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In recent years, the Lam river basin has suffered various forms of natural disasters such as floods,
inundations, windstorms, tornadoes, etc. Among all these, the flood has proved to be the great-
est threat to the people and the socioeconomic development in the basin. Moreover, it is very
frequent as compared to other natural disasters. In view of the fact that such disastrous floods
still occur in the basin, it becomes a necessity to determine the causes and analyze the compo-
nents affecting flooding. This is important in order to develop an early flood warning system
and thus minimize the negative impact of floods in the Lam river basin on the people and the
facilities. In this paper, the analytical hierarchy process (AHP) analysis method integrated with
GIS technology is used to map flood risk zones in the Lam river basin. The parameters used
for the analysis are the main causes affecting the floods. In addition to the five most commonly
used factors such as slope, rainfall, land cover, soil, and drainage density, this study also includes
a new factor — relative slope length — to compute a more rigorous and reliable model. The re-
sults were compared with two more methods of flood hazard zoning in the same study area: the
method of analyzing the main cause of the flood, and the method of inheriting, data analyzing,
and processing. The results were also validated by the historical flood data of three years: 2010,
2013, and 2016.

Keywords: analytical hierarchy process (AHP), GIS, Lam river basin, flood hazard zone map,
Vietnam.

1. Introduction

Vietnam is one of the ten countries most affected by global climate change (Kieu,
2015). Many extreme climatic phenomena have been affecting the livelihoods of the Viet-
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namese people, in which floods are the most typical natural phenomenon and have been
the major cause for great loss of wealth and life. Lam River, one of the largest river systems
in North Central Vietnam, forms one of the basins in the country that is greatly affected
by flooding. In the recent past, with growing industrialization, urbanization and global
climate change, floods in the Lam river basin have become more frequent and even disas-
trous. According to the World Bank (2017), the total damage caused by floods and storms
in 21 years from 1990 to 2010 was about 3300 billion VND. The flood in October 2016
caused nearly 1500 billion VND damage in Nghe An and Ha Tinh provinces (Hoa, 2016).
In the historic flood of October 2017, Nghe An lost 10 lives, and material damage was 758
billion VND and Ha Tinh lost 375 billion VND (Binh, 2017).

In order to prevent and mitigate the damage caused by floods, it is essential to have an
efficient early warning system. For this, firstly the flood hazard zones need to be mapped
and assessed. In particular, for the Lam river basin, where the floods have high frequency
and strength, it is necessary to systematize and zone the characteristics, properties, and
patterns of flooding in the basin. This contributes to minimising the negative impacts of
floods on the lives and livelihoods of residents in the basin.

In recent years, AHP has been used as an important tool in various research in
Vietnam as well as other countries to evaluate and zone flood hazards (Tu et al., 2013). In
Vietnam, Tu et al. (2013) conducted flood hazard zone mapping in the Vu Gia river basin
using AHP and GIS; Phuong et al. (2015) applied the same strategy to construct a flood
hazard zone map on the Huong river basin. Dung et al. (2020b) assessed the role of relative
slope length in flood hazard mapping using AHP and GIS, and Dung et al. (2021¢) evalu-
ated the vulnerability of agricultural land in flood-prone areas based on the flood hazard
zone map. The research used five parameters to compute the model, such as slope, soil,
rainfall, landcover, and drainage density. AHP and GIS integration methodology is widely
applied throughout the globe by various researchers (Fernandez et al., 2010; Siddayao et
al., 2014; Arianpour and Jamali, 2015; Kazakis et al., 2015; Rahmati et al., 2016) to map
the flood hazard zones in their respective study areas. This method has also been used to
establish flood risk maps by Gigovi¢ et al. (2017), Ghezelsofloo and Hajibigloo (2020) and
to detect flood hazard areas by Lawal et al. (2012).

The input data of the published studies mainly comprise the hydrological and topo-
graphic datasets. The choice of data depends on the study area and type of the model or the
used method. With the AHP method, the input data is relatively abundant. In this study,
we used six flood risk impact factors belonging to the group of physical geographical fac-
tors to calculate the model. Unlike most of the previous studies that used slope, rainfall,
drainage density, soil, and land cover, we have also considered relative slope length.

