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ARTICLE INFO ABSTRACT

Flood is a major natural hazard with extremely large impact on social-ecological systems. Therefore, developing
reliable and efficient tools to identify areas vulnerable to potential flooding is vital for water managers, en-
gineers and decision makers. Moreover, being able to accurately classify the level of hazard is a step forward
towards more efficient flood hazard mapping. This study presents a multi-criteria index approach to classify
potential flood hazards at the river basin scale. The presented methodology was implemented in the Mashhad
Plain basin in North-east Iran, where flood has been a major issue in the last few decades. In the present study,
seven factors, selected based on their greater influence towards flooding, were identified and extracted from the
basic thematic layers to be used to generate a five-class Flood Hazard Index (FHI) map. The Soil and Water
Assessment Tool (SWAT) was used to develop a runoff coefficient map, which was found to be the most influ-
ential factor. A sensitivity analysis was performed and the results incorporated to generate a modified Flood
Hazard Index (mFHI) map. The accuracy of the proposed method was evaluated against the well-documented
flood records in the last 42 years at the study area. The results showed that, for both FHI and mFHI maps, more
than 97% of historical flood events have occurred in moderate to very high flood hazard areas. This demon-
strates that incorporating hydrological model (such as SWAT) and multi-criteria analysis introduces a robust
methodology to generate comprehensive potential flood hazard maps. Moreover, the proposed modified
methodology can be used to identify high potential flood hazard zones and work towards more efficient flood
management and mitigation strategies.
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1. Introduction severe rainfall events around the world in the future, particularly in

arid and semi-arid areas (CRED, 2009; Kain et al., 2018). In order to

Natural disasters caused by hydro-meteorological events (including
droughts, floods, storms, wildfires, and temperature extremes) are by
far the most frequent in the world, and result in the major cause of loss,
representing a significant portion of the worldwide disaster loss burden
(CRED, 2009; Kourgialas and Karatzas, 2011; Kowalzig, 2008; Luber
and Lemery, 2015; McMichael, 2003). From 1900 to 2013, floods and
storms associated with high precipitation events accounted for 87% of
extreme weather disasters, while, landslides, droughts, extreme tem-
peratures, wildfires and heat accounted for the remainder (CRED,
2009). Accelerated climate change has been recorded in recent decades,
which is of particular concern as it may lead to more frequent and
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assess this natural phenomenon, it is required to quantify the con-
sequences of flooding more comprehensively depending on the char-
acteristics of the region including population density, land use, geo-
physical and climatic factors (Maggioni and Massari, 2018).

Over the past twenty years, space agencies have agreed to reinforce
flood monitoring from space, due to the potential growth of remote
sensing (RS) application techniques to monitor floods, and its use to
address limitations of field data availability (Grimaldi et al., 2016;
Grimaldi et al., 2018; Khorrami et al., 2019; Li et al., 2018; Li et al.,
2016; Wright et al.,, 2018). Many studies have been conducted to
identify the main factors contributing to the severity of floods
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(Alaghmand et al., 2010; Kourgialas and Karatzas, 2017a; Udin et al.,
2018; Woldesenbet et al., 2018; Xiao et al., 2017; Zhao et al., 2018). A
variety of methods can be used to incorporate different criteria into an
integrated tool for both flood prediction and mitigation, depending on
the availability of data (Anand et al., 2018; Bradford and Denich, 2007;
Dao et al., 2009; Jajarmizadeh et al., 2016; Morris et al., 2010; Neale
and Weir, 2015; Tehrany et al., 2013). In this regard, the Multi Criteria
Decision Analysis (MCDA) technique has been widely used for in-
tegrating, identifying or rating controlling factors, particularly in nat-
ural hazard and suitability analysis (Al-shabeeb, 2016; Chowdhury
et al., 2010; Jozaghi et al., 2018; Kourgialas and Karatzas, 2017a;
Nefeslioglu et al., 2013; Sinha et al., 2008).

Udin et al. (2018) in a case study in the southern district of Kuala
Krai, Kelantan, Malaysia, investigated the region exposed to floods
through questionnaires and regional data gathering, and categorized
the flood zones by using GIS and it was established that parameters
such as flood depth, water level, and the amount of rainfall had a major
influence on the river flood hazard maps pattern. Kourgialas and
Karatzas (2016) estimated flood hazard in the Mediterranean island of
Crete in Greece, selecting several contributing factors combined
through GIS environment to identify the areas most at risk of flooding
under current and future climate conditions. In order to test the relia-
bility of the output flood hazard map, historical flood records were
used. Kazakis et al. (2015b) presented an alternative of a multi-criteria
index calculation process in order to provide an assessment of flood risk
at a regional scale by using spatial analyses. To test the method for
accuracy, the index calculation was subject to a sensitivity analysis,
including a range of weight values for different scenarios. The analysis
showed a good correlation between historical flood event records and
the output index data, proving the validity of the results. Chen et al.
(2015) in a case study in the Bowen Basin in Queensland, Australia
developed a methodology for decision makers to use a spatial multi
criteria prototype for evaluation of flood risk at a regional scale using
spatial gridded data including topography, land cover and soils type
information, hydrology and climate data. According to the indices de-
rived from time series of observations and spatial modeling, a regional
flooding risk map was used to illustrate possible impacts of each of the
selected criterion indices related to flood analysis towards the level of
risk obtained. The maximum flood extent perceivable by time series of
RS imagery was used to verify derived map.

Flood hazard mapping represents a great challenge due to the
subjectivity of the flood related criterion indices assumed for a basin,
and the proper selection of the most sensitive parameters in a basin
model. The validation of a flood hazard map may become a challenging
process given the fact that the data may not attempt to describe the
likelihood of a single real event, but rather an attempt to describe areas
affected by all events of a certain magnitude, especially in the case of
global flood models at coarse resolutions (Sampson et al., 2015). There
is a high demand of emergency services and local institutions for risk
based forecasts in terms of flood-prone areas, which require forcing the
global flood models to include large and small scale analysis (Dottori
et al., 2016). The challenges due to lack of available data over un-
gagged rural areas, and a rather simple tool to model all the flood re-
lated parameters in a basin may also represent an obstacle for an ac-
curate and practical flood hazard assessment at a basin scale. A
combination of the techniques mentioned previously in the works cited
was used in the present study, but also including other factors to be
considered such as runoff coefficient as a flood hazard criterion, as well
and GIS computer-based software tools to develop a rainfall runoff re-
sponse based on high quality terrain data.

