
Naeem Shahzad   Editor 

Water and 
Environment 
for Sustainability 
Case Studies from Developing Countries



Water and Environment for Sustainability



Naeem Shahzad 
Editor 

Water and Environment 
for Sustainability 
Case Studies from Developing Countries



Editor 
Naeem Shahzad 
National University of Sciences 
and Technology 
Islamabad, Pakistan 

ISBN 978-3-031-27279-0 ISBN 978-3-031-27280-6 (eBook) 
https://doi.org/10.1007/978-3-031-27280-6 

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2023 
This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether 
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse 
of illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and 
transmission or information storage and retrieval, electronic adaptation, computer software, or by similar 
or dissimilar methodology now known or hereafter developed. 
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use. 
The publisher, the authors, and the editors are safe to assume that the advice and information in this book 
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or 
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any 
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional 
claims in published maps and institutional affiliations. 

This Springer imprint is published by the registered company Springer Nature Switzerland AG 
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

https://doi.org/10.1007/978-3-031-27280-6


Preface 

This book is being published as an outcome of the 2nd International Conference 
on Water, Energy, and Environment for Sustainability (IC-WEES) 2022. With the 
growing global concerns about environmental degradation, depletion of freshwater 
resources, and climate change-induced disasters, the conference was focused on 
climate change, water, environment, and disaster risk reduction and their inter-
relationship with each other. Major theme revolved around Climate, Environment 
and Water Nexus. Owing to the papers presented in the Conference the book title 
was further focused toward water and environment for sustainability. 

A multidisciplinary understanding of water resources and environmental concerns 
is provided by water and environmental management to ensure sustainable devel-
opment making the understanding of water resources and environmental concerns 
imperative. Despite considerable advancements in the science of water and environ-
ment and their close nexus over the past century to ensure sustainability, there are 
still a number of problems that the scientific community has to address. 

Water bodies offer a variety of beneficial services to humanity owing to their 
environmental, cultural, and commercial significance as ecosystems. Owing to lack 
of check and balances and implementation issues, environmental degradation at 
a rapid pace further augmented by climate change, water quantity, water quality, 
ecosystem health, and ecosystem services are all faced with different challenges (such 
as global warming, changes in land use and cover, population explosion, nutrient and 
organic matter loading, water conservation projects, and other anthropogenic factors). 
This underscores the need of multidisciplinary research, accurate monitoring, and 
modeling of various water bodies as it is crucial for improving the management of 
water resources and ensuring sustainable water usage. 

This book Water and Environment for Sustainability brings together thirteen 
papers on the theme of ‘water resource and environmental management.’ The purpose 
of this book is to present some of the latest research carried out in the area of water 
and environmental management to ensure sustainability in a dynamic situation with 
uncertainty. 

Most Pakistani regions (including the northern glacial regions) are getting hotter 
with the spatial trends showing an increase of more than 0.05 oC/year in temperature
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and depicting an increase of 5 oC/century, as described by Amjad (2022). In this 
paper, the author highlights that the indication of northern glacial regions and south-
western Baluchistan getting hotter and drier is quite an alarming situation for both 
these regions in the contexts of frequent and extreme flooding due to snowmelt in 
glacial regions and frequent and intense droughts in southwestern Baluchistan. The 
issue needs to be tackled immediately by relevant stakeholders, organizations, and 
departments. 

Based on the water parameters obtained at several hydrological stations along the 
Brahmaputra River, India, the study’s overall objective was to evaluate the evolution 
of water quality at spatial and temporal scales. According to the pollution sources 
listed, anthropogenic factors such as population growth, excessive consumption, 
overuse, chemical explosions, and subsurface mining are found to be the main causes 
of pollution in the catchment area Pranjal (2022). As per the findings, it is crucial to 
make sure that the hydrological forces trying to control runoff are understood and 
incorporated into the analysis in these days of increasing assessment complexity and 
reliance on computer data manipulation, rather than relying on more complex sets 
of parameters and relationships to explain runoff. 

A comprehensive overview of the recent scientific research in the field of reservoir 
sedimentation estimation and management has been presented in the study carried out 
by Bilal (2022) which is very significant for flood management in downstream areas. 
The results of this study can serve as suggestions for the execution of operations to 
flush silt from reservoirs. Additionally, it is anticipated that the observations will be 
helpful for assessing future dam safety and danger as well as for ensuring reservoir 
operating sustainability through thorough sediment management leading to flood 
mitigation and management in the downstream areas. 

The editors wish to thank all the authors of this book for contributing the high 
quality papers. We also like to express our gratitude to the referees for their quick 
and thorough reviews of the papers. Finally, we hope that the readers will find this 
book to be very helpful and will share our joy. 

We hope this book will help us manage water resources efficiently through envi-
ronmental preservation to achieve a healthy surroundings and a sustainable future 
for our future generations. 

Finally, we would also like to thank the excellent editorial team of Water and 
Environment for Sustainability for their efforts and professional commitment. 

Islamabad, Pakistan Naeem Shahzad
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Hydrometeorological Extremes 
and Climate Profiling of Pakistan 

Muhammad Amjad 

1 Introduction 

Quickly evolving climatic change poses one of the biggest dangers to sustainability 
of life on earth. Increasing greenhouse gas emissions in the exterior atmosphere due 
to fossil fuel combustion is deemed the reason for a continuous rise in earth’s temper-
atures besides polluting air. The climate change-induced phenomenon of global 
warming is among the major causes of environmental degradation in the modern 
era. Gradually rising temperatures and their influence on the cryosphere are apparent 
in several regions around the globe. Climate change affects human life in addition 
to the economy by causing disturbances in the earth’s climatic responses triggering 
natural disasters such as floods, famines, droughts, and cyclones along with several 
other disasters (Shahzad & Amjad, 2022). 

The issue of climate change has surfaced very strongly during the past couple of 
decades worldwide threatening all humans irrespective of the prosperity and wealth 
statuses of the countries they belong to. However, developed countries suffer less 
due to their financial resources and built capacity. On the other hand, underde-
veloped regions of the world are more susceptible to adverse impacts of climate 
change. Pakistan, ranked 12th among the topmost affected countries of the world 
due to climate change-induced hazards (Ullah, 2017), is exposed and vulnerable to 
several natural hazards, including cyclones, floods, droughts, intense rainfalls, and 
earthquakes (Salma et al., 2012). These hazards, when combined with vulnerabil-
ities (in the form of poverty, exclusion, and poor political decisions and actions), 
render people more susceptible to the impacts of hazards. Agriculture sector is most 
vulnerable to climate change problems and changes in cropping and productivity due 
to weather changes will affect the poor communities of the country. The dry land 
areas, including arid and semi-arid regions, are also vulnerable to these changes as

M. Amjad (B) 
National University of Sciences and Technology, Islamabad, Pakistan 
e-mail: amjadiqm@gmail.com 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 
N. Shahzad (ed.), Water and Environment for Sustainability, 
https://doi.org/10.1007/978-3-031-27280-6_1 

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-27280-6_1&domain=pdf
mailto:amjadiqm@gmail.com
https://doi.org/10.1007/978-3-031-27280-6_1


2 M. Amjad

these regions are already facing severe water shortages and high-temperature prob-
lems. The abnormal pace of climate change is expected to have extensive impacts 
such as stressed agricultural production, increased variability of water availability, 
increase in coastal erosion and seawater intrusion, and augmented frequency of disas-
trous hydrometeorological extremes. In addition to its standing among the topmost 
affected countries in the world, Pakistan’s socioeconomic conditions also render 
it a weak and easy target for the disastrous impacts triggered by natural hazards 
originating from climate change. 

In addition, the burning of fossil fuels to increasing amounts remains to be the 
backbone of industrial development for the past century where deforestation and 
burning of all types of fossil fuel changed the face of this world through the rapid pace 
of development and this, in return, came with a huge cost, i.e., “Global Warming.” 
Extreme emission of greenhouse gases into the environment caused global tempera-
tures to rise rapidly which have resulted in glaciers melting at a rapid pace. This has 
heavily affected the hydrometeorological cycle all around the world. Countries like 
Pakistan are now severely prone to hydrometeorological extremes, which not only 
have caused billions of dollars in property damage but also have taken tens of thou-
sands of lives. Severe drought in 1998–2002 and extreme floods in 2010 and 2022 
are evidence of it, yet this threat continues to increase day by day, and the trends 
seem to be much more frequent. To monitor and model these events, Pakistan lags in 
financial and technological resources. Here, weather monitoring stations are sparsely 
located with negligible maintenance and incorrect data collection. In addition to that, 
access to weather observations for different stakeholders is one of the most difficult 
tasks. A precise and reliable forecast and estimation of precipitation and tempera-
ture can help in improving the processing and modeling of water budgeting, water 
consumption, flood and droughts forecasting, and determining crop water necessi-
ties. Periodic changes in magnitude and patterns of precipitation and temperature 
are significant indicators of climate change. Pakistan, as mentioned earlier, lacks 
weather and climate monitoring resources. This posts the need for new technology 
to be adopted that is handy, maintenance free, and easily accessible. Model- and 
satellite-based sources of climate data are such modern technology tools that might 
be considered potential alternatives to conventional data observation using ground-
based gauge stations. However, their utilization as a potential alternative to conven-
tionally observed data needs a comprehensive investigation of their error uncer-
tainty(Amjad et al., 2020). The 5th generation reanalysis product, namely ERA5 
(Hersbach et al., 2019), from European Center for Medium-range Weather Forecasts 
(ECMWF), is such a model-based source of climate data retrieval whose time series 
accuracy assessment has been investigated in this study. 

The research literature shows the imminent climate change effects being and 
going to be faced by Pakistan while the country lags behind the modern world in 
modern tool usage and, even, in properly monitoring the climate processes due to 
its constrained economic resources. It is pertinent to mention that very less research 
has been carried out to utilize the recent technological advancements in the field of 
hydrometeorology in Pakistan (e.g., Ali et al., 2022; Arshad et al., 2021; Jan et al., 
2022; Tariq et al., 2014; Ullah et al., 2021).
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This chapter is intended to focus its investigation on the following objectives: 

1. Climate profiling of Pakistan and investigating its climate change zones 
2. Assessment of time series accuracy of a model-based climate dataset as a potential 

alternative to observed data in monitoring the hydrometeorological extremes in 
Pakistan 

The first objective of the study is aimed at indicating the climate change zones 
of Pakistan and, in turn, facilitating the stakeholders of water resources manage-
ment while the second objective specifically intends a valuable input to disaster risk 
managers in Pakistan. 

2 Climate of Pakistan 

Pakistan lies in the coordinate box with latitude 23° 35' N–37° 05' N and longitude 
60° 50' E–77° 50' E. Pakistan has a temperate climate that varies along its topography. 
Generally, dry and hot toward the south and along the low plains of the Indus River 
covering parts of Baluchistan, Sindh, Southern Punjab, and areas toward the south of 
Khyber Pakhtunkhwa as well. Temperature becomes progressively cooler toward the 
North that includes the portions of Northern Punjab, Northern Khyber Pakhtunkhwa, 
Gilgit-Baltistan, and Azad Kashmir, comprising of high mountainous ranges of 
Himalaya where the elevations of peaks climb up to and more than 8000 m above 
mean sea level (MSL). Pakistan has four seasons: cold dry winter from December to 
February, dry spring from March to April, wet monsoon from July to September, and 
late monsoon from October to November. Overall, the country receives very little 
rainfall, however, in monsoon season, it can reach up to 200 mm. Pakistan receives 
maximum precipitation in its Northern mountains. Due to its mountainous topog-
raphy, it is very prone to flash floods. El Niño is a significant influence on climate 
variability in Pakistan, with anomalies in both temperature and flood frequency and 
impact correlated with the El Niño cycle. 

Rainfall in Pakistan varies from as little as less than 10 inches to over 150 inches 
per annum in several parts of the country. However, this generalization should not 
obscure the distinct differences existing among certain locations. For example, the 
coastal area near the Arabia Sea is usually warm and temperate, whereas elevations of 
the Karakoram Range and other mountains remain snow-covered for many months 
of the year. Far north regions are so cold year-round that they are only reachable 
by world-class climbers for a few weeks in May and June of each year. Aridity is 
the most persistent aspect of Pakistan’s climate, and its characteristics are observed 
during the extremes in temperatures from May to August in several parts of the 
country. Pakistan is located on the edge of a monsoonal system; precipitation is 
unreliable, and its volume is highly unpredictable. Figure 1 shows a digital elevation 
map (DEM) of Pakistan where different regions having elevations ranging from mean 
sea level to above 8000 m are depicted.
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Fig. 1 Digital elevation map of Pakistan at right (Weblink for the figure at left: https://www.kin 
dpng.com/imgv/xxomJ_administrative-map-of-pakistan-hd-png-download/) 

3 Gridded Dataset for Profiling 

The modern-era weather forecasting centers are releasing short-to-medium range 
weather forecasts that are run multiple times a day on sophisticated computational 
models. While producing weather forecasts, the models usually are in a contin-
uous evolution regarding the introduction of their updated versions. There is another 
type of data release that is obtained by keeping the model state constant and the 
model is run at a relatively coarser resolution for archival data. This type of dataset 
is called reanalysis data. The fifth-generation reanalysis data (ERA5) of European 
ECMWF is based on 4D-Var data assimilation using Cycle 41r2 of the Integrated 
Forecasting System (IFS) of the European Center of Medium-Range Weather Fore-
casts (ECMWF). ERA5 benefits from a decade of developments in model physics, 
core dynamics, and data assimilation relative to its predecessor ERA-Interim (Hers-
bach et al., 2019). ERA5 features several improvements over ERA-Interim, such 
as a more recent model and data assimilation system, a higher horizontal resolu-
tion, assimilation of substantially more observations (including gauges and ground 
radars), a near-real-time release of the data, and outputs with a higher resolution 
ion (Beck et al., 2019). ERA5 hourly data (with a spatial resolution of 0.25°) for 
precipitation and temperature for the period 1979–2020 were obtained from Climate 
Data Store (CDS) and were converted to monthly data for further processing in this 
study.

https://www.kindpng.com/imgv/xxomJ_administrative-map-of-pakistan-hd-png-download/
https://www.kindpng.com/imgv/xxomJ_administrative-map-of-pakistan-hd-png-download/
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4 Climate Profiling of Pakistan 

Utilizing the gridded precipitation and temperature data from ERA5, climate profiling 
of Pakistan was carried out to show decadal variations of both the climate parameters 
(i.e., precipitation and temperature) spanning over four decades (i.e., 1979–2020). 
Historical trends were also depicted in addition to investigating the decadal variations 
of climatic parameters. Based on the results obtained from climate profiling, climate 
change zones were established indicating the whereabouts of climate change hotspots 
in the country. 

Figure 2 shows higher precipitation values over most regions of Khyber 
Pakhtunkhwa. Southwestern parts of Baluchistan show dry regions (i.e., receiving 
very low amounts of precipitation). Central to southern regions of the country are 
mostly arid to semi-arid regions and receive lower precipitation. A minute decade-
to-decade change between the decades is observed because of long-term averaging. 
A further reduction of precipitation events on a micro-scale level in the southern and 
southwestern parts of the country is observed in the second decade (1991–2000). 
The3rd decade (2001–2010) shows a reduction in precipitation over most parts of 
Khyber Pakhtunkhwa. Khyber Pakhtunkhwa received lower precipitation in the 3rd 
decade as compared to the first two decades, especially in the regions between Kohat 
and Bannu districts. However, the spread of precipitation amounts between 500 and 
1200 mm/year is more in the 3rd decade. The color-coded yellow pixels (receiving 
low to high precipitation amounts) cover more area in the 4th decade as compared 
to the cases of the first two decades.

Pakistan records its lowest temperature values over the Himalayas (Northern 
mountains; Figs. 1 and 3). Punjab and Baluchistan show higher temperature values, 
i.e., > 20 °C. Upper Khyber Pakhtunkhwa shows mean annual temperature values 
ranging from 0 to 10 °C while western Punjab and central Baluchistan show average 
annual temperatures of < 20 °C. Regions with temperatures around 10 °C cover 
more areas during the 1st decade of the study period, clearly indicating the rise in 
mean annual temperatures in upper Baluchistan and Khyber Pakhtunkhwa. Northern 
parts of the country including the Himalayas show a slight increase in tempera-
ture trends over the passing decades (Fig. 3). An increasing trend in temperature is 
observed in the northern as well as western parts of Khyber Pakhtunkhwa province. 
Southern Baluchistan and Punjab, in general, show similar trends of higher temper-
atures. Color-coded light blue pixels (>−10 °C) cover more area in the 4th decade 
as compared to the first two decades.

5 Climate Trends 

Climate trends in precipitation of Pakistan show mixed, but marginally inclined 
toward drier, trends (Fig. 4). Notably, most of Khyber Pakhtunkhwa province 
observes decreasing trends in average annual precipitation (Fig. 4). There are mixed
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Fig. 2 Decadal annual precipitation profile of Pakistan for 1979–2020

trends over Baluchistan: both positive and negative, however, its southwestern parts 
have more negative precipitation trends. Few regions in the southern and south-
eastern parts of the country show positive trends in precipitation. Upper Punjab and 
lower Khyber Pakhtunkhwa have negative trends in average annual precipitation thus 
implying that the agriculture in these regions is being affected due to lesser feeding 
from precipitation.

A rising trend in temperature by 5 °C/century (Fig. 5) in almost all of Khyber 
Pakhtunkhwa is alarming as the precipitation trends in this region are also negative 
(Fig. 4), implying that this region is getting drier and hotter. Northern glacial regions, 
on the other hand, also observe a rise in temperatures that can translate into higher 
rates of snowmelt, more intense flooding in the downstream regions, and more glacial 
lake outburst flooding (GLOF) events. Southwestern Baluchistan is also at risk of 
further rise in temperatures. Most of the agricultural regions of western Punjab are 
becoming hotter (Fig. 5).
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Fig. 3 Decadal annual temperature profile of Pakistan for 1979–2020

6 Climate Change Zones 

Summarizing the climate profiling of Pakistan, it is obvious from the obtained results 
that almost all the northern regions of the country are getting drier and hotter (Fig. 6) 
which is an alarming situation given that these regions comprise snow-covered water-
sheds and glaciers that contribute to most of the feeding to rivers in Pakistan. Hotter 
temperatures in northern regions directly infer more frequent flash floods and GLOFs. 
Baluchistan is getting hotter and drier, which predicts the risk of more frequent and 
more intense droughts in the future. Only some agricultural regions in eastern Punjab 
lie in the scarce wet and cold zone (Fig. 6).
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Fig. 4 Annual average precipitation trends in Pakistan for 1979–2020

7 Investigating Hydrometeorological Extremes 

As mentioned in the introduction section, Pakistan is facing twofold challenges in the 
view of hydrometeorological extremes: the increasing frequency of extreme events 
and the lack of an appropriate monitoring network. The impacts of the former chal-
lenge become manifold in the presence of the latter problem. These circumstances 
demand investigation of potential alternatives for their accuracy in the detection and 
monitoring of hydrometeorological extremes. One such potential alternative could 
be ERA5 which is already introduced in this chapter (please refer to Sect. 3). Here, 
the accuracy of ERA5 for extreme events is assessed by using observed data at gauge 
stations (15 in total) as a reference. Locations of these gauge stations are plotted over 
DEM of Pakistan (Fig. 7) while their names and location information are tabulated 
in Table 1.

7.1 Pre-processing of Datasets 

As the gauge-based observation data is point data in its nature, potential errors have 
resulted when interpolation techniques are applied to convert the point data into
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Fig. 5 Annual average temperature trends in Pakistan for 1979–2020

Fig. 6 Climate change 
zones of Pakistan
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Fig. 7 Locations of 15 gauge stations plotted over DEM of Pakistan (locations shown as blue dots)

continuous spatial precipitation data (Kidd & Huffman, 2011). Moreover, the spatial 
representativeness of gauge-based observations (i.e., point) and model-based datasets 
(i.e., grids) is different. The studies performing comparisons of such datasets, in 
general, opt for two different methodologies commonly used to resolve the spatial 
scale differences between the gauges data and the gridded products: either the grids 
of the product data that are closest to the gauge stations are extracted (point-to-grid 
methodology following Amjad et al., 2020; El Kenawy et al., 2015; Heidinger et al., 
2012; Islam et al., 2012) or the station-based observations within the grids of the 
product data are averaged so that a compatible, as well as the spatially distributed 
estimate, can be obtained. This study followed the first methodology, which allows 
for keeping the original quality of gauges data. Hence, ERA5 data was extracted over 
point locations of the above-mentioned gauge stations for accuracy assessment (i.e., 
the values of ERA5 grids containing respective 15 gauge stations were extracted).
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Table 1 Information on 
gauge stations 

Sr # Station Coordinates Data Availability 

1 Balakot 34° 32' 49'' N, 73° 
21' 21'' E 

2010–2019 

2 Dir 35° 11' 55'' N, 71° 
52' 19'' E 

3 Domel 35° 06' 28'' N, 73° 
00' 07'' E 

4 Besham 34° 01' 45'' N, 71° 
31' 24'' E 

5 Gujar Khan 25° 14' 39'' N, 67° 
06' 47'' E 

6 Peshawar 31° 19' 0'' N, 72° 
11' 0'' E 

7 Gwadar 25° 15' 07'' N, 62° 
17' 07'' E 

8 Pasni 25° 16' 19'' N, 64° 
36' 30'' E 

9 Mardan 25° 15' 25'' N, 63° 
24' 54'' E 

10 Tarbela 34° 54' 45'' N, 72° 
52' 04'' E 

11 Palandri 33° 36' 12'' N, 72° 
11' 16'' E 

12 Hub dam 33° 15' 35'' N, 73° 
18' 12'' E 

13 Massan 34° 12' 20'' N, 72° 
02' 22'' E 

14 Ormara 33° 42' 52'' N, 73° 
41' 15'' E 

15 Pattan 34° 07' 35'' N, 72° 
48' 37'' E

7.2 Moving Averages 

The method used for evaluation is 3-monthly moving averages and the parameter 
considered was only precipitation as the temperature variations get dampened when 
averaged over 3-month time windows. 

Precipitation from both the datasets (i.e., observed data at gauge stations, which 
will be referred to as “obs” from here on, and ERA5 dataset) was converted to 3-
monthly moving averages in the form of time series, and these time series were then 
plotted in parallel to gather inferences on how well ERA5 captures the peaks in the 
observed data.
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Furthermore, scatter plots were prepared by keeping moving averages of observed 
precipitation data at the x-axis and those from ERA5 precipitation data at the y-axis, 
to investigate the linear relationship between the two datasets. 

Notably, three coastal stations (Gwadar, Ormara, and Pasni) have relatively flatter 
moving averages, resulting into having almost no troughs (i.e., droughts). Here, 
ERA5 followed the overall pattern as per the observed data (Fig. 8). Peshawar and 
Pattan have some missing observed data, the evaluation of ERA5 was done by using 
fewer extreme events over these two stations. Figure 8 also indicates that ERA5 
followed the normal variation but underestimated the extreme precipitation. The time 
series for Palandri shows a consecutive series of high-peak flooding events during the 
start of 2014 toward mid-2016; ERA5 tends to capture the pattern of these events but 
it again largely underestimates the peaks. ERA5 captured the fluctuation pattern of 
observed data very well at Mardan, Tarbela, and Gujjar Khan which might be associ-
ated with a major reason being the flatter topography of these cities. Overall, ERA5 
did follow the fluctuation pattern of most of the observed precipitation extremes.

Over some stations like Palandri, ERA5 displayed a lower correlation (R: 0.75) 
compared to most of the other stations (Fig. 9). ERA5 performed well in the case of 
Peshawar (R: 0.81), Mardan (R: 0.85), Tarbela (R: 0.88), and Gujjar Khan (R: 0.84). 
It is again pertinent to notice here that these three stations are located on relatively 
flatter topography resulting in better trend-capturing by ERA5. ERA5 also performed 
better in linear trend-capturing of Gwadar (R: 0.85) and Pasni (R: 0.851) which again 
are relatively flatter surfaces. Among all stations, Dir (R: 0.89) and Tarbela (R: 0.88) 
stood out regarding the trend-capturing ability of ERA5. The performance of ERA5 
in the detection of extreme events over Domel and Hub Dam seems the poorest 
among all the stations.

7.3 Inferences to Floods and Droughts 

Capturing the hydrometeorological extremes, triggered by weather processes that 
themselves are chaotic in nature, is considered a hard task for model-based weather 
and climate estimation sources. However, motivated by recent advancements in the 
subject fields of forecasting and reanalysis, this study intended to put an effort behind 
the accuracy assessment of model-based reanalysis (ERA5) in capturing the extremes 
in Pakistan. 

The peaks in the 3-monthly moving averages time series generally indicate the 
occurrences of floods (high or positive peak) or droughts (low or negative peak). In 
addition, the impact of a positive or negative peak amplifies when it is followed by 
another peak of the same orientation. Overall, ERA5 was witnessed to match the 
peaks in the observed time series very well where the observed negative peaks were 
captured by ERA5 more consistently as compared to positive ones. Although there 
were instances when ERA5 underestimated the exact magnitude of certain peaks, 
yet its efficiency in capturing the extreme patterns is quite admirable given that it is 
a model-based reanalysis product having moderate spatial resolution.
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Fig. 8 Time series of 3-monthly moving averages of observed and ERA5 precipitation data sets 
over 15 gauge stations

8 Conclusions 

The study focuses on climate profiling and the hydrometeorological extreme investi-
gation of Pakistan which is among the worst-affected countries in the world. Climate 
profiling and trend zoning for precipitation and temperature was conducted by using 
the gridded climate reanalysis dataset ERA5 from ECMWF while the same dataset
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Fig. 9 Scatterplots for 3-monthly moving averages for ERA5 and observed precipitation over 15 
gauge stations
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was investigated, afterward, for its accuracy in the estimation of hydrometeorolog-
ical extremes; the investigation was conducted by taking ground-based gauge stations 
data as truth. 

The spatial plotting of ERA5 precipitation trends concludes that the annual 
precipitation amounts received by most parts of Khyber Pakhtunkhwa have a strong 
decreasing trend of up to 10 mm/year which is quite an alarming situation as this 
region is also getting increasingly drier. In addition to it, most regions (including 
the northern glacial regions) of Pakistan are getting hotter with the spatial trends 
showing an increase in temperature of above 0.05 °C/year which depicts an increase 
of 5 °C/century. Most regions of Pakistan fall in the climate change zone of “dry and 
hot” inferring that they show trends of getting drier and hotter. Indication of northern 
glacial regions and southwestern Baluchistan getting hotter and drier is quite an 
alarming situation for both these regions in the contexts of frequent and extreme 
flooding due to snowmelt in glacial regions and frequent and intense droughts in 
southwestern Baluchistan. 

ERA5 underestimated the extreme events causing floods and remained on the 
wetter side while following very low precipitation events. It largely struggled in its 
accuracy over regions of complex topography. However, ERA5 produced its best 
results on relatively flatter topography, e.g., Gujjar Khan, Peshawar, Mardan, and 
coastal stations, etc. Overall, ERA5 efficiently captured the fluctuation patterns of 
extreme events in Pakistan. 
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Blue and Green: Hues of Riverine Flood 
Risk Reduction in Chennai, India 

Jasjit Singh Banga, Yazid Ninsalam, and John Fien 

1 Introduction 

1.1 Grey to Blue and Green 

Traditionally, flooding was considered to be the result of heavy rainfall or cyclonic 
events. Over a short period of time, this view has shifted through a recognition of the 
impacts of human actions. The hyper-urbanisation of mega- and especially coastal 
cities has triggered the transformation of environmental systems that were once 
seen as natural (Ahmed, 2018). Landfilling, urban developments, and building over 
rivers, floodplains, wetlands, and other waterbodies have disrupted the relationships 
of water and landscape (Dhiman et al., 2019; Manohar, 2016; Tajuddin & Dabrowski, 
2021). Next to urbanisation, patterns of climate continue to change and exacerbate 
the severity of weather events (Gray & Ocampo 2017; Hamel & Tan, 2021; Manohar, 
2016). These have weakened the capabilities of communities to cope with climate 
change and water-related hazards such as flooding. Addressing twin issues of climate 
change adaptation and disaster risk mitigation has become an ‘urgent agenda’ for 
urban professionals (World Bank, 2010). 

Traditional ways of mitigating the impacts and resultant risks from urbanisa-
tion and climate change have involved human-engineered structures such as dams, 
piped drainage systems, concrete canals, seawalls, pumps, and water treatment plants 
commonly known as ‘grey infrastructure’. Such tools may protect some communi-
ties from flood impacts. However, they cause major disruptions to the ecosystem and 
social functions and processes. For example, neighbouring communities and habitats
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are often negatively impacted through the burning of fossil fuels, required to power 
the energy-intensive infrastructures such as wastewater plants and pumped drainage 
systems (Kabisch et al., 2016, p. 98). As a result, urban professionals are increas-
ingly looking to environmentally adaptive or multi-functional approaches to flood 
risk mitigation (Gray & Ocampo 2017; Lafortezza et al., 2017). These include nature-
inclusive approaches, such as ecosystem-based adaptation, ecological management, 
ecosystem and sustainable climate services, ecosystem-based disaster risk reduction 
(Kabisch et al., 2016; Lafortezza et al., 2017; Spyrou et al., 2021). Collectively, these 
are known as Nature-based Solutions (NbS) (Hamel & Tan, 2021; Lafortezza et al., 
2017; Spyrou et al., 2021) as they have an ability to restore ecosystem health and 
overcome the limitations of hard engineering approaches to risk mitigation (Kabisch 
et al., 2016; Tajuddin & Dabrowski, 2021). 

One of the key approaches to NbS involve Blue-Green Strategies (BGS): a sustain-
able, interconnected, and healthy network of water and landscape-based spaces and 
corridors (Hamel & Tan 2021; Kabischet al., 2016, p. 100). Blue strategies include the 
channels of water systems, such as wetlands, waterbodies, seas, rivers, and lakes in 
the built environment while green strategies involve the strategic use and placement 
of urban green spaces such as parks and gardens, as well as adjacent areas of paddies, 
mangroves, forests, and protected natural areas (Browder et al., 2019; Kabisch et al., 
2016, p. 99; Klemm et al., 2017; Hamel & Tan, 2021). Combining blue (water) 
and green (landscape) provides multiple services and benefits to the ecosystem and 
the communities living in and adjacent to them, including the potential to increase 
resilience to water-related hazards. 

