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ABSTRACT 
 

 Rainwater harvesting (RWH) is a part of best management practices (BMPs) that recycles and reuses runoff in order to meet the 
expected demands. RWH can also provide an additional benefit, which is runoff reduction or capture. In this study, RWH systems 
throughout the entire office and residential buildings in the city of Hamadan are evaluated in order to reduce the risk of flooding. The 
adopted approach for this purpose is the analytic hierarchy process (AHP)-based multi-criteria decision analysis technique. In this paper, in 
order to investigate the impact of rainwater harvesting on flood risk zoning, the role of RWH on flood hazard mapping is firstly assessed 
and in the next step, by composing this mapping with the vulnerability parameters, the final map, called flood risk mapping, is attained. 

 
Keywords: Rainwater harvesting, Flood risk, Flood hazard, Vulnerability, Hamadan.  

 
INTRODUCTION  
 

Despite the progress of engineering works for 
flood disaster reduction over the past two decades, 
flooding continues to be a major challenge [26]. The 
incidences of floods have been on the rise, which are 
responsible for more than half of all disaster-related 
fatalities and for a third of the economic losses of all 
natural catastrophes [25,3]. Fast-growing cities with 
increasing populations have many problems with 
runoff water management during storms. In fact, 
urbanization has aggravated flooding due to some 
reasons such as restricting the flood-water flow, 
covering large parts of the ground with houses, roads 
and pavements, obstructing channels, and building 
drains to ensure that water will flow into rivers faster 
than it would under natural conditions [7,13,14]. The 
more people crowd into cities, the more these effects 
will be intensified. Consequently, even fairly 
moderate storms produce high peak flows in the 
discharge channels because there are more hard 
surfaces and drains [5]. 

The risk of flooding is defined as a function of 
both the probability of occurrence of a flood (flood 
hazard) and its impact (Vulnerability), [8]. In urban 
areas, this impression may be very high since the 
areas affected are densely populated and contain vital 
infrastructure. The ongoing developments in the 
flood-prone areas have worsened this risk. 
Nowadays, the flood risk management approaches, 
which have focused on non-structural measures such 
as rainwater harvesting, improved land use planning, 
relocation, flood proofing, flood forecasting and 
warning and insurance, are being mainly advocated 
[3]. Rainwater harvesting, which involves the 
collection of surface runoff in the upstream 
catchment and is designed for upstream water 
consumption, may have hydrological effects on the 
downstream catchment water availability [19,18,16]. 
The increased water consumption at the upstream 
level is an issue of concern for downstream water 
availability, but it is generally assumed that there are 
overall gains and synergies by maximizing the 
efficient use of rainwater at the farm level [21,18]. 
However, the expansion of rainwater harvesting 
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practices could have unintended hydrological 
consequences on the river basin water resources and 
also negative implications on the downstream water 
availability in order to sustain hydro-ecological and 
ecosystem services [1]. 

Over the past centuries until the present time, the 
city of Hamadan has experienced numerous floods. 
The preliminary analysis conducted on the historical 
area, located in the north-west of the city called 
Hegmataneh, shows that the effect of the damage 
caused by the floods of the last century has led to the 
destruction of the Hegmataneh area [9]. Hamadan’s 
population is nearly 563466, concentrated in an area 
of 70 km2. From the social and geographical point of 
view, Hamadan is one of the most vulnerable cities 
in Iran as the 2nd most populated city in western 
Iran. The city is located at the foot of Alvand 

mountain. Because of the special location of the city, 
five large rivers cross Hamedan including: 1. Abbas 
Abad, 2. Khidr, 3. Deven, 4. Murad Beg, and 5. 
Phagire. 

 Multi-criteria decision analysis (MCDA) 
provides the methodology and techniques required 
for analyzing complex decision problems, which 
often encompass incommensurable data or criteria. 
The use of GIS and MCDA has proven successful in 
natural hazards analysis [20,6] and other geo-
environmental studies [4,12], but this kind of model 
must involve a procedure to analyze the uncertainty 
associated with spatial outputs. 