Instead of assessing flood hazards through MCDA applied directly to
spatial parameters of the basin, the present methodology utilizes dif-
ferent tools and techniques to identify, rank, and validate the flood
hazard assessment of a basin unit, not only using its geophysical
parameters, but also based on the simulation of its rainfall-runoff re-
sponse.
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Flood hazard assessment is highly regional specific due to spatial
and temporal variability of the dominant drivers (e.g. climate, hy-
drology, topography, agronomy and soil). A sensitivity analysis was
also performed to reduce the level of uncertainty due to the subjectivity
of parameters commonly selected using judgement by expertise, as well
as the uncertainty due to the availability and size of the sample data.

In general, flooding is heavily influenced by naturally high rainfall
variability in Iran (Modarres and Sarhadi, 2009; Tabari et al., 2012).
This paper describes the integrated application of GIS and multiple-
criteria decision analysis (MDCA) techniques coupled with Soil and
Water Assessment Tool (SWAT) (Gassman et al., 2010), over the study
area denominated Mashhad Plain Basin (MPB), located in Mashhad,
Iran. In this modified approach, in addition to the thematic layers,
runoff coefficient maps derived from SWAT model have also been in-
cluded. The present study aimed to: (1) introduce a flood hazard index
based on hydrological modeling to identify flood-prone areas in data
scarce regions, (2) develop a sensitivity analysis of each of the criteria
selected, and compare FHI and mFHI map results with the last 42 years
recorded events to validate the accuracy of the proposed approach.

2. Methods and materials

The proposed methodology is an innovative combination of tech-
niques and use of data to identify flood prone areas. The proposed
method includes some successive steps which are presented briefly in
Fig. 1.

2.1. Study area

The methodology was applied to Mashhad Plain Basin (MPB) lo-
cated in the northeast of Iran with an area of 9,762 (km?), between 35°
59’ N to 37° 03’ N latitude and 60° 06 to 58° 22’ E longitude (Fig. 2).
The study area has semi-arid to arid climate, with an average monthly
temperature ranging from 11.6 °C to 26.7 °C. The annual average pre-
cipitation is 262 (mm), ranging from 178 to 381 mm (IRIMO, 2016).
There are 28 rain gauge stations available with 24 years of well-docu-
mented data (1991-2015). The average land slope is 16.2% and the
mean elevation of the basin is 1487 m Above Sea Level (ASL) with
minimum and maximum elevation of 856 and 3247 m ASL, respec-
tively.

2.2. Available data

The available data from various governmental organizations and
other direct sources such as field surveys and RS data (satellite images)
were acquired, as listed in Table 1. Data processing and analysis is
detailed in Sections 2.3-2.5.

2.3. Flood hazard index (FHI)

In this study, seven criteria as listed in Table 2 were identified to
determine FHI. The selection of these criteria was based on their proven
effectiveness, as documented in the literature review (Dottori et al.,
2016; Kourgialas and Karatzas, 2016; Kourgialas and Karatzas, 2017a;
Xiao et al., 2017; Zhao et al., 2018). In addition to the selected criteria
parameters used for the FHI calculation, expressed in thematic layers, a
hydrological model (SWAT) was used through GIS tools to estimate the
necessary spatial hydrological parameters and to determine the site
attributes associated with the selected criteria (Alaghmand et al.,
2012a; Alaghmand et al., 2012b). To delineate flood potential zones, all
the thematic layers along with their normalized weights were in-
tegrated using ArcGIS software. Using the Weighted Linear Combina-
tion (WLC), total normalized weights of different features were overlaid
in the integrated raster layer as follows:

FHI = Z Xiw; = RiWi + Eiwi + Sin’ + Diwi + RIiWi + ER,'WH_Liwi (1)
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Fig. 1. Conceptual methodology framework used to identify flood hazard zones.

The definition of the criteria used in the Eq. (1) can be find in
Table 2. It should be noted that i represents value of the criterion for
each pixel.

2.3.1. Decision support system

To produce the flood hazard map Analytic Hierarchy Process (AHP)
was used over a variety of MCDA techniques to generate a flood model
of the area (Saaty and Vargas, 2001). AHP has been widely used in
different MCDA frameworks due to their simple implementation and
interpretation, as well as the consistency of the results despite re-
dundancy of the data (Chen et al., 2013b; Chen et al., 2010; Dewan
et al., 2007; Wang et al., 2011). Proper weights were assigned for the
selected thematic layers in a scale from 1 to 9 suggested by Saaty
(1980). Once the weights of the criteria were selected, a pair-wise
comparison of the assigned weights matrices was constructed using
Saaty’s Analytic Hierarchy Process. Subsequently, these assigned
weights were normalized by the eigenvector technique (Saaty and
Vargas, 2001) and finally tested for consistency by computing a
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consistency ratio using Eq. (2) (Saaty, 1980):

Apax — 1

Consistency ratio (CR) = 1
n—

(2)
where, An.x = Principal eigenvector computed by the eigenvector
technique; n = number of criteria or factors

2.4. Data processing and analysis

In order to provide a realistic model that can be applied in remote
regions, where data availability is limited, the SWAT model was used
(Kundu et al., 2017). Using the SWAT model allows the combination of
diverse flood generation contributing factors and reduces the likelihood
of bias involved in GIS-based multi-criteria analysis. Although the index
is based on the specific characteristics of MPB, it can be modified and
applied in other regions. The spatial data was used as input for the
SWAT computer software to determine the boundaries of basins and
sub-basin as well as other relevant hydrological information to obtain a
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Fig. 2. Map showing Mashhad Plain Basin (MPB) located in Khorasan Razavi province, North-East of Iran.