2. The research area

Being the largest river system in North Central Vietnam, the Lam river system is
located within the geographic coordinates 103°14° E to 106°10’ E longitude and 17°50° N
to 20°50’ N latitude. The river runs approximately a linear 350 km from northwest to
southeast. The total basin area is 27 200 km?, of which the territory of Vietnam in the basin
has an area of 17730 km? (Hung et al., 2014). This area covers a large part of Nghe An,
Ha Tinh province, and a part of the Nhu Xuan district of Thanh Hoa province, as shown
in Fig. 1.
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The Lam river basin has complex geography with three typical zones: the plains, mid-
lands, and highlands. The topography generally slopes from the northwest to the south-
east. In the south and southwest, the mountains have an average elevation of 1300 and
1800 m, respectively. The Lam river system has two large tributaries, the Ca River and La
River. The Ca River originates from Xieng Khouang Province (Laos) with an elevation of
over 2000 m, flows in the north-east-south direction with La River at Truong Xa and falls
into the East Sea at Cua Hoi. From Truong Xa to the East Sea is called the Lam river. The
main characteristics of rivers in the Lam river system originate from high mountains in
the Truong Son range (Kieu and Thanh, 2011).

3. The research methodology

The study involved the use of various sources of data for the Lam river basin, which
included topographic maps, land use maps, administrative boundary maps, morphologi-
cal maps, maps of the locations of hydrological stations, and annual average rainfall data
(from the period 1961-2017) at some locations in the basin. These data, obtained from
concerned government agencies (Table 1), were used to build a map of factors affecting
floods such as a slope map, land cover map, soil map, drainage density map, relative slope
length map, and rainfall map. The index of flood risk was computed from the results of
overlapping the above maps combined with the weight of factors affecting flooding. The
weights were calculated by the AHP method.

The process of establishing a flood risk zone map is shown in Fig. 2, including the
main steps: collecting and standardizing data, calculating the weight of each criterion, and
constructing the map of the flood risk zone.

The weight of the criteria was assessed by the AHP method, which is one of the mul-
ti-criteria decision-making methods that was originally developed by Saaty (1987). It is
a method to derive ratio scales from paired comparisons (Saaty, 1987). AHP is widely

Table 1. Data and its Sources

Sr. No Type of Data Sources Descriptions
1 Topographic map Vietnam National Space Center Year 2015,
Scale 1:50000
2 | Current land use map Department of Natural Resources and Year 2015,

Environment of Ha Tinh, Nghe An, and Thanh | Scale 1:50000
Hoa provinces

3 | Administrative Department of Natural Resources and Year 2015,
boundary map Environment of Ha Tinh, Nghe An, and Thanh | Scale 1:50000
Hoa provinces

4 | Morphological map Department of Natural Resources and Year 2015,
Environment of Ha Tinh, Nghe An, and Thanh | Scale 1:50000
Hoa provinces

5 | Location map of Department of Natural Resources and Year 2015,
hydrological stations Environment of Ha Tinh, Nghe An, and Thanh | Scale 1:50000
Hoa provinces

6 | Annual average rainfall | National Centre for Hydrometeorological Period 1961-2017
data Forecasting

834 Becmuux CITI6T'Y. Hayxu o 3emne. 2021. T. 66. Boin. 4



e ( N

No
Data normalization

Yes

v

Build a map of factors
affecting flood

factors affecting flood

1 1
1 : : !
Site specific information | Site specific information ! R Buﬂd 2 h1erarcl'1y' oit e
. > 3 1 » interrelated decision i
(Spatial data) (Spatial data) 1 1 1
| ) L y L elements .
1 ¢ 1
C N ( AL !
: : . S |
ther.ature review, > Dalalcollection : Construf:t pairwise | .
Field survey . comparison matrix 1
N J - ' 1
v - v -
@ ™ 1 ( 1
Expert judgment |  Definition of factors 1 Calculate the Weight and !
Availability of data ” affecting flood : Rank value '
J L 4 A
] 1
v \ v .
1 1
Hazard hierachy of factors | Determination of 1
affecting flood : consistency ratio and check :
A ¢ 4 i '
1 1
( ) 1 1
1 1
1 1
] 1
1 1
1 1
] 1
] 1
1 1
1 1

{ Calculate the Weight of

calculate risk index

v

Classify risk index ]

Overlap classes and J

Generation of flood hazard
zoning map by AHP and GIS
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used in the evaluation of multiple criteria and goals in problems characterized by their
complexity and subjectivity. This is entirely consistent with the objective of flood research,
a natural phenomenon affected by many factors. According to Saaty (2008), the applica-
tion of AHP comprises the following stages: the structuring of criteria and alternatives;
collecting judgments; calculating priorities; checking the consistency of judgments; and
lastly, calculating the overall priorities of the alternatives.

