazard Northwestern Thapho
0.56 105.79 15.24 Intermediate hazard Southwestern Dua-Nua
0.57 101.42 18.9 Intermediate hazard Western Pakxong
0.58 105.83 14.41 Intermediate hazard Southwestern Nangloybanna
0.67 103.11 20.78 Intermediate hazard Northern Don
0.71 105.82 15.39 Intermediate hazard Southern Kham-yet
0.76 105.7 14.9 High hazard Eastern Vangpham
0.76 105.93 14.8 High hazard Southern Pakkeng
0.76 101.77 19.72 High hazard Southern Mouang
0.76 102.56 20.78 High hazard Southern Pakken
0.76 101.24 17.82 High hazard Eastern Poungchounglu
0.76 100.52 19.68 High hazard Northwestern Namhang
0.76 101.36 18.06 High hazard Southern Pathoumphon
0.76 101.54 18.7 High hazard Southwestern Nonsa-At
0.78 101.1 17.67 High hazard Northern Bosan
0.79 105.79 14.62 High hazard Western Thapchan
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Figure 8. Impact area of current land use and future land use: (a) agriculture area and (b) urban area.

6. Conclusions

The main purpose of this study is to develop an integrated hazard map that is re-
liable on a national scale. The result is an integrated map of flooding, land use
change and climate change hazards developed using AHP to perform the inte-
gration. The flood hazard map was generated using a hydrological model, which
was scaled with a hazard index. The results show that urban areas have few high
hazard flooding indexes when compared with other land use types. The land use
change hazard map was generated based on the scenario that all forested areas
with less than 12 degree slopes are deforested for agricultural use. The high ha-
zard areas increase from approximately 5.34% in the flood hazard map to 7.5%
of the total area. This indicates that forest density is a significant factor in pre-
venting flooding in our study area. The climate change hazard map was gener-
ated by examining the differences in rainfall between the 50 and 100-year return
period maps to show the areas susceptible to changes in rainfall intensity. The
results show the hazard magnitude increased in northern and southern regions.
Additionally, weights from the AHP meted provide a capability to show the sus-
ceptibility to hazards in each area similar to that of the Laos national report.
Therefore, the AHP method is reliable and can be adopted for integrated hazard
maps.

This study provides an important and reliable methodology for the develop-
ment of integrated hazard maps using multi-criteria decision analysis, such as
AHP. Furthermore, exposure data on population and economic losses in a ha-

zard area can provide more detail and improve the results.
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