Hydrological Response Unit (HRU). The combination of both spatial
data and weather data supports the main basin model setup. The model
was then ready for the simulation run. The initial validation process
consisted in comparing the observed data with the rain-runoff model
results. Since not enough data was available for the site, no calibration
was performed due to the high level of uncertainty with a small sample,
which is addressed through the sensitivity analysis explained in Section
2.5. Subsequently, a runoff coefficient was determined from a total of
43 sub-basins within the study area (Kundu et al., 2017; Shi et al.,
2011). Additionally, the elevation and slope maps were generated in
ArcGIS using the ASTER DEM surface and 3D Analyst tool. To calculate
the distance from a river or stream, river polyline network layers and
every pixel in the site, a raster map representing the study area was
prepared. The distance from any point to a stream or river is calculated
using Euclidean relation (Chen et al., 2015; Kazakis et al., 2015a).

In order to determine the Rainfall intensity (R) factor, the monthly
rainfall data of 33 rain gauge stations were collected from Iran
Metrological Organization (IRIMO) for 24 years from 1991 to 2015
(IRIMO, 2016). The spatial distribution of these stations is shown in
Fig. 2. Then, the rainfall intensity (R) map was developed based on the
Modified Fournier Index (MFI) using Eq. (3) (Morgan, 2005).

12 PZ
MFI =YL

i=1 3)
where P; is the monthly average amount of precipitation for month i
(mm), and P is the average annual precipitation (mm).

MFI can be used to evaluate the land susceptibility to erosion by
calculating the erodibility of land and soil losses and also in assessing
land susceptibility to sliding (Aghirus, 2010; Costea, 2012). The rainfall
erosivity classes was determined by the MFI methodology for the pre-
sent study. Previous have made use of this index successfully to provide
a summary assessment of the probability of rainfall with significant
erosive effects (Costea, 2012). Having calculated the MFI for each sta-
tion, in order to obtain MFI for the whole study area, the results were
then interpolated using the kriging method in ArcGIS environment. No
topographic control to manage orographic rainfall effects was per-
formed due to the high number of weather stations in the area, and the
homogeneous distribution of elevations from the boundary, and to-
wards the middle of the basin. Soil erodibility is a factor that exerts a
great impact on flood-flow hydrographs, as well as the damages related
to it, such as large sediment yields at flash floods (Kourgialas and
Karatzas, 2017b). Since the existing land use and erosion data for the
site was merely descriptive, to avoid data inconsistency, RS methods

Table 1
Data used in this research and their sources.
Data name Detail Sources
Rainfall Excel File (1991-2015) Iran Metrological Organization (IRIMO)

Excel File (1982-2014)

Historical flood events Excel File (1972-2014)

Drainage network map 1:250,000
Soil erosion map 1:250,000
Soil map Raster file
Land use map 1:250,000
ASTER DEM 30m

Global Weather CFSR Data

National Soil and water research institute of Iran Ministry of Agriculture
Water Resources Department of the Prefecture of Mashhad

Mashhad Spatial Data Infrastructure (SDI)

National Soil and water research institute of Iran Ministry of Agriculture
Harmonized World Soil Database v 1.2

National Soil and water research institute of Iran Ministry of Agriculture
Landsat data

United States Geological Survey (USGS) (2011)
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Table 2
The most common criteria that have been used for identifying flood hazard areas.
Thematic layer Abbreviation  Authors
Runoff coefficient R Current study
Elevation E (Chen et al., 2015; Ferndndez and Lutz, 2010b; Kazakis et al., 2015a; Kourgialas and Karatzas, 2016; Kourgialas and
Karatzas, 2017a; Papaioannou et al., 2015; Tehrany et al., 2013; Tehrany et al., 2014a; Tehrany et al., 2015; Xiao et al.,
2017)
Slope S (Chen et al., 2015; Fernandez and Lutz, 2010b; Kazakis et al., 2015a; Kourgialas and Karatzas, 2016; Kourgialas and
Karatzas, 2017a; Papaioannou et al., 2015; Tehrany et al., 2013; Tehrany et al., 2014a; Tehrany et al., 2015; Xiao et al.,
2017)
Distance from the drainage network D (Chen et al., 2015; Fernandez and Lutz, 2010b; Kazakis et al., 2015a; Papaioannou et al., 2015; Tehrany et al., 2014a;
Tehrany et al., 2015; Xiao et al., 2017)
Rainfall intensity RI (Kazakis et al., 2015a; Kourgialas and Karatzas, 2016; Kourgialas and Karatzas, 2017a; Papaioannou et al., 2015; Tehrany
et al., 2013; Tehrany et al., 2014a; Tehrany et al., 2015)
Soil erosion ER (Kourgialas and Karatzas, 2017a)
Land use L (Fernandez and Lutz, 2010b; Kazakis et al., 2015a; Kourgialas and Karatzas, 2016; Kourgialas and Karatzas, 2017a; Tehrany

et al., 2013; Tehrany et al., 2014a; Tehrany et al., 2015; Xiao et al., 2017)

(satellite images) and the traditional geological field mapping were
applied to check their validity and update them before inserting in the
model.

Having prepared thematic layers, selected weights (from 1 to 10) to
be assigned to each factor features, the final map was further classified
in different categories. All the above-mentioned key factors were finally
normalized according to the AHP and eigenvector techniques and
overlaid in Eq. (1). For all the factors except distance from drainage
network and soil erosion and land use, the Jenk Natural Breaks (Chen
et al., 2013a; Jenks, 1967) method was applied to establish different
flood hazard levels, establishing the number of classes for each factor
based on engineering expertise and judgement (Jenks, 1967). The Jenks
natural breaks classification method may also be used which consists in
clustering data to determine the best arrangement of values into classes,
by minimizing the average deviation from the class mean while max-
imizing the deviation from the means of the other groups for each class
(Jenks, 1967). However, it is recommended to evaluate any statistical
approach with expertise judgement, and any historic flood data avail-
able, given that distributions may differ from reasonable values, spe-
cifically with the slope angle and distant from a cell in the model to a
reach or river within the basin (Demek, 1972).