In order to zone flood hazard using AHP, firstly it is necessary to define the main el-
ements affecting flooding, based on causes, characteristics, formation mechanisms, phys-
ical geographical conditions, socioeconomic conditions, etc. The next step is to model
the problem into a hierarchical structure with the relationship between goal, objectives,
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and alternatives. However, according to Miller (1956), we must use a maximum of 7 + 2
elements in each level to achieve higher accuracy in the comparisons. If there are n fac-
tors then the number of comparisons will be n(n-1)/2. Also, according to Saaty (1987),
the factors are compared from a square matrix, whose order is equal to the number of
elements subordinate to the next higher node. Subordinate elements are arranged in the
same order, forming the rows and columns of the matrix.

When zoning flood hazards, the factors affecting flooding have different roles and
importance. Hence, assessors must consider the most important element based on the
focus criterion and the intensity of this element. For the assessment, each factor in the row
is compared with each column criterion, and the score of the judgment is then registered
in the matrix corresponding to the compared elements. In this study, the coefficient of
the matrix is calculated from the score of pairwise comparison of these criteria through
expert judgment on areas such as the environment, water resources, sociology, geodesy,
hydrology, soil, meteorology, etc. The relative importance between two criteria is meas-
ured according to a numerical scale from 1 to 9, as shown in Table 2. Pairwise judgments
are made based on the best information available and the decision maker’s knowledge and
experience, consultation, and subjectiveness.

Table 2. Saaty’s scale for weight assignment (Saaty, 1987)

Numq':rlcal Definition Description
rating

1 Equally preferred Two factors contribute equally to the objective

3 Moderately preferred Experience and judgment slightly favor one over the other

5 Strongly preferred Experience and judgment strongly favor one over the other
Experience and judgment very strongly favor one over the

7 Very strongly preferred other. Its importance is demonstrated in practice

9 Extremely preferred The §V1den§e favorlng one over the other is of the highest
possible validity

2,4,6,8 Intermediate values When compromise is needed

The weight of the criteria can be calculated using two methods: the eigenvector
method and the normalization matrix method. The priority vector shows relative weights
among the things that we compare. In this study, the latter method was used to get the
weight of the factors. The larger the weight of a criterion becomes, the more that criterion
affects the risk of flood. Once a pairwise comparison matrix is built, a normalized pairwise
comparison matrix Apom is constructed. Each entry wj; of the matrix Apom is computed as

a..

y n
Zizlaij
aj are the entries of a pairwise comparison matrix A.
The criteria weight vector W (n — dimensional column vector) is built by averaging
the entries on each row of A orm, i. €.
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The consistency of the created eigenvector matrix for AHP needs to be evaluated. The

required level of consistency is evaluated using the following index (Drobne and Lisec,

2009):

e

RI’

RI is the random index, represents an average number that is selected according to

a particular number of matrix rows or the number of criteria being compared, CI is the

consistency index which is given as

CR (3)

Cl=—"2—, (4)
n—1
n is the number of criteria, represents the number of independent rows of the matrix, Amax
is the biggest eigenvalue (maximum value of matrix).

If the value of the consistency ratio CR is smaller or equal to 10 %, the inconsistency
is acceptable. If the consistency ratio CR is greater than 10 %, it is necessary to consider
revising the subjective judgments.

The basis of flood risk zoning is generalized into the equation for calculating the risk
score according to the hierarchy score of factors; these criteria are selected in a group of
topographic, socioeconomic, or infrastructure criteria:

Y=wX +w, X, +...+w, X ,

in which Y is risk score, X; is hierarchy score of factor i (I=1-n), w; is the weight of factor i.

For each component element, it is necessary to establish hierarchical maps and assess
them at each level according to Saaty’s scale ranges (Saaty’s, 1987). These computed data-
sets are then further used to determine the grades of the flood hazard areas.

4. Results and discussion
4.1. Determining the weight of the criteria affecting flooding

The coefficients of the pairwise comparison matrix were calculated from the results
of the comparison of the influential criteria through the survey questionnaire from ex-
perts and scientists representing fields such as environment, water resources, geodesy, soil,
hydrology, hydraulics, sociology, and meteorology. The comparison results are shown in
Table 3 (Dung et al., 2020a).