The purpose of this study is to propose an urban 
flood risk model using MCDA techniques with GIS 
support and evaluate it by means of the uncertainty 
and sensitivity analysis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1: Location of the study area. 

 
Data and method: 

A flood hazard depends on the flood magnitude; 
i.e., the flood depth, velocity, and duration. In urban 
areas, more researchers have recently paid attention 
to the hydrostatic characteristics of flood or the flood 
depth [10]. 

In this research, a combination of catchment 
characteristics, including terrain slope, drainage 
network, elevation data, distance to the discharge 
channel, cover type, and also people’s vulnerability 
is taken into account to evaluate the flood risk. The 
flood hazard component is calculated based on this 
assumption that flood inundation normally occurs at 

the areas with low terrain slope, near the drainage 
system, with low elevation, and with land use that 
has the lowest cure number. On the other hand, 
vulnerability is defined according to the conditions, 
determined by physical, social, economic, and 
environmental factors, which increase the 
susceptibility of a community to the impacts of 
hazards. In developing countries, natural hazards are 
mostly relevant to human losses rather than financial 
losses. For this reason, the present study has mainly 
focused on and addressed human losses.  

Geographical Information Systems (GIS) are 
powerful tools, since they manage large amount of 
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data involved in multiple criteria decision analysis 
[5]. Multicriteria decision analysis (MCDA) provides 
methodology and techniques for analyzing complex 
decision problems, which often involve 
incommensurable data or criteria [5].  

Basically, AHP is a multi-objective, multicriteria 
decisionmaking approach that employs a pair-wise 
comparison procedure to arrive at a scale of 
preferences among a set of alternatives. The AHP 
uses a fundamental scale of absolute numbers to 
express individual preferences or judgements. This 
scale consists of nine points, chosen because 
psychologists conclude that, nine objects are the 
most that an individual can simultaneously compare 
and consistently rank. Pairwise judgements are made 
based on the best information available, and the 
decision maker's knowledge and experience. 

The AHP also provides mathematical measures 
for the purpose to mathematically determine the 
inconsistency of judgments. According to the 
properties of reciprocal matrices, the consistency 
ratio (CR) can be calculated. In a reciprocal matrix, 
the largest eigenvalue (ymax) is always greater than 
or equal to the number of rows or columns (n). If a 
pairwise comparison does not contain any 
inconsistency, ymax will be equal to n. The more 
consistent the comparisons are, the closer the value 
of the computed ymax will be to n. A consistency 
index (CI) that measures the inconsistencies of 
pairwise comparisons can be written as follows: 

CI = (Ymax-n)n-1 
And the coherence measure of the pairwise 

comparisons can be calculated in the form of the 
consistency ratio (CR): 

CR=100(CI*ACI) 
where the ACI is the average CI of the randomly 

generated comparisons. A consistency ratio of the 
order of 0.10 or less is a reasonable level of 
consistency. A consistency ratio, above 0.1, requires 
revising the judgments in the matrix, because of the 
inconsistent treatment for ranking of a particular 
factor. The consistency ratios for all of the pairwise 
comparisons, used to obtain the urban flood hazard 
map, were calculated and found to be consistent (CI 
< 0.1) [5]. 

The use of GIS and MCDA has proven 
successful in natural hazards analysis [20,6] and 
other geo-environmental studies [4,12]. 

 
1. Analysis and results 
1.1. Flood Hazard Estimation: 

The flood hazard maps often generate using 
topographic and land use data [5,11,2]. In this study, 
we used 10m grid cell size Digital Elavation Model 
(DEM) and river network. Flood hazard was 
evaluated using Distance to the discharge, Slope, 
Elevation, drainge density and land use data. The 
relevance variables and their classification were 
described as follows. 