2.5. Validating results

Measuring the reliability of the criteria and robustness of the
methodology is key to obtain realistic outputs, therefore, it is im-
perative to conduct validation procedures to test the results. Because of
the high level of uncertainty of the field data gathered for the model
due to the little amount and difficulty faced during the measurements
required to obtain various parameters, these inputs may sometimes lead
to high variability of outputs (Lenhart et al., 2002). Therefore, sensi-
tivity analyses are required to reduce the uncertainty within the model
(Kundu et al., 2017; Kushwaha and Jain, 2013). These analyses are
suitable techniques to identify the implications of each parameter to-
wards flood hazard analysis, since sensitivity analysis reduces the
subjective perspective of various criteria, providing numerical results
and help make decisions on weighting values assigned to each criterion.
The single parameter analysis was introduced by Napolitano et al.
(1996) in a different case scenario to estimate the contamination vul-
nerability of aquifers in several studies (Kazakis et al., 2015a). Another
single-parameter sensitivity analysis manages the over-parameteriza-
tion that usually occurs in hydrological modelling (Box and Jenkins,
1976; Kundu et al., 2017). Sensitivity analyses were conducted for each
factor, and were implemented to calculate the basin’s risk of flood
(Napolitano and Fabbri, 1996). The sensitivity analysis method replaces
the indexes used for the AHP with “effective weights” calculated using
Eq. (4):
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Where: W = the effective weight of each factor, Fi the factor i features
value, Fw = the factor weight, V = the aggregated value of the applied
index. The sensitivity analysis was then applied to all seven factors
assumed to generate the mFHI map.

From the sensitivity analysis, the effective weights (Table 3) are
then applied to obtain the modified Flood Hazard Index (mFHI). The
mFHI index assumes the same class rating and parameters as the FHI,
but using different weight values. The difference between mFHI and
FHI lies in the sensitivity analysis applied to assign the new weights,
thus improving the reliability of the results. Finally, these results were
validated against 42 years of recorded flooding data.

3. Results and discussion
3.1. Flood hagzard index (FHI)

The identification of the flood prone areas was undertaken using an
AHP based multi-criteria decision analysis approach, which consists of
determining the weights of the selected thematic layers (Fig. 3). The
procedure of weighting thematic layers was set such that the con-
sistency ratio for all of the obtained thematic layers was less than the
limited threshold (0.10), to guarantee the consistency of the analysis
(Saaty, 1980). According to the range of values obtained for these cri-
teria, relative proper weights were assigned to different layers and their
associated features. The methodology followed in this paper is simple
and focused on those variables that would exceed the drainage-system
capacity due to high peak flows. The selected flood criteria factors, as
well as the corresponding weights assigned are shown in Table 3. Their
selection was based on assumed values by experts in the field such as
hydro-geologists, hydro-agronomists, environmentalists, and literature
review (Kourgialas and Karatzas, 2011; Kourgialas and Karatzas, 2016;
Kourgialas and Karatzas, 2017a; Sinha et al., 2008; Xiao et al., 2017;
Zhao et al., 2018). The amount of water flow and its intensity depend
on the characteristics of the basin, especially its land use, shape, size,
and the weather conditions preceding to a rainfall occurrence (season
and antecedent moisture condition) controlling the amount of rainfall
that can permeate into the soil. These parameters vary from one site to
another; thus, it is very important to carefully select appropriate and
realistic values.

3.1.1. Runoff coefficient

Based on the initial hypothesis and the sensitivity analysis output
results of Table 3, the most contributing factor towards high flood ha-
zard levels is the runoff coefficient. In order to calculate the runoff
coefficient, a 35-year average annual runoff (1982-2016) was used
which shows the amount of water flowing through the sub-basins.
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Table 3
Weights of the thematic layers and their features.

Thematic Layer Feature class Assigned Normalized

(Factor weight) weight weight

Runoff Coefficient

(0.294) 0.031-0.041 2 0.07
0.042-0.058 4 0.13
0.059-0.087 6 0.20
0.088-0.12 8 0.27
0.13-0.18 10 0.33

Elevation

(0.213) 856-1193 10 0.33
1193.01-1499 8 0.27
1499.01-1857 6 0.20
1857.01-2264 4 0.13
2264.01-3247 2 0.07

Slope

(0.174) 0-5.05 10 0.36
5.06-12.3 8 0.29
12.4-20.8 5 0.18
20.9-31.9 3 0.11
32-80.4 2 0.07

Drainage Distance

(0.118) 0-500 10 370
500.1-1000 8 296
1001-2000 5 185
2001-5000 3 111
5001-13,590 1 37

Rainfall Intensity (MFI)

(0.089) 24.1-30.6 2 0.07
30.7-34.8 4 0.14
34.9-39.8 6 0.21
39.9-48.5 8 0.28

Erosion

(0.064) Very low to low 2 0.11
Moderate 6 0.33
High to very high 10 0.56

Land use

(0.048) Semi-dense forest 2 0.04
woodland and 3 0.07
Scrubland
Planting forests 4 0.09
Scatter forest 5 0.11
Dry Farming, Irrigated 6 0.13
cropland
high density pasture 7 0.16
low and semi-dense 8 0.18
pasture
urban and built-up land, 10 0.22

water bodies

Higher values of runoff coefficient indicate higher runoff and areas of
concentrated flow, and consequently higher potential of flood to occur.
The runoff coefficient values vary in a range between 0.031 and 0.18,
with the highest values occurring in the Northern part of study area.
When rainfall occurs over a catchment, and runoff begins to flow
through it, several factors determine the amount of rainfall that will
flow downhill and how fast it will travel. Furthermore, a percentage of
the rain that falls on a basin is captured by vegetation and soil, and the
remainder is routed through waterways as flow (Alaghmand et al.,
2014; Bathrellos et al., 2017). Rivers and streams are also key hydro-
logical units to convey storm water. The depth of water over the reach
or stream will depend upon the geometry characteristics, vegetation
cover, and the characteristics of obstacles found on their path.

