
An evaluation of risk-based agricultural land-use 
adjustments under a flood management strategy in a 
floodplain

This is the Published version of the following publication

Tariq, Muhammad Atiq Ur Rehman, Rajabi, Zohreh and Muttil, Nitin (2021) An 
evaluation of risk-based agricultural land-use adjustments under a flood 
management strategy in a floodplain. Hydrology, 8 (1). ISSN 2306-5338  

The publisher’s official version can be found at 
https://www.mdpi.com/2306-5338/8/1/53
Note that access to this version may require subscription.

Downloaded from VU Research Repository  https://vuir.vu.edu.au/43197/ 



hydrology

Article

An Evaluation of Risk-Based Agricultural Land-Use
Adjustments under a Flood Management Strategy
in a Floodplain

Muhammad Atiq Ur Rehman Tariq 1,2,* , Zohreh Rajabi 1 and Nitin Muttil 1,2,*

����������
�������

Citation: Tariq, M.A.U.R.; Rajabi, Z.;

Muttil, N. An Evaluation of

Risk-Based Agricultural Land-Use

Adjustments under a Flood

Management Strategy in a Floodplain.

Hydrology 2021, 8, 53. https://

doi.org/10.3390/hydrology8010053

Academic Editor: Pierfranco

Costabile

Received: 18 February 2021

Accepted: 19 March 2021

Published: 21 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 College of Engineering and Science, Victoria University, Melbourne 8001, Australia;
zohreh.rajabi@live.vu.edu.au

2 Institute for Sustainable Industries & Liveable Cities, Victoria University, P.O. Box 14428,
Melbourne 8001, Australia

* Correspondence: atiq.tariq@yahoo.com (M.A.U.R.T.); Nitin.Muttil@vu.edu.au (N.M.)

Abstract: Agricultural damage due to floods in the Indus basin’s fertile land has been the most
damaging natural disaster in Pakistan so far. Earthen dikes are protecting the vast areas of the
floodplain from regular flooding. However, the floodplain is attractive to farmers due to its fertility
and experiences regular crop production within and out of the dike area. This paper evaluates the
flood risk in a floodplain of the Chenab river in Pakistan and recommends land-use changes to
reduce the flood risk for crops and associated settlements within the study area. The objective of
the land-use change is not just to reduce flood losses but also to increase the overall benefits of the
floodplain in terms of its Economic Rent (ER). This preliminary study analyses the economic impacts
of the risk-based land-use improvements on existing floodplain land uses. Expected Annual Damage
(EAD) maps were developed using hydrodynamic models and GIS data. The developed model
identified the areas where maize can be economically more productive compared to rice under flood
conditions. Promising results were obtained for the settlement relocations. It was also observed that
the infra-structure, running parallel to the river, plays a significant role in curtailing the extent of
floods. The results show that a combination of structural and non-structural measures proves more
effective. The study also recommends the inclusion of social and environmental damages as well as
other types of non-structural measures to develop the most effective flood management strategy.

Keywords: hazards; flood risks; land use; flood zoning; flood management; floodplain crops;
Expected Annual Damages

1. Introduction

Floods have long been a natural phenomenon that triggers the largest loss of human
life and economic harm worldwide [1]. Several estimates show that flood risk will rise
further throughout the 21st century for many river basins because of not only climatic
changes but also industrial growth and changes in land use [2,3].

Floods are the most frequent and destructive natural disasters in Pakistan. Since the
establishment of the country in 1947, over 8000 people have lost their lives and economic
losses have reached approximately 53.79 billion USD (all amounts are converted from
Pakistani Rupees (PKR) to USD at 158 PKR to a USD throughout this manuscript) [4].
The fluvial floods prove to be the most destructive in the Indus plain of Pakistan due to
the flat terrain, which is densely populated and commercially productive [5,6]. Measures
have been taken to address the problem over time. An estimated unadjusted expenditure
of over 113 million USD has been invested in flood work (excluding rescue and relief
costs) under numerous schemes since 1977 [7,8]. Tariq and Giesen [9] analysed 90-year
national flood damage data and found that the economic losses at the national level have
shown a decreasing trend, whilst the frequency and magnitude of floods also have reduced
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greatly in the last decade. Nevertheless, overall, no significant reductions in flooding of
agricultural land have been noticed [10].