The normalized matrix method was applied to calculate the weight of the factors
affecting the flood. The importance of each criterion can be determined through the
weights shown in Table 4. The computation shows that rainfall is the most dominant
factor (45 %) for floods while the soil is the least affecting factor (6.8 %) among all the
six chosen factors.

After determining the weight of the influencing factors, it is necessary to calculate
the parameters of the comparison matrix (Table 5). From the consistency ratio CR, it is
possible to measure the degree to which judgments are not coherent. In this study, CR was
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Table 3. Pairwise comparison matrix for six factors influencing flood risk

Criteria Rainfall Soil Slope 1“:‘1:1 Ddr:;;l;‘;;,e Rdﬁi:;tillope
Rainfall 1 7 3 5 5 5
Soil 1/7 1 1/5 1 1 1
Slope 1/3 5 1 5 3 3
Land cover 1/5 1 1/5 1 1 1
Drainage density 1/5 1 1/3 1 1 1
Relative slope length 1/5 1 1/3 1 1 1

Table 4. The weight of influential criteria Table 5. Parameters of AHP
Criteria Weight Parameters Value

Rainfall 0.450 Eigen value of a matrix (Amax) 6.18

Slope 0.255 The number of criterion (1) 6

Relative slope length 0.077 Consistency index (CI) 0

Drainage density 0.077 Random index (RI) 1.24

Land cover 0.073 Consistency ratio (CR) 0.03

Soil 0.068

equal to 0.03 (less than 0.1), so these weights are acceptable because the evaluation of the
experts is relatively consistent. Therefore, it is possible to build a flood risk zone map for
the study area.

4.2. Establishing the hierarchy table and the hierarchy map of factors
affecting flooding in the Lam river basin

The hierarchy table was established based on the relationship between flood level and
characteristics of influence factors to assess each criterion affecting flooding according to
five levels: very low, low, medium, high, and very high (corresponding to scores from 1 to 9).

4.2.1. Rainfall

The average annual precipitation in the Lam river basin fluctuates from 1000 to
2900 mm. The intensity of the rainfall is directly proportional to the flood risk. The effect
of rainfall on flood hazard will be hierarchical gradually from a very low level to a very
high level, corresponding to rainfall from less than 1200 mm to greater than 2400 mm, as
shown in Table 6.

Average rainfall in the period from 1961 to 2017 was used to establish a rainfall dis-
tribution map of the Lam river basin. From the precipitation map, the rainfall hierarchy
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Table 6. Rainfall Hierachy

No. Rainfall, mm Mark Level of flood risk
1 <1200 1 Very Low Hazard
2 1200-1600 3 Low Hazard
3 1600-2000 5 Moderate Hazard
4 2000-2400 7 High Hazard
5 > 2400 9 Very High Hazard
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Fig. 3. Rainfall hierarchy map of the Lam River Basin

map (Fig. 3) with five levels influencing flood hazard was built by combining areas with
the same level of risk as Table 6.

4.2.2. Slope

In the Lam river basin, the average slope of the sub-basins is 18.3 %. The flood flow
increases or decreases as the slope changes, so the level of impact on flood risk varies. The
lower the slope, the higher the flood hazard (Gigovi¢ et al., 2017; Kazakis et al., 2015; Sohl
and Benjamin, 2012). With the slope hierarchy, made up of five levels corresponding to
five types of terrain, as shown in Table 7, the lowest slope area is considered the highest
flood risk and vice versa — the highest slope region will have the lowest flood risk. There-
fore, the risk level increases from very low for the largest slope regions to very high for the
smallest slope areas. Based on the digital elevation model (DEM), we used a raster spatial
analysis problem to interpolate a slope map. The slope map of the Lam river basin shows
five slope values, as shown in Table 7. Since then, the slope hierarchy map was made, with
five levels affecting flood hazard, shown in Fig. 4.
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4.2.3. Soil

Table 7. Slope Hierarchy

No. Slope Mark Level of flood risk
<25° 1 Very Low Hazard
2 15-25° 3 Low Hazard
3 8-15° 5 Moderate Hazard
4 3-8° 7 High Hazard
5 <3° 9 Very High Hazard
104°0'0"E 105°0'0"E 106°0'0"E z
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Fig. 4. Slope hierarchy map of the Lam River Basin

The Lam river basin has a diverse and complex geological structure, with a diversity

of original rock compositions leading to an abundance of terrain types and creating dis-
tinct soil characteristics. High permeability soils reduce surface flow, which means that
the flood risk decreases, and vice versa. Based on the permeability of different soil types in
the study area, the soil factor was hierarchized according to the extent of its impact on the
flood risk, as shown in Table 8.