3.1.2. Elevation and slope

Due to the fact that water flows in the direction of gravity, runoff
and infiltration will be heavily influenced by the topography of the
basin. Slope has a direct impact on runoff generation and transforma-
tion from rainfall to runoff. As the slope angle increses, the runoff

Journal of Hydrology 574 (2019) 660-671

generation increases and is conveyed towards areas with milder slopes.
Areas at lower elevations downstream with flat slopes are more likely to
be flooded compared to areas in higher elevation with steep slopes. The
study area is surrounded by mountains and high elevation areas. Low-
elevation areas are present in the central and south-east portions of the
basin. The slope map is shown in Fig. 3. On average, about 51% of study
area has slopes angles ranging around 0-5.05° and 22% between 5.06
and 12.3°. These figures for slopes range from 20.9 to 31.9°, ranged
around 15% and 9%, while only 3% of study area is located on slope
angles greater than 32°. The study area is surrounded by mountain
ranges at the North and South of the basin, containing steep slopes,
while the central part has in general a mild slope which results in higher
vulnerability to flood events. By simple observation, low slope and low
elevation areas have been assigned the highest hazard weight rating, as
prone areas (Table 3). Slope and elevation are not the only most flood-
hazard important factors, but they are considered reliable criteria be-
cause they are derived from the ASTER DEM. They can finely dis-
criminate land units to delineate areas of different hazard levels for a
detailed assessment. These two indices accordingly received higher
weights. DEM. They can finely discriminate land units to delineate
areas of different hazard levels for a detailed assessment. These two
indices accordingly received higher weights.

3.1.3. Distance from drainage network

When modeling flood, river-overflows play a critical role in the
initiation of a flood event.

When the volume of water exceeds the drainage capacity of the
streams in the area, the water depth will increase in low-lying areas
leading to waterlogging. Often the inundation emanates from riverbeds
and expands to the surroundings. The farther the location of a site to a
river bed, the lower the risk of flood. Therefore, distance from the
drainage network has been considered as the third most influential
factor in the methodology. The classes of this criterion have been de-
fined according to historical floods that took place in different parts of
the world. It has been found that areas near the river network
(< 500 m) are considered highly flood prone areas, whereas the effect
of this parameter decreases in distances > 2000 m (Fig. 3 and Table 3).

3.1.4. Rainfall intensity

The monthly data used to estimate the rainfall intensity is not al-
ways applicable for flood hazard analysis. However, they were con-
sidered acceptable due to the number of meteorological stations around
the MPB, with a 24-year record which is considered a reasonable record
length compared to other nearby sites. It is relevant to mention that the
present method requires a classification into five categories of hazard
level, and therefore, does not require rather accurate rainfall data. The
rainfall intensity was determined by using the modified Fournier index
(Costea, 2012; Scrinzi et al., 2006). In this study, monthly rainfall data
of 33 rain gage stations, located on MPB, were collected from the Iran
Metrological Organization (IRIMO, 2016) for the 24-year period
(1991 —2015). For the present study, MFI ranges from 24.1 to 48.5
(Table 3), with the higher values located in the southern part and
northcentral part of the study area (Fig. 3). The modified Fournier index
(MFI) was used to classify the erosivity index at MPB, resulting in low
erosion hazard class (< 60) (Costea, 2012). It was observed that the
index calculated presented an intermittent trend, varying yearly
(Costea, 2012). Despite the variations between years, the mean annual
erosivity index classified the site into a low erosion hazard zone (Fig. 3).
Since rainfall intensity is associated both with the frequency and the
amount of precipitation, it is crucial to consider both values (Ouma and
Tateishi, 2014; Tehrany et al., 2014a).

3.1.5. Soil erosion

The geological characteristics of the study area heavily influence the
flood hazard index. However, they were not considered directly in the
calculation, because they can be incorporated into the SWAT model
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indirectly. The presence of high erosivity of soils increases the risk of
flooding, particularly during heavy rainfall intensities. Therefore, after
rainfall intensity, this factor was considered the next most relevant
factor. The original data related to the soil erosion of MPB was obtained
from the National Soil and Water Research Institute of Iran Ministry of
Agriculture (NSWRI, 2016).

Soil erodibility can be obtained from average annual records of soil
profile reaction to processes of detachment and transport of particles as
a result of runoff and raindrop impact (Kourgialas and Karatzas, 2017a;
Panagos et al., 2012). The rate of detachment of soil particles is mainly
a function of the cohesivity of the soil. The ability to hold water controls
the amount of runoff present in cohesive soils, while less cohesive soils
have less capacity, and thus represent a higher flood risk. In addition,
higher sediment yields present in the runoff or flow often occur on less
cohesive soils, which results in higher peak flow rates and subsequently
causes more damage through flash floods (Cazemier et al., 2001; Chang
et al., 2010; Kourgialas and Karatzas, 2017a; Ni et al., 2003) (Table 2).

3.1.6. Land use

The behavior of the relationship between rainfall and the resulting
runoff and groundwater, as well as the flow of debris, depends heavily
on the land use characteristics of the site (NSWRI, 2016). Forests and
dense vegetation covered areas increase the amount of water infiltra-
tion and abstractions, while urban and pasture covered areas augment
the amount of overland flow. The land use is considered the least im-
portant factor in the present study, since the effect of land use was
intrinsically considered in SWAT model to calculate the average runoff
coefficient.

Different classes of land use and the associated percentage are
presented in Table 3 and the land use map is shown in Fig. 3. The map
analysis shows that 25% of the basin area consists of dry farming, 24%
of semi-dense pasture, 23% of low-density pasture and about 19% of
irrigated agriculture and gardens (Table 3). In the urban and rural
sector, some intensive human practices may increase the risk of flood,
resulting in the likelihood of damage and losses. These changes may be
reflected through land use information and thus can be taken into ac-
count for the calculation of the hazard index.