While flood management policies in Pakistan acknowledge the importance of non-
structural measures, flood management mainly relies on flood defence, dams, spurs,
studs, and other river training works, and other structural measures. The early warning
system for flooding was also stated in 1975 [11]. The existing setup of flood management
and emergency management for the main rivers is well supported by an early warning
system. Flood zoning development was initiated in 1998 but has not yet been completely
developed [11]. Until now, other types of non-structural interventions have not been
formally enforced at the institutional level.

To develop the flood management strategy for a floodplain, it is important to identify
and quantify all types of flood impacts in a floodplain. The essence of flood impacts
defines the form of the solutions for flood management. Floods may have detrimental
effects as well as positive ones. The impacts of floods can be defined as all the impacts that
floods have on their climate, including drowning, wetting, erosion, deposition, destruction,
recovery, insurance, maintenance, etc. [12]. A wide range of positive and negative impacts
of floods occur (refer to Figure 1). For example, major floods in eastern Spain are very
important for recharging groundwater aquifers used for agriculture and tourism, and for
preserving coastal wetlands [13,14]. Categorization of damage determines which forms
of damage in a given situation are important. It is, therefore, important to consider the
types of damages to identify the appropriate steps to be taken for the melioration of flood
management [15–19].
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Generally, the people who settle in floodplains are the vulnerable and economically
suffering group of a society [26]. They are attracted to settle in floodplains due to land
resource availability at lower costs [27–29]. Unfortunately, when they are flooded frequently,
it is often possible that people living in floodplains could become poorer [30–32]. On
the other hand, it is very disadvantageous to abdicate the floodplain to mitigate flood
damages [32,33]. The benefits of flood management related to agricultural, ecological,
environmental, groundwater recharge, and business practices can be viewed as beneficial
consequences of flooding. Floodplain land-use benefits can be cultured with adequate
assessment of flood risk and followed up by floodplain vulnerability modifications.

As discussed in the above sections, floodplains always attract the people due to
their land-use benefits. Economic activities in floodplains generate some benefits that are
adversely affected by floods. It can be concluded that the flood damages in a floodplain
could be either due to not utilizing the floodplain land resources or due to flooding. The
objective of the proposed floodplain zoning is to “demonstrate the land-use adaptations gains
in a floodplain in terms of overall agricultural land-use profit, instead of just flood loss reduction”.

2. Flood Zoning Practices

A flood risk map displays the hypothetical flood features graphically to depict the cor-
responding risk [9]. These provide the information vital for land planners, flood managers,
and policymakers. Unfortunately, no uniform methodology exists for the development and
implementation of flood risk maps [34,35]. The intensities, extents, and other features of
flood zoning maps are influenced by the geographical and hydrological characteristics of a
floodplain, while the associated flood zoning regulations are inferred from the country’s
economic and social constraints [36]. Strict regulations on high safety standards are often
tempted to take advantage of the land use. These regulations can be violated at various
levels, especially in developing countries, by individuals, communities, and even by states.
The associated zoning regulations, therefore, must be matched to the risk involved to
ensure successful and smooth implementation of flood zoning restrictions. Therefore,
the objective of flood zoning should be to ensure a maximum possible output from the
floodplain by adjusting the land uses.

Many countries are introducing non-structural measures along with existing con-
ventional structural measures. China has successfully demonstrated the growing imple-
mentation of non-structural measures into flood management strategies [37]. Land-use
adaptations are significantly influenced by the structural measures as structural measures
modify the hazard behaviour [38]. In the presence of existing structural measures and
flood management infrastructure, the development of flood risk maps can reduce flood
damages and can effectively enhance the land use in a floodplain. Therefore, the addition
of a non-structural measure to support existing structural measures has the potential to
increase the benefits of flood management [39].

2.1. Floodplain Vulnerability

Flood zoning or land-use management in a floodplain is the process to reduce flood
risk by managing floodplain vulnerability [40], whereas, in contrast, structural measures
manage the hazard. Floodplain vulnerability management can help to create a direct
connection between the theoretical concepts of flood risk and the everyday administrative
process [41]. Vulnerability management has been considered as the key factor for disaster
management. It seems important to manage the floodplain vulnerability to reduce the
flood risk [42]. There exist many vulnerability assessments approaches with varying
vulnerability definitions, theoretical contexts, variables, and approaches to fit particular
situations [43,44].