Table 8. Soil Hierachy

No. Soil type Mark Level of flood risk
1 |C Cc 1 Very Low Hazard
2 | A, Ha, Hq, Hs 3 Low Hazard
3 | Fk, Fp, Fv, Nt, B, Ba, Bq, Fa, Fj, Fq, P, Pb, Pf, Py, R, Rdv, Rk 5 Moderate Hazard
4 |D, Fl, Fs, SM, Sj1Mi, Sj2Mi, M, Mi, Mm, Mn, Pg, Pj 7 High Hazard
5 |E Nu 9 Very High Hazard
840 Becmuux CII6I'Y. Hayxu o 3emne. 2021. T. 66. Boin. 4
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Fig. 5. Soil hierarchy map of Lam River Basin

The soil hierarchy map (Fig. 5), with five levels affecting the risk of flood, was built
by combining soil types with the same level of impact on flood risk and score, classified
in Table 8.

4.2.4. Landcover

The lower the water retention and soil protection, the higher the probability of
flood hazard. Based on the features of covers, forest, water retention, and soil protec-
tion capacity, land cover in the Lam river basin was hierarchized according to its im-
pacts on flood hazard from very low to very high, with scores from 1 to 9, as shown in
Table 9.

Table 9. Land Cover Hierachy

No. Land cover Mark Level of flood risk
1 | Broadleaf evergreen forest (high, medium, low reserve) 1 Very Low Hazard
2 Renew forest, mixed bamboo forest 3 Low Hazard
3 Residential land, other land 5 Moderate Hazard
4 Shrubs, agricultural land, bare lands 7 High Hazard
5 | Cultivated aquatic land 9 Very High Hazard

The main data source used to compile this map was the current land use map of the
Lam river basin and the land cover data collected in the study area. The land cover hier-
archy map (Fig. 6), with five levels affecting flood risk, was made by pooling the types of
soils that have the same level of impact on flood risk in Table 9.

4.2.5. Drainage density

Drainage density is a classical descriptor of catchment morphology which is known
to control the formation of river flows. As such, it may significantly influence the
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frequency regime of flood flows (Pallard et al., 2009). Drainage density in the Lam river
basin is quite complicated because of its complex terrain and high slope. The average
density is about 0.60 km/km? and develops unevenly. The drainage density hierarchy
in Table 10 was defined based on the fact of direct proportionality among the drainage
density and the level of flood risk.

Table 10. Drainage density Hierarchy

No. Draiﬁ:lr,;;/ekcrljzn sity, Mark Level of flood risk
1 D<0.5 1 Very Low Hazard
2 D =0.5-1.0 3 Low Hazard
3 D =1.0-1.5 5 Moderate Hazard
4 D =1.5-2.0 7 High Hazard
5 D>2.0 9 Very High Hazard

The DEM data and river system map of the Lam river basin was used in combination
with the Spatial Analysis Tools in ArcGIS 10.2 software to determine the area of sub-ba-
sins, the length of the river, and the stream systems. These results were used to determine
the drainage density index (Minh and Dung, 2018). The corresponding drainage density
hierarchy map is shown in Fig. 7.

4.2.6. Relative slope length

Slope length is an effective factor in relation to runoff volume. This factor has been
defined as the distance from the point of origin of overland flow to either of the following,
whichever is limiting for the major part of the area under consideration: (a) the point
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Table 11. Relative slope length Hierarchy

No. | Relative slopelength | Mark | Level of flood risk
1 <20% 1 Very Low Hazard
2 20-40% 3 Low Hazard
3 40-60 % 5 Moderate Hazard
4 60-80 % 7 High Hazard
5 80-100% 9 Very High Hazard

where the slope decreases to the extent that deposition begins, or (b) the point where run-
off enters a well-defined channel that may be part of a drainage network or a constructed
channel such as a terrace or diversion (Wischmeier and Smith, 1978). The slope length is
more meaningful in the calculation of hydrological and hydraulic models, but it is difficult
in the hierarchy to determine the weight for the AHP method. Thus, the author suggested
using the relative slope length in his research. The relative slope length is the length of
a segment relative to the length of the whole slope (Dung et al., 2020b).