 

1.1.1. Distance to the discharge channels: 
According to the records and the previous 

studies carried out by the local and administrative 
authorities, the areas most affected during floods are 
those near these channels, as a consequence of 
overflows. In this study, the following distance 
intervals have been used: 1. from the river up to 386 
meters, 2. between 386 and 878 m, 3. between 878 
and 1622 m, and 4. from 1622 m to the top. 

 
1.1.2. Elevation data: 

The study area is located between 1745 and 
2218 meters. This parameter has a key role in the 
control of the overflow direction movement and in 
the depth of the water table [23]. 

 
1.1.3. Slope data: 

Slope is an important factor in identifying the 
zones that have shown high susceptibility to flooding 
over the years due to the low slope gradient. In fact, 
it should be mentioned that the slope of the land in 
the watershed is a major factor in determining the 
water velocity [5]. Thus, on very flat surfaces, where 
ponding areas occur, a considerable amount of the 
surface runoff may be retained in the temporary 
storage [24]. It should be mentioned that the general 
direction of water in this study is due north. 

 
1.1.4. Flow accumulation: 

Flow accumulation is the most important 
parameter in defining flood hazard. The accumulated 
flow sums the water flowing down-slope into the 
cells of the output raster. The high values of the 
accumulated flow indicate the areas of concentrated 
flow and consequently, the higher flood hazard [11]. 

 
1.1.5. Land use: 

Impervious cover (buildings, roads, and parking 
lots) reduces the infiltration capacity, and the runoff 
from paved areas can substantially add to the total 
runoff. In general, urbanization can lead to a 
decrease in the lag time, an increase in the peak 
discharge, and an increase in the total discharge for a 
particular flood [17]. The cure numbers that define 
the permeability characteristics of the basins refer to 
land uses. According to the above explanation, in the 
present study, the cure numbers are re-classified as 
follows: 1. 61-66, 2. 66-75, 3. 75-83, 4. 83-89, and 5. 
89-95. 

 
1.1.6. Rain water harvesting: 

According to the cultural and social parameters 
used for investigating the impact of rainwater 
harvesting on urban flooding, two scenarios can be 
assumed. In the first scenario, it is assumed that 
100% of the administrative, commercial, and 
educational regions of the system, and in the second 
scenario, 50% of the mentioned areas are flooded. 

 
1.1.7. Development of weights: 
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In the analyses, the related weights were 
assigned to the layers, and the respective ranks were 
given to the classes of each layer. These values were 
determined according to the importance level of the 
layers and the classes in the case study of the floods 
of the area. The assigned weights and ranks for the 
layers and classes of the study area are based on the 
local characteristics of each layer, the previous 
available studies, the local and administrative data, 
and the authors’ judgment, which are unveiled in 
Table 1. 

The most important layer, according to the 
weights, was defined based on the distance to the 
discharge channels; in fact, the historical review of 
flood events and the other available studies have 
revealed that the areas near the channels are highly 
affected as a consequence of their overflow [5]. The 
elevation and slope layers were assigned with the 
same weight value, based on their importance in the 
accumulation and discharge of water [5]. The flow 
accumulation layer is the next important layer, and 
the land use layer is the final one since in the study 
area, nearly 85 percent of the local areas are located 
in the connected areas and therefore, this parameter 
(land use) has a low impact on the flood hazard 
mapping. An impervious area is considered 

connected, if the runoff from it directly flows into the 
drainage system. It is also considered unconnected, if 
the runoff from it occurs as the concentrated shallow 
flow that runs over a pervious area and then, into the 
drainage system [23]. 

The weight of the rainwater harvesting layer in 
this study is considered equal to the weight of the 
slope and elevation layers; but for the weights of the 
classes in this layer, if a class has a 
decreasing impact on the flood hazard, its weight will 
be considered reverse, and contrariwise. In addition, 
for the ranking of classes, the ranks decrease in the 
order that are more favorable for a flooding process. 
The total scores are, then, calculated by applying a 
simple weighted sum. Accordingly, each pixel of the 
output map (Hi) is calculated by using the following 
summation: 

Hi = j Wj * Xij 
Where, xij=rank value of each class with respect 

to the j layer and wj= normalized weight of the j 
layer. 