• The vulnerability indicators method uses the available data to have a logical location
of vulnerability.

• The vulnerability curve method outlines the association between flood risk and risk
components to help to analyse through analytical loss or fragility curves.
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• The disaster loss data method is created on data collection from real events, hazards.
• Modelling methods use computer models to evaluate the depth, elevation, and velocity

of a flood using the frequency, magnitude, and shape of the hydrograph.

2.2. Flood Management Scheme Design System

The flood management strategy in any floodplain consists of two distinctive classes [45]:

• floodplain support system;
• floodplain management system.

The support system is an information system necessary to initiate flood management
actions, whereas the management system consists of structural and non-structural as
well as long-term and emergency measures. To develop a comprehensive floodplain
management plan, one needs a detailed flood hazard mapping combined with different
information systems, including the weather system, rainfall-runoff characteristics, flood
wave propagation, improved inundation modelling, physical-based modelling, in situ
engineering measures, and the socio-economic setup in a floodplain. This information helps
in developing storm forecasting, flood forecasting, and emergency warning systems [46–50].
Figure 2 explains both components of the flood management scheme decision system.
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Once the floodplain supporting system is established, the development of an effective
floodplain management system can be established on a substantial knowledgebase. An
initial floodplain analysis is required to shortlist the measures that can be proven effective
under the floodplain conditions. Figure 3 provides a short-listing matrix (SLM) for the
short-listing of flood management measures.

Once the initial flood management arrangements are shortlisted, the modified flood-
ing behaviour needs to be simulated/modelled to evaluate the effectiveness of the mod-
ifications under the expected flooding scenarios. Based on the induced behavioural
changes, necessary improvement in the flood management strategy can be developed
and re-evaluated to reach a best practice in a floodplain.
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2.3. Flood Mapping Practices

Various flood management methods are used to prevent or reduce the detrimental
effects of floodwaters. Many models or methods are being used around the world to assess,
explore, and identify intervention measures to mitigate the effects of the flood [52–60]. HEC-
RAS, Sobek, Mike12, XP-SWMM, TUFLOW, and OpenFlows FLOOD are widely used for
hydrodynamic modelling of floods generally [61]. Satellite imagery is used commonly with
many software tools, including mapping, hydrodynamic modelling, hydrometeorological
modelling, and risk assessments [62–72]. Different studies have used ASTER, MODIS,
Proba-V, Landsat, Sentinel-2, Synthetic Aperture Radar (SAR) data collected by Sentinel-
1, ERS-2/SAR, ENVISAT/ASAR, RADARSAT-I, Light Detection And Ranging (LiDAR)
elevation data, TerraSAR-X, SPOT, and SRTM DEM for flood mapping. Rainfall-related
satellite images, like Tropical Rainfall Measuring Mission (TRMM) and Global Ensemble
Forecast System (GEFS), are also used for flood mapping purposes.

There exist many general standards, frameworks, and legislations in different coun-
tries for flood risk management [73]. Germany has the federal states that implement the
flood risk management legislations. In the UK, flood risk management is implemented and
handled at the central government level [74,75]. Federal Flood Commission of Pakistan
(FFC) is the federal agency that develops the flood management plans and strategies at
the national level with the help of the provincial irrigation and drainage authorities in
Pakistan [9].

2.4. Study Area

The Chenab River is the main source of fluvial floods in Pakistan. It runs like an
unregulated river, with no suitable location for large storage reservoirs in Pakistan. The
Baghlayar and Salal hydropower dams in India (run-of-the-river projects) have no bearing
on flood peak attenuation due to their limited storage capacity and mismatched operating
practices of reservoirs. Even more frequent and severer flooding is expected in the future
due to continuous erosion in upstream hill catchment areas. The Chenab River is 1240 km
long and has a catchment of 67,500 km2, excluding the main tributaries like Jhelum, Ravi,
and Sutlej. It eventually drains into the Indus River [34]. A 42-km-long reach has been
chosen between Khanki Headworks and Qadarabad Barrage for this research (refer to
Figure 4). In the absence of an appropriate flood storage option and effective flood warning
system for this initial reach of the river in Pakistan, the implementation of risk-based flood
zoning can be highly helpful for this floodplain.
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3. Risk-Based Approach