1.2 Leapfrogging Towards BGS 

One of the first approaches to BGS was the water-sensitive approach to city plan-
ning—Water Sensitive Cities (WSC). (Wong & Brown, 2009) articulated that such 
a planning practice can be achieved by capturing three principles: (i) potential 
sources of water emerging within the city, (ii) socio-ecological landscapes providing 
ecosystem services, and (iii) ecological and sustainable urban water governance. 
Water Sensitive Urban Design (WSUD) has advanced this notion by combining 
urban water planning with urban design to create blue and green networks that not 
only can support floodwater management but also assist in water filtration and biodi-
versity restoration, as well as enhance human health and food hygiene, and improve 
community living standards through activated public spaces (Wong & Brown, 2009). 

Water Sensitive Urban Design (WSUD) and Blue-Green Strategies have been 
implemented and tested in a wide range of urban contexts in both the Global North 
and South. Projects such as RISE and Wetlands Work in Southeast Asia and the 
Pacific are notable successful examples in the Global South (Hamel & Tan, 2021). 
A wide range of demographic, climatic, economic, and governance issues have been 
found to influence the success or otherwise in these projects (Hamel & Tan, 2021). 
The most significant of these influences in South Asian and Southeast Asian cities is
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informal settlement. In the words of Satterthwaite et al. (2020) informal settlers often 
acquire land outside the formal jurisdictions of land ownership and urban services. 
Living without basic amenities and sanitation services which make them extremely 
vulnerable to climate change and hydrological disasters. This uncontrolled sprawl 
limits the design and implementation of NBS and even BGS. However, despite many 
studies showing that the integration of BGS is essential for flood mitigation, there 
exists no clear evidence on the practical performance of BGS in informal settlements 
(Hamel & Tan, 2021). This highlights the necessity of uncovering how BGS can be 
implemented in areas characterised by the complex interactions of informality with 
water and landscape. 

This chapter responds to this need by assessing the implementation and perfor-
mance of BGS in the informal settlements along the Adyar River in Chennai. 

2 Land–Water-Human Relations in Chennai, India 

2.1 The Context 

Chennai (formerly known as Madras) is a coastal and capital city of Tamil Nadu, 
located on the Southeast coast of the Indian Peninsula. It is the fourth largest 
metropolitan area in India (populous) (Census of India, 2021; Greater Chennai 
Corporation, 2018). The Chennai Metropolitan Area covers 1189 square kilome-
tres and includes parts of the Kancheepuram, Chengalpattu, and Tiruvallur districts, 
alongside Chennai city/district (Greater Chennai Corporation, 2018). Official plans 
to make Chennai the largest city in India by expanding its territories to 8800 square 
kilometres are underway (Vencatesan, 2021). 

The Chennai Metropolitan Development Authority (CMDA) is the agency in 
charge of the Chennai Metropolitan Area (CMA) covering the districts of Chennai, 
Tiruvallur, Chengalpattu, and Kancheepuram. Chennai City/District covers about 426 
square kilometres of urban area and is divided into three regions—North Chennai, 
Central Chennai, and South Chennai. It consists of 15 zones and 200 wards, which 
sits within the development and planning legislation of Greater Chennai Corporation 
(Greater Chennai Corporation, 2018; Saleem Khan et al., 2020). 

Three major rivers, namely the Adyar, Cooum, and Kosasthalaiyar and the Buck-
ingham Canal, flow through Chennai. The canal was created under the British colo-
nial regime in the early nineteenth century and runs north–south through Chennai, 
parallel to the coast. This shallow canal connects the three rivers and was designed to 
provide drainage east to west in the city and promote flood mitigation (Biswas et al., 
2019; Vencatesan, 2021). However, landscape and settlement changes in the two 
centuries since its construction have reduced its effectiveness as a flood mitigation 
measure.
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There are three negative realities for Chennai: (a) a geographical problem (plain 
terrains) that makes the megacity invariably exposed to natural calamities, notably 
to floods; (b) the fact that despite being a coastal and wet city (1428 mm of annual 
rainfall), Chennai has grown with no regard to ‘natural physiography’ (Tajuddin & 
Dabrowski 2021) and without effective planning, especially regarding water systems 
and landscapes (Joerin et al. 2012a; Warrier, 2021); and (c) the axis of governance 
in Chennai and its parameters reflect tremendously over the landscape change and 
land-use pattern. The relationships and conflicts between the governing political 
party, State or Central, and the Corporation increase the tensions over implementing 
resourceful plans such as green and blue strategies (Tanner et al., 2009). 

One of the geographical flaws that expose Chennai to natural calamities is that the 
city sits at an average elevation of 6 m from the mean sea level, which heightens its 
vulnerability to water-related hazards (Surendra, 2012). The natural water path has 
been disturbed by informal settlers, and approximately 150,000 people live along 
rivers, canals, and the coast (Esther & Devadas, 2016). They are the most vulnerable 
and at the forefront of riverine and coastal flooding. 

To highlight the second reality, Chennai was initially planned with centralised 
man-made ‘buffering mechanisms’ (Dhiman et al., 2019), like lakes, pools, rivers, 
and temple tanks. These are known as the ‘Eri-System’, because ‘Eri’ is a man-made 
catchment to conserve rainwater (Tajuddin & Dabrowski, 2021; Vencatesan, 2021). 
These systems were constructed to restore water and mitigate the risk of flooding 
(Surendra, 2012; Vencatesan, 2021). However, with ongoing encroachments, hyper-
urbanisation, and liquid and solid waste disposal, underlying water systems are losing 
their capacity to hold floodwater during medium to heavy rainfall (Biswas et al., 2019; 
Esther & Devadas, 2016; Warrier, 2021). 

As such, the Eri system, which was created to protect the city from floods, has 
been suppressed by urbanisation and industrialisation (Dhiman et al., 2019; Joerin 
et al., 2012a, 2012b; Saleem Khan et al., 2020; Vencatesan, 2021; Tajuddin & 
Dabrowski, 2021). With the standout policy imposed by the Government of Tamil 
Nadu, around 90% of wetlands have been converted into residential, high-rise 
housing and urban developments, further destroying the city’s blue and green network 
(Esther & Devadas, 2016; Vencatesan, 2021). In light of this, the term ‘Poram-
boke’ has been increasingly used among urbanists, engineers, and urban designers 
(Tajuddin & Dabrowski, 2021). The phrase in the Tamil language denotes open land-
scapes, which become wetlands or lakes upon rain, or a dry region known as no man’s 
land—‘Poramboke’ (The Hindu, 2016). It was not until the 2015 floods—‘Mega 
Floods’—that the government’s attention was turned towards the consequences of 
the mismanagement of wetlands (Vencatesan, 2021). This makes it evident that such 
a terrible state of planning and wetlands mismanagement has negative social and 
economic impacts on the metropolis (Freestone, 2007; Vencatesan, 2021). 

Finally, disagreements among fragmented governing bodies halt the implementa-
tion of Blue-Green Strategies that can mitigate disaster risks (Tanner et al., 2009). In 
most cases, new governments abandon previous government initiatives, killing off 
useful projects as a result (Tanner et al., 2009). This affects everything, including 
the delivery of essential services that communities need (Tanner et al., 2009). For
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instance, the housing scheme for Lower Income Groups (LIGs) was implemented 
by the Tamil Nadu Housing Board (TNHB). However, in the long term, the plan was 
unsuccessful, resulting in private developers purchasing numerous properties and 
converting them into multi-story buildings and eventually selling them with huge 
profits (Tanner et al., 2009). On the one hand, such disruptions and negligence by 
bureaucrats, who do not exhibit political inclinations, caused a waste of funds and, 
on the other, lessened the communities’ coping capacities to extreme weather events. 
Consequently, these actions increase the city’s physical fragility to risks and make it 
highly vulnerable to water-based extreme climatic events. 

2.2 Study Area 

This chapter targets three neighbourhoods of the Adyar riverbank but gives an 
overview of the scope, impact, and influences of urbanisation and related ecological 
changes in Chennai city. 

With a keen interest in exploring various locations where the water-land nexus can 
be observed and documented, three locations were selected for investigation. A selec-
tion was made based on spatial quality, vulnerability, poor settlements, and neigh-
bouring systems. The sites, namely (1) Maraimalai Adigalar Bridge/Saidapet Bridge, 
(2) Abraham Bridge, Saidapet, and (3) Burma Colony 3rd Street, Ekkatuthangal, 
Chennai, were selected (Fig. 1). While the latter—Burma Colony 3rd Street, 
Ekkatuthangal—was suggested by Social Activist, Nityanand Jayaraman, because 
of the fishing communities’ vulnerability to riverine floods, the rest of the two loca-
tions were identified through basic geospatial analysis. Preliminary mapping revealed 
a picture of the complex edges of the land–water intersection. This prompted the 
authors to investigate the region and document the potential reality of landscape 
change in situ. As a result of these observations, the authors observed community 
behaviours that impacted and manipulated the relationship between water and land 
by using the Adyar river.

3 Methodology 

This work was embedded in ethnographic research characteristics. Qualitative data 
collection methods included surveys, semi-structured interviews, and spatial, partic-
ipant, and non-participant observational analysis. For instance, the pictures and 
diagrams narrated a story of the landscape changes that occurred, over the years, 
along the Adyar river. During the visit, Geographical Information System (GIS) 
informed the site selection criteria and presented statistical evidence of the changes. 
This research begins with stakeholder consultation and a survey, leading to a field
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Fig. 1 Maps of study locations

visit to observe and document changes. A stakeholder is defined as an individual who 
may have a potential stake, direct or indirect, in a specific project. An informant, on 
the other hand, is the person or agency who informs or transfers the necessary infor-
mation required to guide the study. This research acquired information from both 
sources. 

3.1 Data Collection 

The field visits conducted between 6 September 2021 and 12 September 2021 were 
aimed at gathering data on public–private space, river use, the relationship of local 
development with adjacent urban poor settlements, and waste management. 

3.2 Stakeholder/Informant Survey 

The authors have used vulnerability factors, defined by IPCC (2012)—social, envi-
ronmental, spatial, and economic—to frame the questions of the survey. A prelimi-
nary stakeholder survey was circulated electronically among stakeholders and infor-
mants to identify the most vulnerable area—the hotspot area—where intervention 
is most needed. The semi-structured questionnaires were employed online to gather 
the necessary information regarding the neighbourhoods and communities residing 
around the flood plains of the Adyar river and the root cause of the riverine floods. 
This online tool was distributed among NGOs, academics and practitioners in the
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fields of Social Work, and Architecture and Urban Design who have a strong stake 
in flood mitigation projects in Chennai. However, we received five (5) responses 
(academics = 2, NGO = 1, practitioners = 2). 

3.3 Semi-Structured Interviews 

Informal interviews with the communities at Burma Colony 3rd Street allowed us 
to gain an overview of the residents living in the flood-prone neighbourhood of the 
Adyar river. While the other two sites, that is Saidapet Bridge and Abraham Bridge, 
Saidapet were explored and observed spatially, informal interviews at Burma Colony 
3rd Street served as stops for the transect walk. At this stage, we aimed to understand 
the riverine floods from the perspective of the communities. The authors attempted to 
gain an empathetic understanding of the community’s experiences through convivial 
conversations with residents. We used this lens to extract an overview of the strategies 
and policies imposed by the government upon them. 

3.4 Transect Walks 

At Burma Colony 3rd Street, the transect follows the main street in the neigh-
bourhood, which runs parallel to the river and ends at a historically famous Hindu 
temple—‘Aathu Kovil Muneeswaran’ (Fig. 2). During this journey, we were given 
the opportunity to identify features and uncover information regarding diverse water-
land intersections, the physical conditions of the river and its purpose. In so doing, we 
were able to gain the communities’ perspective of the government’s flood mitigation 
and public awareness strategies.

4 The Application of Blue and Green Strategies for Flood 
Mitigation 

The survey allowed researchers to understand the aspects of government adaptation 
plans and policies that have been failing. The main reason for this failure is either the 
lack of rigorous study identifying the real-time problem or the implementation as per 
the communities (users) (Joerin et al., 2012a, 2012b; Saleem Khan et al., 2020). It 
is assumed by the authors that users are communities that live or work in the region 
and are primarily utilizing government-allotted services—directly or indirectly. 

As one of the defining functions of disaster risk management, vulnerability may 
be positioned in the adaptation strategies of four sectors; spatial, social, economic,
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Fig. 2 Map of transect walks

and environmental (IPCC, 2012; Tajuddin & Dabrowski, 2021). The survey ques-
tions were categorised and linked accordingly. Additionally, an interviewee from the 
Burma Colony 3rd Street highlighted ‘socio-political’ as another factor in the context 
of Indian cities, especially in Chennai where waterbodies sit within ‘fragmented 
governance’ (Tajuddin & Dabrowski, 2021). Therefore, the barriers identified in this 
study are spatially, environmentally, economically, socially, and socio-politically 
bound and positioned. 

4.1 Spatial Constraints 

Highly increasing and dense urbanisation along with the terrible state of urban plan-
ning has impacted several spatial characteristics. Firstly, the city has grown with no 
effective planning and with no regard for waterscapes while neglecting the perspec-
tive of extreme natural calamities (Joerin et al., 2012a). The master plans, which 
favour fast-paced and commercially driven developments, cause a clash between 
natural ecology, hydrology, and geology. The rivers, canals, tanks, and lakes that were
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protecting the city from floods have been suppressed by urbanisation and industrial-
isation (Dhiman et al., 2019; Joerin et al., 2012a, 2012b; Saleem Khan et al., 2020). 
In addition to this, increasing demand for urban sprawl along the banks of the Adyar 
river has impacted the green network of the city. Because of this, communities are 
bound to live within tight spaces and afford minimal provisions for flora and fauna 
(Chaitanya, 2018). 

The floodplains of the Adyar river are protected from the consequences of urban 
development. The banks are occupied by urbanity in the form of informal settlements, 
mostly situated on the riverbanks. In this context, Abraham Bridge represents a case 
of poor urban planning and improper land-use patterns (Fig. 3). We observe a massive 
waste collection centre located at the northerly end of the bridge which is located at 
the underpass and adjacent to the riverbank of the Adyar river (Fig. 4). Firstly, the 
geographical location of this waste hub poses a risk to nearby societies and systems 
that impacts the river and its natural ecology (Fig. 4). Similar to Saidapet Bridge, the 
edge of the water is delineated by the accumulation of solid waste, debris, and sand 
(Fig. 4e). The pile of waste cripples the ecology of the waterway in the form of a 
wall, temporary yet critical, that incapacitates the geo-hydrological function of the 
riverbank and makes it vulnerable to extreme weather events.

The study by Tajuddin and Dabrowski (2021) reveals that the walls, regardless 
of their spatial position and displacement of the original boundary, constructed

Fig. 3 (a) Map of the landscape patterns around the Abraham Bridge in June 2010. River water 
used to bypass the river islands, making it part of river ecology; (b) in December 2015, the landscape 
pattern of the river islands changed, blocking river water flow. Source Author 
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a) 

b) 

Fig. 4 (a) Map of Abraham Bridge, showing the state of poor urban planning which is destroying 
the river’s flood-carrying capacity; (b) biodiversity using polluted river water for drinking and 
bathing and eating waste disposed of because of the spatial position of waste collection centre; 
(c–d) because of the waste disposal from informal and formal developments and urbanisation at the 
riverbanks, the landscape is interrupting the flow of the river water, resulting in frequent inundation; 
(e) untreated edges of water covered with temporary walls of sand, debris, and waste. Source Author
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c) d) 

e) 

Fig. 4 (continued)

around the urban developments are labelled as the legitimate river boundary, 
whereas the urban poor settlements are considered encroachments. Because of this, 
informal settlers frequently face displacements which exacerbates their existing flood 
vulnerability (Tajuddin & Dabrowski, 2021). 

The analysis of the ‘Stakeholder Survey’ and field observations revealed the spatial 
implications of the boarder study. While one of the stakeholders, Balaji Balakr-
ishnan–Urban Designer and co-author of The Sponge Handbook-Chennai (2019), 
through a stakeholder survey, points out the ‘fundamental problems, such as inter-
vening at the regional scale’, as the failure of the plans initiated for the improvement 
of the riverbank, others signify the understanding of landscape change at the neigh-
bourhood scale before designing flood resilient strategies. The authors argue that 
ecological imbalances cannot be studied at a single scale and that interventions need 
to be made on a multi-scale basis. 

Another example where urban development surpasses contextualised planning 
is the runway bridge at Chennai Airport. This runway, which is a part of urban 
development, is located at the pre-defined floodplains of the river and intersects the 
river at a low elevation level of 8 m above mean sea level (Fig. 5). This not only 
interrupts the flow of river water but also floods the runway with more than 10 m 
of flood level. With a flood level of 14 m, this region was inundated during the 
2015 Chennai flood, while halting numerous domestic and international flights to 
and from the airport (Das, 2015). This brought a huge economic loss and restrained 
people from commuting within the country or internationally (Thiyagarajan, 2015).
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Fig. 5 Topographical map of Chennai’s airport runway, which is constructed 1 m and 8 m above 
the river and mean sea level, respectively. It was inundated during the 2015 Chennai floods. Map 
adapted: Chennai topographic map 

It illustrates the importance of urbanisation remaining within its boundaries and not 
occupying flood-prone areas. These damages are not only socio-spatially woven but 
also surrounded by economic and environmental destruction. 

4.2 Environmental Constraints 

Despite the differences listed above, environmental aspects such as climate change 
or poor environmental management expose communities and associated biodiversity 
to the risks of extreme weather events. The floodplains of the Adyar River are not 
protected from the consequences of urban development. Located along its banks are 
informal settlements that express urbanity. 

There is a tremendous shift in the paradigm of river usage. Formal and informal 
developments interact with and use the river differently. In the former case, the river 
has become a sewage dump yard over time. It is definitely a mistake to make the 
river merely a spatial component that may or may not be pleasing to the eye. On 
the other hand, the latter was found to worsen the situation by dumping solid waste
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without anticipating the potential risks of riverine flooding. While the river serves as 
a medium of openness, open-air, and spatial access to water for urban development, 
settlements on the other side of the riverbank make up a picture of survival (Fig. 6d).

While conducting field visits, a water-land-human nexus was observed. It repre-
sents the mismanaged intersection between water and urban developments and rural 
or informal settlements. Submerged land and water edges are left untreated, and 
urban development has been protected by Grey Infrastructure—human-engineered 
structures. Invasive species grown in riparian zones may inhibit the flow of water into 
urban developments and reduce flood risks to some extent. However, on the other 
side, a temporary wall of sand, debris, and waste is erected naturally by dumping 
untreated solid waste. This structure is unable to withstand high or medium water 
flow. Apart from the landfill of debris and waste, the banks of the Adyar River hold 
the green belt of wildly grown species that are not adequately zoned and incapable of 
sustaining floods. However, these beds in conjunction with waste became a habitat for 
micro-organisms like algae insects, worms, and so on and a source of food for animals 
living in the area, such as cows, street dogs, and buffaloes (Fig. 4b). As a result of 
the accumulation of pollution from waste, the natural ecosystem is contaminated and 
the cycle of life is disrupted. 

In 2015, in addition to heavy rainfall, Chennai was inundated because of excess 
water runoff into the Adyar river. As a result of this, the riverbanks were not able to 
contain the excess water leading to massive riverine floods in the surrounding regions 
(Shivakumar, 2018). The broken and shattered remnants of informal settlements that 
are in line with the riverbanks signal the consequences of past riverine floods (Fig. 6d). 
Residents prefer to look for temporary solutions to permanent problems instead of 
permanent aid. As a result, they seek short-term, flexible, and temporary ‘Jugaad’. 
By adopting this, communities will seek temporary solutions as oblivion threatens 
their foreseeable future. Authors observed that unknowingly or perhaps knowingly, 
the communities (informal settlements) adjacent to the temporarily constructed 
and semi-structured infrastructure and residing or working on the floodplains have 
exposed themselves to the forecasted disaster of riverine floods. 

The authors distinguished the poor condition of the existing waterway (Fig. 3b–e) 
and its interactions with humans and were surprised to witness landscape changes 
overlapping the water channel. The pockets of land comprising debris and solid waste 
forming in the river channel are blocking the hydraulic flow of water. This causes 
river water to overflow and flood its banks. 

4.3 Economic Constraints 

In Chennai, current urban paradigms revolve around the agenda of economic growth 
alone and neglect the uncertainties of climatic conditions. This neglect adds vulner-
ability to urban systems (Joerin et al., 2012a; Roggema, 2009). Discussion with 
stakeholders points to how government institutions prioritise the beautification of 
riverbanks solely to attract tourists and local migrants. This is at the expense of the
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a) 

b) 

c) 

Fig. 6 (a) Urban development and informal settlements at floodplains of Adyar River at Saidapet 
Bridge; (b) transformation of floodplain landscape to urban development which covers the river with 
its construction and waste at Abraham Bridge, (c) sewage outlet of formal settlements to Adyar 
river, (d) signs of survival from previous floods and disposing of waste by informal settlements at 
Abraham Bridge site. Source Author
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d) 

Fig. 6 (continued)

Adyar River’s natural ecology and biodiversity. Field observations, a transect walk, 
and the survey have revealed that the riverbanks of the Adyar River are occupied 
mainly by informal settlements on the one end, and urban developments, like five-star 
hotels, apartment buildings and complexes, located on the opposite riverbank. 

Urban developments are considered as an indicator of economic development 
whereas informal settlements are seen as illegal encroaching activities. It illustrates 
local authorities’ preferences for development typologies along riverbanks. Despite 
this, a large number of urban poor live in flood-prone slum settlements around the 
Adyar river (Joerin et al., 2012a). The informal settlements comprised of fishing and
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boating communities living in encroachments over flood plains are labelled as ‘urban 
poor’ (Gray & Ocampo, 2017; Joerin et al., 2012b). These ‘urban poor’ contribute 
massively to the water-based trade to and from the coast of Chennai. 

The master plan developed and implemented by the Chennai Metropolitan Devel-
opment Authority (CMDA) shows signs of fast-paced economic benefits through the 
development of urban infrastructure around the river edges (Tajuddin & Dabrowski, 
2021). However, this is detrimental to the hydrological regime located within the 
catchment. The scheme attracts private investment by highlighting the spatial bene-
fits while avoiding the impacts it may have on neighbouring societies and ecology. 
Moreover, the plan lacks a strong background analysis, for example, the mapping 
and documentation of informal entities in the first place and the ecosystem services 
rendered by waterbodies. In their study, Tajuddin and Dabrowski (2021) empha-
size the importance of ‘market-driven’ and ‘water protection’ urban planning at the 
regional level. 

4.4 Social Constraints 

Three locations were chosen for the fieldwork in order to depict the differential 
and tangled relationships between humans and water and land. Urban development 
dominates one end of the river, while informal settlements occupy the other end, 
forming an urban poor township. Based on the data gathered from the responses 
(number = 5) of the online survey, many of the fishing communities situated around 
the neighbourhoods of the Adyar River are the most vulnerable to riverine floods. In 
contrast in adjacent societies—urban poor, airport infrastructure and Middle-Income 
Groups (MIG)—people are equally susceptible to floods. 

Though the nominated regions are distant from each other, surprisingly, informal 
settlements, urbanisation, and severe rainfall events are the root causes of floods. 
Flood vulnerability is exacerbated by the lack of adaptation strategies implemented 
by the government and people. 

Dependency on others, especially on government agencies for survival, could 
be linked to low ‘participation at the local level’ (Tajuddin & Dabrowski, 2021). 
The government authorities hold a significant position in Indian cities in controlling 
the various systems that emerge. As a result, the vulnerable community of Chennai 
depends on government agencies and other stakeholders not only for their resilience 
and adaptation measures but also for their needs (Joerin et al., 2012b). Indirectly or 
directly, this dependency increases communities’ challenges and exposes them to 
social conflicts. 

On the ground, the urban poor’s social differences often create a barrier to 
resilience. Their minimal participation in adaptation activities and limited knowl-
edge about landscape change, including waterbodies, contribute to this. There is a 
need for awareness in regard to the ‘value of urban water’ and crippling ecosystems 
(Tajuddin & Dabrowski, 2021).
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As one of the interviewees at Burma Colony 3rd Street revealed, there is a huge gap 
in knowledge sharing. This is because of insufficient involvement or amendments by 
government agencies relating to such communities. As such, this neglect can make 
these settlements even more vulnerable to the impacts of climate change and other 
hazards (Joerin et al., 2012a). When the interviewee outlines adaptation strategies 
related to floods, it appears that there is a correlation between livelihood and resilience 
levels. The residents of the underlined neighbourhood have lived there for more than 
20 years and have witnessed the growth of urbanisation and the changes that have 
occurred. River water’s performance impacts their livelihood and well-being and 
that of the next generation. As described by one of the interviewees, during the 2015 
Chennai floods, the water entered their homes and reached the upper floor level. 
Yet, there are hardly any major amendments or implementations of flood mitiga-
tion strategies in this neighbourhood. This provides an excellent example of how 
government policies are solely the manifestation of a political and economic agenda. 
These adaptation strategies often fail to bridge the social differences between urban 
and rural, formal and informal, and rich and poor communities (Gray & Ocampo, 
2017; Joerin et al., 2012b). We observed that the lack of awareness of government 
or organisational initiatives and strategies, like Adyar Eco-Park, Resilient Chennai, 
Sponge Collaborative, Cities of 1,000 tanks, and so on among these communities, 
amidst the compounding negative landscape changes arising out of climate change 
and hyper-urbanisation (Fig. 3), could be a major factor for the vulnerability of partic-
ular social groups and their exposure to natural hazards. Additionally, in Chennai, 
while preparing or developing such strategies, government leaders tend to neglect 
these communities in their design and decision-making process (Joerin et al., 2012b; 
Tanner et al., 2009). Therefore, these pieces of evidence suggest that existing flood 
mitigation strategies have been ineffective. 

4.5 Socio-Political Constraints 

The socio-political deterioration begins with the lack of knowledge possessed by the 
communities and the mismanagement of the water bodies (Tajuddin & Dabrowski, 
2021). Chennai is dealing with the ownership barriers. The governing hierarchy and 
authorship of the water bodies is unclear. In order to regain the resiliency of the region, 
there needs to be an immediate answer to who owns the water bodies, and bare lands, 
and who manages them (Tajuddin & Dabrowski, 2021). Fragmented governance 
operates waterbodies, canals, and rivers. Different departments operate and manage 
water bodies, canals, and rivers, which is confusing for locals to understand and 
approach. This creates a long-term barrier to sociocultural resilience to floods in the 
city. 

The word ‘Poramboke’, which means ‘no man’s land’ (The Gopalakrishnan, 2017; 
The Hindu, 2016), has recently become increasingly popular among water engineers, 
urban planners, and designers about the waterbodies in Chennai. After a rain event, 
a wetland that is filled withby rainwater becomes a waterbody, whereas when it is



34 J. S. Banga et al.

dry, it is known as a ‘Poramboke’ (The Hindu, 2016). Since the English East India 
Company and the British rule, from an economic perspective, these lands have been 
crowned as ‘wastelands’ since they do not generate revenue (Gopalakrishnan, 2017). 
In the stakeholder interview, Chennai River Restoration Trust highlighted the inap-
propriate labelling of these lands and stressed the importance of these buffers for 
flood mitigation (Tajuddin & Dabrowski, 2021). However, because of mismanage-
ment, rivers and water bodies have been encroached on by urban developments and 
exposed the region to flooding. 

Fieldwork reveals that communities living over riverbanks are either unable to 
understand the ecological imbalances occurring or government agencies have failed 
to educate them. One of the interviewees at Burma Colony expressed the failure of 
government initiatives as the strategies are insufficient or irrelevant to the real-time 
context. Regulations that protect ‘sensitive ecosystems from rapid urbanization’ have 
undermined the river’s resilience. 

Observations of private, public, and government ownership were also examined. 
The floodplains of the Adyar river are managed by different institutes. For instance, 
CMDA holds accountability for master planning and post-flood relief works, whereas 
Chennai Rivers Restoration Trust is formed by the Tamil Nadu (state) government 
to develop an ‘Eco Park’ model for the restoration of riverbanks in Chennai. Both 
entities work individually and within their parameters instead of working together. 
That is why a lack of knowledge sharing has been observed within the communities 
as well as within the responsibilities of the governing agencies. 

The development of new programmes like Smart City (Aijaz, 2021), in most cases, 
diverts the focus of the governing bodies from on-ground issues. A stakeholder’s 
informal interview revealed that the World Bank and the State Government agencies 
have proposed such programmes, but the workshops were held in a five-star hotel and 
were inaccessible and uncomfortable to members of vulnerable communities. This 
made it difficult for the communities to attend these events and present their needs 
to stakeholders. The agencies aimed to restore the aesthetics of the riverbanks while 
neglecting the ecological balances and the perspectives of urban poor and vulnerable 
communities. As such, this represents a lack of initiatives aimed at working together 
with communities and understanding their real-time problems and needs. 

5 Recommendations for Programmatic and Context-Based 
Landscape Designs 

The key contributions of this study relate to how the principles of Nature-based Solu-
tions, specifically the characteristics of Blue-Green Infrastructure, can be linked with 
the landscape shift in the neighbourhoods of the Adyar River. We have observed and 
learnt from the communities’ actions and their engagement with the local landscape at 
Saidapet Bridge, Abraham Bridge, and Burma Colony 3rd Street. We use these learn-
ings to contextualise the practical applications of blue-green systems and produce
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recommendations for communities to bridge into programmatic and context-based 
landscape designs: 

5.1 Developing with Nature 

The survey highlighted the value of Nature-based Solutions (NbS) and the name of 
institutions that might be carrying forward its practice. The project, namely the City 
of 1000 Tanks, ‘identifies the interrelationships between the causes of floods, water 
scarcity, and pollution that focuses on providing a holistic solution to the underlying 
problems in Chennai’ (Ooze, 2019). As a result of hyper-urbanisation, the Mughals 
suppressed and invalidated the water circulation strategy of the seventeenth century. 
This system considered how nature could guide urban development and could inform 
the principles of Water Sensitive Urban Design (WSUD) through a NbS approach. 