The consistency ratios for all of the pair-wise 
comparisons used to obtain the urban flood hazard 
map were calculated and found to be consistent 
(C<0.1).

 
Table 1: The assigned weights and ranks for the layer/classes of the study area 

weight  classes  weight  layer  
0.528  
0.268  
0.134  
0.068  
0.0669  

0-386  
878 -386  
1622 -878  
3404 -1622  

Consistency Rate  

0.397  Distance to the discharge 
channels   

0.038  
0.07  
0.115  
0.273  
0.502  
0.0157  

0- 18.42  
73.70 -18.42  
202.68 -73.70  
420.11 -202.68  
9423.427 -420.11  

Consistency Rate  

0.2279  accumulation flow  

0.431  
0.262  
0.161  
0.096  
0.047  
0.0229  

2 -0  
5 -2  
8 -5  
12-8  
20-12  

Consistency Rate  

0.1154  slope  

0.431  
0.262  
0.161  
0.096  
0.047  
0.0229  

1780 -1745  
1808 -1780  
1868 -1808  
1930 -1868  
2218 -1930  

Consistency Rate  

0.1154 elevation  

0.038  
0.07  
0.115  
0.273  
0.502  
0.0157  
0.2  
0.8  
0.028  

66-61  
75-66  
83-75  
89-83  
95-89  

Consistency Rate Residential, 
office, commercial  
Other land uses  
Consistency Rate  

0.0276  
  
  
  
  
  

0.1154 
  

cover  
  
  
  
  
  

Rain water harvesting  
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                          Flow accumulation layer                                                        Distance to the discharge channels layer 
 
Fig. 2: The variables incorporated within the model as the GIS layers and their classification 

 
1.2. Vulnerability Estimation: 

This parameter shows the spatial distribution of 
vulnerable socio-economic and environmental 
conditions. The vulnerability assessment is employed 
to determine how likely these elements may be 
harmed by flooding [22,15]. Specifically, the 
vulnerability of different elements depends upon how 
exposed they are to the hazard and how susceptible 
they are to the hydraulic characteristics of a flood. 
The extent of their susceptibility is also dependent on 
the flood preparedness, the capability to cope with 
the event, and the ability to recover from it. In 
developing countries, in order to evaluate the 
vulnerabilities, health issues are more critical than 
the economic concerns. For this reason, in the 

present study, health issues have received more 
attention. The relevance variables and their 
classification were described as follows. 

 
1.2.1. Residential areas: 

This parameter has the highest share in other 
urban land uses, and alongside the economic 
vulnerability that is the common denominator of all 
land uses, it is the most sensitive parameter to human 
vulnerability. It should be stated that a proper urban 
planning, due to the close relationship between the 
vulnerability and the density of the urban land, can 
have a decisive role in reducing the human and 
financial risks. This parameter can be divided into 
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following three categories: 1. High density, 2. 
Moderate density, and 3. Low density. 

 
1.2.2. Office and commercial areas: 

Normally, office and commercial areas in a city 
can take up to approximately 5% of the city’s land 
use. In this parameter, unlike the residential areas, 
the presence of people is not permanent. Thus, it has 
a lower vulnerability than the residential areas. 

 
1.2.3. School districts: 

The time for the presence of humans in the 
school districts is fairly the same as in the office and 
commercial areas, but the population density is 
apparently higher. For this reason, this parameter has 
been located between the residential and the office 
and commercial areas. 

 
1.2.4.Special facilities:  

These are the facilities, responsible for providing 
services, in times of crisis. Hence, their vulnerability 
can cause the worst crises and as a result, they should 
be meticulously identified and evaluated. 

 
1.2.5.Industry and workshops: 

Industry and workshops, because of their key 
role in the cycle of the economy of a city or a region, 
expose a high degree of economic vulnerability. 

 
1.2.6.Streets and roads: 

This type of urban land uses is only examined 
economically, but has a key role in assisting various 
regions. 