A risk-based approach has been used to develop a flood map in the study area.
The conceptual approach to determine the hazard, vulnerability, and risk assessment is
represented in Figure 5 [51,76–78]. Risk components and parameters have been defined
according to Figure 5 to identify their role in our study. The risk involved for the current
land-use has been calculated based on defined parameters. Preliminary flood zoning has
been calculated for the settlements and agricultural activities. As mentioned in Figure 5,
the targeted area is the floodplain, and the targeted factor is “Land use” for the agricultural
area.

Risk can be described as an “estimate of possible hazard-related outcomes”, while risk
dynamics can be characterized as the interaction of a hazard with vulnerability [79]:

Risk = Hazard × Vulnerability.
Hazard is defined by probability and severity, whereas exposure and sensitivity are

the functions of weakness.
Hazard = Probability × Intensity;
Vulnerability = Susceptibility × Exposure.
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3.1. Hazard Assessment

Probability means the probability of a hazard happening in a time frame. The prob-
ability of a flood, denoted by the inverse of the return period, can be defined based on
their frequency or probability [80]. Ranging from a 2-year to 10,000-year return period, ten
different flood scenarios were modelled in this study.

Intensity is that property of a hazard that causes the damage. Either one or more
independent parameters of a hazard can be used to exhibit the intensity of a hazard [81,82].
As the terrain in our case is flat, low speeds and longer flood lengths are expected. The
adequate criterion representing the flood intensity can be the floodwater levels.

3.2. Vulnerability Assessment

A flood of the same intensity may produce different losses in different areas due to
the difference in exposure as well as resistance and preparedness of the societies. Flood
response (susceptibility) is the property that depends on the ability of assets or people
living in a floodplain to withstand the negative consequences of floods. The flood response
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of a society is often characterized using intensity–damage curves [83]. For this purpose,
we used the stage–damage correlations developed for areas similar to our study areas.
The stage–damage functions are accepted as the standard approach to assessing direct
flood damage [84–86] and the same is used in our research. Accurate information on
historical flood losses is very rarely available; therefore, estimates are often accompanied
by large margins [87]. In our case, appropriate damage functions have been developed
by consulting the literature, various sources, and previous projects on the best-suited
basis. Our dominant sources were local authorities, Chen (1999), Wang and Xiang, and the
ANFAS project (Data Fusion for Flood Analysis and Decision Support) (refer to Figure 6).
Equation (1) shows the stage–damage function “Fa (d)” used in our case studies. If “Da, max”
is the maximum possible damage for a particular land-use “a”, then damage “Da,i” against
a flood of probability “i” can be found using the following equation.

Da,i = Fa(d) × Da,max (1)

Exposure is the values/life that is present in the floodplain [88]. Land-use maps were
developed to express the exposure in the study area.

Hydrology 2021, 8, x FOR PEER REVIEW 8 of 20 
 

 

[81,82]. As the terrain in our case is flat, low speeds and longer flood lengths are expected. 
The adequate criterion representing the flood intensity can be the floodwater levels.  

3.2. Vulnerability Assessment 
A flood of the same intensity may produce different losses in different areas due to 

the difference in exposure as well as resistance and preparedness of the societies. Flood 
response (susceptibility) is the property that depends on the ability of assets or people 
living in a floodplain to withstand the negative consequences of floods. The flood re-
sponse of a society is often characterized using intensity–damage curves [83]. For this pur-
pose, we used the stage–damage correlations developed for areas similar to our study 
areas. The stage–damage functions are accepted as the standard approach to assessing 
direct flood damage [84–86] and the same is used in our research. Accurate information 
on historical flood losses is very rarely available; therefore, estimates are often accompa-
nied by large margins [87]. In our case, appropriate damage functions have been devel-
oped by consulting the literature, various sources, and previous projects on the best-suited 
basis. Our dominant sources were local authorities, Chen (1999), Wang and Xiang, and 
the ANFAS project (Data Fusion for Flood Analysis and Decision Support) (refer to Figure 
6). Equation (1) shows the stage–damage function “Fa (d)” used in our case studies. If “Da, 

max” is the maximum possible damage for a particular land-use “a”, then damage “Da,i” 
against a flood of probability “i” can be found using the following equation. 