Chitra Nagar in Kotturpuram, which was nominated by stakeholders in the survey, 
describes a project that decentralizes the use of NbS to save, collect, and recharge 
water catchments. Considering water as a medium, the design idea reforms the 
existing informal fabric into a typical high-rise housing building while anticipating 
‘rainwater harvesting, small waste treatment plants, uniform open spaces, solar 
power, and gender-sensitive toilet design’ (Prabhakar, 2021). The practice focuses 
on catching and retaining water to use during the dry season for drinking (Prabhakar, 
2021). In other words, the strategy aims to solve the challenges of water supply as 
Chennai is at risk of losing its groundwater because of urban development covering 
the city’s water-storing mechanisms. However, the proposal is mismatched with the 
context of local landscapes and green infrastructure specific to Chennai city. Specifi-
cally, it focuses on water retention and supply issues and avoids sociocultural barriers 
to flood mitigation. The realities of this project no doubt attract private investors but 
at the expense of the displacement of communities and biodiversity along the river, 
while prioritizing the goals of river beautification.

With the backdrop and blend of blue and green systems, we recommend revising 
and restructuring the existing fluvial flood adaptation strategies. So far, various local 
and international institutions have been established by the government to develop 
new plans for river restoration. Sadly, this agenda neglects the existence of informal 
settlements and the perspectives of its inhabitants with the river. We recommend that 
future initiatives should run parallel to the needs of local low-income communities. 
The lens of landscape-based approaches could make the urban poor pivotal in plan-
ning, waste recycling, and restoring river ecology, enabling people and nature to live 
in harmony. For instance, these Poramboke or ‘wastelands’ (Fig. 7) can be reclaimed 
by installing bioretention pits, fish farming systems, bio-filter planting, and swales. 
This plan would restrain the urban poor from dumping the waste into such pockets 
and refresh the ecology of the river.



36 J. S. Banga et al.

Fig. 7 BGS can retain and restore water and mitigate the risks of floods on riverbank’s wastelands

5.2 Living with Nature 

Based on on-site visits (three locations), we understand that the communities want 
to make nature a part of their life and live with it, but on the ground, in terms of their 
living culture, such implications have failed. This might be because of the scarcity of 
resources or perhaps because of the lack of knowledge sharing. It has been accounted 
for that the informal or urban poor communities living along the Adyar River are 
unable to understand the purpose of the river. As well as dumping waste, they use 
the river to wash clothes, do laundry, and for sanitation purposes. As a consequence, 
the physical environment is degraded, the river is polluted, and the flow of the river 
is obstructed. Because of this, during the yearly monsoon, the water of the river 
overflows, resulting in flooding the riverbanks. Future projects should leverage the 
implementation of BGS by developing alternate approaches and perspectives towards 
the existence of the river. Through natural elements, wastewater from the river could 
be treated and filtered and recirculated. In this way, NbS projects would be able to 
restore the river’s ecology, improve urban ecosystems and protect biodiversity. 

5.3 Designing with Nature 

A lack of access to essential services, especially during emergencies, threatens the 
resilience of communities. By synthesising spatial data acquired during the field 
visit, we documented various small alleys and dead ends. These alleys which were not 
captured by digital satellite mapping systems, such as Google maps and others. Due to
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the lack of appropriate and accurate spatial information, urban planners and designers 
have not been able to include existing fabric to inform their design proposals. Ulti-
mately, this leaves the communities vulnerable to low-to-high-impact development 
projects. 

In light of this, manual identification of narrow streets, alleys, and more could 
assist in analysing the complexity of existing fabric at the neighbourhood level. 
For example, a spatial understanding of the site informed by (McHarg & Lewis 
Mumford, 1969) and Rem Koolhaas and Bernard Tschumi’s entry for the Parc de la 
Villette competition that utilises mapping of landscape systems could guide planners, 
designers, and engineers to generate layers of functions that consist of blue-green and 
social systems. Ultimately, design resolutions could be derived from these ecological 
and cultural layers. The dead spaces and alleys can be utilised to restore the ecology 
while providing amenities for the people living in the region. As such, the sustain-
ably developed patches in the neighbourhoods would form a network of blue-green 
infrastructure, representing resilience at the regional scale. 

5.4 Limitations Afforded by Nature 

From field observations, we observed that the infrastructure of informal settlers 
grew organically. Building lines are unplanned and impenetrable, resulting in narrow 
lanes. Blocks of shacks are built within tight spaces without following accessibility 
guidelines. In order to accommodate maximum utility placement within spatially 
constrained spaces, the houses are constructed vertically—with three to four floors 
covered by tarpaulin sheets or metal roofs. The surfaces upon which their houses 
are built are shattered and cracked that reveal signs of past flooding events. We 
doubt that these structures can withstand further fluvial or perhaps pluvial floods 
in the future. The tangled characteristics of informal settlements could outperform 
the performance of various human-engineered green infrastructures. Due to complex 
and structurally inadequate housing structures, for example, green roofs (engineering 
systems) are invalid and inapplicable. To prevent local pluvial floods, alternatives 
such as naturally planted community gardens with water retention systems installed at 
abandoned spaces (Fig. 7) can be used. With BGS, the climate adaptation of informal 
settlements could be upgraded with the development of open and cool spaces and 
increased water services (Satterthwaite et al. 2020).
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5.5 Communicating the Importance of Nature 

Communities living along the riverbanks of the Adyar are mostly involved in fishing 
activities as a source of income to sustain their livelihoods. However, these commu-
nities are unfamiliar with the impacts of urban development that may impact ongoing 
riverine activities. The reason for this is a lack of awareness and formal education to 
inform them of its consequences. For the government, it is a crucial task to spread 
such awareness among the urban poor. This is to build the capacity for communi-
ties in understanding social vulnerability to both anthropogenic and climatic events. 
We recommend localised governance where a community leader can be assigned 
to guide and educate a small to medium number of informal settlers. The dissem-
ination of information through movies and visual aids is an influential medium to 
spread awareness. Such mechanisms would leverage the work led by social activists, 
community leaders, and non-governmental organisations to convey and educate the 
practical benefits of BGS to the residents of these informal settlements. This is espe-
cially relevant for fishing communities, which depend on the ecosystem services 
provided by blue-green systems as their livelihood relies on nature. 

5.6 Stewardship of Natural Resources 

In this study, the in-situ gap is identified as the absence of community participa-
tion in the design process. This could be a key factor contributing to the ongoing 
failure of existing plans and strategies. By observing people’s behaviours and actions 
towards the ‘river’s ebb and flow’ (Prescott et al., 2022), we can understand their 
perspectives and day-to-day interactions with the river. In this stage of research, we 
perceive the river to be a convenient place for the urban poor to dump their waste. 
Poor spatial and infrastructural conditions, and challenging sanitation conditions that 
release untreated wastewater, further exacerbate residents’ vulnerabilities to climate 
change and extreme weather events. Despite such ecological and social challenges, 
communities remain isolated, compounded by the lack of practical flood resilience 
and mitigation strategies. In order to fill this gap, future research should propose that 
vulnerable communities play an active role in planning and designing resilient strate-
gies. Community-centred and co-design approaches benefit society in two ways. As a 
result, stakeholders are able to identify communities’ (users’) problems in real time, 
and as a result, people can invest themselves and accept the responsibility for their 
actions. Synthesising such data helps to build comprehensive bounce-back strategies 
and community masterplans. 

Informal interviews with the fishing community revealed that, although the Tamil 
language was the native language of Chennai, previous workshops and seminars 
were conducted in the English language. Moreover, these were organised in inac-
cessible locations for the communities to participate meaningfully. As a solution, 
we suggest that scholars must first acknowledge and understand the traditions and
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cultures of the city and its communities. Community-centred workshops, seminars, 
and conferences must be organised with a grounded approach to making them acces-
sible to the local communities. In case of cross-language constraints, a local guide 
and translator should be appointed to communicate the ideas and discussions clearly 
during such programmes. These user-friendly events will not only make people feel 
comfortable but will also motivate them and attract neighbouring communities to 
actively participate and achieve mutual goals. 

6 Conclusion 

This chapter highlights various constraints that make the Global South countries 
incapable of implementing disaster risk reduction strategies. Spatial, environmental, 
economic, social, and socio-political constraints are major factors in effective flood 
risk reduction. 

As well as a lack of effective city planning, urbanization has exploded like mush-
rooms due to spatial constraints. Cities in the Global South are adversely affected 
by hyper-urbanization. As the pace of urbanisation increases rapidly in a coastal 
metropolis like Chennai, heavier, frequent, and devastating floods become a norm 
and impact the social and environmental systems of the city. In light of this, context-
based planning enables us to study and intervene at multiple scales in the context of 
complex ecological imbalances. 

As noticed in Chennai, the listed environmental constraints highlight the inef-
ficiency and futility of grey Infrastructure. Adoption of such an expensive system 
may protect urban developments and assist in managing urban water catchments, 
but it impacts adjacent societies and biodiversity. In other words, grey infrastructure 
disrupts the ecosystem and may create environmental limitations to flood mitiga-
tion in the long run. On the contrary, nature-inclusive approaches could upgrade the 
adaptation of communities and the habitats through the effective implementation of 
BGS. 

Similar to the cities in the Global South, the agenda of the urbanising model in 
Chennai is to achieve fast-paced economic gains. Rivers and the surrounding envi-
ronment are at risk due to the focus on attracting private investors and maximising 
investments. It is common for plans to disregard the existence of informal settlers 
living in the riverside neighbourhoods and focus on aesthetic appeal. Considering 
this, it would be crucial to develop maps containing many layers that gather infor-
mation on various ecological and social characteristics. This system would develop 
context-oriented or site-specific design resolutions of Nature-based Solutions (NbS) 
to address the complexities of urban expansions in the Global South.
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Added on to this, as a social constraint, it has been noticed that the community was 
not considered or paid attention to while developing the solutions. Without commu-
nity consultation and a baseline understanding of the larger context of the landscape 
have often been inadequate as an effective barrier against flooding. From observations 
and recommendations, a clear picture emerged, showing that nature-based solutions 
(NbS) should complement engineering solutions for flood risk reduction in Chennai, 
particularly through the consideration of Blue-Green Strategies (BGS). 

This chapter has identified fragmented governance and ownership as the crucial 
part of socio-political limitations to flood mitigation. Not only does the danger of 
flooding grow with the re-engineering of natural landscapes, but it is also made more 
severe by governance issues and a lack of proper mitigation awareness among urban 
settlers (specifically informal, poorer settlements). On a governmental level, clarity 
must be achieved about the ownership of related blue-green assets. On a commu-
nity level, effective communication of management strategies and practical ways of 
communicating strategies across communities living along the rivers, regardless of 
demographic strata, is key. An inclusive approach that combines government coop-
eration, community awareness, and Blue-Green Strategies (BGS) would be a viable 
next step in the Global South for reducing the impacts of potential flood events. 
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Appendix 

Stakeholder survey 
1. Nominate and share the link of a neighbourhood using 

https://what3words.com/fortheinterventionaroundAdyarriver,accordingtoitsvulnerabilitytoriverine 
floods. 

2. Typeofcommunitiesresidingorworkingintheregion?Mark only one oval. 

Urban poor 

Elderly 

Fishing 

Agricultural 

Other: 

3. Causesoffloodsinthenominatedneighbourhood?Check all that apply. 

Urbanisation 

Informal settlements 

Poordrainagesystem 

Overwaterreleasefromdams 

Grey infrastructures (human engineering) 

Severe climatic events 

Waste disposal 

Other: 

4. Whatincreasesvulnerabilityofthecommunitiestofloods?Checkallthatapply. 

Social conflicts Dependency on agencies 

Natural calamities 

Hyper-urbanisation at flood plains 

Imbalanced social strata 

Lack of adaptation strategies 

Physical disability 

Other: 

5. Towhatextent,povertyandsocialinequalitycontributetowardsvulnerabilityof the communities to 
riverine floods? Mark only one oval. 

Low 

Moderate 

High 

Severe



42 J. S. Banga et al.

6. To what extent, climate change and poor environmental management contribute towards vulnerability 
to the riverine flooding? Mark only one oval. 

Low 

Moderate 

High 

Severe 

7. To what extent, vulnerable informal livelihoods and their dependency on 
governmentagenciesorstakeholderscontributetowardscommunities’ vulnerability? Mark 
only one oval. 

Low 

Moderate 

High 

Severe 

8. To what extent, ground surface elevation or contours and unregulated land use planning contribute 
towards vulnerability to riverine flooding? Mark only one oval. 

Low 

Moderate 

High 

Severe 

9. Areyouawareofanyplansforimprovementtotheriver?Mark only one oval. 

Yes 

No 

10. Doestheplanisrelevantandadequate?Pleasegivereasons. 
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Water Balance Equation for Rivers 
of Assam, India 

Pranjal Kumar Phukan 

1 Outline 

Rivers contain a significant amount of water, which is regarded as a natural resource 
that is essential to the sustenance of life and the environment. The majority of the 
population in India is dependent on rivers, which play an important role in the 
country’s economy. Rivers serve as a significant hub of biodiversity. However, it 
has been noticed recently that river water is now polluted in several ways. When 
toxins from groundwater affect water, it is referred to as being contaminated. Both 
people and aquatic life are severely suffering as a result of these toxins. Since surface 
and groundwater sources are constantly degraded by municipal dumping, residential 
waste, and industrial waste, people are becoming more concerned about the quality 
of these resources as the population grows. Additionally, the percolation of this waste 
or dirty water is contaminating the groundwater aquifer and also damages the soil, 
which results in the pollutants lowering the soil’s quality. Other significant sources of 
surface and groundwater pollution include runoff from agriculture, chemical leaks, 
sewage leaks, and dangerous microorganisms. 

Located in the north-eastern region of India, the state of Assam has a total land 
area of 30285.00 square miles and is bounded by latitudes of 24°50' to 28°00' north 
and longitudes of 89°42' to 96°00' east. Assam experiences a relatively warm and 
humid monsoon season. The Brahmaputra River traverses all of Assam in an east to 
west direction. 

In their 2017 study on the worsening of the Bharalu River’s water quality, Narayani 
Gogoi and Rashmi observed that whenever a pollutant enters the river, a variety of 
physical and chemical, and biological events are activated, and the consequence is 
mostly influenced by the type and amount of the pollutant. The analysis revealed 
that due to the extensive dumping of organic materials in bed, the river has been
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transformed into a stagnant water body with high levels of free carbon dioxide toxicity 
and hydrogen sulphide (H2S). 

The effects of the pollution of some significant rivers in India and the corrective 
actions taken were reviewed by A. K. Panigrahi and Subasini Pattanaik (2019). Based 
on the research, the main source of pollution in India’s rivers is industrial effluents 
and metals, including Fe, Hg, Cd, Pb, and Zn. The findings of studies on several river 
water quality measures were reported. 

The water quality of the Bharalu River in Guwahati was thoroughly examined 
by Mahananda Borah (2020). The examination of the river’s water pollution used 
a variety of methodologies. The preliminary study, field research, experiments, and 
interpretation and analysis were the four stages of the study. The types of pollutants 
and the variations in contamination levels were investigated. 

The study of the hydrology of a basin or region is best approached through the 
water balance once the measurements of the hydrological cycle’s constituent parts 
are complete. Simply put, this stipulates that the amount of water input into a region 
must balance its output and any changes in storage over any given time period. The 
primary source of input is probably rainfall, though there is a chance that rivers 
or groundwater would also enter the system; the primary sources of output include 
evaporation, river outflow, and groundwater outflow; and the primary sources of 
storage changes likely increase in soil moisture and groundwater storage. Balance 
sheets are one type of example of a water balance study, but other examples include 
conceptual models that convey a physical understanding of the connections between 
various processes. 

Water balance is the bedrock of management and policymaking in any crucial 
matter involving water resource management. Depending on the goal and level of 
precision, its models can be on various time scales, such as hourly, daily, monthly, 
or yearly. 

The water balance equation, in its ideal form, reads as 

Input = Output ± Change in Storage 

Overflow starts when there is insufficient storage or outflow. The magnitude of the 
spillover increases with the net positive variance between inflow and outflow. It 
would be ideal to undertake action to minimise runoff and improve storage for the 
long-term sustainability of a city like Guwahati in Assam, India, which relies on 
pumping stations. Fortunately, several steps have already been taken, and continuing 
efforts are underway. For the purpose of reducing runoff, authorities may also take 
into account enforcing permeable paving and rainwater harvesting for residents of 
the city.
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2 Methodology 

When utilising remote sensing, there are several ways to estimate the water stress 
in a specific area. The most crucial parameter to evaluate water stress, according to 
Jackson et al. (1981), is surface temperature. The presumption behind the relationship 
between water stress and surface temperature is that as plants transpire, the evaporated 
water decreases the temperature of the leaves below that of the surrounding air. 
Thus according to Moran et al. (1994), although the water deficit index, or WDI, is 
essentially the ratio of actual to prospective evaporation, it can be feasibly calculated 
using remotely sensed surface temperature, reflectance (red and near-infrared), along 
with limited onsite meteorological data. 

3 Water Balance Analysis 

The Bharalu River flows through the Indian state of Assam and is a tributary of the 
Brahmaputra River. Before joining the Brahmaputra River, the Bharalu River passes 
through the heart of Guwahati, where it derives its source in the Meghalaya Khasi 
Hills. The Bharalu River represents one of Assam’s most polluted rivers. 

There is insufficient information on the biodegradability, toxicity, or carcino-
genicity of any of these substances, although there is no doubt that health concerns 
have risen over time. Urban runoff has had an influence on a river’s water quality as it 
traverses through an urban area. Due to crowded locations, urban runoff is extremely 
polluted and contributes significantly more contaminants to stream flow than river 
base flow or sewage effluents. 

The North-Eastern region’s rivers, which are dominated by the Brahmaputra and 
its numerous tributaries, have not been well studied both for water chemistry and 
pollution. Communities and decision-makers in this region generally agree that the 
water of these watercourses (rivers) of the River Brahmaputra has maintained its 
undisturbed purity to this day since this region (North-Eastern States of India) is 
well known among financial experts and captains of industry in the country for its 
industrial backwardness. Since many of the state’s rivers are still regarded as sacred by 
the inhabitants, they have become an essential component of religious rites, cultural 
legacy, and social dynamics in Assam. Second, environmental awareness in this 
region of the country is relatively new, and very few studies on various aspects of water 
pollution in Guwahati have been published. As a result, the discharge of untreated 
sewage and other municipal trash has been neglected throughout the process. 

The Bharalu River (Fig. 1) is Guwahati’s natural drainage system. It collects 
sewage and other waste from local businesses, restaurants, hotels, schools, and other 
public spaces before flowing to the Brahmaputra at Bharalumukh. The National 
River Conservation Directorate (NRCD) has set a permissible limit of 3 mg/L while 
the river’s biochemical oxygen requirement is 52 mg/L. Furthermore, Guwahati 
inhabitants are at risk for health problems due to the river’s offensive odour.
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Fig. 1 Bharalu river 

For the Bharalu, once the sluice gate is closed, this water balance equation can be 
written as: 

runoff + waste water = discharge 

where discharge is from the pumping station [with ± change in storage]. 

This equation can be simplified as: 

runoff = discharge[from the pumping stations]. 

This simplified equation demonstrates that when the carrying capacity is sufficient, 
artificial flooding in the city can be primarily caused by an imbalance between runoff 
and outflow. Nevertheless, the carrying capacity may be deemed adequate as long 
as there is no discernible change in the level differential between the sump and any 
upstream portion during the pumping station’s maximum capacity operation. 

The Bharalu has an 11-square-kilometre catchment area, according to a piece of 
public domain literature. With a runoff factor of 0.8, 5.5 mm of precipitation causes 
this catchment area to lose 48,400 cubic metres of water each hour. Additionally, the 
installed capacity of the Bharalumukh pumping station is limited to this amount of 
runoff or roughly 5.5 mm of rainfall. 

The Bharalu water balance can be reviewed in light of the aforementioned infor-
mation to target a relatively accurate yield. The findings of such an investigation can
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aid in understanding the current situation and the creation of action plans to control 
the variables with the ultimate objective of controlling the spill. 

Untreated sewage from the city gets transported through the Bahini-Bharalu River 
and discharged into the Brahmaputra River. Unhygienic sewage also reaches an 
important bird sanctuary. According to industry analysts, the city now generates 
roughly 70 million litres of sewage per day (MLD), but that number will inevitably 
rise as new water supply systems are installed in the Guwahati Metropolitan Area. By 
2025, it is projected that the amount of sewage produced would reach approximately 
280 MLD. 

With a BOD level of 52 mg/l and Guwahati’s sewage as the primary cause of 
pollution, the CPCB has categorised the Bharalu River as one of the “priority 1” cate-
gories of polluted river segments. The National Green Tribunal (NGT) directed the 
development of action plans to “restore the polluted river stretches to the prescribed 
standards” in September 2018 after taking note of the 45 critically polluted stretches 
across the nation (as classified by the CPCB), which included the Bharalu River 
in Guwahati. The action plans must, among other things, address the control of 
residential and industrial pollution at the source, the channelisation and disposal of 
treated domestic sewage, the management of river basins, the regular inspection of 
groundwater quality, etc. 

Reviewing the water balance will also reveal whether the pumping station is 
enough. The pumping station may be thought of as the city’s lifeline for maintaining 
a flood-free environment due to the terrain of the city and the surrounding area. Here 
are some comments on the pumping station in the light of those considerations. 

3.1 River Bharalu’s Leading Pollutants 

1. Bharalu River pollution is mostly caused by biochemical oxygen demand (BOD), 
which is one of the major pollutants. BOD is produced by a variety of sources, 
including leaves, woody debris, dead animals and plants, animal manure, efflu-
ents from pulp and paper mills, wastewater treatment facilities, malfunctioning 
septic systems, and urban stormwater runoff. 

• Desirable limit: 4 mg/l 
• The limit in Bharalu River: 12 mg/l Limit 

2. Fluoride: The emission of industrial effluents containing inorganic fluorine 
compounds causes fluoride pollution in the Bharalu River. In addition to being 
utilised as a flux in the steel and glass fibre industries, fluorine is also used 
in the manufacturing of aluminium. They are also released when phosphate is 
manufactured. 

• Desirable limit: 1 mg/l 
• Maximum permissible limit: 1.5 mg/l 
• Limit in Bharalu River: 0.02 mg/l to 3.73 mg/l
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3. pH: Variations in river water’s pH are brought on by activities like agricultural 
runoff, acidic mine drainage, including emissions from fossil fuels like carbon 
dioxide, which, when dissolved in the water, produces a weak acid. The pH of 
water has to have a considerable impact on the aquatic flora and fauna as well 
as on water quality. Aquatic organisms will succumb if the pH of the water is 
either high or too low. The solubility and toxicity of chemicals and heavy metals 
in water can also be affected by pH. 

• Desirable limit: 7–8.5 
• Maximum permissible limit: 6.5–9.2 
• pH limit in Bharalu River: 6.8–7.7 

4. Dissolved oxygen (DO): Water-based plant and animal life have always needed 
dissolved oxygen to survive. Reduced DO is a sign of the existence of what 
is known as oxygen-demanding wastes, which are chemicals under pressure. 
Low DO values are a sign that there is a lot of biodegradable organic matter 
present, which makes the water look unsightly because the anaerobic breakdown 
of organic matter results in septic conditions and the creation of unpleasant fumes. 
By regulating reduction/oxidation reactions and the leaching of metal ions from 
the soil, DO also affects the equilibrium between water and sediments. 

• Desirable limit: 6 mg/l 
• Maximum permissible limit: 4 mg/l 
• DO limit in Bharalu river: 0.5 mg/l − 1.25 mg/l 

3.2 Corrective Actions to Reduce Pollution 

The restoration of the river environment depends on the strategy that is chosen. 
Because of the high levels of pollution, cleaning up polluted rivers is a pressing 
problem in many emerging economies. Pollution control at the source point or in-situ 
water treatment is two different ways to remediate polluted river water. 

3.3 Methods to Lessen Bharalu River Pollution 

A. To collect the sewage from both sides of the river, interceptor pipes shall be 
installed along the Bharalu. 

B. No industry should discharge its effluent straight into drains without treatment; 
alternatively, it should reuse its treated effluent or sewage. 

C. Identifying communities for sewage treatment plans and building sewer systems. 
D. The disposal of untreated sewage and solid waste into surrounding drains and 

rivers by local households or hotels/restaurants should be prohibited.
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E. Public education campaigns to prevent open defecation and increase awareness 
of hygienic practices. 

Mitigation actions to lower pollution in the river encompass: 
Several corrective actions must be conducted to lessen the effects of the 

pollutants/compounds: 

1. Biochemical Oxygen Demand (BOD): By incorporating hydrogen peroxide into 
the wastewater solution, BOD can be lessened. The observed BOD will be 
reduced as a result of the hydrogen peroxide’s chemical attack on the organics 
in the wastewater. 

2. Fluoride: Water is exceedingly difficult to purge of the chemical component 
fluoride. To lower the fluoride content in water, we can utilise electrodialysis and 
dialysis. 

3. pH: The pH of wastewater gets decreased using appropriate acidic chemicals. 
The most inexpensive and easily available is sulphuric acid. It is greasy, thick, 
and severely corrosive. Wastewater containing acid has indeed been mitigated 
utilising sodium hydroxide and calcium hydroxide. 

4. Dissolved Oxygen (DO): The primary cause of low dissolved oxygen is the 
phosphorus-induced overgrowth of algae. The growth of algae is also influenced 
by nitrogen, another nutrient. Dissolved oxygen is used in the algae’s decompo-
sition and death process. By boosting wave and wind movement, putting plants 
in the water, and exposing that to pure oxygen, one could boost the amount of 
dissolved oxygen in the water. 

3.4 Reserve Pumps 

This is the only mechanism, for obvious reasons, that, once the sluice gate is closed, 
allows excess water produced by continuous rain to be discharged. If placed properly, 
a sufficient number of backup pumps with independent setups identical to the existing 
ones might be extremely beneficial. If the old pumps need to be replaced with a bigger, 
more energy-efficient pump with a stronger suction lift, a cost–benefit analysis can 
be used to evaluate whether it’s feasible. It is also possible to look at the statutes of 
the priming system. Even if it is determined that the capacity of the current pumps is 
enough after assessment, they can be taken into consideration. In addition, additional 
decentralised pumping stations can be considered to take care of the flood-prone 
areas. 

3.5 Continuity of Operations 

In order to keep the sump free of unwanted debris and sustain the functioning and/or 
efficiency of the pump at all times, suitable screens can be installed, preferably along
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the last section of the river. If every one of us who resides in the catchment area 
is on alert, the frequency of cleaning these screens can be reduced considerably. 
In order to ensure that all pumps are available for continuous operation, the power 
supply and distribution system, including drivers and switches, must be maintained 
and improved as warranted. 

Affected parts of the pumping system could be those exposed to corrosive wastew-
ater. This issue can be minimised by applying appropriate paints on a routine 
basis. 

To ensure that it delivers continuous service throughout the monsoon, every such 
appropriate precaution should ideally be made during the lean season. 

A pump’s operation may not always demonstrate that it is functioning properly. 
Tracking the parameters that indicate the output of the pirating pumps permits the 
timely correction of any problems. Since the cause of the overflow could be ascer-
tained if the relevant and important parameters could be maintained in real time both 
before and during pump operation, a review of the facilities available for monitoring 
and recording the critical parameters of the pumping station, including the level of 
the Brahmaputra River, may be carried out. 

3.6 Pump/Sluice Gate Operation 

By adjusting how well the pump station and sluice gate operate, experiments can be 
carried out. It is important to identify and publicise the sump danger level at which 
flooding in the catchment areas occurs. The sump’s level, including the rate at which 
its water level is rising, should be carefully watched during periods of severe rain. 
To maintain the water level inside the danger zone, both the pumps and the sluice 
gate should be closed beforehand. Such a mind-set will also handle the rise in the 
Brahmaputra’s water level. 

3.7 Debris Handling 

The solids handling process is not only arduous, expensive, and time-consuming, but 
it also irritates the wider populace. Any sources of debris penetration into the channel 
can indeed be located and closely monitored. For the purpose of raising awareness 
and encouraging compliance, the public can be informed about the contribution 
that city people can play in completely or partially eradicating such intrusion. To 
maintain the entire waterway clear of debris, especially during the monsoon, ongoing 
efforts are required. In order to minimise any negative impact on the functioning and 
effectiveness of the pump, emphasis should also be made on maintaining the pump 
and sump clean of any undesired debris. 

Artificial flooding has the potential to significantly disrupt urban life. In addition 
to the loss of property and maybe lives, there is a significant loss of man-hours that
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affects the daily activities of all segments of the population. If indirect losses are also 
taken into consideration, the amount lost may be significant. In such circumstances, 
residents not only face a risk to their health and hygiene but are also denied access 
to vital public services. 

According to experts, climate change makes it more difficult to predict heavy 
rainfall, which reduces our ability to prepare for catastrophic weather events like 
floods in the future. 

In order to assist authorities in tackling this difficult issue during the monsoon, 
a professional organisation might be hired to monitor important parameters in key 
Bharalu-Bahini system locations using contemporary tools and methodologies. 

As per the Indian Constitution, it is everyone’s responsibility to conserve the 
environment, including rivers, forests, and other natural resources. To get our city 
back to being flood-free, we should endeavour to see that this clause is adhered to. 

4 Monitoring Approach 

A substantial portion of the city’s effluent has customarily been transported mostly 
through the Bharalu. Except for some slum dwellers, the Bharalu water has long 
ago discontinued being used for drinking. However, the water has been utilised for 
other purposes, ‘like washing clothes, watering lawns, washing outside premises of 
factory/industry establishments etc’. The Guwahati community has long expressed 
concern over the Bharalu water’s worsening qualities through local publications and 
other venues. 