 

1.2.7. Parks, gardens and green land: 
These land uses have a double effect on 

vulnerability and also a double impact on the 
vulnerability mapping in a region. In this paper, they 
are only reviewed in terms of losses that can be 
incurred. 

 
1.2.8. Other land uses: 

The land uses, such as sport centers and hotels, 
even though might be highly vulnerable like the 
above land uses, but since the percentage of this 
category of applications is less than the above 
mentioned applications, it has the lowest 
vulnerability. 

 
1.2.9. Development of weights: 

In the analyses, the weights were assigned to the 
layers and the ranks to the classes of each layer 
according to their importance in the case study of the 
area floods. The assigned weights and ranks for the 
layers/classes of the study area based on the health 
and economic characteristics of each layer, the 
previous studies, the local and administrative data, 
and the authors’ judgment are given in Table 2. The 
category of the residential areas was selected as the 
most important layer according to the weights, 
because the presence of humans in this layer is 
permanent. The other layers based on the presence of 
humans and the economic characteristics were 
located in the next positions. It should be stated that 
the development of weights and the consistency 
check are performed similar to flood hazard 
mapping.

 
Table 2: The assigned weights and ranks for the layers/classes of the study area 

weight  classes  weight  layer  
0.6648  
0.2449  
0.0902  
0.013  

High density  
Medium density  
Low density  
Consistency Rate  

0.32023  Residential areas 
  

0.226437  School districts 
  

0.226437  School districts 
  

0.0833  
0.1666  

density upper 50%  
density lower 50%  

  

0.165977  Administrative, commercial  

0.113441  Other land uses 
  

0.133441  Other land uses 
  

0.078009  
  
  

0.048472  
  
  

0.029307  
  
  

0.018128  
  

Special facilities  
  
  

Industry and workshops  
  

Streets and roads: 
  
  

Parks, gardens and green land 
  

0.078009  
  
  

0.048472  
  
  

0.029307  
  
  

0.018128  
  
  
  

Special facilities  
  
  

Industry and workshops 
  
  

Streets and roads: 
  
  

Parks, gardens and green land 
  

Consistency Rate  
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1.3. Flood risk: 
The combination of the hazard and vulnerability 

maps can enable the identification and ranking of the 
probable endangered areas. The final flood risk map 

was generated by the integration of the two spatial 
layers, hazards and vulnerability, respectively. 

Flood risk = Flood hazard * Flood vulnerability

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3: The flood hazard with no rainwater harvesting    Fig. 4: The flood hazard with 100% rainwater harvesting  
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5: The flood hazard with 50% rainwater harvesting        Fig. 6: The flood vulnerability of the study area 
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Fig. 7: The flood risk with no rainwater harvesting           Fig. 8: The flood risk with 100% rainwater harvesting 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
Fig. 9: The flood risk with 50% rainwater harvesting 
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Table 3: The percentage of flood risk zoning, with using or without using rainwater harvesting 

 
 
Conclusion: 

Urban flood risk depends on the combination of 
components comprising hazard and vulnerability. The 
natural and human factors leading to flood risks have 
been underscored in this study. A preliminary assessment 
of the flood risk was carried out and the ArcGIS 
geographic information system was employed for the 
spatial modeling and visualization of the results. The 
proposed method applies the analytical tools to prioritize 
the spatial flood risk areas in order to assist the 
development of the disaster impact reduction strategies 
and also the overall effectiveness of flood management. 
In this research, in order to reduce the impacts of flood 
risk mapping, an unstructured method, called rainwater 
harvesting (RWH), was used. The results demonstrated 
that the RWH method in the residential, administrative 
and commercial areas has low impacts on the flood risk 
mapping. This result is only true for a low percentage of 
these land uses to all users. Therefore, in order to have a 
high impact on the flood risk, it is recommended to use 
all the areas that can utilize the RWH method, until the 
impact of the flood risk mapping reaches the lowest 
level. 
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