 (1)

Exposure is the values/life that is present in the floodplain [88]. Land-use maps were 
developed to express the exposure in the study area. 

 
Figure 6. Stage–damage functions adapted from local authorities, Chen (1999), Wang and Xiang, and the ANFAS project [89–91]. 

 
 

( ) max,, aaia DdFD ×=

Figure 6. Stage–damage functions adapted from local authorities, Chen (1999), Wang and Xiang, and the ANFAS
project [89–91].

3.3. Economic Rent (ER)

An increase in land-use efficiency due to reduced flooding is a benefit, which is
obtained due to flood management. Economic rent (ER) considers the efficiency of land
uses in a floodplain. ER is defined as the net annual revenue associated with a resource that
can be obtained from a land use in a floodplain [92,93]. ER is an indicator that combines the
effectiveness of alternatives to achieve the economic objectives of floodplain management.

It is also possible to define the net annual return per unit of land as the difference of
the annual gross returns to total costs (excluding land rent), which represents economic
efficiency [93]. In case of a floodplain, the annual cost of the measure includes capital
and maintenance costs, and the expected residual damage reduce the ER; these are called
combined deductions.
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“Location benefits” (Rloc) and “intensifying benefits” (Rint) are the two components
of ER (please refer to Equation (2)). Rloc is connected with the availability of land for
intensive economic uses, e.g., shifting from agriculture to industrial land use [94], whereas
Rint is the value of increasing land use, such as changing from lower- to higher-value
crop cultivation or, alternatively, producing higher-yield crops or intensifying agricultural
economic activities [94].

∆Rn = ∆Rloc + ∆Rint (2)

3.4. Risk Assessment

The first of its type, a hydro-economic model, was developed by the US Army Corps of
Engineers (USACE) to estimate EAD in the 1990s [95]. This model establishes relationships
between flood discharge, stage, frequency, and damage. Based on the static nature and
inability to cope with the changing conditions of the rivers, catchments, and floodplains of
USACE’s hydro-economic model, Tariq et al. recommend using a GIS-based hydrodynamic
model to account for any variation in river flow and floodplain [17,81,96]. The EAD is
calculated by multiplying the average flood damages to their incremental probabilities, as
shown in Equation (3).

EAD =
i=∞

∑
i=0

Di × ∆Pi (3)

whereas

Di =
DPi−1 + DPi

2

3.5. Assumptions

The studies performed are based on a few assumptions that can fairly represent the
floodplain conditions in a simplified and more reliable way. The collected annual flood
data shows that the floods occur from July to September when the maize and rice are
cultivated in the floodplain. The same is assumed for all crop land-use purposes. In the
same way, only direct damages are considered to keep the estimates reliable and precise.

Relocation of settlements involves multiple administrative as well technical issues.
The proposed relocation is performed purely on a theoretical basis and provides an idea
of flood losses in case these settlements were located at two different locations. The
settlements’ direct displacements from their existing locations were calculated for the
additional traveling distances, irrespective of the road networks.

4. Methodology

The methodology for our research is extracted from Figure 5, which represents a
general risk-based conceptual approach. The customized stepwise methodology used
for the development of agricultural land-use practices (cropping and settlements) in a
floodplain is presented in Figure 7. The first phase consists of developing the GIS models
and hydrodynamic models required to perform the simulations. In the second phase,
zoning for cropping and settlements are performed.
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4.1. Development of GIS Layers

Land-use maps for the study area reach were developed from the topographic sheets
obtained from the Survey of Pakistan, Google maps, and ground-truthing. The map is used
to represent the exposure in a floodplain. Approximately ten land-use divisions and six
utility forms (GIS-format polylines) were digitized for this study.

4.2. Flood Modelling

To conceptualize the probabilistic nature of floods, a detailed frequency analysis was
performed to cover all possible flood scenarios. Frequency analyses were carried out using
80 years of historic annual peak flow data. “Design Flood” software was used to perform
frequency analysis [97]. The most suitable frequency distribution that fits the data was
Log Pearson type III, estimated using the moment method. Floods with 2, 5, 10, 25, 50,
100, 500, 1000, 5000, and 10,000 years return periods were analysed to assess the overall
flooding behaviour in the study area floodplain. It was decided to consider these 10 floods
to represent the probable flooding scenario to ensure that the flood management is not
based on a fixed probable flood.