3.2. Flood hazard mapping

The final output flood hazard map was developed by combining the
defined factors and now is illustrated in Fig. 4. The output classes were
defined based on the linear combined data derived from information
provided by the model described previously. The FHI ranges around
0.101-0.356 and based on these results, the study area was categorized
into five potential hazard zones representing: (a) ‘Very Low’
(FHI = 0.101-0.187), (b) ‘Low’ (FHI = 0.188-0.220), (c) ‘Moderate’
(FHI = 0.221-0.249), (d) ‘High’ (FHI = 0.250-0.279), and (e) ‘Very
High’ (FHI = 0.280-0.356) flood potential hazard. The ‘Very High’ and
‘High’ flood hazard sites spread almost over the central part of study
area, specifically in the northwestern, southeastern, and center portions
of the basin, covering an area of 1180 (12%) and 2696 km? (28%) of
total area, respectively. Moreover, 2700 km? (28%) of the MPB is
subject to ‘Moderate’ flood hazard and are mainly distributed around
the central portion of the study area. Subsequently, a surface area of
2216 km? (23%) and 893 km? (9%) lie within low and very low flood
hazard potential areas respectively. the ‘Low’ and ‘Very Low’ hazard
potential areas comprise a major portion of the eastern and western
part of the study area. The results clearly show a significant percentage
(40%) of areas in MBP are under “Very High” or “High” flood hazard.

The areas labelled in the map as high flood hazard are strongly
influenced by the runoff coefficient courses according to the high
weight given to this factor in the model. The final map shows that the
MPB has the highest flood hazard over an extended area as a con-
sequence of the combination of lowlands with slopes under 5°. Table 4
shows the flood hazard areas and the corresponding percentage for each
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Fig. 4. Flood hazard maps: a) Flood hazard index and b) modified flood hazard
index.

of land uses. According to the land use maps overlaid on the flood
hazard output map; 43, 30 and 18% of the very high flood hazard zones
are located in dry farming, irrigated cropland and pasture, and low-
density pasture areas respectively. Likewise, the majority of high-flood
hazard areas are Dry Farming, Irrigated cropland and pasture, and low-
density pastures, followed by semi dense pastures and urban areas,
whereas irrigated cropland and pasture and Dry Farming represent 31
and 29% of this zone. Very low flood prone areas appear mainly at
woodland and Shrub land, and in high density pasture areas. Breaking it
down into land use classification, 43.24% of high-density pasture,
36.29% of semi-dense pasture, 38.11% of woodland and Shrub land,
36.41% of Scatter forest, and finally 30.85% of Semi-dense forests of
MPB are under low flood hazard, while 42.55% of scatter forests,
48.45% of semi-dense forest and 33.71% of low-density pasture are
under moderate flood hazard.

The map shows very high flood hazard areas located at extended
urbanization areas such as Mashhad city. The forests, and high-density
pastures with the lowest percentages of very high and high flood hazard
lie in the relatively safe region from which seven are found within the
low hazard zone and three in the safe zone.

The FHI map revealed the importance of streams and tributaries in
flood events. FHI indicates that riverbeds in the lowland are even more
prone to flood. Other similar studies have identified a direct relation-
ship between agricultural land management and the behavior or
flooding at the sub basin level (> 10 km?) (Kourgialas and Karatzas,
2017a; O’Connell et al., 2007). Land use management heavily influ-
ences the impact of flood peak delay in intermediate and lower eleva-
tion areas, especially during moderate rainfall events. These measures
are key to alleviate flooding by retaining and capturing rainfall during a
storm and subsequently reducing the time of flood warnings (Salazar
et al., 2009). At MPB there is a large number of crops located primarily
at the intermediate and low elevation areas. These locations represent
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Table 4
Distribution of land use in flood hazard areas.
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Land-use class Area (km?) % Overlapping percentage with Different hazard Levels

Very low Low Moderate High Very high
Water bodies 34.70 0.36 0.12 22.36 32.44 22.49 22.59
Rock protrusions 15.92 0.16 9.87 26.37 17.77 12.26 33.63
Woodland and shrub land 50.29 0.52 37.50 38.11 15.11 5.52 3.74
Scatter forest 113.32 1.17 3.38 36.41 42.55 16.41 1.16
Semi-dense forest 2.72 0.03 0.29 30.85 48.45 19.35 0.41
Planting forests 1.16 0.01 0.00 0.00 0.00 57.04 42.96
Irrigated cropland and pasture 1844.88 19.03 0.91 12.24 22.04 45.26 19.55
Dry farming 2446.19 25.23 2.58 16.79 27.53 32.34 20.74
Low density pasture 2293.69 23.66 8.01 22.45 33.71 26.32 9.50
High density pasture 322.47 3.33 33.09 43.24 20.85 2.54 0.21
Semi-dense pasture 2317.40 23.90 21.51 36.29 26.50 12.71 2.93
Urban and built-up land 253.65 2.62 0.02 4.08 37.22 51.87 6.81
Total 9696.38 100 9 23 28 28 12

an interesting target for the implementation of appropriate land use
practices and policies at the national scale to assess flooding, such as
the enhancement of the infiltration capacity through changes in vege-
tation cover and the runoff flow connectivity through the system. It is
recommended to accompany these types of preventive measures, with a
flood warning system at the river basin scale. Weather stations may be
used to provide real time hydro-meteorological information to provide
early flood warnings (Kourgialas and Karatzas, 2011; Salazar et al.,
2009). The information would also provide a measurement of the threat
and the procedures to be applied accordingly by government agencies.
These findings provide insight towards flow mitigation plan and pre-
ventive action, as well as a guide to adaptation approaches for agri-
cultural and urban land use practices to minimize flood damage caused
by human impact on the landscape, and climate change (Blackwell
et al., 2006; Morris et al., 2010; Thieken et al., 2007).