In reality, water accumulates gradually in the moving process along the flank from
high to low. Flooding often occurs in the lower flank, so slope length is a factor that affects
floods and flood formation. However, the length from the watershed line to the valley line
is different for each slope. Therefore, the slope length hierarchy according to the flood
hazard level is not categorized by the specific length of each slope but by the percentage.
If the length of a slope is considered to be 100 %, the level of risk at one location will be
equivalent to the distance from the watershed line to that location and hierarchized as
in Table 11. Accordingly, the area with the closest distance to the watershed line will be
assigned the lowest risk level corresponding to the lowest point, and the level of risk in-
creases when the distance increases.
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From the DEM of the study area, it was possible to identify the watershed line, the
valley line, and the slope length. A relative slope length map was established, from which
the relative slope length hierarchical map was constructed (Fig. 8).

4.3. Establish flood hazard zoning map of Lam river basin

After the successful compilation of the impact criteria maps and weight determi-
nation for the factors affecting the flood, a flood risk zone map was generated using the
spatial analysis method in the GIS environment (Fig. 9). It is the integration of component
maps; each pixel of the output hazard map was calculated using the following equation:

Y =045 MapRainfall +0.255 MapSlope +0.077 MupRelative slopelength +

(6)
+0.077 Mapomge density T0-068 Mapg,; +0.073 Map; ;.. 1cover>

Map g 1s the value of the position on the rainfall map, Mapg,,, is the value of the

position on the slope map, , is the value of the position on the relative

Map Relative slopelengt
slope length map, Mapp,,iuaee densiry 1 the value of the position on the drainage density

map, Maps,; is the value of the position on the soil map, Map, ..., i the value of the

position on the land cover map.

The integrated processing result is a map with each pixel having a corresponding Y
value score. To build a flood hazard zone map, the Y values on the numerical value map
should be divided into appropriate risk levels. Calculated results show that the risk score
is between 1.30 and 8.40, so it is possible to divide into four risk levels. Table 12 shows the
categorization of the flood risk index and corresponding risk areas in the Lam river basin.
Figure 10 shows the area ratio of a flood risk area for the study area.
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Fig. 10. Percentage of flood risk classes in the study areas

Table 12. Categorization of the flood risk index in Lam river basin

Range .
Hazard of the Flood Risk Areg’ % Hazard area
level . Level km
Risk Index
Ky Son, Thuong Xuan, Quy Phong, Quy Chau,
1 1.3-3 Low 1911.21 | 8.68 Nhu Xuan districts
2 3-5 Moderate | 11213.90 | 50.94 | Scattered accross the basin
District of Tuong Duong, Quy Hop, Con Cuong,
B . a part of Thanh Chuong, Nam Dan, Hong Linh
3 -7 High 4883.97 | 22.18 districts, some of the eastern districts of Ha
Tinh: Cam Xuyen, and Ky Anh
Huong Son, Vu Quang, Huong Khe districts and
4 >7 Very High | 4005.95 | 18.20 |a part of districts: Thanh Chuong, Duc Tho, Can
Loc, Thach Ha, and Cam Xuyen

4.4. Assessing the reliability of the results of flood hazard zoning
in the Lam river basin

The results of the study using the method of flood risk zoning by AHP (method 1)
were compared with the results of flood hazard zoning conducted by Kieu (2011) using
analysis of the main cause of flooding (method 2). It was also compred with the results of
flood hazard zoning by Kieu (2015) using the method of inheriting, data analyzing and
processing (method 3). All three methods produced the following results: (a) in the Lam
river basin, the area upstream of the Ca River, and the Hieu River have the lowest level of
flood risk, (b) the biggest risk is upstream of the Ngan Pho River and the junction of the
La River with the Ca River, limited by the Nam Dan hydrological station of the Ca river
branch, Son Diem hydrological station of the Ngan Pho river branch, and Hoa Duyet hy-
drological station of the Ngan Sau river branch. However, with the AHP method, it was
observed that high flood risk can also occur in the area upstream of the Ngan Sau river
extending to Chu Le, Huong Khe, and Ha Tinh hydrological stations.

