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Abstract

Wijitkosum S. (2018): Fuzzy AHP for drought risk assessment in Lam Ta Kong watershed, the north-eastern region
of Thailand. Soil & Water Res., 13: 218-225.

Droughts occur from a combination of natural factors and human activities rather than just a single natural cause.
Spatial factors have also heavily influenced the causes of draught. This study was conducted in the Lam Ta Kong
watershed, Thailand. In this study, the Fuzzy Analytic Hierarchy Process (FAHP) method was applied to evaluate
the risk of agricultural drought and the GIS technique was employed to give full consideration to the ambiguity
and uncertainty of the agricultural drought risk. There are five risk factors to consider in the agricultural drought
risk assessment and they are divided in a total of fifteen criteria: physical factors (slope gradient and elevation),
climatic (rainfall and aridity index), soil (texture, drainage, fertility, erosion, and soil salinity), land utilization (land
use and land cover) and water resources (precipitation days, stream density, distance from an irrigation canal, and
groundwater volume). These criteria determine the weight and score used to evaluate their parental risk factors.
The Analytic Hierarchy Process (AHP) was applied together with the triangular fuzzy numbers (TFNs) method
to assess the data obtained from the criteria to achieve the drought risk assessment. The results indicated that
the overall risk of the Lam Ta Kong area was at a moderate risk of agricultural drought (50.45%), of which 15.63% of
the total area was at a high risk of agricultural drought. Moreover, 0.40% of the total area located at the central
part of the watershed was at a very high risk which was due to its saline soil with > 50% dense salt crust. This
research indicated that the major factors causing droughts in the watershed were related to the soil factors,
especially soil texture, soil fertility and soil salinity. These soil factors were considered as the driving factors of
drought. The results of this study can be used for land use planning and water resource management in order
to prepare for droughts in the watershed.
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Drought is influenced by natural and various an-
thropogenic factors, and it is a serious factor affecting
global water and food security. Therefore, detailed
drought risk assessments are crucial, especially in
developing countries. The Fuzzy Analytic Hierarchy
Process (FAHP) is an advanced mathematical model,
it is a tool to analyse the key characteristics and de-
terminants of complex problems and to address the
limitations of the conventional Analytic Hierarchy
Process (AHP) (CHANG 1996; WANG 2009; T1AN &
YAN 2013). FAHP is a popular approach for multiple
criteria decision-making and has been widely used
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in the literature (e.g. Tuysuz & KAHRAMAN 2006;
WANG & ELHAG 2007; TIAN & YAN 2013; Zou et al.
2014). Moreover, FAHP can also be used to predict
and prioritise criteria and factors leading to environ-
mental issues in the future (YANG & ZHANG 2012;
YANG et al. 2013; ZHAO et al. 2013).

Drought is an intrinsically complex multidimen-
sional process which includes both uncertain quan-
titative and qualitative factors. Therefore, FAHP is
deemed to be particularly appropriate for prioritis-
ing the factors and criteria into a hierarchical order
and analysing the data using the pairwise compari-
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son technique (T1AN & YAN 2013). Research has
shown that applying FAHP to environmental risk
factor analysis and prediction proved effective re-
sults (Tuysuz & KAHRAMAN 2006; YANG & ZHANG
2012; YANG et al. 2013; Zou et al. 2014; RADIONOVS
& UZGA-REBROVS 2016).

This study was conducted in the Lam Ta Kong
watershed, Thailand, where is a tropical country
with the savanna climate (Aw). Some areas are dry
sub-humid (aridity index, AI 0.51-0.65), which made
it a drought-affected country despite its location
(Wiyitkosum 2014). The area has suffered from
droughts for a long period of time. However, studies
regarding this issue are limited (SA-NGUANSILP et
al. 2017). Thus the study aims to employ FAHP, an
effective method for drought analysis, to investigate
agricultural drought risk factors and the level of the
risk. The data and findings were forwarded to rel-
evant agencies in the Lam Ta Kong watershed area
providing a database for defining suitable mitigation
measures for agricultural and water management
based on the spatial data.

The situation of Lam Ta Kong watershed. The Lam
Ta Kong watershed covers an area of approximately
3419.9 km? across six districts of upstream Pak Chong
area and downstream areas of Sikhiu, Sung Neon, Kham
Thale Sor, Muang Nakhonratchasima, and Chalearm
Prakeate. The major part of the watershed (65.0%) is
used for agriculture, of which 10.4% is under irriga-
tion. Its upstream area is facing deforestation and its
downstream area is under continuously expanding
agricultural utilization and urbanization. The average
annual precipitation in the area is 1200.4 mm.