Hydrodynamic simulation of inundation depths and floodplain extents were per-
formed in the Sobek 1D-2D Rural module using a 90-m-resolution Digital Elevation Model
(DEM). The DEM was derived primarily from elevation data of the Shuttle Radar Topog-
raphy Mission (SRTM) obtained from the HydroSHED [98,99]. Considering the extent of
the large study area, computing capabilities, availability of data and resources, and the
reliability of results thus obtained, confirmed the suitability of DEM as acceptable if not
the ideal. Initial flood extents were developed using HECRAS 1D to get an idea of the
expected coverage area for extreme floods. The model was run to simulate all expected
floods for their depths and extents. A potential scenario with flood depths of all expected
floods weighted by their probabilities is shown in Figure 8.
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4.3. Cropping Practices

As the risk depends upon hazard and vulnerability. Modifications in land use can
change the flood risk due to altered vulnerability in a floodplain. The most efficient land-
uses can be identified for all floodplain areas. Due to the significant contribution in total
flood damage of the study area, settlements and cropping land were chosen for preliminary
zoning in our research [97].

Using the stage–damage functions shown in Figure 6 and the typical costs and profits
of the farmers, the stage–damage functions were converted into stage–profit/loss curves.
Figure 9 describes the left-over profit for rice crop and maize crop against different inun-
dated depths. Rice crop is more profitable in the absence of flooding but much impairing
otherwise due to loss of high capital investments. On the other hand, maize is less profit-
gaining in normal conditions but bears fewer losses under flooding situations. For the
maize crop, there is less capital involved. In addition, maize has a shorter growing period
and can be harvested even earlier to use as animal fodder in case of flooding predictions.
Normally, a part of the field is harvested until the cropping field is flooded.

Foresting can be considered an alternative to crops in an agricultural area. However,
foresting is not considered a replacement because it will not allow cultivating a second
season crop [5,6]. Foresting will also increase flow resistance to flood waters, thus spreading
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flood to a wider area. The procedure includes the calculation of the expected profit of maize
and rice crops under the expected floods. The best land-use practice is the one where the
more profitable crop is cultivated. The flood damage functions make maize more profitable
in flooded areas (refer to Figure 9).
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4.4. Settlement Zoning

The second important land use in a rural area for zoning purposes is settlements. If
all settlements are developed outside of the floodplain then flood losses can be brought
to zero theoretically, but a majority of these settlements consist of people who have their
economic activities related to a river or the land in the surroundings of the river. The
inhabitants need to visit the area regularly for their livelihood. If these settlements are
developed outside the floodplain then their traveling expenditures, duration, and efforts
become exceptionally high and might be unaffordable. This is the reason why these people
choose to live within the floodplain even after being aware of the flood risk. In an extreme
situation, if the settlements are in close vicinity to the river then there would be devastating
losses due to frequent floods and if these are much further away, then the losses/costs
due to traveling might become too high. The location of the settlements can be optimized
by minimizing the combined losses of floods and traveling (refer Figure 10). A suitability
analysis of the settlement locations was performed regarding their existing locations.

For calculation purposes, building damages and household damages were calculated
separately to avoid oversimplification. Settlement suitability does not cover the merging
of settlements due to cultural, social, and administrative reasons. It was made assured
that the cultural unity and persuasion of people living within the same area should not be
disturbed.