In addition, the study results can be verified based on flood alarm level at the hydro-
logical stations (Do Luong, Son Diem, Hoa Duyet, Linh Cam, and Nam Dan) in the study
area with three flood events: October 16-18, 2010; October 15-16, 2013; October 15-16,
2016.
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Three levels of flood alarms correspond to the level of hazard in the study as follows:
— above alarm 3: very high flood risk;

— above alarm 2: high flood risk;

— above alarm 1: medium flood risk;

— under alarm 1: low flood risk.

Comparison of the alarm level at some hydrological stations with the results of flood
risk zoning of this study shows that:

— for the flood on October 16-18, 2010, the results at 5 hydrological stations are
realistic;

— for the flood on October 15-16, 2013, the result at Linh Cam hydrological station
has a small difference. Actually, the alarm at this station was only below alarm
level 3 (equivalent to a high level risk) but the risk level was deemed very high in
this study;

— for the flood on October 15-16, 2016, there is also a small difference at Linh Cam
and Son Diem hydrological stations. Actually, the alarm at these stations was only
below alarm 3 (equivalent to a high level of risk) but the hazard level was deemed
very high in this study.

Thus, there is a small difference between the flood hazard zone map using the AHP
method and actual results. This difference is due to the zone mapping of the study area
using data on soil, land cover, relative slope length, and drainage density in 2015 and av-
erage rainfall data from 1961 to 2017. However, the study also shows that most areas with
very high flood risks are relatively similar to real occurrences and two other assessment
methods (Kieu, 2011; 2015) as well. In particular, with the AHP method, the Chu Le area
is always at high flood risk and consistent with the alarm level 3 of many floods.

The obtained results revealed that AHP provides a flexible, simple, step-by-step, and
transparent approach to analyze complex problems in a multi-criteria decision analysis
environment based on experts’ knowledge, experience, and judgments. Furthermore, in-
tegration of GIS technology and the analytic hierarchy process to assess flood hazard is
considered relatively inexpensive, easy to use, and more importantly, permits interactive
implementation by flood managers for continuing improvement (Dung et al., 2021b). The
method and affected factors in the present research can be applied to other sites with sim-
ilar characteristics. This method can be applied anywhere in the world, but the selection
of influence criteria will not be the same for different regions. According to Dung et al.
(2021a), choosing the appropriate factors to delineate the flood-prone areas by the AHP
method is dependent on the physical geographic conditions of the research area as well as
the available data. Therefore, careful consideration is needed to decide which factors can
be chosen, determine the matching capacity of these elements on the hierarchy, and use
the AHP algorithm for computation. In addition, it is not recommended to use too many
criteria; a maximum of nine criteria is sufficient because psychologists conclude that nine
objects are the most that an individual can simultaneously compare and consistently rank
(Pawel, 2010).
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5. Conclusions

In this study, a flood hazard zone map was produced using the AHP method and
GIS. This is one of the useful methods for forecasting, preventing and mitigating damages
caused by floods as well as limiting ecological damage in the future. This study is consist-
ent with the results of previous research as well as flood alarm levels at the hydrological
stations in the study area with three flood events. The relative importance of each para-
meter is calculated by the AHP method. Six parameters, including rainfall, slope, land use,
drainage density, relative slope length, and soil were presented to the experts for paired
comparison and assigning of weight as the main criteria for flood hazard mapping in the
framework of GIS. The highest weight was assigned to rainfall and the lowest to the soil.
This calculation resulted in a 0.03 % consistency ratio. Following that, the effect of each
factor was combined together and their numerical superimposition resulted in mapping
flood-prone areas. The flood hazard areas of the Lam river basin were classified into four
categories: low, medium, high, and very high. From the flood hazard zone map, the risk
areas at different levels can be determined. The proposed methodology also showed that
22.18 and 18.2 % of the study area belong to high and very high hazard classes, respective-
ly. The southwestern and southern part of Ha Tinh province — Huong Son, Vu Quang,
Huong Khe districts and a part of Thanh Chuong, Duc Tho, Can Loc, Thach Ha, and Cam
Xuyen districts — presents the highest flood hazard. This area is characterized by intense
rainfall and high slope.