3.3. Validation — sensitivity analysis

The weight factors and their associated feature classes thresholds of
the model input have a crucial impact on the evaluation of the results.
Since their determinations were significantly influenced by the inter-
pretations of experts, the selection of the flood hazard areas can be
sensitive to changes in the decision weights associated with the criteria
(Chang et al., 2008; Fernandez and Lutz, 2010a) based on the judge-
ment of the experts. To address this issue, a sensitivity analysis was
conducted, where layer weights values were varied to evaluate the
differences in the final result. Initially, FHI considered the runoff
coefficient as the dominant parameter. Elevation and slope angle re-
spectively were considered the next significant parameter, and followed
by rainfall intensity, soil erosion and land use. Surprisingly, the sensi-
tivity analysis concluded that the order of influence of these factors in
the studied region is identical to the FHI. This confirms the high ac-
curacy of the proposed method. However, some calculated factors had
slight differences (Table 5). The results of the sensitivity analysis also
showed that the least sensitive factor was land use, which was expected
due to the weight factors assigned (Tehrany et al., 2014b) (Table 3).

Table 5

Statistics of the effective weights-sensitivity analysis.
Parameters Initial weight min max mean (y1) SD (o)
Runoff coefficient (R) 0.294 0.071 0.580 0.270 0.111
Elevation (E) 0.213 0.050 0.511 0.217 0.072
Slope (S) 0.174 0.043 0.412 0.207 0.062
Drainage distance (D) 0.118 0.015 0.318 0.097 0.055
Rainfall intensity (RI) 0.089 0.023 0.353 0.096 0.048
Soil erosion (ER) 0.064 0.023 0.238 0.079 0.036
Land use (L) 0.048 0.007 0.085 0.033 0.009

The mFHI map and FHI map are very similar, however, FHI under-
estimates the hazard level at the tributaries and reaches located at the
center of the MBP, whereas the sensitivity analysis conducted with the
mFHI classified these areas as high-flood hazard potential. Despite these
differences, as shown in Fig. 4a and b, the sensitivity analysis results
coincide with the FHI outcomes in general. The analysis performed
comparing both FHI and mFHI, reveals relevant data regarding the
weight of each parameter and how they affect the outcome of the flood
hazard classification.

Land use was assigned the smallest weight, partly due to the almost
uniform values across the region (Tehrany et al., 2014b). However, the
effect of land use is especially critical to urban areas where the popu-
lation is high. It is relevant to note that land use is also taken into
account within the SWAT model and would heavily influence the runoff
coefficient factor. Additionally, the distance from drainage produced
relatively significant impacts on the resultant hazard map, which can be
clearly observed particularly in the north-west area.

In order to verify the final flood hazard map, a review of historical
flooding on MBP was introduced (Diakakis et al., 2012; Kourgialas and
Karatzas, 2016). As shown in Fig. 4, the legend shows black dots re-
presenting the locations where historical floods occurred, with green
dots around each, representing the number of occurrences of flood on
each location. The size of the green dots indicates the number of oc-
currences, the bigger the circle, the greater the number of occurrences.
It is noted in this diagram how most of the historic record flood points
appear on the eastern portions of MPB. In order to validate the final
output flood hazard map in accordance to the historical flood records,
the “Extract by Mask” tool was applied using GIS. The cells of the flood
hazard raster map were extracted exactly where the coordinates of the
historical flood records were located. Through this method it is possible
to identify which flood hazard index classification corresponded to each
of the flood record points. Additionally, the number of the flooded
points that were located in each flood hazard area was determined.
Based on the above procedure, for the final flood hazard map, almost all
the recorded historical floods took place at the moderate to very high

Table 6
Classes of flood hazard and number of historical flood events.
FHI mFHI
Hazard Level Area (%) Number of %  Area (%) Number of %
events events

Very low 9 113 2 9 113 2
Low 23 53 1 21 53 1
Moderate 28 3093 57 25 2993 55
High 28 711 13 30 811 15
Very high 12 1437 27 16 1437 27

668



A. Shadmehri Toosi, et al.

flood hazard areas with only 3% of them in areas of low flood hazard.

Records of historical flood events support the indications of the
mFHI analysis through the recurrent flooding of MPB. As shown in
Table 6, mFHI analysis classifies as highly susceptible areas with a high
number of recorded flood events in very high and high classes, an ad-
ditional indication of the accuracy of the proposed methodology.

According to Table 6, for both FHI and mFHI maps, more than 97%
of historical flood events have occurred in moderate to very high, and
27% at very high flood hazard locations which represent 12% of the
total MPB total area. The consistent matching between the flood hazard
map and the historic flood point records not only occurs at low and
semi-mountainous locations, but also at the mountain plateaus of MPB.
In Fig. 4 a comparison between FHI and mFHI in terms of number of
events demonstrates that the FHI underestimates high and very high
flood hazard areas. Several locations of historical records of flood with
high levels of occurrence have been found to be assessed by the mFHI
while FHI had underestimated with low classification indexes. Ad-
ditionally, the sensitivity analysis results revealed that very high and
high-flood hazard ranking zones represented 16% and 30% of the entire
MBP, while the FHI estimated 12% and 28% respectively. It has also
been observed that the FHI overestimated areas that were ranked as low
and moderate flood hazard through the presented method.

3.4. Discussion of proposed methodology

A detailed review by Birkholz et al. (2014) highlighted the necessity
to reformulate the perception of flood hazard in research work, to de-
velop a more integrated and comprehensive approach of how risk
perceptions influence the capacity, resilience and vulnerability of in-
dividuals and communities against flood.

Due to the research advances and increasing computational and
data resources, there is a large gap between large-scale approaches and
detailed reach scale hydraulic models (Sampson et al., 2015). Large-
scale flood modeling approaches have recently begun to include hy-
drological modeling components to provide more accurate flood map-
ping (Dottori et al., 2016).

The present study incorporates SWAT as an accurate approach to
help forecast flood events using a rainfall-runoff response that would
enhance the behavior of the parameters of the basin, as well as reducing
the uncertainty of the parameters used for the MCDA process to obtain
the FHI index.