It is assumed that about half of the population has a business that is primarily con-
nected to the river and its surrounding area, whereas the rest of the people are involved in
providing community services and their proximity to the river does not matter if they are
relocated. Based on the data collected from the “Household Integrated Economic Survey
(HIES) 2018-19” [100], the average number of persons in a household, area of a house, and
the number of earning persons of a household have been determined as 5.84 members per
household in Punjab rural. On average, two persons from a household are connected to
earning jobs. The cost of displacement of one settlement pixel per kilometre was calcu-
lated considering the annual average petrol price and conventional tractor as the traveling
method. The final loss for a settlement can be defined as the sum of the flood loss plus its
distance cost. Relocation of settlements was proposed to the nearest location to minimize
travel losses.
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5. Results and Discussions

Figure 11 shows the profit distributions for both crops (top left and top right), areas
where maize is preferable (bottom left), and the optimum cropping distribution in the
study area (bottom right). Replacement of rice with maize is recommended on an area of
106.55 km2. Rice in this area is causing a 0.200 million USD loss to the farmers, whereas the
maize in the same area can generate a profit of 0.144 million USD. This replacement can
generate an additional gain of 0.342 million USD, which is equivalent to 3228 USD/km2 on
average.

There are 68 settlements with a total area of 482.64 ha being affected in the study area
floodplain. At present, the expected flood damage to these settlements are 0.508 million
USD annually, which can be reduced to 0.011 million USD annually by the relocation
of settlements. However, the traveling cost is increased significantly, 0.174 million USD
annually, thus resulting in a net reduction of 0.323 million USD annually.

In case the cropping and settlements are adapted to the proposed adjustments, a total
of 0.664 million USD annually can be saved in the study area.

A further investigation and analysis revealed some further facts. Figures 10–12 show
that the recommended agricultural zone, as well as the high-risk settlement area, lie in
the area that is inundated under a 5-year return period flood. In the area where a flood
comes every second year, land use is already adapted to flood situations. Ground truthing
confirms that no settlements or high-value crops are cultivated within that area. On the
other hand, exceedingly rare floods have no significant risk due to their low probability
and therefore land-use change mitigation might not be economically feasible. The area that
is flooded by a 5-year flood and not by a 2-year flood suffers the most. A 2-year return
period flood remains fresh in people’s memories; that is why the land use in this area
already complies with the flood considerations. A 5-year period is a relatively long interval
and the farmers who remain careful suffer during no flooding episodes. This is the area
where flood zoning is required and can be useful. With a lesser probability of flood, it
becomes more difficult to persuade the floodplain inhabitants to follow the flood zoning
restrictions.

It is also observed that the flood extents are curtailed by the dikes, roads, and railway
lines. The area of flood inundations could be much wider in the absence of these structures.
The overall flood reduction can be optimized by optimizing the combined effect of all
measures.
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6. Conclusions and Recommendations

Based on the results, a fluvial floodplain, such as the one in our study area, can be
divided into three zones:

1. Frequent flooding zone.
2. Medium flooding zone.
3. Rare flooding zone.

A frequent flooding zone is the one where the inhabitants are well versed in flooding
and have already adapted the lifestyle to flooding with minimum exposure in the floodplain.
This is generally the 2-year return period flood zone. A rare flooding zone is the one where
a flood occurs rarely (greater than a 50-year return period), and restraining floodplain land
use may prove counterproductive. The most critical area is where the flood zoning might
prove to be effective—in and between the 2-year return period flood to 50-year return
period floodplain. The measures should be flexible and supported with incentives and
appropriate guidance.

The results also support a combination of non-structural measures with structural
measures. An adequate combination will not only reduce the flood losses but also enable
to take the maximum advantage of land-use in terms of economic rent. Therefore, it is
obvious that the use of structural measures extensively affects non-structural measures. It
is also noticed that the roads, railway lines, and other infrastructures running parallel to the
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river also play some role to reduce the flood extent. It could be a good option if the design
phase of infrastructure in the floodplain also considers the flood management aspects.
A flood management strategy must be well designed by considering the potential land
uses, economic activities, and cultural setups. The choice and combination of options will
depend on the nature of the flood problem and the objectives of the management strategy.
Combining different flood management options may provide more efficient, economical,
and viable management. There cannot be a single generalized solution for all floodplains
but there can be a single acceptable approach for consistent standards throughout the
country.

A risk-based approach would lead to an economic, social, and environmental balance
between gains and losses. Introducing zoning can be advantageous because of reducing
losses and increasing the land-use benefits. These results should be used as an important
input to the decision-making process for water managers and politicians.

Economic losses are not the only types of losses, and zoning is not the only option; all
potential flood management strategies and all forms of economic, social, and environmental
advantages and drawbacks should be regarded to be more productive and for systematic
optimization.
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