This study shows evidence of the importance and reliability of the application of a
mixed GIS and AHP approach in the assessment of phenomena that require expert opin-
ions and manipulate a large number of data from different sources. In particular, using
the GIS-based AHP method in flood hazard studies is of great importance in the case of
multiple criteria and conflicting objectives. The results of this study provide a good basis
for developing a system of flood hazard management in river basin areas and can be suc-
cessfully used for spatial development strategies.

Research results also show that the flood hazard in the basin is quite serious. It is
therefore necessary to build an information system to regularly update the natural con-
ditions and the socio-economic development in river basins in Vietnam to augment the
accuracy and reliability of the flood hazard zoning results and the forecast of flooding on
river basins. With this study, there are timely and app ropriate coping options to minimize
damage.
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B mocnenume roppr 6acceitt p. Ka (Jlam) mocTpazan oT pa3nuHbIX CTUXUITHBIX OefCTBMI,
TAaKMX KaK 3aTOIIEHN:A, IOATOIUICHN A, yparaHbl, TOPHALO U T. fi. Cpenn Bcex GefcTBuUIT Ha-
BOJJHEHVsI OKa3a/IMCh CaMoll OOMbIION YIPO30it /ISl XKM3HM JIOfEN ¥ COLMaTbHO-9KOHOMM-
YEeCKOTO pasBUTNA OKPY>Kalolllell Tepputopun. bonee Toro, HaBOZHEHMs CIy4yanlcCh OYEHb
JacTO 110 CPABHEHMIO C APYTYMMU CTUXUITHBIMY OeficTBusAMU. C y4eTOM TOro, YTO MOJKO0OHbIE
KaTacTpoQuyecKyie HAaBOJHEHVSI BCe ellle MOBTOPSIIOTCS, BO3HMKAET HEOOXOIMMOCTD OIIpe-
[eNeHVs] IPUYMH U aHamu3a (akTOpOB, BAMAONIMX HA BO3HMKHOBEHNE HABOJHEHMs. JTO
Ba)KHO JyIA Pa3BUTUA CUCTEMBI PaHHETO MPefyIPeXAeHNA O HAaBOGHEHUAX U, TAKUM 00pa-
30M, MMHIMM3ALMI HETATUBHOTO BO3/IeVICTBIISI HABOJHEHMI B 6acceiiHe peku JIaM Ha Jtrofieit
n uHppacTpykrypy. B manHo# crarbe Meron aHanmsa mepapxuit (MA), nHTerpupoBaH-
Hbli ¢ TexHonmorueit I'VIC, ncnonb3yercs i KapTorpadupoBaHys 30H PUCKa 3aTOIUICHUSA
B 6acceiine p. Jlam. [TapamMeTpsl, UCIOIB30BaHHbIE /ISl aHATN3A, ABJISIIOTCS OCHOBHBIMU (aK-
TOpaMu HaBofgHeHu:A. Kpome Toro, B OIONIHeHNe K ILATU HanOoJIee YacTO MCIIONb3yeMbIM
(akTOpaM, TaKUM KaK KPYTH3HA CKJIOHOB, OCaIK/1, PACTUTE/IbHbII IIOKPOB, I04YBA I IYCTOTA
pedHoIT ceTu, JaHHOE MCCTIeOBAHe TAK)Ke YUNThIBAET HOBbI PAaKTOP — OTHOCUTENBHYIO
IUIVHY CKJIOHA, /ISl HOCTPOeHMsI 60jiee TOUHOI U HaJieXKHOIT MOfe/y. Pe3y/braThl CpaBHUBA-
JINCh C ABYMs APYTMMM METOHaMy KapTorpadyupoBaHusA 30H PUCKA 3aTOIUIEHNS Ha TOVl XKe
MCCTIENYeMOIL TePPUTOPUIL: METOROM (aKTOPHOTO aHAjM3a PMCKa HABOGHEHMII U METOLOM
HaC/Ie[OBaHN, aHA/IM3a JAHHBIX 1 UX 06paboTk. Pe3ympraTsl Takoke ObUIN MOATBEP>KAEHDI
VICTOPUYECKVMY JaHHBIMY O HAaBOJHEHMAX 3a Tpu roga, 2010, 2013 n 2016 roppr.

Kniouesvie cnosa: merop, ananmusa nepapxuu (MAU), TUIC, 6acceitn pekn Jlam, Kapra 30H
OMACHOCTY HaBOJIHEHU, BbeTHaM.
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