The main advantage of the FHI index is its ability to provide an
overall assessment of flood hazard areas. The limitations of the FHI
methodology are usually related to the requirements of the raw data,
such as detailed topography, accurate and complete historic hydro-
meteorological data, as well as up to date soil-land use information of
the analyzed site. Even if all of these requirements are met, it only re-
duces the level of uncertainty of the flood hazard assessment. The
proposed methodology, on the other hand, can be suitable where lim-
ited data is available, and the framework can be used to relatively
prioritize vulnerable areas. The validation of the modeling results with
historical flood events demonstrated the accuracy of the final results
and confirmed that using hydrological modeling (SWAT) is reliable,
flexible, and produces highly accurate results. Furthermore, in this
study developed with SWAT model, requires minimum data that is
available globally. It provides a comprehensive method to facilitate
decision-making and offers a time-efficient and cost-effective method
for the identification of flood prone sites. The intent of the present re-
search study is to provide a methodology that relies non only on static
index-based methodologies, but also incorporating an framework in-
tegrating hydrological models such as SWAT with MDCA using GIS
tools. If the proposed mFHI methodology was to be used in other dif-
ferent regions, other weight values for each criterion factor would need
to be assumed depending on the geophysical characteristics of the
target site, which shows the main drawback of the method, relying
heavily on the subjectivity of the weight values of each criterion.
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However, the single parameter sensitivity analysis proved to be a useful
to evaluate the weights assumed.

As Table 6 shows, the proposed mFHI has proven to acquire similar
results compared to FHI. The differences may lie in the fact that SWAT
incorporates many of the contributing parameters in the model to ob-
tain more accurate or realistic results. Previous examples of FHI work
suggest different results in the ranking of the factors assumed, as well as
different factors that were not included in the present study (Chen et al.,
2015; Fernadndez and Lutz, 2010b; Papaioannou et al., 2015; Tehrany
et al., 2013; Tehrany et al., 2014b; Xiao et al., 2017). For instance,
Kourgialas and Karatzas (2016) and (Kazakis et al., 2015b) suggested
flow accumulation had a major contribution towards hazard mapping.
For the present work it was preliminarily included but it had proven to
develop a small sensitivity towards the flood hazard results, and thus it
was removed from the analysis.

Soil water retention was a major factor included by Chen et al.
(2015), modeled using the SCS CN number method for runoff calcula-
tion, which requires soil, cover and land used altogether. The advantage
of using SWAT includes all these factors, except that they interact in-
dependently in the rainfall-runoff model, providing more sensitivity to
each of these factors and not relying on a single curve number para-
meter.

Distance to rivers and streams, as well as water table levels were
important factors assumed for hazard assessment in the case of
Ferndndez and Lutz (2010b). Since the data available for MPB had
shown a decline in water table levels, this criterion was also removed
from the analysis (NSWRI, 2016).

As shown in the previous similar works cited utilizing FHI metho-
dology, the weight of parameter assumed for any basin will vary from
site. MCDA problems are based on the specific characteristics of case
study, but can be modified and applied in other regions accordingly.
The present study considers the runoff coefficient as a factor for first
time, modeled more accurately with SWAT, and has demonstrated its
relevance towards flood hazard mapping. Previous work using MCDA
have shown that land use may represent an important criterion
(Kourgialas and Karatzas, 2011; Kourgialas and Karatzas, 2016;
Kourgialas and Karatzas, 2017b). Although land use in our case pre-
sented little influence towards determining hazard levels because of the
low weight values assumed, it may be misleading due to the fact that it
may indirectly affect other parameters, in our case the runoff coeffi-
cient. The present study provides a baseline for future work to develop
sensitivity analysis not only for the criteria factors assumed for the site,
but also the influence of the same factors towards the hydrologic model.

Through the implementation of these models, a further step for
future research work involves the estimation of peak flows corre-
sponding to different exceedance probabilities at locations where the
output map has identified high and very high flood hazard levels. The
output information may provide local authorities and land development
managers and stakeholders and farmers with a comprehensive tool to
assess flooding in areas under risk of flood accordingly. It is re-
commended other future studies may use different weight criteria as-
sumption methods to modify the proposed methodology. The applica-
tions of the FHI can be used to assess flood hazards in other locations.
Coupled with validation methods, such as the sensitivity analysis, this
methodology is able to provide reliable and accurate results. The pre-
sent mFHI approach may prove helpful to evaluate global models at a
large scale to reduce the over or under estimation of the flood hazards,
using a rather simple GIS based tool which requires a relatively less
expensive method to be applied even if the available data is scarce.

4. Conclusion

The purpose of the present study is to propose a methodology for
flood hazard assessment that is transferable to different locations
around the globe. The proposed model can be used for basin manage-
ment, and for the development of flood prevention and mitigation plans
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that may lead to a reduction of flood impact or damage caused by in-
tensive precipitation. The method spatially analyzes seven parameters,
combining the information in the Flood Hazard Index (FHI). The
parameters are runoff coefficient (R), elevation (E), slope (S), distance
from the drainage network (D), rainfall intensity (RI), soil erosion (SE)
and land use (L). The weight of each parameter was calculated by using
the Analytic Hierarchy Process, that consists of a sophisticated statis-
tical analysis. The highest weight was assigned to the runoff coefficient
and the lowest to land use. Flood hazard was classified in five categories
ranging from very high to very low. The output values were validated
by overlaying historical flood in the basin, as well as the development
of a statistical sensitivity analysis on the values assigned to the different
criteria to validate the accuracy and consistency of the developed
methodology. The proposed modified method is named mFHI. The
comparison of the flood hazard maps obtained with the FHI and mFHI
indices indicate that both indices are reliable, however, it is necessary
to use the historical flood records to test the consistency of the results in
high- and very high-flood hazard areas. According to the results, 9% of
the total area of study area is subject to very low flood hazard, while
about 40%, is under very high or high flood hazard. Since flood events
represent a major concern in study area, the presented methodology
could provide insight for the identification of potential flood hazard
areas and for improved and innovative water and risk management
practices. Additionally, this study discussed and proposed a global flood
hazard investigation framework for identifying very high flood risk
areas. It is hoped that the developed methodology will benefit water
management professionals engaged in climate change and natural dis-
aster management planning scenarios across the globe, by providing
sustainable development and resilience to extreme weather events.
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