The chosen approach should be to periodically monitor the parameters so that an 
overall picture of the water quality of the Bharalu River could be obtained, and based 
on this, future research of an extensive nature could be motivated. 

5 Conclusion 

Based on the water parameters obtained at several hydrological stations along the 
Brahmaputra River, the study’s overall objective was to evaluate the evolution of 
water quality at spatial and temporal scales. According to the pollution sources listed, 
anthropogenic factors such as population growth, excessive consumption, overuse, 
chemical explosions, and subsurface mining are the main causes of pollution in 
the catchment area. One of the main causes of this is a general lack of awareness 
among the general public. Another factor is the absence of government policies and 
initiatives to protect the river ecosystem. As a result, appropriate measures must be 
made to restore the river ecology, which, if not preserved, will result in a major 
ecological imbalance. While significant species of flora and wildlife along the banks 
have already vanished as a result of high pollution levels in a relatively short period, 
adequate steps must be taken to protect the ecosystem that is still present. Therefore,
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the tributaries’ inputs of contaminants to the river must not exceed the necessary 
levels. The Bharalu River, a tributary of the Brahmaputra, as well as its connec-
tions with the beels (wetlands) and the Brahmaputra River, make up Guwahati’s 
natural drainage system. The Mora Bharalu, Bahini, and Basistha are only a few of 
the numerous tiny rivers that feed into it. Currently, the Bharalu collects a sizable 
percentage of the city’s municipal, industrial, and other wastes and acts as the natural 
drainage for stormwater runoff. The study concludes that pollution in the Bharalu 
River can be significantly decreased if the relevant steps stated above are carried out 
suitably. Rivers are natural resources, so it is important to take the necessary steps 
to prevent pollution. 

Numerous examples like these show the general idea that if the climate, physical 
hydrology, and vegetation are carefully taken into account, simple water balance 
models can be very effective at explaining the physical processes taking place in a 
river basin and can lead to an understanding of runoff. A fundamental understanding 
of different hydrological regimes can be gained from comparisons of precipitation 
and potential transpiration, but seasonal timing is just as significant as annual totals. 
Simple water balance models may be incredibly helpful in explaining the hydrology 
of a region and can act as a helpful check on more complex hydrological modelling 
and fundamental data when combined with knowledge of the key driving forces. 
It is crucial to make sure that the hydrological forces trying to control runoff are 
understood and incorporated into the analysis in these days of increasing assessment 
complexity and reliance on computer data manipulation, rather than relying on more 
complex sets of parameters and relationships to explain runoff. 
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Effects of Structural Measures for Flood 
Mitigation on Migratory Behaviour 
of the River Indus Using Geographic 
Information System and Remote Sensing: 
A Case Study 

Fatima Afzal, Naeem Shahzad, and Syeda Uzma Naureen 

1 Introduction 

Numerous geomorphological and river management issues require a thorough grasp 
of how river channels have changed throughout time. The term “lateral migration” 
describes how a river channel shifts position in response to changes in fluid flow 
and sediment discharges. This process is invariably accompanied by bank erosion 
of the stream bed or channel wall when there is turbulent flow. Therefore, lateral 
migration is a process that has the potential to result in drastic local or regional 
changes (Yang et al., 1999). Instead of using integrative strategies like expanding 
river space and halting construction on flood-prone terrain, traditional flood risk 
management largely relies on structural methods to reduce flood danger (Galloway & 
Lewis, 2012). In reality, because the public believes that flood risk has been reduced, 
structural interventions like levees (dikes), dams and constructed channels often 
encourage urban and agricultural expansion on the floodplain (Serra-Llobet et al., 
2022). The livelihood of people is hampered by intermittent minor flooding, which 
also makes the environment less stable. In order to create stability and predictability, 
structural measures like adding levees and dams have been a common method of 
flood management. This traditional wisdom, however, has been called into question 
by the finding that removing regular flooding is frequently linked to an area’s greater 
susceptibility to infrequent floods over time (Sung et al., 2018). 

River channels evolve naturally with the passage of time. Such a change is most 
prominent in the lateral section where it is observed in either size or shape of the river. 
Lateral shift in the large sedimentary rivers has gained massive attention in the fields 
of hydrology, geomorphology, geology and engineering (Dunne & Leopold, 1978).
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The work started from simple defining the formation of channels of a single alluvial 
river (Leopold & Wolman, 1957) to complex phenomena of meandering of the rivers 
and its modelling to predict the effects of features and form in the fluvial system 
(Lancaster & Bras, 2002). Many factors are responsible for this cross-sectional shift 
for example underlying geology, hydrologic management, land use and land cover, 
etc. Soil erosion is topping the list for land degradation and river channel migration in 
Mediterranean region. This process is directly responsible for flooding in the region 
and shifting of the river segments. Further this process is aggravated by development 
of hydrologic catchment variables in the fluvial environment for flood management 
(Poesen & Hooke, 1997). 

Images from Landsat (MSS and TM), SPOT, RADARSAT, NOAA, IRS and many 
more lightweight satellite systems are useful sources of satellite data for river inves-
tigations. For fluvial applications, higher resolution data are preferred. Landsat data 
are the only multi-spectral digital data with synoptic coverage dating back to 1972, 
despite the fact that its spatial resolution is not as precise as that of SPOT HRV 
data (Yang et al., 1999). Geographical Information System and Remote Sensing are 
a useful technique in quantification of erosion rates of the Brahmaputra–Jamuna 
River. It used a time-based analysis of the remote sensing data from 1973 and 1992 
and measured the lateral shift of river at regular intervals (Khan & Islam, 2003). 
Land-use change detection using satellite remote sensing and geographic informa-
tion systems (GIS) has proven to be a strong and reliable process. Over the past few 
decades, it has been extensively used to monitor coastal diversity and river deltas 
(Chen et al., 2005). 

River Indus is one of the most important rivers of south Asia due to its irrigational 
system and economic importance in Pakistan. River Indus having a complete length 
in excess of 2800 km originates from Tibetan Plateau in close vicinity of Lake 
Mansar over beyond Himalayas and flows through three highly agricultural provinces 
of Pakistan, namely Khyber Pakhtunkhwa, Punjab and Sindh and finally falls into 
Arabian Sea in the south. River flows smoothly through the Indus Plains. However, the 
natural course of the river has been altered by anthropogenic modifications. During 
the inundation season, to ensure proper water supply off-season and to reduce the 
devastation by floods, flood water has been stored in many river segments and levees 
that do not allow the natural evolution of river path and have forced the river to 
change its natural course. One such site is a river segment at Ghauspur Daho which 
is situated ~61 km of river length south of Guddu barrage and is ~32 km long with 
a prominent mid-channel bar formation. By using Landsat images from 1972 to 
2013, we have studied the general trend of migratory behaviour of river and MODIS 
imagery, with high temporal resolution, for year 2003, 2005 and 2010 have been 
employed to observe the flood water residence and its impact on inland migration 
of the river channel. The analysis demonstrates the effects of disaster mitigation 
practices on the Indus water channel near Ghauspur Daho. 

Considering the anthropogenic drivers in enhancing the erosion rate of the river 
banks, the river no more evolves naturally, rather is pushed away from baseline 
making the floodplain unstable and vulnerable to further hazards. Unsustainable 
structural measures taken to mitigate flood inundation risk have increased the water
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residence time of flood water increasing the bank erosion and consequently shifting 
the river laterally. Evidential study based on facts and figures is required to advocate 
the need of sustainable structural flood mitigation measure. Main objective of the 
research is to study the lateral shift of Indus River at Ghauspur Daho and establishing 
a relation between the flood water residence time, as result of structural measures to 
mitigate flood and the enhanced rate of erosion of river bank. 

2 Study Area 

The focus area selected for this study was the Ghauspur Daho region. This is situated 
~61 river km downstream of the Guddu barrage at the Punjab-Sindh border and 
extends down south in a southwesterly direction for about ~93 river km on the 
western flank while on the eastern flank the river length is ~90 km. It is highly 
pertinent to mention that during the floods of 2010, it was at stream segment to the 
west that a major breach happened. This breach resulted in widespread destruction 
in the western districts of northern Sindh extending to the piedmont of the Suleiman-
Kirthar ranges (Fig. 1). Water further drained down towards the Manchar Lake along 
the piedmont causing additional damages. 

Additionally, on the western fringes of the selected segments are a series of small 
reservoirs meant for basic mitigation and off-season water supply storage pools 
(Fig. 2). These evidently effect the erosion and stream evolution on the western

Fig. 1 Breaching in the northern parts of the Sindh province along the western Indus River bank 
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Fig. 2 Storage pools on the western shore of the Indus River near Ghauspur Daho 

fringes. Another mitigation feature near the stream segment is ~90 km long Kandhkot 
old stream channel (Fig. 2) which is also used for excess discharge and off-season 
irrigation uses. 

3 Remote Sensing Analysis 

Landsat and MODIS satellite remote sensing data were used in analysis of flowing 
and stagnant water due to their high to moderate resolution and easy availability. 
Previous studies in hydro-geomorphology reveal that their resolution both spatial 
(Landsat-30m and MODIS-250m) and temporal (Landsat-16days and MODIS-
32days) are the best suited to such studies. Landsat images are good for stream 
characteristics’ mapping, while MODIS images are good for high temporal resolution 
flood residence time mapping. 

One of our objective was to map the river stream followed by the inundation 
duration near the Ghauspur. For mapping the river channel, Landsat images were 
considered suitable in the light of existing studies (a study of the disaster mitigation 
practices and its effects on the migratory behaviour of the Indus River channel near 
Ghauspur Daho using Landsat and MODIS imagery). Band-7 of these images was 
density sliced and there-off vectorized to extract the stream channels. On the parallel,
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it was considered necessary to map the flood duration and its effect on the stream 
migration. Hence, for this purpose, MODIS images for the flood duration, i.e. July  
to September for the years 2003, 2005 and 2010 were downloaded. 

For processing the vectorized files, a comprehensive geo-processing methodology 
(Fig. 3) was devised. This involved using Digital Shoreline Analysis System (DSAS) 
to calculate the change rates of the river bank on the west. In the first step, after the 
stream polygons were generated, the western shorelines were isolated for each of the 
Landsat images. These were then bundled together using the ArcGIS merge toolset 
within a geo-database. A baseline file was created as a reference point for transect 
generation (see Fig. 4), and transects were drawn manually to cut the entire set of river 
shorelines. Finally, the change rates alongside each of these transect were calculated 
and tabulated (Fig. 6). 

On the other hand, water masks were generated for the MODIS imagery datasets. 
These images were then combined in GRASS-GIS and using the “r.series” module 
with the help of a custom Perl script, flood duration maps were generated. These maps 
were then cross tabulated against individual transects to calculate the relationship 
between observed stream migration rates and flood water residence time (Fig. 7).

Fig. 3 Flow chart of the processing methodology used
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Fig. 4 An inset of the 
baseline and transects that 
were generated using the 
Digital Shoreline Analysis 
System (DSAS)

4 Results and Discussion 

By calculating the end point rates for the western flank migration of the river at 
Ghauspur Daho and combining the shoreline data with baseline outside the river and 
then by using transects, the erosion rates for the western flank were visualized. If 
the end point rate has value less than −100, then it implies that the river has greatly 
migrated away from the baseline and into the river whereas end point rate greater 
than 100 implies that river has greatly migrated towards the baseline. If the end point 
rate is between 100 and −100, then this implies that the shoreline has not migrated 
much either away or towards the baseline (Fig. 5).

Shoreline change envelope for the western flank of the river at Ghauspur Daho 
gives the maximum rate of change between the two extremes of the shoreline move-
ments over a period of 41 years, i.e. from 1972 to 2013. Net shoreline movement 
explains the rate of change in shoreline between the first year in study and the latest 
year included in the study. The end point rate is calculated by dividing the distance 
of shoreline movement by the time elapsed between the oldest and the most recent 
shoreline. The curves were plotted between transects on x-axis and rate of change 
on y-axis. The curves describe the erosion rates for the western flank of the river at 
Ghauspur Daho. The positive peaks show that at that very point the river has highest 
migration towards the baseline and negative peaks stand for the highest migration of 
western flank of river away from the baseline (Fig. 6).
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Fig. 5 An inset of baseline 
and transects showing 
different rates of erosion 
based on end point rates

Fig. 6 Curves showing the erosion rates over the period of 41 years



62 F. Afzal et al.

Fig. 7 Effect of flood water residence time on the shoreline erosion rates 

The general relationship between the flood water residence time and the erosion 
rates is that if residence time of flood water increases it increases the erosion rate of 
the river shoreline. From the graphs plotted for flood durations in year 2003, 2005 and 
2010 (Fig. 7), it is quite obvious that higher residence time of flood water increases 
the erosion rate and hence is the major contributor to the change in natural course of 
the river at Ghauspur Daho in the last decade. 

5 Conclusion 

The remote sensing of the shoreline migration over the past 40 years indicates that 
the river shows a regular avulsion in its course over a period of many years due to the 
deposition of sediments from the land erosion and hence causing the river bed to rise 
at that point. This forces the river to change its channel and find a place somewhat 
lower to flow through. However, this migration of the river has greatly been increased 
by the flooding in Indus River. Major floods such as that of 2003, 2005 and 2010 have 
caused much devastation. Practices for flood mitigation, e.g. storage pools (polders 
and levees) on the western flank of the river, have caused it to migrate towards west. 
Ghauspur Daho River segment is the major breach that happened on the western 
flank of the River Indus ~61 river km south of Guddu barrage.
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The increased rate of erosion along western shoreline is most probably the 
outcome of flood and practices for flood mitigation. Flood water residence time 
affects the rate of erosion significantly. Greater is the flood water residence time, 
higher will be the erosion rates. The levees constructed along river western flank 
for disaster mitigation increased the erosion when they failed and resulted in breach 
formation. As during the inundation duration, the river course may be blocked by the 
debris from the land destruction. So due to higher flux of the river the flow of water 
into the western breach increased and further storing water in polders facilitated the 
erosion rates. 

Finally, it is concluded that the practices for disaster mitigation, on the one hand, 
prove beneficial for the environment by protecting the areas along rivers from severe 
consequences of flood but, on the other hand, they are disturbing the natural evolution 
of the river, hence creating an imbalance in the environment. Such an imbalance is 
responsible for making the floodplains more vulnerable to natural hazards. 

6 Recommendations 

As evident from the study, disaster risk reduction measures taken in order to mitigate 
the negative impacts, often end in enhancing the vulnerability instead of reducing it, 
if not undertaken sustainably. In developing country like Pakistan, it must be ensured 
that disaster risk reduction measures taken are sustainable and pose no or least threat 
to the community so that budget is rightly managed and no sudden diversion of funds 
in case of disaster takes place. Also check and balance is required to maintain the 
activity and to ensure effective implementation of the disaster mitigation measures. 
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Assessing the Impact of Land Use/Land 
Cover Changes on Hydrological 
Components of the Jhelum River Basin 
Using SWAT Model 

Muhammad Uzair Akhtar, Syeda Maria Zafar, Haris Lateef, 
Muhammad Salman Shaheer, Usama Shahid, Muhammad Sarim Azeem, 
and Usman Bakht 

1 Introduction 

Land cover and land use change (LULC) is changing water cycles and can potentially 
have huge impacts on Earth’s water. The leading factor in causing changes to the 
hydrological procedures, such as runoff, ET, and water yield is land use/land cover 
change. The progression of the LULC essentially affects environmental components 
such as precipitation and temperature, which are the main drivers of the hydrological 
cycle. In doing so, it alters the water balance of a watershed, which includes water 
yield, runoff, and evaporation. It is then imperative for hydrologists, biologists and 
land managers to consider the practices and outcomes of changing LULC. 

1.1 Techniques 

Many hydrological models such as HEC-HMS, InVEST, VIC and SWAT are used to 
find out how land cover and land use changes affect the hydrology of the watershed. 
The SWAT has demonstrated its compatibility in circumstances of restricted infor-
mation accessibility in hydrological research. As a result, it is an accurate indication 
to consider for analyzing the impact of land use shift on water resources in Pakistan’s 
Jhelum River Basin.
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1.2 Studies at Regional Level 

Numerous pieces of research have evaluated the impacts of LULC alterations on local 
water supplies. For example, Li et al. (2018) observed the growth of the developed 
region and the decrease of the vegetation region in Jing-Jin-Ji, China which results 
in a rise in water yield (5%). Mango et al. (2011) organized surveys across the upper 
Mara Waterway in Kenya and showed that assuming forest cover was transformed to 
grassland, surface runoff increased by 20% but ET dropped by 2%. Also, Zhu et al. 
(2014) measured the effects of land cover and land use changes on the hydrometry 
of the Little Waterway Bowl, Tennessee. The findings highlighted a minor 3% rise 
in current flow, but notable spatial changes throughout the dish. Ahiablame et al. 
(2017) studied the effects of two prospective land uses (LULC-2055 and LULC-
2090) under three reproductive situations (A1B, A2, and B1) on the stream flow 
of the James River watershed, USA, and also tracked that environmental land use 
changes would be against lead to 12–18% and 17–41% expansions in yearly current 
flow by the end of the twenty-first century. 

1.3 Studies at the Local Level 

Research on LULC alterations has been done in Kashmir (a region of the upper 
Jhelum River Basin) and northern Pakistan. WHO emphasized the main reasons it has 
supplied information on deforestation and urban expansion in the city of Islamabad 
from 1992 to 2012 and its ecological determinants. Likewise, Butt et al. (2015) 
provided detail about the simple watershed in which they highlighted a surge in 
colonization and a fall in vegetation. Mannan et al. (2019) have detected the growth 
in urban areas and agriculture as well as a decline in forest cover in the lower region of 
the Himalayan Mountains in Pakistan. An investigation had conducted by Iqbal and 
Khan (2014) in the Azad Jammu and Kashmir subdivision to observe the spatially 
transient land use/land cover change somewhere in the range of 1998 and 2009 and 
found a fall in the forest and exposed vegetation region increasing the settlement. 
Alam et al. (2014) investigated the LULC variations somewhere between 1992 and 
2015 in the Kashmir Valley, India, found a rise in plantations, and developed regions 
with a simultaneous decrease in agriculture. In any case, only a single report was made 
over the limited area of the Indus to measure the results of LULC by employing the 
HEC-HMS hydrological model. Younis and Ammar (2017) established that a general 
variation of publication is irrelevant.
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Fig. 1 Jhelum River Basin 

1.4 Study Area 

The Jhelum River drainage basin is situated between E 73.7259 and N 32.9409 and 
has a total drainage area of 982 km. Figure 1 displays the map of the concerned area. 
Altitudes in the basin terrain span from 219 m in the plains to 966 m in the peaks. 
The entire basin has an average annual rainfall of 1254.4 mm and an average annual 
temperature of 15.7 °C. Most of the precipitation falls from March to August. The 
main soil types in the basin are Lithosols, Calcaric Regosols, Eutric Cambisols and 
Haplic Xerosols. The basin area is enclosed by varied land covers, such as Barren 
Land, Natural Vegetation, Farmland, and Urban and Built-Up areas. 

2 Study Design 

2.1 Data Description 

The day-to-day perceived rainfall, temperature, and relative humidity statistics of 
the Jhelum weather station for the years 2001, 2010 and 2020 were collected from 
NASA POWER (https://power.larc.nasa.gov/data-access-viewer/). Landsat Imagery 
for the years 2001, 2010 and 2020 was collected from USGS (EarthExplorer). Table 1

https://power.larc.nasa.gov/data-access-viewer/
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Table 1 Properties of Landsat images 

Year Satellite Path/row Resolution Acquisition 
(dd/mm/yyyy) 

CloudCover 

2001 Landsat8 148/37, 149/36-
37, 150/36–37 

30 m 20/1/2001 <10% 

2010 Landsat8 148/37, 149/36-
37, 150/36–37 

30 m 14/5/2010 <10% 

2020 Landsat8 148/37, 149/36-
37, 150/36–37 

30 m 09/3/2020 <10% 

Table 2 Soil class 
representing the basin 

Soil classes Area (%) 

Lithosols 88.62 

Calcaric Regosols 2.82 

Eutric Cambisols 2.80 

Haplic Xerosols 5.76 

describes the properties of Landsat images obtained. The soil data were collected 
from the website of FAO. Table 2 gives details on the various soil classes and the area 
they took. The importance of soil data was to help in HRU (Hydrological Response 
Unit) analysis and definition. It was also used to create the soil table in the SWAT 
model. 

Digital Elevation Model (DEM) downloaded from DIVA-GIS. Resampling was 
applied to give a 30 m resolution to the DEM. The DEM was employed for watershed 
delineation, along with the determination of streams, outflows and inlets, as well 
as the computation of the characteristics for sub-basins. The DEM is also used to 
determine the slope of the study area, hence, determining the seasonal offsets of the 
area concerning water recharge and the nature of land. 

2.2 LULC Classification 

Figure 2 explains the steps we took to perform LULC classification and change. 
The first step was to remove distortions from the satellite images and perform pre-
processing. ERDAS software was used for atmospheric, geometric and radiometric 
corrections for images. Image mosaicking, subsetting and supervised classification 
were performed in ArcGIS. LULC was classified into 4 classes namely Barren Land, 
Natural Vegetation, Croplands and Urban and Built-Up. Table 3 lays out a detailed 
illustration of distinct LULC classes. The accuracy assessment was performed for 
the Jhelum River Basin in 2001, 2010 and 2020. User accuracy was calculated 
based on classification for 4 different classes. For producer accuracy reference image
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Fig. 2 Flowchart of methodology for LULC 

Table 3 LULC classes 

Class code LULC class Description 

1 Barren land This class includes mountainous rangelands, barren land, dry 
stream channels and sparsely vegetated area 

2 Natural vegetation Evergreen, grasslands and deciduous forests, etc. 

3 Waters Rivers, lakes and ponds 

4 Croplands Wheat, rice, fodder crops and vegetables 

5 Urban and built-up Residential areas, commercial areas, roads and industrial 
zones 

from Google Earth Pro was used. The overall accuracy and Kappa Coefficient were 
calculated by generating a 4 by 4 pair-wise comparison matrix. 

User Accuracy = Number of correctly classified pixels in each category 

Total number of classified pixels in that category 

(the row total) 

× 100 

(1)
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Producer Accuracy = Number of correctly classified pixels in each category 

Total number of reference pixels in that category 

(the column total) 

× 100 

(2) 

Overall Accuracy = Total number of correctly classified pixels (diagonal) 

Total number of reference pixels
× 100 

(3) 

Kappa Coefficent = (TS × TS) − ∑
(column total × row total) 

TS2 − ∑
(column total − row total) × 100 (4) 

2.3 SWAT Hydrological Model 

Figure 3 is a summary on the concept behind the SWAT, the various stages and input 
data needed in running a successful model. The stages involve watershed delineation 
which make use of the DEM for the generation of streams, their inlets and outlets, 
flow direction, accumulation and creation of basins and sub-basins. The HRUs make 
use of LULC, soil raster data, and slope as its input data. It then generates sub-units 
for the watershed based on their similarities with respect to the soil, LULC and slope. 
The next stage after the HRUs definitions is the write-input tables. This section of the 
model makes use of climate data and the creation of tables needed for your results 
from the watershed delineation all through to the HRUs and the climate data as a 
whole. Then the final stage is the simulation stage, which involves the setting of the 
date range for simulating and results in parameters of interest being modeled. Water 
balance is calculated with the help of the equation: 

SWt = SW0 + 
t∑

i=1

(
Rday − Qsurf − Ea − Wseep − Qgw

)
, (5)

where the final soil water contents (mm) is denoted by SWt and initial soil water 
content (mm) is denoted by SW0; t is the time in days; Rday is the amount of precip-
itation on day i (mm); Qsurf is the count of surface runoff on day i (mm); Ea is the 
amount of ET (mm); W seep is the quantity of water that enters the vadose zone from 
soil profile (mm); Qgw is the amount of base flow on day i (mm). The water yield 
was calculated with the help of the equation: 

Qyld = Qsrf + Qlat + Qgw − Tloss, (6) 

where the quantity of water yield (mm) is denoted by Qyld; the surface runoff (mm) is 
denoted by Qsrf; the quantity of water provided by lateral current (mm) is denoted by
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Fig. 3 Conceptual framework of the SWAT model setup

Qlat; the contribution of stream flow (mm) is denoted by Qgw whereas T loss represents 
the loss of water through transmission process (mm). For soil and slope, a threshold 
of 5% has been used for this study and a threshold of 10% was used for land use 
and the Jhelum River Basin was divided into 23 sub-basins and 67 HRUs. To calcu-
late evapotranspiration, the Hargreaves method has been used since the data on air 
velocity and solar energy were not accessible for the simulation duration. The SWAT 
model was running separately for 2001, 2010 and 2020 data. Figure 4 is the map of 
the Jhelum River Basin alongside its sub-basins and flow gauges.
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Fig. 4 River basin in the concerned area and sub-basins which have been generated during 
delineation 

3 Results and Discussion 

3.1 Land Cover and Land Use Classification 

Table 4 depicts the results of the accuracy assessment of 4 classes in terms of user’s 
accuracy (UA), producer’s accuracy (PA), overall accuracy (OA) and Kappa coef-
ficient (KC) for 2001, 2010 and 2020. Figure 5 depicts the geographical pattern of 
LULC for the years 2001, 2010 and 2020.

Table 5 displays the LULC matrix for the period from 2001 to 2020, and Table 6 
shows the quantitative alteration that has been taking place in LULC during the past 
19 years. Significant variations can be noticed in the natural vegetation (decrement) 
and barren land (increment) classes. This is the result of deforestation in the basin. 
Figure 6 illustrates the changes that have been taking place within each class during 
distinct intervals (2001–2010, 2010–2020, 2001–2020). It can be clearly observed 
that major changes occurred between 2001 and 2020.
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Fig. 5 Maps for the years, 2001, 2010, 2020, for LULC of Jhelum River Basin
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Fig. 5 (continued)

Table 5 LULC (Km2) matrix for the period of 2001–2020 

LULC 2020 

Barren land Natural 
vegetation 

Croplands Urban and 
built-up 

Total 

LULC 2001 Barren land 0.66 0.22 0.33 0.11 1.32 

Natural 
vegetation 

119.33 221.89 232.86 0.10 574.18 

Croplands 81.48 18.52 302.22 0.73 402.95 

Urban and 
built-up 

0.27 0.09 0.12 3.07 3.55 

Total 201.74 240.72 535.53 4.01 982.0

3.2 SWAT Calibration and Validation 

3.2.1 Land Use Change Effects 

To research the effects of LULC modifications on the hydrodynamic elements in the 
Jhelum River Basin, in the swat model land use from three different time intervals 
has been used, i.e., (2001, 2010 and 2020) while all other inputs except climate data, 
such as, e.g., B. Precipitation, temperature and relative humidity were held identical.
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Table 6 Area statistics and changes in LULC for the period of 2001–2020 

LULC 
Class 

2001 2010 2020 Change 2001–2020 

Area 
(Km2) 

Area 
(%) 

Area 
(Km2) 

Area 
(%) 

Area 
(Km2) 

Area 
(%) 

Area 
(Km2) 

Area (%) 

Barren land 1.32 0.15 2.23 0.26 201.74 20.82 +200.42 +20.76 

Natural 
vegetation 

574.18 57.96 387.32 39.21 240.72 24.74 −333.46 −33.22 

Croplands 402.95 41.51 599.35 60.12 535.53 54.03 +132.58 +12.52 

Urban and 
built-up 

3.55 0.39 3.63 0.41 4.01 0.41 +0.46 +0.02

The evaluation included runoff, WY and ET under LULC outline of different time 
intervals (2001/2010/2020). The results of surface runoff, water yield and ET are 
given in Table 7. It can be seen that runoff and WY are decreasing over 19 years. 
On the other hand, ET increases. This increase is partly due to the decrease in the 
region of natural vegetation and the increase in arable land and wasteland. Due to the 
rise in the arable area and the decrease in natural vegetation, the rate of transpiration 
and infiltration has increased drastically which causes a major rise in ET. The net 
annual water yield is the difference between precipitation that fell in the water shell 
and total evapotranspiration, the decrease was observed due to the fact that total 
evapotranspiration was greater than the precipitation recorded over the years 2001, 
2010 and 2020. The decrease in surface runoff was observed due to a decrease in 
natural vegetation causing a temperature increase and a decline in precipitation; 
moreover, the rise in cropland areas also promoted the decrease.

3.2.2 Hydro-Climatic Changes 

i. Rainfall 
To realize the variability of rainfall to detect the possible climate change in the 
basin, we collected monthly rainfall data and plotted a graph for it in Excel to 
show the trend. Figure 7 shows the rainfall trend between the periods of 2001, 
2010 and 2020.

ii. LULC effects on inflow parameters 
The inflow parameter considered here is the groundwater recharge value. This 
experienced changes as a result of changes in the LULCs. The change was deter-
mined by running the SWAT model twice in 2010 and 2020. LULC maps on 
separate accounts with the soil data being kept as constant variable and weather 
data also being added which we collected. The recharge to deep aquifers increases 
from 2.1 mm in 2010 to 10.02 mm in 2020. This is due to the fact that agricultural 
activities have increased thus the construction of more wells, infiltration basins



Assessing the Impact of Land Use/Land Cover Changes … 77

Fig. 6 Change detection of land use/land cover of the Basin of Jhelum River during the intervals 
of 2001–2010, 2010–2020 and 2001–2020
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Fig. 6 (continued)

Table 7 Correlation of mean annual hydrological components using the three historical LULC in 
SWAT model over Jhelum River Basin 

LULC Surface runoff (mm) Evapotranspiration (mm) Water yield (mm) 

LULC 2001 539.03 593.84 927.67 

LULC 2010 527.21 649.91 920.58 

LULC 2020 508.15 686.64 910.87 

Changes 2001–2020 −30.88 (−5.72%) +92.80 (+15.62%) −16.80 (−1.81%)

Fig. 7 Graph showing rainfall trend
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and ponds helps redirect the water across the land surface. Figure 8 shows the 
hydrology parameters for 2010 and 2020.