MATERIAL AND METHODS

Identify drought risk factors. Drought risks are
monitored and assessed to strengthen the agricul-
tural sector which represents the poorest and most
vulnerable member of the community. Many fac-
tors affect drought, including precipitation, soil,
water resources and human activities (Cox et al.
2008; SANTOS et al. 2014; WijiTKosUM 2014). It is
important to investigate risk factors for each locality
(WESSELS et al. 2004; WijiTKOSUM 2016). Five main
factors (physical, climatic, soil, land utilization and
water resources), and fifteen subcriteria were used to
analyse the agricultural drought risk level and risk
area in the watershed using FAHP.

The physical factors included slope gradient and el-
evation. The climatic factor was represented by rainfall

and Al derived from climatic data over a 25-year
period from eight agrometeorological stations in
the watershed. The soil factor was assessed via five
indicators: soil texture, drainage, fertility, erosion
and salinity. Land utilization was evaluated using
two indicators: land use and land cover. The RS and
GIS technology were integrated to classify and map
the land utilization data (LILLESAND et al. 2008;
CHEN et al. 2012; WijiTkosum 2012). Landsat and
Theos satellite images were processed by the ENVI
software (Ver. 4.7, 2009) and the image geo-refer-
encing accuracy was initially cross-checked against
a reference map of the area. The last factor is water
resources, which was evaluated based on a source of
water for planting, and included precipitation days,
stream density, distance from an irrigation canal and
groundwater volume.

FAHP analysis for drought risk factors. The FAHP
is an integrated method which enables handling am-
biguity associated with the mapping of drought risk
areas (Van LAARHOVEN & PEDRYCZ 1983). FAHP
was developed from the fuzzy set theory, it is a class
of objects with a continuum of grades of member-
ship. Fuzzy membership functions can be any real
number in the interval [0, 1] (WANG et al. 2006). In
FAHP procedure, pairwise comparison was used to
replace crisp values in order to eradicate vagueness
and uncertainty of the factors. FAHP adopted the
hierarchical model by taking into account layers of
criteria and subcriteria. Prioritization was carried out
by comparing the significance of values of each pair
in the hierarchical model (WANG et al. 2006; SAATY
2008). Each criterion was given a fuzzy number (FN)
(1-9) (Table 1) as part of the fuzzy set, then the scat-
ter of its membership function was identified (AN et
al.2007). In this study, the triangular fuzzy numbers
(TFNs) (Eq. (1)) were determined for constructing
drought risk factors (KAUFMANN & GUPTA 1988).

;Cl:ll s xe[l,m]
_ (1)
n(x,)= :;_L; , xe[m,u]
0, otherwise

Where [ < m < u. If [ = m = u, the FN gets a crisp
number. Following this, respondents could state an
area below (/) or above (u), this value (m) can there-
fore not be interpreted as the modal value according
to CHANG (1996).
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Table 1. Scale for relative importance used in the pairwise comparison matrix

:::;22?;12: Fuzzy number Linguistic variables ( ZT;I?IZ) Recipr(c;;;l, (‘:1)521,212 /};)values
1 1 equally important (1,1,2) (0.33, 1.00, 1.00)

3 3 weakly important (2, 3,4) (0.20, 0.33, 1.00)

5 5 strongly important (4, 5, 6) (0.14, 0.20, 0.33)

7 7 very strongly important (6,7,8) (0.11, 0.14, 0.20)

9 9 extremely important 8,9,9) (0.09, 0.11, 0.14)
9468 median of the above (%=1, %, x+1); (1/(x+1), 1/x, 1/(x—1);

P adjacent judgement x=2,4,6,8 x=2,4,6,8

TFENs — triangular fuzzy numbers; source: DiHN and Duc (2012)

The FAHP process consists of five steps. The first
step is to compare the values of each pair in the hi-
erarchical model using the FN. The second step is to
create the fuzzy comparison matrix (FCM) (Eq. (2)).

(LL1)

(IZI7m217u21)

(lln9m1n’uln ) ]

(ZZH > m2n > uZn )

(112’m12’u12)

(1LL1)
A= (‘7@/‘ ),,xn - :

(1,i,1)

(lnl ’ mnl ’un] ) (ln2’ mn2’un2 )

The third step is to calculate and identify the ei-
genvalue of which A represents a matrix and vector
X completes Equation 3:

AX=)X 3)

A is an n x n matrix containing (éij) FNs. X is a
non-zero eigenvector, 1 x # in size, and containing
X, fuzzy set numbers. 1 is a scalar number as the so-
lution of the interval arithmetic equation (WANG &
LuoH 2000). The next step is to identify the consist-
ency ratio (CR) of each matrix in comparison with
the fuzzy using the equation:

(CR = CI/RI]) (4)

and given consistency index (CI):

Cl=(\___—-n)/(n-1) (5)

max

\,.., represents the hightest result from Eq. (3)
and # is the size of the matrix. Random index (RI)
represents weights generated by the size of the matrix
(n) in comparison with the fuzzy value given the CR
is equal to or less than 0.1 (SAATY 1996). The final
step is to identify the total weight by analysing the
attributes in each hierarchical step and using « to
identify the weight of each criterion.

Analysis of drought risk assessment by FAHP.
FAHP was used to prioritize drought risk factors.
The comparison of the fuzzy values was carried out
using FNs 1, 3, 5, 7, and 9 (Table 1). A hierarchical
structure of drought risk factors for the watershed
was prepared. Fifteen pairwise comparison matrices
were developed using equations (1-3). The data
was initially analysed by the hierarchical structure
analysis using pairwise ratio comparisons as shown
in Table 2—-3. The calculation using TFNs then fol-
lowed. CR was calculated by Eq. (4) and (5). FAHP
and GIS techniques were employed to analyse drought
risk areas. The areas were generated and mapped by
the ArcGIS software (Ver. 10.3, 2014) to identify the

Table 2. The pairwise comparison matrix of the drought risk factors with respect to the goal

Factors Climatic Physical Soil utihizgon r:ﬁi; Fuzzzxst);rrlltthetic
Climatic (1,1,1) (0.33,0.50,1)  (0.25,0.33,0.50) (2,3, 4) (2,3, 4) (0.10, 0.18, 0.34)
Physical (1,2,3) 1,1,1) (0.25,0.33,0.50) (2,3, 4) (2,3, 4) (0.12, 0.23, 0.43)
Soil (2,3,4) (2,3,4) 1,1,1) (4,5, 6) (2,3, 4) (0.25, 0.42, 0.72)
Land utilization (0.25,0.33,0.50) (0.25,0.33,0.50) (0.17,0.20,0.25)  (1,1,1)  (0.33,0.50,1) (0.04, 0.06, 0.12)
Water resource  (0.25, 0.33,0.50)  (0.25,0.33,0.50) (0.25, 0.33,0.50) (1,2, 3) 1,1,1) (0.06, 0.10, 0.19)

A max = 9-1692; consistency index CI = 0.0423; random index RI = 1.12; consistency ratio CR = 0.03778 < 0.10 hence the matrix

is consistent
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affected areas into five different levels: very high,
high, moderate, low, and very low.

RESULTS

Factors affecting the agricultural drought in
the Lam Ta Kong watershed. Of all the 3419.9 km?,
77.50% of the area has a slope lower than 2% cover-
ing the central part of the watershed and 68.84% was
used for agricultural purposes. The vegetative cover
reached approximately 68.20% with 24.12% forest
coverage in Khao Yai National Park and in a small area
in the mountain range in the upstream area. 57.38%
of the area had an average rainfall of 1000-1050 mm/
year and 74.36% had an AI between 0.50 and 0.65.
Moreover, there are 93 precipitation days/year. 63.98%
of the area was a long distance (> 6000 m) away from
the irrigation canal. The majority of the agricultural
area has suffered severely from the adverse impacts
of droughts. Regarding soil factors, the main type
of soil texture in the area was loamy soil covering
31.03% of the watershed and 59.46% was classified as
having very low fertility. Soil drainage in most of the
area (67.79%) was very poor and 43.26% had a low
soil erosion level. 13.64% of the area, mainly in the
central part of the watershed, was affected by salt.
Dense salt crust areas (> 50%) were mostly found
in Kham Thale Sor where the soils were deep and
generally infertile. The water resource factors also
affected the drought risk of the area. Groundwater
volume at 2-20 cm?®/h covered 46.83% of the area

https://doi.org/10.17221/158/2017-SWR

whilst 42.98% received a groundwater volume lower
than 2 cm?/h. The stream density of the watershed
was 1.0 km/km?. The stream is narrow and shoal at
some parts, the flow is uneven due to water scar-
city. The map shows fifteen risk factors influencing
agricultural drought risk in the watershed as shown
in Figure S1 in Electronic Supplementary Material.
Drought risk factors. The results also showed
that (Table 4) the soil factors had the highest im-
pact (W = 0.4532) on drought in the area, followed
by physical factors (W = 0.2416), climatic factors
(W =0.1950), water resources (W = 0.1089), and land
utilization (W = 0.0736). The subcriteria that had
the highest influence were soil texture (soil factor);
rainfall (climatic factor); precipitation days (water
resources), and slope gradient (physical factors). The
results showed consistency since the CR of all the
matrices was below 0.1 (CR = 0.0378).
Agricultural drought risk assessment of the
Lam Ta Kong watershed. The total of 1785.46 km?
or 50.45% of the areas were at the moderate agricul-
tural drought risk. A high risk of drought occupied
up to 15.63% of the total area while only 0.40% was
categorized as being at a very high risk of drought.
Areas experiencing the highest drought risk were
located in some parts of Kham Thale Sor where the
average rainfall was less than 1000 cm?/year. The area
was also critically affected by salinity, especially in
the northern parts where dense salt crusts (> 50%)
were distributed widely on the soil surface. Moreo-
ver, the soil was sandy soil with very low fertility