3.2.3 Effects of Landscape 

i. Sediment 
Sediment loss from the landscape is dependent upon many factors. Sediment 
overestimation in SWAT is most commonly due to inadequate biomass produc-
tion. This often occurs on specific land uses. SWAT also modifies sediments 
to account for in-stream deposition and erosion of stream banks and channels. 
Often there is little or no measured data to differentiate between upland sediment 
and in-stream sediment changes. Streams may be either a net source of sediment 
or a sink. In-stream sediment modification is impacted by physical channel char-
acteristics (slope, width, depth, channel cover, and substrate characteristics) and 
the quantity of sediment and ow from upstream. Figure 9 shows a difference in 
the average upland sediment yield and stream sediment change. 

ii. Plant Growth 
Proper plant growth is key to accurate runoff and sediment predictions. Problems 
in plant growth are often related to excessive stress due to temperature or the lack 
of water/nutrients. Phosphorous (P) and Nitrogen (N) are vital for plant growth. 
Figure 10 shows how the plant growth varied among the three different periods 
of 2001, 2010 and 2020. Best plant growth was found in 2010 due to excess 
intake of P and N. This can be due to the fact that the vegetation area is greater in 
2010. Table 8 shows the summary of the mean Annual Hydro-Climatic Change 
Analysis.

4 Conclusion 

This study examines how human activity and global warming have affected the 
hydrodynamic elements of the river Jhelum basin. The results indicated that the 
Basin of river Jhelum had gone through notable changes in LULC over 19 years. 
Four crucial LULC classes have been recognized, including barren land, arable land, 
natural vegetation, and urban and built-up. Among these land uses, the barren land 
and arable land classes showed a noteworthy rise in the change period of 2001–2020 
but all of this change has come at the cost of natural vegetation. Significant gains 
and losses were observed in all classes except Urban and Built-Up. The main root 
of the rise in fallow land was deforestation in the Jhelum River Basin to make more 
room for agricultural and urban activities. 

The SWAT model was then run separately for three different years and it confirmed 
that changes in climate and LULC affects the health of a watershed. In the case of this 
study, the hydrological components included groundwater recharge, surface runoff,



80 M. U. Akhtar et al.

Fig. 8 Changes in hydrological components (2020 and 2010)



Assessing the Impact of Land Use/Land Cover Changes … 81

Fig. 9 Difference in the average upland sediment yield and stream sediment change
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Fig. 9 (continued)

water yield and evapotranspiration. Our analysis indicates that evapotranspiration 
increased extremely in the basin area. Since high evapotranspiration will lead to low 
drainage density and effective reduction in the water available within the basin in 
the near future, as has been predicted by Bates et al. (2008) that, these changes in 
land cover/land use will have many effects on various phases of the human society, 
from agriculture to water supply. Due to a reduction in forest and vegetation areas, 
an expansion in bare ground, and farming practices, surface runoff and water yield 
are also reduced. 

Therefore, according to our findings, we suggest the stakeholders and adminis-
trators overlooking the Jhelum River Basin area help protect the basin from anthro-
pogenic activities, such as farming too close to the basin to balance the hydrological 
components of the basin; moreover, afforestation projects should be encouraged to 
start to prevent the rise in the area of barren land.
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Fig. 10 Variation of plant growth in the three different periods of 2001, 2010 and 2020
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Fig. 10 (continued) 

Table 8 Summary of mean annual hydro-climatic change analysis 

Year Mean annual 
temperature 
(C) 

Mean annual 
relative 
humidity (mm) 

Sediment 
(Mg/ha) 

Plant uptake 
N (Kg/ha)  

Plant uptake P 
(Kg/ha) 

2001 22.18 34.82 40.25 54.86 12.63 

2010 24.77 45.14 247.84 74.26 17.19 

2020 25.23 62.83 294.25 68.01 16.02 

Changes 
2001–2020 

3.05 28.01 254 13.15 3.39

References 

Ahiablame, L., Sinha, T., Paul, M., Ji, J., & Rajib, A. (2017). Stream flow response to potential land 
use and climate changes in the James River watershed, Upper Midwest United States. Journal 
of Hydrology: Regional Studies, 14, 150–166. 

Bates, B., Kundzewicz, Z., Wu, S., & Palutikof, J. (2008). Climate change and water. Technical 
Paper of the Intergovernmental Panel on Climate Change, 210. 

Butt, A., Shabbir, R., Aziz, N., & Ahmad, S. S. (2015). Land cover classification and change 
detection analysis of Rawal watershed using remote sensing data. Journal of Biodiversity and 
Environmental Sciences, 6(1), 2222–3045.



Assessing the Impact of Land Use/Land Cover Changes … 85

Iqbal, M. F., & Khan, I. A. (2014). Spatiotemporal land use land cover change analysis and erosion 
risk mapping of Azad Jammu and Kashmir, Pakistan. The Egyptian Journal of Remote Sensing 
and Space Science, 17(2), 209–229. 

Li, S., Hong Yang, H., Lacay, M., Liu, J., & Lei, G. (2018). Impacts of land-use and land-cover 
changes on water yield: A case study in Jing-Jin-Ji, China. Sustainability, 10(4), 960. 

Mango, L. M., Melesse, A. M., McClain, M. E., Gann, D., & Setegn, S. (2011). Land use and 
climate change impacts on the hydrology of the Upper Mara River Basin, Kenya: Results of a 
modeling study to support better resource management. Hydrology and Earth System Sciences, 
15(7), 2245. 

Mannan, A., Liu, J., Zhongke, F., & Khan, T. U. (2019). Application of land-use/land cover 
changes in monitoring and projecting forest biomass carbon loss in Pakistan. Global Ecology 
and Conservation, 17, e00535. 

Younis, S. M. Z., & Ammar, A. (2017). Quantification of impact of changes in land use-land cover 
on hydrology in the upper Indus Basin, Pakistan. The Egyptian Journal of Remote Sensing and 
Space Science, 21(3), 255–263. 

Zhu, Q., Nie, X., Zhou, X., Liao, K., & Li, H. (2014). Soil moisture response to rainfall at different 
topographic positions along a mixed land-use hillslope. Catena, 119, 61–70.



The Climatic Benefit of Perennial Rice 
Cropping System: A Case Study in West 
Java, Central Java, and East Java 

Muhamad Khairulbahri and Adi Rivaldo 

1 Introduction 

There is an increasing awareness of the impacts of climate change on rice produc-
tion, especially, in Asian countries. There are two main reasons for this trend. The 
first reason is the important contribution of Asian rice farming to employment and 
economic growth in Asia (Bandumula, 2018; Chauhan et al., 2017). The second one 
is Asia the world largest rice producer and rice consumer (Chauhan et al., 2017). In 
turn, possible threats to Asian rice production can affect a large fraction of the world 
population in terms of food security, livelihoods, and economic growth (Chauhan 
et al., 2017). 

Among Asian countries, Indonesia is the third-largest rice producer and the third-
largest rice consumer in the world (Setyanto et al., 2018). As such, Indonesia is an 
interesting place to understand the impacts of climate factors on Asian rice produc-
tion. It is also acknowledged that Indonesian temperature, as well as Asian tempera-
ture, is relatively close to rice critical temperature, leaving Indonesia’s rice production 
in danger under changing climate (Chauhan et al., 2017; Lobell & Gourdji, 2012; 
Lobell et al., 2008, 2011; Serraj & Pingali, 2018). Owing to this, some scholars have 
investigated several issues of Indonesian rice production. For instance, an existing 
study (Naylor et al., 2007) discussed the possible impacts of climate change on 
rice production in West Java and Bali. Other existing studies (Falcon et al., 2004; 
Naylor & Mastrandrea, 2009) estimated the impacts of El-Niño Southern Oscillation 
(ENSO) on rice production.
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Other studies also discussed significant issues such as the impacts of climate on 
Indonesian rice yield (Amalo et al., 2017; Kinose & Masutomi, 2019; Kuswanto 
et al., 2018; Yuliawan & Handoko, 2016), modeling the rice production (Karim 
et al., 2019; Utami et al., 2019), the impacts of land-use change on rice production 
(Makbul et al., 2019; WorldBank, 2008), and adaptation of the rice farming to climate 
or seawater intrusion (Bahri, 2017; Rondhi et al., 2019; Sembiring et al., 2020; 
Sutrisno & Setyono, 2017; Utami et al., 2018). 

Existing studies arguably provide useful information to investigate possible threats 
to Indonesian rice production. However, existing studies that analyzed the impacts 
of climate on Indonesian rice yield are very limited and none of the existing studies 
have analyzed the impacts of climate factors on three main rice provinces including 
West Java, Central Java, and East Java. Since the three Java provinces are responsible 
for half of the Indonesian rice production (BPS, 2020), this study specifically aims 
to investigate the impacts of climate factors on rice yield in the three main rice 
provinces. 

Besides the aforementioned issues, Indonesian rice studies also discussed the 
perennial rice cropping system, so-called the salibu. This is important as most 
rice farmers have suffered from high-production costs such as labor and pesticide 
expenses (Budianti, 2021; Fitri et al., 2019; Marpaung et al., 2022; Yamaoka et al., 
2017). Those studies explained that the perennial rice cropping system (the salibu) 
can increase rice yield, decrease short-duration growth, and decrease production cost 
(Budianti, 2021; Fitri et al., 2019; Marpaung et al., 2022; Yamaoka et al., 2017). 

While several studies (Bahri, 2017; Khairulbahri, 2021; Welch et al., 2010) 
claimed that high temperatures associated with climate change may decrease Indone-
sian rice yield, the salibu method leads to higher rice yield recently (Budianti, 2021; 
Marpaung et al., 2022; Paiman, 2021). So, this study also aims to assess whether 
the salibu method enables rice farmers to escape from the negative impacts of high 
temperatures. In doing so, after the impacts of climate factors in West Java, Central 
Java, and East Java are assessed, the climatic benefit of the salibu is examined. In 
this study, the climatic benefit occurs once the salibu method can negate the negative 
impacts of climate factors on rice yield. 

In fulfilling the research aim, this study first introduces relevant studies and the 
research aim. Next, the types of collected data and used methods in this study are 
described. Following this, this study discusses the results and explains important 
findings. In the end, some concluding remarks are described accordingly.



The Climatic Benefit of Perennial Rice Cropping System: A Case Study… 89

2 Materials and Methods 

2.1 Three Indonesian Provinces: West Java, Central Java, 
and East Java 

These three provinces are situated in Java, the most populated island in Indonesia. 
Together, these provinces are the main buffer rice stock in Indonesia (BPS Jawa 
Tengah, 2021; BPS  Jawa  Timur,  2021). The main buffer stock means these provinces 
provide rice not only for their local population but also to export their rice to their 
neighboring provinces. 

West Java lies between 5°50'–7°50' South Latitude and 104°48'–108°48' East 
longitude (BPS Jawa Barat, 2021) and its capital is Bandung, so-called Paris van 
Java. West Java consists of 18 regencies and 9 cities with a total area and population 
density of about 35,377 km2 and 1,365 persons/km2, respectively (BPS Jawa Barat, 
2021). 

West Java has average annual rainfall between 2,000–4,000 mm/year, making this 
province the highest annual rainfall compared to the other Java provinces. Agriculture 
contributes to about 20% and 9% of the total employment and the economic output, 
respectively (BPS Jawa Barat, 2021) (Fig. 1). 

Central Java geographically stretches along the equator between 5°40’ to 8°30’ 
South Latitude and 108°30' to 111°30' East Longitude (BPS Jawa Tengah, 2021). 
Its capital is Semarang with a total area and population density of about 32,801 
km2and 1,113 person/km2, respectively (BPS Jawa Tengah, 2021). Central Java has 
an annual rainfall of about 2,500 mm/year, leading to, at least, three rice growing 
seasons throughout the year. Agriculture contributes to 12.5 and 29% of the total 
economic output and the total employment, respectively (BPS Jawa Tengah, 2021).

Fig. 1 Indonesia and three main Java provinces (West Java, Central Java, and East Java). Source 
Google Maps (n.d.) 
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East Java is the easternmost Java province and lies between 7.12 ‘South Latitude— 
8.48’ South Latitude and between 111.0 ‘East Longitude—114.4’ East Longitude 
(BPS Jawa Timur, 2021). Its capital is Surabaya, the Indonesian second largest city 
after Jakarta. East Java has a total area and population density of about 47,800 km2 

and 851 persons/km2, respectively (BPS Jawa Timur, 2021). The annual rainfall 
is about 2,800 mm/year, and the average temperature in 2020 was 27.3 °C. More-
over, agriculture contributes to 35% and 20% of the total employment and the total 
economic output, respectively (BPS Jawa Timur, 2021). 

Based on previous paragraphs, it can be concluded that agriculture has an impor-
tant contribution to employment and economic growth in given Java provinces. So, 
this study can give important insights for policymakers in supporting important 
agricultural contributions to employment and economic output. 

2.2 The Salibu and Ratoon Methods 

As seen in Table 1, rice growth can be categorized into three important stages 
including the vegetative, the reproductive, and the ripening stages (Yoshida, 
1981).The length of different stages of rice growth is varied between long- and 
short-duration growth varieties. But the main difference is in the length of the vege-
tative stage (Moldenhauer & Slaton, 2001). While the length of the vegetative stage is 
about 30 days for short-duration rice varieties, long-duration rice varieties have about 
60 days of the vegetative stage. So, in total, the medium duration growth of rice is 
115–135 days, assuming farmers apply the transplantation method (Moldenhauer & 
Slaton, 2001; Yoshida, 1981).

The ratoon method has been known by rice farmers for a long time (Fitri et al., 
2019; Juanda, 2016). In the transplantation method, farmers need land preparation 
and new seed for each new growing season. In contrast, the ratoon method aims to 
cultivate parent rice for new growing seasons without land preparation and without 
new seed. Although the ratoon method may save cost and farming time, this method 
has been neglected due to its low yield compared to its parent yield (Adji, 2022; Fitri 
et al., 2019; Pasaribu, 2016; Pasaribu & Anas, 2018). 

The salibu method aims to improve the ratoon methods as it can sustain or increase 
rice yield compared to its parent yield. The salibu method is coined by other scholars 
(Erdiman & Misran, 2013) when they supervised farmers in North Sumatera. After 
successful harvesting seasons, the salibu method has been widely applied in other 
Indonesian provinces (Fitri et al., 2019). 

The main difference between the two is in the ratoon method, farmers would not 
prune parent rice as new rice plants, whereas farmers in the salibu method would 
prune parent plants as new rice for the next growing seasons. Usually, after 5–15 days 
of the harvesting seasons, farmers would prune the parent rice (Pasaribu, 2016). 

Because pruning the parent rice occurs after the rice has stems, roots, and tillers, 
salibu method combines the vegetative and reproductive phases. In turn, the total
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Table 1 Three stages of rice growth  

No The stages of rice growth 

The transplantation method The ratoon and salibu methods 

I Vegetative (from seed germination to panicle 
initiation, 45–65 days) 
Rice biomass is converted into roots, tillers, 
and stems through respiration growth 
mechanisms 

Please bear in mind that growth mechanisms 
in the transplantation and the salibu methods 
are similar such as panicle initiation, new 
root, and new tillers. The main differences 
are explained in this column 

II Reproductive (panicle initiation to flowering 
and heading, 35 days) 
Panicle which emergences in the 
reproductive stage is a critical because it will 
affect the number of panicles per farming 
area and grains per panicle. In the 
reproductive stage, photosynthesis is 
supported by the leaf 

While the transplantation method needs land 
preparation, the ratoon and the salibu 
methods do not require land preparation 
Pruning parent rice after the harvesting 
seasons (the ratoon method does not need 
pruning) happens in the salibu method 
Since parent rice already has a root, stem, 
and leaf, rice in the earliest stage of the 
salibu method has been already in the 
vegetative and reproductive stages (Pasaribu, 
2016; Pasaribu & Anas, 2018) 

III Ripening (flowering and heading to mature 
grain, 30 days) 
Rice grain is filled with milky materials into 
a soft dough. Afterward, panicles and leaves 
turn yellow with mature and hard grain 

In principle, the salibu method has a similar 
length to the ripening stage (Pasaribu, 2016; 
Pasaribu & Anas, 2018) 

Source Bahri (2017), Moldenhauer and Slaton (2001), and Yoshida (1978, 1981)

growing seasons of rice, after the salibu method, would be less than 90 days (Fitri 
et al., 2019; Marpaung et al., 2022; Paiman, 2021). 

2.3 Data Collection 

There are two types of collected data: climatic data and non-climatic data. Climatic 
data such as temperature and rainfall were collected from the Indonesian Bureau of 
Meteorological and Geophysics (BMKG). Non-climatic data such as rice yield were 
collected from the Indonesian Statistics Bureau (BPS). 

Collected data are statistically analyzed to estimate relationships between rice 
yield and climate factors. Rice yield could be affected by climate factors including 
maximum temperature, minimum temperature, and rainfall (Khairulbahri, 2021; 
Lobell & Gourdji, 2012; Welch et al., 2010). So, this study applies linear regres-
sion models to relate rice yield to temperature, rainfall, and time trends (Lobell & 
Burke, 2010). High-yield rice varieties are based on technological progress that 
is encapsulated in improved rice varieties (Bahri, 2017; Gnanamanickam, 2009; 
Lobell & Burke, 2010). As another study (Khairulbahri, 2021; Lobell & Burke, 
2010), this study uses time variables as a representation of the technological progress



92 M. Khairulbahri and A. Rivaldo

of improved rice varieties. Equation 1 shows a statistical model that estimates 
relationships between climate, time variables, and rice yield as follows: 

Yi = c1 + α1Ai + α2Ai
2 + α3Ti + α4Ti

2 + α5Ta + α6Ta
2 + α7Ri + α8Ri

2 + ε1 
(1) 

Yi = rice yield (tons/ha) in year t; 
Ai = time variable as a representation of the technological change of rice (a year 
since 1993); 
Ai2 = squared time variable as a representation of the technological change of 
rice; 
Ti = minimum temperature in Celsius in year t; 
Ta = maximum temperature in Celsius in year t; 
Ri = seasonal rainfall in mm/year in year t; 
c1 = constant; 
εi = error. 

For time variables, Ai and Ai2, it was set as 1 starting since 1993 (in 1993 and 
2019, Ai = 1 and Ai = 27 respectively). The statistical software Eviews© version 
7 was used to conduct several statistical tests assessing the adequacy of a statistical 
model rice yield. 

The performance of selected statistical models will be obtained and assessed by 
Ordinary Least Square (OLS) and F-tests, respectively. Owing to this, selected statis-
tical models must conform to normality assumptions (Greene, 2003; Gujarati et al., 
2012). Furthermore, reliable statistical models have to be fulfilled relevant assump-
tions such as homoscedasticity, uncorrelated predictors, and no serial correlations 
(Greene, 2003; Gujarati et al., 2012; Lobell & Burke, 2010). 

To obtain the correct model specification, the general to simple approach is applied 
as it is a suitable practice in modern analysis (Greene, 2003; Quiroga & Iglesias, 
2009). In principle, the general to simple approach asks scientists to collect all 
possible independent variables and regressed them with the dependent variable step 
by step to obtain the best statistical model(s). By applying the general to simple 
approach, we can prevent ourselves from abandoning possible significant indepen-
dent variables, leading to the best statistical model (Greene, 2003; Quiroga & Iglesias, 
2009). 

3 Results and Discussion 

3.1 Observed Data 

Table 2 shows the total rice production in West, Central, and East Java, the three 
main rice provinces in Indonesia. In general, the three provinces have similar rice
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production, rice yield, and harvested areas. It is also shown in Table 2 that the total 
rice production of the three main rice provinces is about 50% of the Indonesian total 
rice production, showing the importance of the three provinces in Indonesia’s rice 
production.

Another similarity between the three provinces is the dominance of irrigated 
farming areas (95%) instead of non-irrigated areas (5%) (BPS Jawa Barat, 2021; 
BPS Jawa Tengah, 2021; BPS  Jawa  Timur,  2021). As consequence, farmers in the 
three provinces harvest their rice almost throughout the year. Of climate, West Java 
is relatively cooler than the other provinces but West Java has higher rainfall than 
the other provinces. 

The highest maximum temperature (33.98 °C) and the highest minimum temper-
ature (24.9 °C) are lower than rice’s temperature threshold of maximum tempera-
ture (35 °C) and minimum temperature (22 °C), respectively (Table 3). However, 
the impacts of temperature on rice yield are not always statistically significant as 
described in the following paragraphs.

As seen in Table 4, for all rice in the three provinces, technological progress 
such as better rice varieties have an important role in increasing rice yield. This 
premise is in line with existing studies (Bahri, 2017; Gnanamanickam, 2009; Lobell & 
Burke, 2010), confirming the importance of technological progress in supporting 
rice yield. However, the impacts of high temperatures are different in the three 
Indonesian provinces. The following paragraphs explain the different impacts of 
high temperatures on rice yield.

3.1.1 West Java 

As 95% of total farming areas are irrigated rice areas, it is not surprising that the 
effects of rainfall are not statistically significant on rice yield in West Java. Likewise, 
the impacts of minimum temperature are not statistically significant, as the highest 
observed minimum temperature was 21.7 °C, lower than the threshold of minimum 
temperature (22 °C) (Peng et al., 2004). In another hand, a time variable, as a repre-
sentation of technological progress such as better rice varieties, significantly can 
increase rice yield in West Java (p < 0.01). Likewise, maximum temperature has a 
significant impact on rice yield. Every 1 °C increase in maximum temperature tends 
to increase rice yield by about 3.387 tons/ha (p < 0.01).However, the maximum 
temperature tends to negatively decrease rice yield once the observed maximum 
temperature surpasses 33 °C. This is in line with other studies (Bahri, 2017; Jagadish 
et al., 2010; Khairulbahri, 2021), stating that maximum temperature tends to decrease 
rice yield by over 33 °C. 

3.1.2 East Java 

Farmers in East Java have experienced the negative impacts of high minimum 
temperature. The impacts of minimum temperature are statistically significant as
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Table 3 A summary of climatic data (1993–2019). Bracketed values show minimum and maximum 
values 

Provinces Maximum temperature (°C) Minimum temperature (°C) Rainfall (mm) 

West Java 28.93 (26.1–31.83) 19.21 (16.2–21.7) 2,241 (1,046–4,453) 

Central Java 32.28 (31.4–33.98) 24.17 (23–24.9) 3,227 (3,140–3,398) 

East Java 33.43 (32–34.35) 22.48 (20.7–24.68) 2,025 (1,218–3,464)

Table 4 Statistical models for each province 

Variables West Java East Java Central Java 

Time variable 0.052** 0.037** 0.022** 

Minimum temperature – −0.09* 0.149* 

Maximum temperature 3.387** 5.78* 0.118* 

Squared Maximum temperature −0.058** −0.087* – 

C −44.38* −88.7* −2.36 

Adjusted R2 79% 63% 77% 

F-tests <0.01 <0.01 <0.01 

* = significant at α = 5%, ** = significant at α = 1%

the observed minimum temperature is higher than 22 °C, the threshold of minimum 
temperature (Peng et al., 2004). Table 4 shows that rice yield will be decreased by 
about 0.09 tons/ha for a 1 °C increase in minimum temperature (p < 0.05). 

In contrast, farmers have experienced the positive impacts of maximum temper-
ature as 1 °C increase in maximum temperature tends to increase rice yield by about 
5.87 tons/ha (p < 0.05). However, similar to rice yield in West Java, the maximum 
temperature tends to decrease rice yield once the maximum temperature surpasses 
about 33 °C. Rainfall, conversely, has no significant impact as 95% of the total rice 
farming is supported by irrigation facilities (BPS Jawa Timur, 2021). 

3.1.3 Central Java 

Surprisingly, observed minimum temperature and observed maximum temperature 
tend to increase rice yield in Central Java. For every 1 °C increase in the minimum 
and maximum temperature, rice yield is projected to increase by about 0.149 and 
0.118 tons/ha, respectively (p < 0.05). The impacts of rainfall on rice yield are not 
statistically significant (p > 0.1), due to a large fraction of irrigated rice land (95%) 
in Central Java (BPS Jawa Tengah, 1993). 

The positive impacts of high temperatures are due to important reasons. The main 
reason is rice farmers in Central Java have applied the salibu method (Nugroho 
et al., 2018; Pemerintah Jateng, 2021; Sulistyono, 2019). The salibu method is local 
wisdom that shortens the growth duration of rice significantly without sacrificing rice
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Table 5 Comparisons between the salibu and non-salibu methods 

No Descriptions Salibu Non-salibu (ratoon) 

1 Fertilizer Organic Organic/non-organic 

2 Seed No new seed each season New seed each season 

3 Land cultivation No Yes 

4 Growth duration <90 days >90 days 

5 Yield Relatively higher Relatively lower 

6 Farming cost Relatively lower Relatively higher 

7 Water consumption Relatively lower Relatively higher 

Source Budiant (2021), DodiCandra (2020), Fitri et al. (2019), Krisnaputri (2020), Marpaung et al. 
(2022), Paiman (2021), and Yamaoka et al. (2017) 

yield (Jahari & Sinaga, 2019; Nugroho et al., 2018; Wahyuni et al., 2019). The salibu 
method can shorten rice duration growth, to less than 90 days, enabling farmers 
to harvest their rice for about 2–3 months (Agustina et al., 2021; Muzabi, 2021). 
Short growth-duration (SDG) rice varieties after the salibu method also enable rice 
to escape from climate extremes such as heat stress and droughts (Abdullah et al., 
2008; Bouman, 2007; Yoshida, 1981). SDG rice varieties also enable farmers to 
escape heat stress during the night through transpiration cooling as most farming 
areas have sufficient irrigated water during the night (Jagadish et al., 2010; Wassmann 
et al., 2009). 

Table 5 highlights comparisons between the salibu and non-salibu (ratoon) 
methods. Rice farmers who apply the salibu method tend to enjoy some benefits 
such as fewer farming costs (less labor cost and less seed cost), shorter duration 
growth, and relatively higher yield. Two advantages of the salibu method such as 
shorter growth duration and less water consumption are important in coping with 
the negative impacts of climate change (Lobell & Burke, 2010; Rosenzweig et al., 
2020). 

Moreover, in the salibu method, rice farmers prune parentrice which leads to 
new shoots or tillers, leading to new roots (Fitri et al., 2019; Isnawan et al., 2022; 
Pasaribu & Anas, 2018). More roots and more tillers mean that rice has a higher 
coverage to capture important nutrients and higher rice yields, respectively. As 
parent rice is still in the farming field, parent rice and new fertilizer can be a better 
combination of nutrient sources for rice growth. 

Differing farmers in Central Java, several studies showed that farmers in East 
Java (Afiani, 2018; Sayaka & Hidayat, 2015) and West Java (Dianawati & Sujitno, 
2015; Rasmikayati et al., 2020; Rochdiani et al., 2017; Rohaeni & Ishaq, 2015) have  
sown rice varieties with relatively long growth duration (115–125 days) with limited 
farmers having applied the salibu method in East (Budianti, 2021) and West Java 
(Effendy et al., 2021). These are possible explanations for why farmers in West Java 
and East Java have experienced the negative impacts of high temperatures. 

In tackling the negative impacts of high temperatures, rice scientists have devel-
oped heat-tolerant rice varieties (Yang et al., 2017; Ye et al., 2015; Zhang et al., 2013).
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However, the application of heat-tolerant rice varieties may be lagged due to costs, 
different rice tastes, and policymakers’ involvement (Kondamudi et al., 2012). As 
shown in this study, sowing SDG varieties after the salibu method should be seen as 
an alternative to cope with the negative impacts of high temperatures. 

Existing studies (Boonwichai et al., 2019; Lobell & Burke, 2010) suggested that 
shifting crop seasons is one solution for minimizing the negative impacts of high 
temperatures. The salibu method, due to its shorter-duration growth, enables farmers 
to apply shifting crop seasons, preventing the rice from heat stress. 

Likewise, since the rising temperature is associated with climate change, the posi-
tive impacts of the salibu method should be investigated further in higher tempera-
tures, anticipating the negative impacts of higher temperatures beyond the observed 
temperatures. 

4 Conclusion 

This study discusses the impacts of climate factors on rice yield in the three Indone-
sian main provinces including West Java, Central Java, and East Java. This is impor-
tant as recent temperatures in these main rice producers have reached the temperature 
threshold for rice growth. The importance of this study is also supported as these 
three regions capture about half of the Indonesian total rice production. This means 
that any possible threat to rice production in given provinces is likely to influence 
the Indonesian rice supply significantly. 

In near future, the maximum temperature tends negatively affect rice yield in 
West Java and East Java if the maximum temperature is higher than 33 °C. Similarly, 
as the observed minimum temperature has surpassed the threshold of minimum 
temperature, farmers in East Java have experienced the negative impacts of minimum 
temperature on their rice. Again, since the recent minimum temperature in these three 
main regions has been close to the threshold of minimum temperature, changing 
climate is a big threat to the Indonesian rice supply. 

By contrast, farmers in Central Java have experienced the positive impacts of 
minimum temperature and maximum temperature although both types of observed 
temperatures have surpassed their temperature thresholds. It appears that salibu 
method enables farmers to escape heat stress during rice growth, shorten duration 
growth, and accumulate more grain weight. Thus, this study offers a promising 
finding that the salibu method can minimize the negative impacts of high temperatures 
associated with climate change. 

One of the possible mechanisms to cope with high temperatures associated with 
climate change is short-duration growth rice which enables rice to escape from 
climate extremes (Abdullah et al., 2008; Bouman, 2007; Yoshida, 1981). As the 
salibu method can shorten rice duration growth, rice farmers in Central Java can 
escape from the negative effects of high temperatures.
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Another study explained other benefits of the salibu such as time saving and 
less production cost (Fitri et al., 2019). Owing to this, stakeholders such as poli-
cymakers/the government and rice scientists should disseminate the benefit of the 
salibu method as a promising farming method to get a higher profit and to cope with 
the negative impacts of high temperatures associated with climate change. 

As precautionary measures, please bear in mind that the climatic benefit of the 
salibu method stated in this study is valid within observed temperatures. When the 
temperature rises significantly, for instance, due to climate change, the climatic 
benefit of the salibu method should be investigated further. 