Table 4. The factors that affect drought risk in the Lam Ta Kong watershed by using FAHP

Factors Relative weight Criterion Relative weight Final weight
rainfall 0.7833 0.1527
Climatic 0.1950 o
aridity index 0.2633 0.0513
) slope 0.6508 0.1572
Physical 0.2416
elevator 0.3492 0.0843
texture 0.4700 0.2130
drainage 0.0789 0.0357
Soil 0.4532 fertility 0.0451 0.204
erosion 0.1787 0.0809
salinity 0.2274 0.1030
land use 0.5588 0.0411
Land utilization 0.0736
land cover 0.4412 0.0324
precipitation days 0.5860 0.0638
stream density 0.0604 0.0065
Water resource 0.1089
distance from irrigation canal 0.2300 0.0250
ground water volume 0.1235 0.0134
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Figure 1. Map of the agricultural drought risk in the Lam
Ta Kong watershed

and located far from the nearest irrigation canal
(> 6000 m) (Figure 1).

DISCUSSION

The results revealed that a very high drought risk
in the watershed occurred in the non-irrigated area
with low rainfall volume, very high soil drainage, and
very poor soil fertility. Sandy soil with poor drought
resistance resulted in low water holding capacity,
low nutrients, high erosion and high degradation
(ZHANG 2006; WijiTKOosUM 2016) which affected
productivity and growth (WHITMORE & WHALLEY
2009; LAL & STEWART 2013). The sandy texture of soil
was the main factor influencing the land susceptibil-
ity to desertification and drought (Hou et al. 2013;
ZHAO et al. 2013; WijiTKOosUM 2016) because of its
significant impact on ecological and hydrological
processes. Droughts tend to be a dominant prob-
lem of land utilization for agriculture. A previous
study (WijiTkosum & SrRIBURI 2016) showed that
this area had strongly alkaline soil (pH 10.3-11.0)
making the areas difficult to cultivate and remained
deserted. The sedimentary rock, Maha Sarakham
Formation, contributed to the amount of salt found
in groundwater and surface soil in the area. The
alkaline soils have a significant impact on droughts
and reduce crop productivity because most crops
are sensitive to high concentrations of salt (B1AzIN

& STERK 2013; BAGLEY ef al. 2014). The alkaline soil
in this watershed also suffered from low precipita-
tion which hampered the leaching of salt ions from
upper to lower soil horizons allowing the salt to ac-
cumulate (BLAYLOCK 1994). Once deserted, further
reduction in vegetative cover occurred resulting in
an accelerated loss of topsoil, soil erosion (WijIT-
KOosuM 2012), an increase in soil evaporation and a
decrease in soil fertility. These accumulated issues
led to an increased drought risk. Moreover, the land
with low vegetative cover showed a higher drought
risk than that with more coverage (PENG et al. 2016).
On the other hand, some upstream areas are at a high
risk level of drought. Soils found in the areas were
composed of sandy soils and sandy loams with very
high soil drainage and very low fertility. The area
received low levels of precipitation, especially in the
dry season, and remained dry despite being located
near water sources. Therefore, the watershed was
at risk of drought influenced by natural and human
factors. The issues are becoming more complicated
(Cox et al. 2008; WijiTKosuM 2014)

Droughts are also heavily influenced by spatial fac-
tors. The results from this study revealed different
results from SA-NGUANSILP et al. (2017), indicated
that the majority of the area (46.3%) was prone to
a very high drought risk. Rainfall had a high effect
on the drought risk in the study area followed by
land cover and soil texture. This study gave differ-
ent results in comparison with the aforementioned
even though the factors and the subcriteria were
quite similar. This was due to the results from the
hierarchical structure and its prioritizing property
of the fuzzy set number together with AHP which
allowed a more detailed analysis than in AHP. Fuzzy
theory can reduce vagueness and uncertainty that are
inherent in the problem. The results were consistent
with many studies (Tuysuz & KAHRAMAN 2006;
TiAN & YANG 2013; YANG et al. 2013; RADIONOVS
& UzGA-REBROVS 2016) indicating that FAHP is
an approach to solving the complicated problems
and prioritizing the factors that exceed the limited
ability of AHP (CHANG 1996; WANG 2009; YANG &
ZHANG 2012; YANG et al. 2013; ZHAO et al. 2014).
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