Last but not the least, the projections of the negative impacts of climate change 
and simulating possible options to minimize the negative impacts of climate change 
in the three main provinces will be the next avenue. This is important as IPCC (2013) 
projects that southern Indonesia will experience an increase in maximum temperature 
and minimum temperature by about 0.5 °C and 3 °C by 2100, respectively, depending 
on Radiative Concentration Pathways (RCP) scenarios. 
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Appendix A provides a summary of statistical test results. 

Appendix A: Results of Statistical Tests 

Statistical tests West Java Central Java East Java 

Jarque–Bera test p > 1%  
Accept the null 
hypothesis: residuals 
are normally 
distributed 

p > 1%  
Accept the null 
hypothesis: residuals 
are normally 
distributed 

p > 1%  
Accept the null 
hypothesis: residuals 
are normally 
distributed 

Breusch-Godfrey 
Serial Correlation LM 
Test 

p > 5%  
Accept the null 
hypothesis: data are 
NOT serial correlated 

p > 1%  
Accept the null 
hypothesis: data are 
NOT serial correlated 

p > 1%  
Accept the null 
hypothesis: data are 
NOT serial correlated

(continued)
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(continued)

Statistical tests West Java Central Java East Java

Variance Inflation 
Factors 

<5 
There is no any 
multicollinearity 
among independent 
variables 

<5 
There is no any 
multicollinearity 
among independent 
variables 

<5 
There is no any 
multicollinearity 
among independent 
variables 

Heteroskedasticity 
Test: White 

p > 1%  
Accept the null 
hypothesis: 
independent variables 
have homogeneous 
variances 
(homoscedasticity) 

p > 1%  
Accept the null 
hypothesis: 
independent variables 
have homogeneous 
variances 
(homoscedasticity) 

p > 1%  
Accept the null 
hypothesis: 
independent variables 
have homogeneous 
variances 
(homoscedasticity) 

F-tests p < 1%  
The statistical model 
can represent 
relationships between 
predictors and a 
predictand properly 

p < 1%  
The statistical model 
can represent 
relationships between 
predictors and a 
predictand properly 

p < 1%  
The statistical model 
can represent 
relationships between 
predictors and a 
predictand properly 

Appendix B: The Results of Statistical Tests 

West Java 

Dependent Variable: RICEYIELD (Quintal) 
Method: Least Squares 
Date: 08/17/21 Time: 17:38 
Sample: 1993 2019 
Included observations: 27 

Variable Coefficient Std. Error t-Statistic Prob 

TIMEVARIABLE 0.052330 0.006218 8.415719 0.0000 

MAXTEMP 3.387128 1.123246 3.015482 0.0062 

MAXTEMP*MAXTEMP −0.058426 0.019429 −3.007206 0.0063 

C −44.37824 16.26699 −2.728116 0.0120 

R2 0.815006 Mean dependent var 5.398741 

Adjusted R2 0.790876 S.D. dependent var 0.462289 

S.E. of regression 0.211405 Akaike info criterion −0.134125 

Sum squared resid 1.027921 Schwarz criterion 0.057851 

Log likelihood 5.810685 Hannan-Quinn criter −0.077040 

F-statistic 33.77601 Durbin-Watson stat 1.118468 

Prob (F-statistic) 0.000000
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Series: Residuals 
Sample 1993 2019 
Observations 27 

Mean      -6.59e-15 
Median   0.049376 
Maximum  0.271530 
Minimum -0.532405 
Std. Dev.   0.198835 
Skewness  -0.704547 
Kurtosis   2.945540 

Jarque-Bera  2.237078 
Probability  0.326757 

Breusch-Godfrey Serial Correlation LM Test: 

F-statistic 2.282795 Prob. F(3,20) 0.1102 

Obs*R2 6.887058 Prob. Chi-Square(3) 0.0756 

Variance Inflation Factors 
Date: 08/17/21 Time: 17:41 
Sample: 1993 2019 
Included observations: 27 

Variable Coefficient variance Uncentered VIF Centered VIF 

TIMEVARIABLE 3.87E-05 5.995509 1.417120 

MAXTEMP 1.261682 642,551.5 595.8193 

MAXTEMP*MAXTEMP 0.000377 162,660.7 600.2958 

C 264.6151 159,862.4 NA 

Note Maxtemp and its square are a self-multiplication so their high VIFs are an indication that they 
have multicollinearity issue(s) 

Heteroskedasticity Test: White 

F-statistic 0.715020 Prob. F(6,20) 0.6419 

Obs*R2 4.768739 Prob. Chi-Square(6) 0.5738 

Scaled explained SS 3.366215 Prob. Chi-Square(6) 0.7617
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East Java 

Dependent Variable: RICEYIELD 
Method: Least Squares 
Date: 06/19/21 Time: 22:25 
Sample: 1993 2019 
Included observations: 27 

Variable Coefficient Std. Error t-Statistic Prob 

TIMEVARIABLE 0.0371019 0.0066341 5.592580 0.0000 

MINTEMP −0.0909193 0.0527742 −1.722798 0.0990 

MAXTEMP 5.777870 3.035728 1.903290 0.0702 

MAXTEMP^2 −0.0870791 0.0452201 −1.925673 0.0672 

C −88.74630 51.17422 −1.734200 0.0969 

R2 0.691236 Mean dependent var 55.16333 

Adjusted R2 0.635097 S.D. dependent var 3.627105 

S.E. of regression 2.191033 Akaike info criterion 4.572200 

Sum squared resid 105.6138 Schwarz criterion 4.812169 

Log likelihood −56.72469 Hannan-Quinn criter 4.643555 

F-statistic 12.31294 Durbin-Watson stat 1.545657 

Prob(F-statistic) 0.000021 

Breusch-Godfrey Serial Correlation LM Test: 

F-statistic 1.085246 Prob. F(1,21) 0.3094 

Obs*R2 1.326752 Prob. Chi-Square(1) 0.2494
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Variance Inflation Factors 
Date: 06/19/21 Time: 22:25 
Sample: 1993 2019 
Included observations: 27 

Variable Coefficient variance Uncentered VIF Centered VIF 

TIMEVARIABLE 0.004401 6.353340 1.501699 

MINTEMP0301 0.278512 783.8395 1.427394 

MAXTEMP 921.5646 5,831,862 3391.381 

MAXTEMP^2 0.204485 1,459,367 3373.374 

C 261,880.0 1,472,883 NA 

Heteroskedasticity Test: White 

F-statistic 0.892452 Prob. F(11,15) 0.5671 

Obs*R2 10.68052 Prob. Chi-Square(11) 0.4704 

Scaled explained SS 2.670528 Prob. Chi-Square(11) 0.9944 

Central Java 

Dependent Variable: RICEYIELD 
Method: Least Squares 
Date: 06/19/21 Time: 18:04 
Sample: 1993 2019 
Included observations: 27 

Variable Coefficient Std. Error t-Statistic Prob 

C −2.360660 2.604512 −0.906373 0.3741 

MINTEMP 0.1491781 0.0811496 1.838309 0.0790 

MAXTEMP 0.1181910 0.0641578 1.842192 0.0784 

TIMEVARIABLE 0.0222607 0.0047817 4.655391 0.0001 

R2 0.795775 Mean dependent var 53.83148 

Adjusted R2 0.769137 S.D. dependent var 2.926784 

S.E. of regression 1.406266 Akaike info criterion 3.655707 

Sum squared resid 45.48444 Schwarz criterion 3.847683 

Log likelihood −45.35204 Hannan-Quinn criter 3.712791 

F-statistic 29.87370 Durbin-Watson stat 1.729870 

Prob (F-statistic) 0.000000
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Variance Inflation Factors 
Date: 06/19/21 Time: 21:22 
Sample: 1993 2019 
Included observations: 27 

Variable Coefficient variance Uncentered VIF Centered 

C 678.3484 9261.505 NA 

TIMEVARIABLE 0.002286 8.012450 1.893852 

MINTEMP0101 0.658526 5287.336 1.432334 

MAXTEMP1 0.411622 5857.022 1.643119 

Breusch-Godfrey Serial Correlation LM Test: 

F-statistic 0.162849 Prob. F(1,22) 0.6904 

Obs*R2 0.198392 Prob. Chi-Square(1) 0.6560 

Heteroskedasticity Test: White 

F-statistic 1.215024 Prob. F(9,17) 0.3479 

Obs*R2 10.56913 Prob. Chi-Square(9) 0.3064 

Scaled explained SS 7.248406 Prob. Chi-Square(9) 0.6113
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Contribution of Renewable Energy 
to Social Protection and the Fight Against 
Climate Change: Case of the Noor 1 
Project in Southern Morocco 

Amale Laaroussi, Abdelghrani Bouayad, and Ouiame Laaroussi 

1 Introduction 

Climate change is a source of increased inequality in the world and especially for 
Southern countries, which are more seriously affected, as well as their growth. Low 
growth means reduced income, particularly for the first stages of the production 
chains (small farmers and workers). 

This can also affect adaptive capacity. While the rich potentially have a larger 
capacity to protect themselves against the negative effects of climate change (such 
as floods, tornadoes, and storms), it becomes harder for the poor to secure sufficient 
coverage against these risks. Thus, climate change contributes to the perseverance 
of inequalities, even in developed societies. 

Increased inequality could also create social discords in some regions, through 
water or food resource pressures or spatial conflicts. Climate change has an impact 
on the most vulnerable as well, such as the aged and young children, who are more 
susceptible to heat or bad weather. Similarly, during heat waves, homeless people are 
often exposed to heat and this problem will become more difficult for public health 
agencies to deal with. In hotter countries or those without sufficient hygiene facilities, 
the situation is even worse. All the communities living in informal settlements or 
remote rural zones are expected to struggle to survive in altered climatic conditions. 
Therefore, climate change has important implications for society: it increases the 
vulnerability of people who are already exposed. 

So climate change has severe consequences for ecosystems. But it is not only an 
ecological, biodiversity protection, or environmental issue, it also affects human 
society. Climate change is therefore appearing to be a significant problem for
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economic, social, and environmental development. Consequently, the energy transi-
tion to renewable energy (RE) has been identified as a central issue for many countries 
for several years. Switching from fossil fuels to RE is both a huge challenge (tech-
nical, administrative, political, and financial obstacles, as well as skills issues) and a 
great opportunity (economic development, job creation, access to energy, response 
to climate change) for all countries involved in RE reforms. The energy transition 
even seems to be a requirement to be able to guarantee greater energy independence 
while at the same time coping with the growth in energy demand, and it is also a way 
of responding to the climatic and environmental challenges our planet is facing. 

A central concern now is how to match this transition with the sustainable 
development objectives for countries experiencing rapid change. In the process of 
energy development, the economic, environmental, and social dimensions neces-
sarily depend on a balance or trade-off in such a process. Thus, the different forms 
of energy transition can be very different from one continent and country to another. 
Being aware of the economic, social, and environmental consequences of climate 
change for Morocco, the country has adopted an energy strategy to face the contin-
uous growth of energy consumption and the problems linked to climate change, which 
aims at covering 52% of its electricity needs through renewable energy sources by 
2030 (Energy, Mines, and the Environment Ministry Report, 2018) while favoring the 
balance between the environmental, economic, and social dimensions. For Morocco, 
the transition to RE appears to be an essential option to achieve the targeted objectives. 

2 Methodology and Materials 

The main steps of the methodology are as follows: 

• Literature review on the contribution of renewable energy to social development 
• Literature review on the contribution of renewable energy to climate change 

mitigation 
• Vision overview for the transition to RE in Morocco 
• Study of the role of the Noor 1 project in social development and the fight against 

climate change 

– Exposure to the study area 
– Data collection and presentation of analysis tools 
– Analysis of the results
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3 Literature Review 

3.1 Analysis of the Contribution of Renewable Energies 
to Climate Change Mitigation 

The recent studies by Amponsah et al. (2014) include a detailed review of the litera-
ture on the greenhouse gas (GHG) life cycle analysis of RE (79 studies are examined). 
According to the findings, fossil fuels produce much more greenhouse gas emissions 
than do renewable energy sources. There is also a consensus that offshore wind 
technology produces the least amount of greenhouse gas emissions. 

The argument about positive effects of using certain about renewable energy (RE) 
sources in rural Nepali villages was brought up by Sapkota et al. (2014), who made 
use of the LEAP (Long-range Energy Alternatives Planning) model.1 The outcome 
of this model demonstrates that the use of micro-hydro power over the next 20 years 
will significantly decrease CO2 emissions by 2553 million tons (Mt). The utilization 
of solar energy, biogas, and improved stoves will substantially reduce CO2 emissions 
by 5214 Mt, 35,880 Mt, and 7452 Mt, respectively. 

An attempt is made by Shafiei and Salim (2014) to examine the main causes of 
CO2 emissions based on data from Organisation for Economic Co-operation and 
Development (OECD) countries (from 1980 to 2011). 

In terms of experimental results, the use of renewable energy reduces CO2 emis-
sions, while the use of fossil energy raises them. The recent work conducted by 
Laaroussi et al. (2021) shows that the transition to renewable energy is a valuable 
alternative to generating income, reducing CO2 emissions, and promoting sustainable 
development. 

The focus of Creutzig et al. (2014) is on RE in Europe. They assert that the switch 
to a RE-based energy system can help with both the Eurozone debt problem and 
climate change. They suggest high levels of policy coordination between Member 
States in addition to country-specific policy frameworks to improve the transition to 
RE. 

The Intergovernmental Panel on Climate Change (IPCC) (2001) report addressed 
the consequences of climate change on human well-being. The effects of the climate 
change process are gradually being felt by people’s livelihoods, such as access to 
water, food production, health, and the environment. If it is not controlled, major 
economic and ecological disruptions are expected, with disproportionate negative 
impacts on people and countries in poverty. The impact of climate change, for 
example, is leading to increased water stress and water shortages and poses a real 
risk to food security in many countries in Africa, Asia, and Latin America. At the 
same time, other consequences of climate change on heat wave mortality, vector-
borne diseases such as malaria, and access to natural resources will have a direct

1 LEAP Modela software tool for energy policy analysis and climate change mitigation assessment, 
which had been developed by the Stockholm Environment Institute. 
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impact on the ability of countries to successfully achieve their poverty eradication 
and sustainable development goals. 

In sum, two major aspects of dealing with climate change are necessary: mitigation 
and adaptation. Both help to minimize the risks. Mitigation attempts to prevent, or at 
some point limit, climate change itself, through decreasing greenhouse gas emissions, 
enhancing energy efficiency, making use of alternative sources such as solar and wind 
power, and avoiding deforestation. Adaptation, on the other hand, is referred to as 
deliberate clean energy initiatives aimed at reducing negative effects and exploiting 
potential opportunities. 

3.2 Analysis of the Literature on the Contribution 
of Renewable Energy Sources to Social Development 

Published in February (2011), the authors of the United Nations Environment 
Programme (UNEP) report affirm that the RE transition is a strategy for a green 
economy that creates green jobs and is essential for poverty eradication. A coherent 
economic and social strategy is provided in this report, which aims to spend 2% of 
the world’s GDP on greening the following ten important economic sectors: agricul-
ture, buildings, energy, fisheries, forestry, industry, tourism, transportation, waste, 
and water. 

The Green Economy Initiative is a step toward achieving sustainable development 
on an international, regional, and national level and not an alternative. The main 
effects of climate change, persistent poverty, and social exclusion are highlighted in 
this research along with the green jobs that can be secured as part of the transition 
to a green economy.. The initiative suggests some strategies to be adopted, such as 
removing perverse government subsidies, boosting investment in green sectors, etc. 
According to UNEP, the green economy is the result of the improvement of human 
welfare and social equity as well as the minimization of environmental risks. 

• Job creation 
Following Van Jones (2009) “Solar panels do not install themselves. Turbines don’t 
make themselves. Buildings don’t waterproof and renovate themselves. Trees in 
cities, green roofs, and public gardens do not plant themselves. All these activities 
involve human labor. The acknowledgment of this fact in itself puts into question 
the myth of ecological restoration always having to be at the opposite end of the 
spectrum to economic performance”. 

Pollin et al. (2009) reported that solar energy generates more jobs than fossil fuels. 
Solar energy generates 5.4 direct jobs per million dollars of production, while coal 
generates only 1.9 direct jobs and oil and gas only 0.8 direct jobs. 

With a focus on the solar energy sector, Wei et al. (2010) found that solar PV 
employs more people than fossil fuels. Compared to other renewable resources, the 
PV sector is the most labor-demanding.
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In an attempt to determine the quality of jobs created in the RE sector, Sastresa 
et al. (2010) introduced a quality factor for each RE technology in Aragon (Spain). 
The outcomes of this study indicate that wind energy can provide better quality jobs 
than solar thermal and solar photovoltaic. 

The United Nations Environment Programme (UNEP) (2008) states: “The scope 
of green jobs includes a variety of skills, educational backgrounds, and vocational 
profiles.” 

The highlight of the quality and variety of jobs created in the renewable energy 
sector was emphasized by Rifkin, who linked the two twenty-first-century technolo-
gies of renewable energy and the internet. This will change how energy is supplied 
and generate new types of jobs. 

In the view of Rifkin (2011), the new workforce of the “third industrial revolu-
tion”2 will require skills in new technical areas, notably the digitized management 
of electricity networks. 

In parallel, numerous studies have explored the potential for the creation of 
“green” jobs in the European Union (EU). This is mainly motivated by the EU’s ambi-
tious goal of ensuring that 20% of its energy production is derived from renewable 
sources by 2021. 

Moreover, there are many methods of measuring jobs created in the renewable 
energy sector, such as the measurement of jobs per megawatt (MW) installed each 
year, jobs per MW installed cumulatively, etc. While it is possible to measure the 
number of jobs created through various ratios, the determination of the quality of the 
jobs created is a sensitive issue. 

It is acknowledged that, in addition to their many obvious advantages in reaching 
sustainable development, in recent years RE has been recognized as a key element 
for green post-economic crisis recovery. 

4 Vision Overview for the Transition to RE in Morocco 

Solar energy had a power generation capacity of 736 MW in Morocco, by the end 
of 2019. Combined renewables had a generating capacity of 3,264 MW. As solar 
becomes the cheapest electricity option now, it will take over much of the growth in 
renewable energy in future. Also, wind energy will be the other main generator of 
new capacity and energy production. Morocco has a lot of natural wind resources 
and energy potential. Based in the United Arab Emirates, the Middle East Solar 
Industry Association (MESIA) (2021) acknowledged in its new report that Morocco 
is presently a leader in promoting renewable energy. “It noted that Morocco is one 
of the most advanced countries in the planning and successful implementation of its

2 The term Third Industrial Revolution (TIR), popularised by Jeremy Rifkin, refers to a new indus-
trial and economic revolution that would be different from the traditional production sectors and 
would have started at the end of the twentieth century with the development of new information 
and communication technologies. 
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renewable energy strategies and that it is targeting the production of 52% renewable 
energy by the end of 2030 in the capacity mix”. Already Morocco is looking at ways 
to reach 100% renewable energy. This is both impressive and unexpected in itself. 
In particular, the MESIA report showed how countries around the world could do 
this in detail, even looking at requirements over short periods throughout every day 
of the year. 

Below is a summary of the vision for the transition to RE in Morocco made by 
“The Solutions Project” (Fig. 1). 

In terms of renewable energy, the Kingdom of Morocco is already very well 
positioned, when compared to most other countries. Renewable energy creates about

Fig. 1 Vision for the transition to RE in Morocco. Source The Solutions Project (2020) Stanford 
University. https://thesolutionsproject.org/ 

https://thesolutionsproject.org/
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35% of the country’s electricity needs, according to 2019 data. But the country aims 
to do much better. 

By 2030, Morocco intends to be at 52% renewables (for electricity needs), and it 
aims to reach 100% renewables by 2050. 

Morocco’s efforts to create green policies have risen quickly since it signed and 
supported the Paris Agreement. Morocco is fully engaged in the implementation of 
its renewable energy strategy. Although there are some concerns due to COVID-19, 
its optimal target of generating 52% of its electricity from renewable sources by 2030 
should be reached. 

In summary, here are the five lines of action to which Morocco is committed to 
reaping the full benefits of its three-track strategy to adapt to climate change, mitigate 
its impact, and create new opportunities: 

– By 2030, the country should cover 52% of its electricity needs from renewable 
energy sources. At the same time, it wants to boost business by setting a target of 
35% subcontracting to local agents for the second phase of “NOOR” concentrated 
solar power plant in southern Morocco. 

– The country has removed all support for diesel, petrol, and heavy fuel oil to induce 
more efficient use of energy and save resources, which will be reinvested in the 
transition to decarbonized growth. 

– The Green Morocco Plan is intended to ensure the protection of the environment 
but also the livelihoods of all Moroccans. Agriculture, which represents only 15% 
of GDP, still occupies 40% of the labor force. 

– Morocco recognizes that its natural ocean resources are as important as its natural 
land resources and has therefore improved the management of its coastline and 
promoted the development of sustainable aquaculture. Fishing accounts for 56% 
of the country’s total exports. 

– The country is committed to preserving its groundwater reserves, a natural source 
of freshwater that is replenished as long as it remains clean and untouched. It is 
a winning bet for the environment as well as for current and future generations. 

In general, it appears that Morocco is making the right and consistent decisions to 
meet its target of 100% renewable energy by 2050 which will, among other things, 
prevent deaths from pollution, reduce the costs of global warming, stabilize energy 
prices, create jobs, and reduce international conflicts over energy. 

5 Case Study: NOOR 1 (Concentrated Solar Power) 
(CSP)-Southern Morocco Region 

By implementing the 580 MW solar complex near the city of Ouarzazate, Morocco 
is considered the first country in North Africa to have developed a stand-alone CSP 
project. It is the first project to be built under the Moroccan Solar Plan process. The 
Noor complex—which means “light” in Arabic—was launched by King Mohammed 
IV in 2013.
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The first phase of Noor 1, which has been coordinated by the Moroccan Solar 
Energy Agency (MASEN), is a 160 MW parabolic mirror power plant with a thermal 
energy storage capacity and three hours of molten salt wet cooling. Noor 1 consists of 
the placement of 500,000 parabolic trough mirrors on 800 lines across an estimated 
1,308,000 m2 area. 

Steel solar panels are used throughout the project to hold the mirrors and receivers 
firmly in place. These 393 °C glass panels, which are 12 m high, follow the sun’s 
path to collect and concentrate radiation throughout the course of the day (Fig. 2). 

The choice of Noor 1 in southern Morocco (Ouarzazate city) was essentially 
inspired by the area’s high average annual sunshine hours. The region has a significant 
solar potential, receiving about 2420 kWh/m2/year of Direct Normal Irradiation 
(DNI). 

• Data collection and analysis techniques and methods 

The DPSIR model, which stands for “Driving Forces; Pressure; State; Effect; 
Response,” is used to derive various impact indicators for the qualitative analysis as 
shown in the Table 1.

This list of indicators helped to identify the different questions asked during the 
interviews and the literature review, which allows for assessing the social impact of 
the project on the region where it is located. 

Interviewing was the principal source of data collection. A number of semi-
structured interviews were carried out with various profiles that were directly or 
indirectly connected with Noor 1. 

A major infrastructure project such as Noor 1 is an opportunity to develop the 
territory and contribute to the development of the regions in which it is located. 
Therefore, the implementation of the Noor 1 project in the south of Morocco has been 
done in compliance with the rules of good governance and international standards in 
this field. Our study is heavily focused on incorporating local viewpoints by involving 
the pertinent local stakeholders in the various stages of the process in order to examine 
the potential positive and negative consequences of the construction and operation 
phases of the Noor 1 CSP project.

Fig. 2 NOOR 1 (CSP) installation 
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Table 1 Indicators of social impact included in the above qualitative analysis (Federal Task Force 
on Sustainable Development [FTSD] and Report on Territorial Dynamic Indicators [RTDI], Table 
of Sustainable Development Indicators [2002]. http://www.plan.be) 

Social impact Indicator Objective 

Poverty – Ensuring quality of life and 
well-being 

– Eradication of poverty 
– Reduction of unemployment to 
socially acceptable levels 

– Generalizing the possibility of access 
to stable and decent employment 

– Social integration and the fight 
against illiteracy and school dropout 

– Increase in life expectancy to socially 
desirable levels 

– Quantity and content of public R&D 
in line with the requirements of 
sustainable growth 

Employment 

Human health 

Working conditions 

Education, training, and research and 
development (R&D) 

Knowledge and technology transfer 

Skills development 

Population size and social structure 

Household wealth and living 
standards 

Culture and sense of community 

Equity and gender equality 

Participation and social acceptance

Fig. 3 Node created under Nvivo 12 to handle the verbatims of semi-directive interviews 

Collected data are derived from the information gathered through face-to-face 
conversations (semi-structured interviews) with various respondents who were ques-
tioned about the installation of Noor 1 in the Southern region, its mechanism, its 
technology, and its local and regional social and environmental implications. 

The entire coding and analysis strategy is based on the software Nvivo 12 (Fig. 3). 
Source coding was carried out to gather all the information collected during the 

semi-structured interviews and the documentation (Fig. 4).
The data gathered covers every factor (with varying degrees of coverage) that may 

contribute to the societal impact of Noor 1 on the southern region.

http://www.plan.be
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Fig. 4 Encoding by source _ Social dimension

6 Outcomes and Explanations 

We used the following grids to categorize and estimate the importance of the social 
impact of Noor 1 on the southern region. 

6.1 Impact Significance 

According to the analysis by Nvivo 12, the data collected during the interviews 
(verbatims) and the documentation, we could rank each impact by its order of impor-
tance. On the basis of the Nvivo 12 software’s standard default values, five cate-
gories of impact importance were established: “Strong,” “Substantial,” “Moderate,” 
“Trivial,” and “no impact” as follows (Fig. 5).

6.2 Status and Type of Impact 

The impact status can be divided into two categories: The impact on the chosen 
indicator is either perceived as being tangible, real, or visible, in which case it is 
classified as “Perceived impact,” or it is predicted using the actual data and outputs, 
in which case it is classified as “Expected impact.” 

Furthermore, we have taken into account two types of impact: “positive” 
represented by the sign (+), and “negative” represented by the sign (−) (Table 2).
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Fig. 5 Impact Significance Reading Grid (Laaroussi et al. 2021). Impact study of NOOR 1 
project on the Moroccan territorial economic development. Renewable Energy and Environmental 
Sustainability, 6, 8. Published by EDP Sciences (https://doi.org/10.1051/rees/2021008)

Table 2 Status and type of 
impact 

Status Type 

Perceived impact Positive impact + 

Expected impact Negative impact − 

6.3 Analysis and Discussion of the Results 

See Table 3.
In the Atlas Mountains of southern Morocco, the Noor 1 project development 

has taken place in a complex livelihood context, characterized by a combination of 
difficult sustainability and limited coping capacity, such as: 

– Damage to the environment as a result of climate change, soil decomposition, 
water scarcity, and periodic droughts 

– The challenges of education and services, a demographically young population, 
lack of social infrastructure, social inequalities, and rural–urban migration put 
social pressure on the region 

– Because of high levels of joblessness, rural poverty, and declining agricultural 
output, economic exclusion is noted 

Many factors that could multiply the benefits offered by the implementation of 
Noor 1 were identified. However, it was clear that the main concerns of the population 
were employment, education, and health. 

As a consequence of Noor 1, new opportunities to create permanent economic 
activity have arisen. Indeed, the greater availability of energy has facilitated the 
creation of small and medium-sized enterprises to add to the local companies 
involved in various maintenance services, guarding, industrial cleaning, etc., which 
has reduced unemployment and boosted local entrepreneurship. The strengthening 
of energy capacity has also provided new guarantees and encouragement to investors,

https://doi.org/10.1051/rees/2021008
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who have not hesitated to relocate to peripheral areas rich in undervalued labor. In 
addition, the project has facilitated rural and peri-urban electrification programs and 
provided access to electricity, and reduced the isolation of various communities. 

The good quality of electricity provided by The Noor 1 (CSP) project has also 
improved the production and consumption of goods and services in the southern 
region through the rise in the price per square meter in the housing market, the 
enormous activity in the rental market, and the development of infrastructure to 
secure housing and meals for workers. 

Furthermore, as a result of employment and income opportunities, the socioe-
conomic status and welfare of some households have improved. In concrete terms, 
Noor 1 has contributed to the improvement of the employability of the population 
of the trades and skills required for this project, through the creation of thousands of 
jobs during the construction of the plant and hundreds of jobs during the operation 
and maintenance phase (several employees have acquired know-how in the assembly 
of solar components, which they will be able to reuse in the development of other 
solar projects, as well as the securing of the energy supply has allowed, especially 
for women, to develop new income-generating activities). 

The results also affirm that the intensification of local pride and the gains in 
regional reputation have proven to have a notable effect on the population, which has 
benefited from the increase in regional prosperity and value added. Indeed, the repu-
tation of the southern region is enhanced by the project, stimulating new investment 
and improving health services (such as the reduction of visual and respiratory diseases 
due to the use of oil as a source of lighting: Noor 1 indirectly allows better access 
to electricity for rural communities, which will allow the substitution of paraffin for 
electric lamps for lighting) and education (such as the reduction of school dropout 
by encouraging students’ access to school, by improving school conditions, while 
ensuring access to water and sanitation in schools and the safety of students). Also, 
the solar installation has raised awareness of RE, particularly its potential to add 
value to local economic and social development. 

Regarding the negative impacts on social development, the analysis of the results 
shows that this aspect of the Noor 1 project was of lesser importance and can be 
presented in two aspects: as increasing the pre-existing sustainability challenges in 
the region, or as impacts related to the CSP technology or the surrounding context. 

One of the project’s primary negative aspects is the project’s usage of water, which 
was one of the local stakeholders’ top worries. Although numerous surveys indicated 
that the water demand of Noor 1 CSP will not impair local water supplies, this type 
of local problem of concern would require a more thorough approach in order to 
avoid future conflicts. 

A further negative impact related to the gap between the quality of training offered 
by local educational institutions and the specific requirements of the work at Noor 
1 was found to be one of the most significant negative impacts, despite efforts to 
upgrade skills and competencies. Additionally, communities and social groups are not 
equally represented in the allocation of employment opportunities and social devel-
opment plan initiatives which negatively affected project ownership, local people’s 
satisfaction, and inter- and intra-community social relations.
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Moreover, there is impressive evidence that foreigners, foreign students, and 
foreign employees have influenced local cultural identity and traditions. The local 
population’s fear is noticed due to the flow of new immigrants adding to the pressure 
on the limited social services and infrastructure. This concern extends to rising local 
prices and declining safety and security. 

During the construction phase, the increase in vibration, dust, and noise is 
perceived to be of marginal relevance to stakeholders and residents. 

Overall, the implementation of Noor 1 is recognized as an outstanding contributor 
to regional development and welfare. 

Our study shows that RE impacts social and environmental development in a 
country like Morocco by contributing to: 

– Opening up and improving the quality of life of the population. Indeed, RE projects 
improve living standards and serve as a stimulus for other projects at the local 
level. For example, access to small amounts of electricity significantly improves 
the quality of life of users by providing lighting for homes and public places, 
while reducing pollution of any kind. 

– Electrification: Electrification rates in rural and semi-urban zones are boosted by 
RE projects providing electricity to excluded social groups, thereby increasing 
the country’s power production index. 

– Fighting poverty and social exclusion: Access to sustainable energy is now seen as 
a key factor for sustainable development aimed at poverty reduction. Electric light, 
modern methods of communication, and access to new media facilitate opportu-
nities for training; cooking; and heating with electricity that is less damaging to 
health and wildlife and reduces the workload of women and children especially 
by freeing them from the chores of fetching wood, water, and husking. 

– Significant improvement of living conditions in rural areas contribute to limiting 
rural–urban migration and mitigating the problems associated with accelerated 
urbanization. 

– Improving the skills of poor and disadvantaged people and promoting equality 
while ensuring the creation of income-generating activities. 

– Saving the high cost of repairing environmental damage (mobilizing large 
financial resources to repair damage and not to develop economic and social 
activity). 

– Avoiding the serious consequences of irreversible damage, constituting a defini-
tive loss (severely contaminated soil, depleted water tables, destroyed species, 
etc.). 

– Safeguarding the living environment of the fauna and flora. 
– Providing financial benefits from CO2 savings. 
– Fight against climate change by reducing GHGs of fossil origin and fuel consump-

tion: for example, the GHGs emissions that will be avoided by Noor 1, being 2.9 
million tons of CO2 over 10 years, i.e., 240 thousand CO2 per year (6 million tons 
of CO2 over the 25 years).
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7 Conclusion 

As a result of this study, we can confirm that the transition to RE is the only means 
to satisfy the needs of a growing population and promote development, and territo-
rial well-being, reduce GHG emissions, and increase the productivity of natural 
resources. RE offers governments the opportunity to expand the energy sector 
and reduce the traditional trade-off between economic growth and environmental 
protection through technological advances and increasing cost competitiveness. 

A unique opportunity for any country is the transition to a RE-based energy 
system. This transition will balance the adequate energy demand to fuel economic 
growth and meet the critical requirement to reduce GHG emissions, a major source 
of climate change. 

This is why the United Nations (UN), in its 2030 Agenda for Sustainable Devel-
opment (2020), has sought to promote government efforts to build the resilience 
and adaptive capacity of poor and vulnerable people and to promote the integration 
of climate change measures into national and international policies, strategies, and 
planning. To allow everyone to benefit from a reasonable basic livelihood, the UN 
has also advocated for the establishment of social protection systems. 

In order to adapt to climate change with social justice, it is necessary to understand 
how social protection is used to support adaptation to climate change by the world’s 
poorest and most vulnerable households and to reduce poverty. 

In the same context, the World Food Programme (WFP) and Oxford Policy 
Management (OPM) have created a discussion paper which aims to advance 
knowledge of how social protection might aid in poor and vulnerable households’ 
adaptation to climate change. 

For this reason, it suggests some of the climate-related activities that could be 
combined with social protection programs while drawing on the different theoretical 
frameworks of analysis that study the links between climate change and social protec-
tion and identifies various entry points and conceptions of specific social protection 
instruments to boost the response to climate change. 

Therefore, in Morocco, the deployment of RE technologies has experienced 
remarkable growth over the past decades, boosted by supportive policies and signif-
icant cost reductions. Improving energy security, reducing the adverse effects of 
climate change, and increasing access to energy are widely seen as reasons for this 
rise. 

Aware of the close interrelation between energy, environment, and sustainable 
development, Morocco, in its search for sustainable development, should actively 
engage in the use of sustainable energy resources that do not impact the environment. 
Therefore, the economic, social, and environmental costs of climate change will be 
high in the absence of a considerable reduction in GHG emissions. Consequently, it 
is essential to take action to reduce climate change as much as feasible. To make the 
transition as smooth as possible, it is necessary to anticipate the strong interactions 
that mitigation policy has with economic, social, and environmental realities.
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Storage Depletion of Surface Water 
Reservoirs Due to Sediment Deposition 
and Possible Management Options 

Muhammad Bilal Idrees 

1 Introduction 

Fresh and drinkable water is a precious resource for life. Every living, breathing 
species on earth requires water for its survival, and humans are no exception. Water 
is an essential asset for the existence and survival of humankind. Only 2.5% of the 
water on the globe is categorized as freshwater, out of which about two-thirds is frozen 
in glaciers (White, 2012). Merely, one-third of the total freshwater is available for 
human consumption in the forms of natural reservoirs and streams, e.g., rivers. Rivers 
have been the primary source of water for humans throughout history, so much so 
that all ancient human civilizations have originated near riverbanks. Multiple uses of 
water include irrigation, urban household usage, and various environmental activities. 
The continuum of all these activities is dependent upon the continued availability of 
freshwater (Morris & Fan, 1998). 

The professionals working in the domain of water engineering are always 
concerned about the sustainable management of water resources (Kondolf et al., 
2014). The two major sources of natural fresh water on earth are surface water 
and groundwater (Revenga et al., 2000). Surface water, particularly river water, has 
the greatest potential for sustainable development. Dams must be built to provide 
reservoir water storage to reliably deliver fresh water from rivers, which is vital for 
the health and well-being of civilizations. Moreover, reservoir storage is ever more 
essential as a result of climate change (Cui et al., 2020). 

Climate change concerns with rising temperatures, which more or less affect the 
hydrological processes and other climate variables such as precipitation and evapo-
transpiration (Gleick, 1989). The frequency of occurrence of hydrological extremes 
(flood and drought) gets increased as an effect of climate change. The uneven and
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uncertain water availability around the year is problematic for urban water supply 
and irrigation needs. Keeping in view of the climate change brought about by both 
natural and anthropogenic factors, water conservation is vitally important, now more 
than ever (Seitz, 2011). 

Retaining structures like dams and weirs have been built to hold back and store 
floodwater, for subsequent use in drought times. Dams play an important role in 
the storage and conservation of precious water resources. The dams are built across 
the river to develop a hindrance in natural river flow. This creates an artificial lake 
behind the dam body which acts as a reservoir for water storage. This stored water 
can be used for drinking purposes, and it can fulfill the irrigation requirements as 
well (Schmutz & Moog, 2018). Moreover, the raised water surface elevation due to 
reservoir formation increases the navigability of the river (Kim & Lee, 2019). 

Dams have numerous advantages, including the ability to store water behind them 
in the form of reservoirs. Nevertheless, dam construction does come with certain 
inevitable drawbacks. The main hazard from river water gathering behind the dam 
body is sedimentation. The reservoir loses valuable water storage capacity as a result 
of the silt mass that flowing river water carries getting deposited there. Dam safety is 
impacted by the sedimentation, which makes it difficult to use reservoirs sustainably. 
Additionally, the reservoir’s useful life is decreased by sediment buildup (Schleiss 
et al., 2016). 

The rainfall and subsequent runoff from the watershed erode the topmost layer 
of the soil. The runoff in the form of hill torrents and small water channels carry 
the eroded materials and drain into the river. Without dams, soil eroded from the 
watershed is transported by the rivers into the sea. But when the sediment-laden river 
flows into the still waters of a reservoir, the drop occurs in water velocities, which 
reduces its sediment carrying capacity (Mulu & Dwarakish, 2015). The sediment 
load carried by the river gets deposited in the reservoir, hence reducing the reservoir 
water storage capacity. The reservoir sedimentation typically follows the deltaic 
deposition pattern, with the largest sediment load getting deposited near the mouth of 
the reservoir. The smaller particles may travel further into the reservoir and get deposit 
near the dam body and the smallest particles remain in suspension. Sedimentation not 
only reduces the storage capacity of the reservoir; it also hinders its regular operation 
like power generation. For weirs built for in-channel water storage and to raise the 
river water elevation, the sedimentation raises the channel bed elevation, which poses 
flooding risk. Hence, a significant risk factor is contributed by sedimentation toward 
the overall safety of the dam (Nones, 2019). 

Sedimentation affects all reservoirs, lowering their storage capacity. Sedimen-
tation is currently causing a net global loss in storage, which puts domestic water 
supplies, food and energy production, and flood mitigation at risk (Dominik et al., 
2013). China has the highest storage loss rate in the world with lost storage volume 
accounting for 2.3% of total available reservoir storage annually. The annual storage 
loss globally due to sedimentation is 0.2–2.5%, with the average value around 1% 
(Tigrek & Aras, 2011). This translates into the phenomenon that we need to construct 
300–400 reservoirs annually just to maintain the current storage value. On average, 
33.5 km3 of the reservoir storage volume is lost every year due to sedimentation
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(White, 2012). In some developing countries, storage loss is higher as the construction 
activities in the watershed areas led to much higher rates of soil erosion. 

It is estimated that worldwide there are nearly 25,500 storage reservoirs with a 
cumulative storage capacity of about 6464 billion cubic meters (BCM). Dams have 
been constructed all over the world with increased frequency in the last half a century. 
Hence, most of the desirable dam sites have already been utilized (Schmutz & Moog, 
2018). The construction of new dams is also very difficult because of political pres-
sure, the high cost of construction, and land acquisition issues. Moreover, dams also 
have negative impacts on stream ecology, and it is not an environmentally sustainable 
solution (Kim et al., 2015). Instead of developing and building new reservoirs, it is 
vital to maintain the storage capacity of existing ones. By using sediment manage-
ment and reservoir conservation strategies, it is only possible to reduce the need to 
construct a new reservoir to the extent possible (Idrees et al., 2019; White, 2012). As 
a result, sediment management science has become more significant in recent years. 
By implementing sediment management strategies, water resources engineers must 
transform the world’s inventory of non-sustainable reservoirs into sustainable assets 
for future generations. 

Presently, the storage capacity loss of dam reservoirs due to sedimentation is 
already higher than the increase of capacity by the construction of new reservoirs for 
hydropower, irrigation, or domestic use (Dominik et al., 2013) presented a projection 
of reservoir storage loss for data sets of large reservoirs and subsequent declining 
water storage capacity. Chinese reservoirs have the shortest life span (22 years) 
in the world because of high sedimentation rates, while the European and North 
American reservoirs have a life span of up to 250 years, the highest in the world. 
The average annual reservoir volume capacity loss because of sedimentation is 1– 
2%, but a huge decline in storage capacity is observed worldwide (Kondolf et al., 
2014). These figures from the literature presented herein highlight the impact of the 
reservoir sedimentation problem. 

It is urgently necessary to consider and assess the reservoir sedimentation issue 
from a new angle. It is necessary to conduct a detailed and methodical investiga-
tion of numerous reservoir sedimentation-related factors from both a technical and 
environmental perspective. The current study work has made an effort to close the 
research gap in the body of the literature on reservoir sedimentation. This paper 
includes a thorough framework for managing and evaluating reservoir sedimenta-
tion. Furthermore, the interdisciplinary application of machine learning methods and 
reservoir conservation modeling has examined reservoir sediment inputs, sediment 
deposition, and potential reservoir sediment management solutions. 

The most recent and significant scientific developments regarding ways to avoid 
and mitigate sedimentation in reservoirs will be discussed in this study. We’ll talk 
about cutting-edge research techniques for examining sedimentation processes in the 
context of global climate change. For agencies and departments operating dams and 
reservoirs, best practices, modeling examples of real-world scenarios, and a check 
list relating sediment management will be supplied.
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2 Mechanism of Reservoir Sedimentation 

The loss of storage space caused by sedimentation in dam reservoirs is currently 
greater than the increase in storage space brought about by the construction of addi-
tional reservoirs for hydropower, irrigation, or residential use. Dominik et al. (2013) 
presented a projection of reservoir storage loss for data sets of large reservoirs and 
subsequent declining water storage capacity. Chinese reservoirs have the shortest life 
span (22 years) in the world because of high sedimentation rates, while the European 
and North American reservoirs have a life span of up to 250 years, the highest in the 
world. The average annual reservoir volume capacity loss because of sedimentation 
is 1–2%, but a huge decline in storage capacity is observed worldwide (Kondolf et al., 
2014). These statistics highlight the impact of the reservoir sedimentation problem. 

Sediment mass is produced by the erosive action of water streams in the watershed 
and draining toward the river (Samad et al., 2016). Suspended sediment particles are 
carried by every river, so much so that rivers are treated as bodies of flowing sediments 
as well as flowing water (Zakaullah et al., 2014). When a river enters the still waters of 
a reservoir, a decrease in flow velocity and an increase in flow depth and area occurs. 
The sediment carrying capacity (SCC) is mainly the function of stream velocity; 
hence, the reduction in SCC occurs (Wang & Hu, 2009). Hence, the sediment mass 
transported by the river is deposited into the reservoir. 

The sediment depositional process starts near the reservoir mouth, with a coarser 
particle deposit near the mouth of the reservoir. The finer particles cover travels some 
distance upstream in the reservoir and deposit near the dam body. The finer-most sedi-
ment particles remain in suspension due to the upward water current in the reservoir. 
The segregation and deposition of sediment mass in the reservoir follow the deltaic 
depositional pattern (Schleiss et al., 2016). Shen (1999) divided the deltaic reservoir 
sediment deposition into four major parts namely (a) front reach, (b) frontset, (c) 
topset, and (d) tail reach (Fig. 1). A more detailed sediment deposition pattern for 
the reservoir was devised by Julien (2010) shown in Fig. 2.

Continuum of reservoir operations would cause smaller sediment particles to 
migrate closer to the dam body. In the meantime, as more sediment mass would have 
been brought into the reservoir by the river flows, the depositional pattern may adapt 
to the shape of a wedge. Hence, the topset of sediment delta is formed with coarser 
materials. As the smaller particles move further into the reservoir, the bottom set 
of deposition is composed of finer materials. Fan and Morris (1992b) described the 
following basic properties of reservoir deltas: 

1. The slope abruptly changes between the topset and tail reach deposits. 
2. The sediment mass on the topset layer is made up of coarser particles than the 

sediment mass on the frontset bed. The particle diameter between topset and 
frontset sediment deposits abruptly changes. 

3. The elevation of the zone between the topset and frontset beds is regulated by 
the reservoir’s operational regulations and water surface.
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Fig. 1 Conceptual diagram of reservoir sedimentation pattern (Shen, 1999) 

Fig. 2 Detailed reservoir sedimentation pattern (Julien, 2010)

Reservoir sedimentation processes are multiplex and differ depending upon 
complicated conditions. These conditions range from the entire basin such as water-
shed sediment yield which in turn depend upon land use and anthropogenic factors. 
Also, the sediment transport capacity of the river channel, frequency of floods, and 
cross-sectional and longitudinal geometry of the river plays important roles in reser-
voir sedimentation. The sediment properties and dam operation rule curves determine 
the shape and consolidation of the reservoir delta. Morris and Fan (1998) classified 
longitudinal reservoir sediment depositional patterns into four general types shown 
in Fig. 3. Typically, coarser fractions of sediment deposits or a larger amount of 
finer sediment mass like silt shape the deltaic reservoir sedimentation pattern. The 
tapering and uniform patterns mostly appear in longer reservoirs with fine sediment 
mass inflow and narrow reservoirs with variable discharge and a small sediment load
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Fig. 3 Classification of reservoir sediment depositional pattern (Morris & Fan, 1998) 

inflow, respectively. As the water inflow composed of a large portion of fine sediment 
mass enters a smaller reservoir, the reservoir sedimentation patterns follow wedge-
shaped deposition. The reservoirs with regular water release, the tip of the delta move 
toward the dam body, and the deltaic deposition transform into a wedge-shaped depo-
sition, which is contemplated as the long-term equilibrium of the reservoirs (Shen & 
Lai, 1996). The sediment depositional patterns intrinsically are a function of the 
interactions among water discharge, sediment grain size, channel morphology, and 
reservoir operations rules. 

3 Reservoir Sedimentation Control Measures 

The only way to ensure reservoir utilization over the long run is to prevent sediment 
buildup. Sediment management techniques start in the catchment areas and extend 
upstream to the river; they are not just used in the reservoir. The ideal combination of 
answers must be determined by carefully analyzing each circumstance. Figure 4 lists 
all potential actions and arranges them into categories based on potential application 
areas (Schleiss et al., 2016). Over the years, several solutions to the problem of 
reservoir sedimentation have been proposed, but not all of them are practical, efficient, 
or affordable (Ashraf et al., 2017; Chaudhry, 2014).

It is necessary to control the sediment budget across several reservoirs using an 
integrated strategy that includes all workable tactics (van Oorschot et al., 2018). An 
extensive analysis of the sediment issue is part of integrated sediment management, 
as is the deployment of the sediment methods that are best suited for the specific site. 
It suggests the importance of operating dams and reservoirs in a way to maintain long-
term, sustainable advantages. There are many drawbacks to the existing approach of 
creating and using reservoirs as non-sustainable assets (Palmieri et al., 2003).
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Fig. 4 A list of potential sediment management strategies (Schleiss et al., 2016)

4 Sediment Removal Options in the Reservoir 

Methods to manage reservoir sedimentation by the removal of sediments from the 
reservoir can be classified into two categories: mechanical methods and hydraulic 
methods. Mechanical methods include Dredging and Trucking. These methods 
involve the application of heavy machinery and are very expensive. Hydraulic 
methods incorporate the force of flowing water to remove the sediment deposits 
(Fan & Morris, 1992a, 1992b) have defined four hydraulic methods to control reser-
voir sedimentation. These methods are categorized as (1) Sediment routing during 
flood season, in which floods are passed through reservoirs and hydraulic conditions 
are maintained such as to minimize sediment deposition in reservoir; (2) Drawdown 
flushing, in which reservoirs are drawn down to the lowest elevations and previous 
sediment deposits are exposed and scoured by inflowing water force; (3) Reser-
voir emptying and flushing, in which reservoir is emptied and previously deposited 
sediments are scoured by flow over prolonged periods; and (4) Venting the density 
currents, in which a fraction of sediment inflow is discharged by venting through 
bottom sluices. Depending upon the particular site conditions, each approach has its 
level of applicability and associated limitations. 

Flushing is scouring deposited sediments and passing the sediment-laden flow 
through the dam (Atkinson, 1996). Hydraulic flushing is one of the most feasible 
methods which offer recovering lost reservoir storage without incurring the cost 
of dredging or other mechanical methods of removing sediment (Emamgholizadeh 
et al., 2006). Flushing is broadly classified into two categories namely (i) Pres-
sure flushing and (ii) Drawdown flushing. A brief overview of these is given in the 
following lines.
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Fig. 5 Plan and longitudinal view of the pressure flushing (Emamgholizadeh et al., 2006) 

4.1 Pressure Flushing 

Pressure flushing is the process of flushing without lowering the reservoir’s water 
level. Only a small portion of the reservoir is emptied when flushing occurs while 
a sustained water level is present. A flushing cone forms in the bottom output area, 
where the flushing is concentrated (Fig. 5). 

The water flowing through the hole is clear once the flushing cone has formed and 
there is no sediment entering the cone. The flushing cone won’t lose any sediment 
because the cone’s formation is comparatively stable. Only reservoirs with small 
reservoir capacities to water influx can use this option (Emamgholizadeh et al., 
2006). 

4.2 Drawdown Flushing 

Drawdown flushing or hydraulic flushing is used for the scouring out of deposited 
sediments from reservoirs through the use of low-level outlets in a dam by lowering 
water levels or without lowering water levels. The reservoir level is lowered using the 
bottom gates in order to increase sediment velocities. This flushing can be classified 
into under pressure flushing and free-flow flushing. During pressure flushing, water is 
released through the bottom outlets while a high-water surface elevation is maintained 
in the reservoir. Free flow flushing means that the reservoir has been emptied and the 
inflowing water from upstream is routed through the reservoir, re-creating the natural
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Fig. 6 Longitudinal bed profile of reservoir during flushing (Mahmood & Mundial, 1987) 

river flow conditions. Drawdown flushing is efficient as older deposits of sediments 
are mobilized because of high velocities in the far-off reaches of the reservoir. These 
deposits are removed or at least they travel further toward the dam body, where they 
can be removed in future flushing operations. 

White et al. (2000) presented three stages of flushing, as shown in Fig. 6. Atkinson 
(1996) stated that reservoir water level should be drawn down as close to the bed 
elevation as possible to maximize the flushing efficiency. But partial drawdown can 
still increase flow velocities at the headwater area where the reservoir delta has 
formed. In the case of partial drawdown or no drawdown, high flow velocities at 
the outlets are localized. Drawdown flushing discharges a high concentration of 
sediments downstream, which may result in severe environmental issues. 

Kondolf et al. (2014) stated that it is doubtful whether flushing is effective in larger 
reservoir. Chaudhry and Rehman (2012) argued that this solution is only suitable for 
reservoirs with a yearly excess input of water. Apart from this, flushing is found to be 
highly successful in some reservoirs. These include Baira Reservoir (India), Gebidem 
Reservoir and Palagneda Reservoir (Switzerland), Gmund Reservoir (Austria), and 
Hengshan Reservoir (China). 

5 Traditional Reservoir Sediment Inflow Estimation 
Methods 

For reservoir sustainability and risk management, a full understanding of fluvial 
sediment transport processes is essential (Elsey-Quirk et al., 2019; Graf et al., 2010) 
accurate sediment mass estimation flowing into a reservoir is critical for adopting a 
suitable sediment management technique. Additionally, for sediment management
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and the sustainable use of reservoirs, a precise assessment of the sediment influx 
volume conveyed by the river into the reservoir is required (Annandale et al., 2016). 
On the basis of field data, observations, and experience, several empirical methods 
to calculate the volume of reservoir sediment influx have been developed in the 
past (Garg, 2007). Garg (2007) provided a thorough explanation of these equations. 
These approaches generally underestimate the sediment inflow volume because of 
(1) oversimplified assumptions about underlying sedimentation dynamics and (2) 
not utilizing the reservoir operation parameters as input variables. 

The suspended sediment load (SSL) is the major portion (85–90%) of the total 
sediment load carried by most of the rivers (White, 2012). The conventional tech-
nique of sediment rating curve (SRC) has been a widely applied approach for SSL 
estimation (Moges et al., 2016; Sadeghi & Saeidi, 2010; Zhang et al., 2012). The 
SRC describes SSL as a function of river water inflow (runoff) and commonly has 
the power-law form (SSL = aQb). SRC is a simplified method to convert water 
runoff hydrographs into SSL estimates on very fine temporal resolution (i.e., daily 
time scale). The sediment inflow data sampling is a very capital-intensive task and 
hence has financial constraints which make long-term data collection impractical. 
SRC technique has the advantage that it can be applied to past streamflow records to 
construct long-term SSL inflow time series. The SRC technique assumes the station-
arity of involved hydrological, hydroclimatic, and hydrodynamic variables involved 
from watershed to the river channel. Hence despite its advantages, SRC has some 
limitations such as the hysteresis effect. The SRC technique tends to underestimate 
SSL inflows during high flow seasons (Efthimiou, 2019). 

Bathymetric survey (BS) is the technique of computing underwater features which 
are influenced by navigation, construction, dredging, and related activities in water-
ways. These surveys are conducted by organizations to determine the existing volume 
of reservoirs and utilize SONAR and LIDAR. BSs essentially construct the three-
dimensional map of the reservoir bottom and using techniques like TIN (triangular 
irregular network) on GIS software, the existing volume of the reservoir is estimated. 
For BSs, a variety of techniques can be utilized, including sub-bottom profilers, 
acoustic doppler current profilers (ADCP), multi-beam surveys, and single beam 
surveys. The most precise way to calculate the amount of sediment deposited in a 
reservoir is with BSs (Furnans & Austin, 2008). Such studies are time-consuming, 
costly, and omit details regarding the origin of the sediment and its affecting elements 
(Jabbar & Yadav, 2019). 

6 Machine Learning Techniques in Reservoir 
Sedimentation Studies 

In contrast, recent studies on reservoir sedimentation and the transport of sediment 
by rivers have successfully used machine learning (ML) techniques. To establish an 
explicit connection between SSL and water outflow, Aytek & Kişi (2008) presented a
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genetic programming approach. Lafdani et al. (2013) applied support vector machine 
(SVM) and artificial neural networks (ANN) models to forecast daily SSL in the 
Doiraj River, Iran. Dheeraj et al. (2015) employed an ANN model for rainfall-runoff-
sediment modeling with TRMM-3B42 rainfall estimations as input variables. By 
combining the Dynamic Water Balance Model (DWBM) with ANN, Zhao et al. 
(2017) assessed the effect of anthropogenic and climatic change factors on sediment 
load. Khosravi et al. (2018) assessed hourly sediment load influx at the Adean catch-
ment in Chile using stand-alone and hybrid ML models. Malik et al. (2019) applied 
the gamma test to assess the performance of various ML models for suspended sedi-
ment load concentration (SSC) modeling in the Godavari River in India. Huang et al. 
(2019) used a numerical model in conjunction with machine learning models to esti-
mate half-hourly SSL in Taiwan’s Shi-Men reservoir. In order to anticipate outflow 
sediment concentration for density current venting in reservoirs, Qing et al. (2020) 
combined ML techniques with the time series analysis. 

Streamflow has only been used as an input variable for ML models to predict 
sediment inflows in these earlier studies (Aytek & Kişi, 2008; Dheeraj et al., 2015; 
Malik et al., 2019). The logic behind this is to replicate the SRC, which is built using 
streamflow as an independent variable and SSL as a dependent variable, the only input 
variable chosen was streamflow (Efthimiou, 2019). Three parameters—streamflow, 
water temperature, and electric conductivity—were employed by Khosravi et al. 
(2018) to forecast SSL using three ML models. Idrees et al. (2021) applied and 
evaluated various ML models based on six (6) machine learning techniques (ANN, 
ANFIS, RBFNN, SVM, GP, DL) for the suspended sediment load (SSL) inflow 
prediction from a river to a reservoir. 

For SSL projections, none of these studies take reservoir operation characteristics 
like dam outflow and water stage into account. As a result, there is still a lack of ML 
model research and application for reservoir SSL investigations. Additionally, there 
is very little discussion of the findings’ global application because they are restricted 
to a certain geographic area. Therefore, a thorough investigation is needed into the 
evaluation of common ML models for SSL inflow predictions and how they relate 
to reservoir operation factors. 

7 Conclusions 

A comprehensive overview of the recent scientific research in the field of reservoir 
sedimentation estimation and management has been presented in this study. The 
complete mechanisms of reservoir sedimentation and all possible control measures 
were discussed, with sediment flushing operation discussed in detail. Based on this 
literature review, following conclusions can be drawn:
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• Climate change has exacerbated the global rates of soil loss from watersheds and 
consequently the rates of reservoir sedimentation has increased manifold. 

• The annual loss of reservoir storage by sediment deposition is already higher than 
the storage acquired by building new water reservoirs. 

• Possible reservoir sediment management measures range from at watershed scale 
to at the dam body, and the best management measure should be selected keeping 
in view the climate change. 

• Sediment flushing presents a cheap, viable, and practical measure to recover lost 
reservoir storage. 

• The proper calculation of river suspended sediment load (SSL) and deposition 
in space and time is essential for the deployment of any sediment management 
strategy. 

The results of this study can serve as suggestions for the execution of operations to 
flush silt from reservoirs. Additionally, it is anticipated that the observations will be 
helpful for assessing future dam safety and danger as well as for ensuring reservoir 
operating sustainability through thorough sediment management. 
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Exploring Synergies Between Social 
Protection Programs, DRR and Climate 
Change Policies in Pakistan: Case Study 
NDRMF 

Ehsan Ullah and Naeem Shahzad 

1 Introduction 

Natural hazards trigger natural disasters like earthquakes, hurricanes and floods, 
etc., and these natural disasters have a devastating effect on social and economic 
aspects. Human activities, e.g., deforestation, overgrazing, and poor farming, can be 
one reason for these disasters; secondly, hydrometeorological hazards (floods) and 
geophysical hazards (earthquakes, landsliding) can also result in disasters (Vakis, 
2006). Response to these disasters differs depending on the speed of the disaster like 
slow onset disaster or rapid disaster. The scale of disasters like localized disasters 
or countrywide disasters has different consequences which needs to be considered 
while devising policies to respond to or mitigate disasters. 

The focus of disaster management remained on disaster response and relief 
efforts up to the year 1990. The period from 1990 to 1999 was declared as the Inter-
national Decade for Disaster Risk Reduction (DRR) to protect against hazards due 
to the increased number of extreme events over the last two decades. International 
Decade for Disaster Risk Reduction (IDNDR) was replaced by United Nations Inter-
national Strategy for Disaster Risk Reduction (UNISDR) to proceed from protection 
against hazards to the management of risk through the integration of risk reduction 
into sustainable development. A paradigm shift from disaster response to a holistic 
and proactive process of disaster risk management can be seen in recent DRM frame-
works (Khan et al., 2022). The focus of DRR policies and interventions has also 
shifted far beyond relief/response activities. Now mitigation and prevention actions 
have prevalent weightage, especially after major disasters like the earthquakes of 
Iran (2003), Haiti (2010), and Pakistan (2005), and Indian Ocean tsunami (2004). 

This shift in focus is evident from the Hyogo framework of action and the Sendai 
Framework. Hyogo framework of action for DRR was adopted in the year 2005 by
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the comity of world nations under the umbrella of the United Nations (UN) for the 
reduction of disaster losses. 

Another aspect of looking at this paradigm shift toward a proactive approach is 
building climate resilient societies by enhancing their coping capacities against envi-
ronmental hazards (Akter & Mallick, 2013). Climate change is the biggest reality 
of the present day. Climate change is not only a hazard for certain climate-related 
disasters but also has a severe impact on the communities to increase their social, 
and economic vulnerabilities. United Nations (UN) has taken preventive and mitiga-
tion measures against climate change through different frameworks and agreements 
like Framework Convention on Climate Change (UNFCCC), Paris Agreement, and 
Kyoto Protocol. A lot of research and attention is being paid to Climate Change 
Adaptation (CCA) due to prevalent climate threats (Smit & Pilifosova, 2003) and 
(Engle et al., 2014). 

Disasters result in wider scale loss and damage to physical, economic, social, and 
environmental infrastructure. However, this damage/loss is disproportionate having a 
greater impact on the poor and marginalized by further increasing disparities between 
the haves and have-nots. Thus, poverty is a core vulnerability (Tandon & Hasan, 
2005). The resilience of a community is inversely linked with poverty. The poor and 
marginalized households will have disproportionate physical, social, and economic 
impact of a disaster (Akter & Mallick, 2013). Poor and marginalized groups are 
exposed to vulnerabilities especially in the developing world due to climate change 
and other global processes/hazards. UN designed Millennium Development Goals 
(MDGs) and Sustainable Development Goals (SDGs) to cover this aspect of poverty 
alleviation and climate-related issues. 

Poverty alleviation improves the financial condition, reduces vulnerability, and 
increases coping capacity. Governments try to reduce vulnerabilities through the 
implementation of Social Protection programs (SP), Climate Change Adaptation 
(CCA), and Disaster Risk Reduction (DRR) policy frameworks. SP, DRR, and CCA 
are three streams working almost for the same cause; however, most of the inter-
ventions are operational in isolation in their respective domains (Heltberg et al., 
2009). 

Harmony among SP, DRR, and CCA is necessary to bring efficiency and effec-
tiveness in the utilization of human material and financial resources which are always 
limited in nature. Resource constraints become more evident in the event of disas-
ters. Pakistan is a developing country and is no exception as far as resources for 
poverty alleviation, climate change adaptation measures, and disaster management 
are concerned. So the question arises of how to bring integration among these streams 
in Pakistan. The research aims to infer the role of adaptive social protection in building 
resilience from Pakistan’s perspective. Disasters increase vulnerability by damaging 
livelihood and physical assets, people, and the economy. The question arises what 
will be the benefit of implementing adaptive social protection to reduce vulnerability 
and increase resilience? The objectives of the research are to answer the following 
questions:
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• To evaluate the existing Social Protection Programs (BISP, Ehsaas) in order to 
explore synergies between social protection, DRR, and CCA (ministry of climate 
change) 

• To develop a framework for strengthening DRR through social protection and 
climate change adaptation (Case Study NDRMF). 

The focus of the research was restricted to three organizations—Ehsaas 
Program/Benazir Income Support Program (BISP), the National Disaster Risk 
Management Fund (NDRMF), and the Ministry of Climate Change (MoCC). Their 
synergy is explored as per the concept of Adaptive Social Protection (ASP) given by 
Davies et al. (2013), and the relationship among thematic areas of three policies is 
established through Causal Loop Diagram (CLD). 

2 DRR, SP and CCA and Their Integration with Pakistan 
Perspective 

2.1 Disasters in Pakistan 

Pakistan is having a population of 207.77 million (Statistics, 2017), and its geog-
raphy comprises mountains (HKH), deserts (Thar, Cholistan, etc.), and plains (Indus 
river plains). More than 60% area receives less than 200 mm/annum rainfall and 
hence remains dry. Monsoons and heat waves cause flooding, and the collision of 
Eurasian and Indian tectonic plates causes seismic instability. Other hazards for 
Pakistan include landslides, river erosion, pest attacks, epidemics, tsunami, Glacial 
Lake Outburst Floods (GLOF), avalanches, cyclones, storms, technological acci-
dents, and droughts. Human-induced hazards include oil spills, industrial, transport, 
urban, and forest fires. However, droughts, earthquakes, floods, landslides, and wind 
storms are high priority hazards (Khan, 2010). Pakistan is also ranked 8th out of the 
10 most vulnerable countries to climate change effects (UNDRR, 2019), a disaster-
prone country due to its geophysical location, and climatic and economic conditions 
and has suffered a loss of US $18 billion during the last decade due to disasters 
(World Bank, 2017). Per capita income is $1487 in the year 2018 which falls in the 
lower middle-income category. Disasters further aggravate the situation by having a 
grave impact on economic growth and human lives (Table 1).

Severe droughts of 1998–2001 reduced Gross Domestic Product (GDP) growth 
by 50%, and earthquake in 2005 and flooding in 2010, 2011, and 2012 resulted in 
an average economic loss of 1.16% of GDP (Ehsan, 2020). Asim Fayaz (July 2017) 
assessed loss and damage from three major disasters in Pakistan. The details are as 
follows:
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Table 1 Poverty data of Pakistan 

Poverty Number of poor (in million) Rate (%) Period 

National Poverty Line 46.0 24.3 2015 

International Poverty Line 
63.9 in Pakistani rupee (2015) or 
US$1.90 (2011 PPP) per day per capita 

7.5 3.9 2015 

Lower Middle Income Class Poverty 
Line 
107.6 in Pakistani rupee (2015) or 
US$3.20 (2011 PPP) per day per capita 

65.7 34.7 2015 

Upper Middle Income Class Poverty 
Line 
184.9 in Pakistani rupee (2015) or 
US$5.50 (2011 PPP) per day per capita 

142.8 75.4 2015 

Source World Bank, 2017

• The floods of 2010 resulted in a loss of $10 billion, and 20 million people were 
affected. 

• Loss of $ 5.2 billion from the earthquake 2005. 
• The drought of 1998–2000 affected 2.2 million population. 

2.2 DRR 

Foreign aid helped disaster response, recovery, and rehabilitation during all disasters, 
but the government of Pakistan has shared primary responsibility to invest in DRR 
for resilience as per the Sendai framework of action. Pakistan formulated a DRR 
policy to increase resilience through the reduction of vulnerability and future devel-
opment/programs. Three focus areas of DRR policy are risk knowledge, prevention 
and mitigation, and preparedness (DRR Policy Pakistan, 2013). A dedicated fund 
National Disaster Risk Management Fund (NDRMF) has been established under the 
companies’ ordinance to invest in DRR activities regarding disaster preparedness, 
mitigation, and early warning. NDRMF is to carry out its projects in line with DRR 
policy 2013, Climate Change Policy 2012, SDGs (Government Vision 2025), and 
Sendai framework of action. 

2.3 SP 

Disasters’ data shows that the poor are hit hardest due to limited ownership of assets. 
Existing major institutions for the implementation of social assistance programs of 
SP in Pakistan are Benazir Income Support Program (BISP), Zakat, and Bait-ul-Maal.
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Most recently “Ministry of Social Protection and Poverty Alleviation Coordina-
tion (MSP & PAC)” has been created to bring fragmented organizations including 
Trust for Voluntary Organizations, Pakistan Bait-ul-Mal, Benazir Income Support 
Program, Centre for Social Entrepreneurship Zakaat, Pakistan Poverty Alleviation 
Fund (PPAF), the SUN Network, and secretariats of the Poverty Alleviation Coordi-
nation Council and planned Labor Expert group under one umbrella for one window 
operation to reduce abuse of funds and duplication (Ehsaas Program). 

Pakistan is also being affected due to global climate change because climate 
change has no geographical/political boundaries. An increase in precipitation and 
dry periods has been observed during the past two decades due to a gradual temper-
ature rise. Climate change has disturbed the hydrological cycle which has resulted 
in a change in water availability periods, droughts, cropping patterns, precipita-
tion patterns, frequency, and intensity of heat waves and floods (Ali et al., 2009). 
Global warming has a deep impact on the Hindu Kush-Karakoram-Himalayan (HKH) 
glaciers which are the major source of feeding Pakistan’s rivers and are receding 
constantly due to global warming (IPCC, 2007). Pakistan’s economy is agrarian, and 
its energy sector is largely dependent on water resources. Hence, its water, food, and 
energy resources are at risk. Climate Change Policy 2012 has been formulated for 
the conservation of water resources (enhancing capacity, awareness, and infrastruc-
ture development), agriculture, human health, forestry, biodiversity, and protection 
of vulnerable ecosystems (Climate Change Policy Pakistan, 2012). The Ministry 
of Climate Change (MoCC) is carrying out different Projects for Climate Change 
Adaptation in accordance with Climate Change Policy. 

The building block of DRR policy 2013 is to increase resilience through vulner-
ability reduction. The purpose of SP programs (Ehsaas, BISP) is to help orphans, 
widows, poor, homeless, jobless, poor farmers, laborers, low-income students, poor 
women, and elderly citizens. The objective of Climate Change Policy 2012 is socioe-
conomic growth by addressing climate-related issues and pro-poor gender-sensitive 
adaptation. The concept of Adaptive Social Protection was developed to combine 
interventions and policies related to DRR, SP, and CCA (Davies et al., 2013). The 
core point for the conjunction of DRR, SP, and CAA is to bring resilience in society 
against disaster and shocks due to hazards and climate change. This concept of 
harmonized implementation of Social Protection Programs and DRR and Climate 
Change Policies will help to achieve community resilience and to mitigate/prevent 
the losses to elements at risk (people, assets, economic, and social) due to disasters 
and climate change. 

3 Study Design 

This research is multi-dimensional, and most of the data regarding these three 
communities working for the same cause was collected through a literature review 
and consultation with professionals in relevant fields. Literature review and data 
collection proved poverty is the root cause of vulnerability to disasters. So poverty
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Fig. 1 The pattern of data collection 

alleviation and resilience were taken as the baseline of the study. The scheme of 
research descends from a general literature review and surveys to prove Causal 
Loop Diagram (CLD) to the specific function of three fields in Pakistan. The role 
of Social Protection (Ehsaas Program), Disaster Risk Reduction (NDRMF), and 
Climate Change Adaptation (Ministry of Climate Change-MoCC) were researched 
to resolve poverty vulnerability and to build resilience. Policies of each field have 
been made part of the research for better understanding and implementation. Projects 
are shown in tabular form, and synergy is explored among three fields. 

The pattern of the study is shown in Fig. 1. 

3.1 Analysis Tools 

Causal Loop Diagram (CLD) is used to map the thematic areas of three streams i.e., 
Social Protection, Disaster Risk Reduction, and Climate Change Adaptation Policies 
for poverty alleviation and building resilience in society. National Disaster Manage-
ment Fund for implementation of Disaster Risk Reduction (DRR) Policy is taken as 
balancing (negative) reinforcing feedback loops’ relationships, ministry of climate 
change and Social Protection for implementation of Climate Change Policy and 
Ehsaas Program are taken as reinforcing (positive) feedback loops relationships based 
on discussion with experts and questionnaires from the professionals. (McGlashan 
et al., 2016) described that Causal Loop Diagrams (CLD) help in mapping complex 
problems. CLD comprises variables, polarity, and causal relationships. Variable is 
the dynamics of cause and effect of the issue under consideration. The causal rela-
tionship is denoted by arrows in between variables. Polarity is the orientation of 
the relationship i.e., variables changing in the same direction have positive polarity 
while variables in opposite direction have negative polarity. Start with a simple CLD
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and create links and feedback between variables. We used literature and made use of 
your understanding to test CLD (Haraldsson, 2004). Richardson and Pugh III (1981) 
defined that a causal loop diagram consists of feedback loops. These loops are closed 
in nature to show cause and effect. Information and action are depicted through these 
loops. There are two types of causal loops—positive feedback (Reinforcing) and 
negative feedback loops (balancing) (Kirkwood, 1998). Positive feedback augments 
change further in the same direction of increase or decrease. Negative feedback has 
the opposite effect. This is a goal-seeking loop. The variable pushes back to the goal 
by increasing or decreasing in the direction of the goal if the variable lies below or 
above the goal. 

4 Findings and Discussions 

In this research, we used a combination of primary (interview and workshops) and 
secondary (statistics and research) data to develop a qualitative set of feedback loops 
known as a causal loop diagram (CLD) (Fig. 2). 
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Fig. 2 Causal loop diagram generated based on Ehsaas Program, DRR, and Climate Change Policy
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5 Role of Social Protection for Vulnerability Reduction 

5.1 Re-enforcement (R1) Proof 

Social protection and safety nets are recognized by government of Pakistan as a means 
to manage and mitigate risk. These are the tools to reduce poverty and hence vulnera-
bility through insurance and transfers as mitigation to disasters (Survey, 2013–2014). 
Social safety nets are an important tool for poverty eradication and the improvement 
of health and education (Mumtaz & Whiteford, 2017). 

Evidence shows that safety nets help nations to invest in human capital (World 
Bank). Social safety net and poverty alleviation policies should be inclined to invest 
in the health and education sector to eliminate human capital poverty (Hanmer, 1998). 
Some Conditional Cash Transfers (CCTs) are programs for poor households with 
the precondition of investment in the human capital development of children. These 
CCTs are provided for the nutrition and health of children (Fiszbein & Schady, 2009). 

Robert Chambers and Gordon Conway (1992) defined livelihood as means of 
living through assets, capabilities, and activities. The five elements of livelihood 
are physical, natural, human, social, and financial (Dubey et al., 2015). People have 
central importance in livelihood approaches because of their ability to convert assets 
into livelihood. Human capital includes knowledge, skills, good health, and the ability 
to perform arduous jobs for achieving livelihood objectives (Fig. 3). 

Thus, livelihood depends on the quality of human capital. 

• Ehsaas Program/Benazir Income Support Program 

Ehsaas Program was inaugurated by Prime Minister on 27 March 2019 with the 
main objective to reduce poverty and inequality. The principles of the program are 
the involvement of a complete government system, strengthening of institutions,

Fig. 3 Sustainable livelihood framework. Source DFID (1999) 
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Table 2 Projects carried out under Ehsaas Program 

Thematic area Project Details 

Safety Net Kafalat/Tahaffuz Rs. 12,000/—quarterly cash transfer to 
poor households. COVID emergency 
relief program to support the 
unemployed in addition to existing 
beneficiaries Benazir Income Support 
Program 

Naya Pakistan Housing Scheme 

Human Capital Nutrition School projects, kitchen gardening 

Education Scholarships 
CCT 

Health Insaaf Cards 

Livelihood Youth skill development program 
Microfinancing to poor and laborers for 
tree plantation, olive oil plantation, and 
nurseries’ growth under the billion tree 
tsunami program 

good governance, and involvement of the private sector. The beneficiaries of the 
program are orphans, extremely poor, widows, disabled, homeless, undernourished, 
medical problems, laborers, needy students, poor farmers, elderly citizens, and poor 
women. Ministry of Social Protection and Poverty Alleviation has been created to 
bring fragmented social protection institutions (Zakat, Bait-ul-Maal, Benazir Income 
Support Program and Pakistan Poverty Alleviation) under one umbrella. The database 
has central importance for safety net programs like the Ehsaas Program, and the 
Benazir Income Support Program (BISP) for the identification of actual eligible 
beneficiaries and transparency of projects. BISP with the help of the World Bank 
conducted a national level survey in the year 2010–2011. Information on the social, 
economic, and welfare status of approximately 27 million households was collected 
through this survey (BISP). The National Socio-Economic Registry (NSER) has 
been linked with National Data Base and Registration Authority (NADRA). Projects 
being carried out by Ehsaas Program are as follows: (Table 2). 

6 Role of Disaster Risk Reduction (DRR) for Vulnerability 
Reduction 

6.1 Balancing Loop Proof 

Four phases of disaster management elaborated by Poser and Dransch (2010) include 
disaster mitigation, preparedness, response, and recovery (Fig. 4).



154 E. Ullah and N. Shahzad

Fig. 4 The phases of the disaster management cycle and examples of related activities. Source 
Poser and Dransch (2010) 

DRR policy of Pakistan (balancing loop) is incorporated in the sequence of this 
figure in the causal loop diagram. 

• National Disaster Risk Management Fund (NDRMF) 

Pakistan is a disaster-prone country due to its geophysical location. Pakistan is 
ranked 6 out of 10 hazard-prone countries as per the Index for Risk Management 
(INFORM) report 2018. Pakistan is number 8 out of the 10 most affected countries 
due to climate change (UNDRR, 2019). The earthquake of 2005 and the floods of 
2010 resulted in colossal human and economic losses. Government realized the need 
to invest in DRR in order to mitigate the effects of disasters. Hence, National Disaster 
Risk Management Fund (NDRMF) was established under the companies’ ordinance 
to invest in projects to enhance resilience against natural and climatic hazards and 
to reduce socioeconomic vulnerability. The objective of the fund is preparedness, 
mitigation, and early warning systems. The fund is not to carry out any post-disaster 
activity. DRR Policy 2013, Climate Change Policy 2012, National Flood Protec-
tion Plan, and Sendai Framework are the policies and guidelines to be followed by 
NDRMF. NDRMF has established a synergy group, comprising BISP, the Ministry 
of Finance, Commerce, and the Economic Affairs division, and members from the 
insurance industry and donors’ representatives, for Disaster Risk Financing (DRF) 
interventions and coordination among stakeholders. The objective of the synergy 
group is to exchange information and to bring transparency to DRF projects. Prepara-
tion of Natural Catastrophe Model (NATCAT)—hazard, vulnerability, and expected 
losses mapping are in progress. Projects being carried out by NDRMF are as follows: 
(Table 3).
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Table 3 Projects carried out under NDRMF 

Thematic area Projects 

MHVRA MHVRA in 20 vulnerable cities 
Vulnerability and risk assessments at local 
levels 

CBDRM, mitigation, prevention and 
preparedness, climate change, early warning 

Promoting integrated mountain safety in 
Northern Pakistan (PIMSNP) Mitigation and 
response through CBDRM in the 50 most 
vulnerable union councils 

From vulnerability to resilience (V2R) 
Vulnerability and risk assessments in 15 
districts of Baluchistan and KPK 

Resilient and Adaptive Population in Disaster 
(RAPID) 

Physical infrastructure, CBDRM, and 
Community Emergency Response Teams 

Building resilience by strengthening the 
community through inclusive disaster risk 
management 

Building resilience to disasters and climate 
change 

Retrofitting 300 km of new or retrofitted flood 
protection infrastructure to be built 

Resistance to multiple hazards 500 social 
public sector buildings 

7 Role of Climate Change Adaptation (CCA) 
for Vulnerability Reduction 

Hydrometeorological events are being increased due to climate change. Rapid urban-
ization, population growth, and increase in asset values are the main drivers of climate 
change which increase the intensity and frequencies of water-related extreme events. 
Comprehensive actions are required to increase resilience and reduce the vulnera-
bility of exposed assets and populations (Wieriks & Vlaanderen, 2015). Agriculture 
production and water management are interrelated. A major portion of Pakistan’s 
economy is based on agriculture. Irrigation has a central role in agriculture as most 
of the agricultural production is dependent on irrigation. Agriculture provides liveli-
hood to more than 66% population of Pakistan, 21% contribution to GDP, and 11% 
to exports. Although the economy is being shifted to urbanization and industrializa-
tion, the main focus will remain on the agriculture sector. An increase in the supply 
of water for irrigation is required for the increase in agricultural production (Haq & 
Shafique, 2009). Water is crucial for livestock and agriculture. Diversification of 
livestock and agriculture is also required to increase their adaptive capacity against 
future water scarcity (Naqvi et al., 2015).
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Fig. 5 Agroforestry has developed as an interface between agriculture and forestry. Source An 
introduction to agroforestry P. R. Nair (1993) 

Agroforestry is defined as woody perennials and crops on the same land tract. 
An interaction between crops and forests fulfills economic and ecological needs, 
especially in developing countries (P. R. Nair, 1993). This relationship is mentioned 
in the following Fig. 5. 

Land degradation is curtailed through the development of synergies between live-
stock and crops (Lemaire et al., 2014). Integration of forestry with livestock and crops 
brings in diversity (Alves et al., 2017). Reintroduction of local species, reforestation 
and conservation of species, and forests are needed to conserve biodiversity (Sodhi 
et al., 2010). Overlapping between biological conservation and poverty can be used 
as a win-win situation i.e., poverty eradication with the help of biological diversity 
and conservation of biodiversity by increasing the social status of the community 
(Fisher & Christopher, 2007) (Fig. 6).

Climate change has negative effects on health, and this impact is disproportionate 
to poor and developing countries due to their limited adaptation capacity. Assessment 
of vulnerability and adaptation strategies are needed to offset the impact of climate 
change on the health sector. Planning and mitigation strategies can reduce health 
issues. For example, air pollution can be reduced by utilizing renewable alternate
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Fig. 6 A conceptual framework for linking ecosystems and human well-being. Source De Groot 
et al. (2010)

energy sources with ultimate improvement in health aspects (Haines et al., 2006). 
Income is the basic socioeconomic variable having a direct impact on health status. 
The health of low income, poor, elderly, and the unemployed are disproportionately 
affected. The mortality rate is associated with social class (Public Health Association, 
1992). Vulnerable populations with chronic diseases, poor health, and disabilities 
have a high risk of serious health issues after natural disasters (Bethel et al., 2011). 
Actions were taken to build the resilience of a community before the occurrence 
of a disaster and augment disaster preparedness strategies (Cavallo, 2014). Projects 
being carried out by the Ministry of Climate Change are as follows: (Table 4).

8 Conclusions and Recommendations 

8.1 Conclusion 

This study has concluded that poverty is the root cause of vulnerability to disasters. 
Poverty puts pressure on people to live in unsafe conditions which makes them vulner-
able to disasters. Poor are disproportionately affected by disasters. Social Protection 
is a tool to cope with poverty. DRR mainly deals with the reduction of vulner-
ability and increase in coping capacity. CCA deals with an increase in adaptive
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Table 4 Projects carried out under MoCC 

Thematic area Project 

Forestry Green Pakistan Programs—Revival of forestry 

Biodiversity Construction of boundary wall for zoo/botanical garden 
Green Pakistan Programs—Revival of wildlife 
Green Pakistan Program—Strengthening zoological survey 
undertaking an inventory of endangered species 

Eco systems Arid and Hyper-Arid Areas (sustainable land management 
project to combat desertification in Pakistan) 
Human Health establishment of Pakistan WASH Strategic 
Planning and Coordination Cell 

Socioeconomic Measures Climate resilient urban human settlement units; Climate change 
reporting unit 

Human health 

Disaster preparedness Establishment of the geomatics center for climate change 
Climate resilient urban human settlement units; Climate change 
reporting unit

capacity against the adverse impacts of climate change and a reduction in vulner-
ability against climate-related extreme events like floods, droughts, cyclones, heat 
waves, wind storms, etc. In Pakistan, Ehsaas Program provides social protection for 
poverty alleviation, NDRMF carries out projects in the field of DRR and CCA to 
reduce vulnerability to disasters, and MoCC looks after CCA in accordance with 
Climate Change Policy. A synergy group exists in NDRMF (members from diversi-
fied fields including reps of BISP and MoCC) for better coordination between social 
protection, CCA, and DRR. Regular meetings are held by the synergy group. Ehsaas 
Program and NDRMF contributed to the COVID-19 relief fund. 

8.2 Recommendation 

• Database plays a central role in prevention, mitigation, and response actions. 
NSER data is available and the NATCAT model is used to prepare the hazard, 
vulnerability, and losses map which is in progress. Synergy group is established 
by NDRMF for coordination among stakeholders. The same forum may be used 
for data and experience sharing/coordination among stakeholders. 

• Climate Change Adaptation and Disaster Risk Reduction projects in Pakistan 
may ensure Social Protection through local employment through public works, 
micro credit/microfinance, insurance schemes for the poor, gender representa-
tion, capacity building of local institutions, protecting assets, and livelihood 
diversification.
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• Insurance coverage for the poor segment of society is a weak area because of 
their inability to pay the premium. NDRMF may pay a premium for insurance 
coverage for poor. 
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Indigenous Knowledge and Flood 
Resilience Strategies in African Coastal 
Cities: From Practice to Policy 

Olasunkanmi Habeeb Okunola, Kehinde Balogun, and Deborah Bunmi Ojo 

1 Introduction 

Flooding continues to be a severe type of climate risk affecting every African region, 
with varying social, economic, and environmental effects across continents. The 
World Bank (2017) and Rentschler and Salhab (2020) estimate that sub-Saharan 
Africa has at least 71 million people at risk of flooding. For instance, the International 
Federation of Red Cross and Red Crescent Societies [IFRC] (2021) is of the view 
that in 2020, small and moderate floods displaced nearly 7 million people and caused 
1,273 deaths in 15 African nations. Climate change is predicted to worsen the situa-
tion in African coastal cities by making flood events more often, intense, and unprece-
dented (Intergovernmental Panel on Climate Change [IPCC], 2021). O’Donoghue 
et al. (2021) predict that African coastal cities will be the hardest hit by frequent 
flooding due to their low elevation and topography with less resilience. Several 
African coastal regions are currently susceptible to erosion and flooding, resulting in 
many ecological issues and a great deal of suffering. Realizing these consequences of 
flooding has prompted stakeholders in various nations to develop national strategies 
for managing frequent flood occurrences. Therefore, understanding flood resilience 
strategies in sub-Saharan African nations is of great significance and interest. 

The concept of resilience has grown in popularity and now encompasses social, 
physical, economic, and institutional elements. Building flood resilience in this study 
represents enhancing the preparedness of nations, communities, and regions to deal 
with and swiftly implement recovery plans from frequent flood events (Patel et al.,
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2020). According to Mannakkara and Wilkinson (2015), a resilient community can 
“build back better,” which implies a community that is capable of recovering from 
various forms of extreme events with little or no outside support. Indigenous commu-
nities occupy an increasingly unique position in disaster resilience “thinking,” as 
indicated in the Sendai Framework for Action 2015, as part of its call for govern-
ments to employ a people-centered approach and engage directly with indigenous 
people in building the disaster resilience of nations and communities. According 
to the Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate 
Change (IPCC), the integration of several pieces of knowledge into climate change 
research is key to the successful implementation of climate mitigation, and adaptation 
strategies. Additionally, indigenous knowledge and strong links to “land” necessitate 
unique attention. Where place or land broadly refers to environments to which cultural 
groups or individuals are linked, as well as situations that give worth and meaning 
to people’s quality of life (Garnett et al., 2018), therefore, the cascading impacts 
of climate change on environmental and interpersonal interactions, life experience, 
spiritual connections, kinship, family, and oral history are frequently as significant 
as, or even more significant than, the more direct effects (Ford et al., 2020). 

People in the global north and south countries have adapted their lives and liveli-
hoods to changing environments over time by incorporating indigenous knowledge 
into their traditional disaster management systems (Alessa et al., 2016). In addition, 
studies such as Enock (2013) and Murdoch et al. (2020) argue that the utilization 
of indigenous knowledge based on the observations and experiences of community 
members represents the best way to assess climate change and its direct and indirect 
impacts. This knowledge may offer helpful insight into climate change prevention, 
mitigation, and preparedness. For instance, Kalanda-Joshua et al. (2011) established 
that farmers in southern Malawi make agricultural and farming decisions using tradi-
tional knowledge. According to the authors, the most prominent parameters used by 
farmers in the region are the lengthening of the rainy season (which indicates the 
onset of a cold season), the behavior of specific insects and birds, and the activity of 
specific patterns of wind that signal the end of the rainy season. 

Recent research on indigenous knowledge and climate change has primarily 
centered on local observations of climate and environmental changes in rural areas 
of North America, the Arctic, the Polar, and the Tropics, Asia, and even Africa 
(Nakashima & Krupnik, 2018; Petzold et al., 2020; Savo et al., 2016). In coastal cities, 
however, little has been done to incorporate indigenous knowledge into research on 
flood risk reduction. In light of the growing evidence that effective adaptation to 
climate change depends on integrating scientific and local knowledge systems, this 
chapter addresses this knowledge gap by assessing flood risks and flood resilience 
strategies in African coastal cities. In addition, the chapter investigates the definition, 
the conceptualization of features and the purpose of indigenous knowledge in coastal 
cities, and the level of integration of indigenous knowledge and scientific knowledge, 
if at all, in African coastal towns.
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2 Flood Risk in Sub-Saharan African Cities 

Flooding continues to be one of the most prevalent natural disasters in the sub-Saharan 
African (SSA) region, placing a heavy burden on vulnerable communities, ecosys-
tems, livelihoods, and critical infrastructures. In recent years, cities in sub-Saharan 
Africa (SSA) have experienced an increase in flood risk due to extreme rainfall 
events, increasing urbanization, the expansion of informal settlements, and the lack 
of planned water and sanitation infrastructure. According to EM-DAT (2017), there 
were 130 flood incidents in sub-Saharan Africa between 2007 and 2017, affecting 
nearly 15.6 million people. On the KwaZulu-Natal coast of South Africa in 2022, 
heavy rains, flooding, and subsequent mudslides reportedly killed approximately 
500 people and damaged approximately 2,000 houses and 4,000 “informal” homes 
or shacks (Okunola, 2022). 

Numerous studies have determined that many countries in sub-Saharan Africa are 
currently experiencing pluvial flooding from torrential rain, groundwater flooding, 
flooding from overflowing drains and channels with insufficient capacity to evacuate 
all incoming water, and flooding from major rivers (Douglas, 2017). In some informal 
settlements of the region, such as Umlazi in Durban, Agbogbloshie in Accra, and Mile 
12 in Lagos, the combination of high tides and heavy rain is a common occurrence, 
disrupting economic activities, causing traffic congestion on the main roads, and 
restricting the movement of people from other parts of the cities (Douglas, 2017; 
Karley, 2009; Olajuyigbe et al., 2012). In 2020, pluvial and fluvial flooding in Sudan 
affected 2,006,000 people, destroyed 181,500 homes, and resulted in 417 deaths 
in the country’s coastal communities (Elagib et al., 2021). Coastal cities in South 
Africa, Nigeria, Niger, Guinea, and Senegal, as well as many others in the region, 
have experienced a series of flooding incidents in 2022. 

The risks associated with flood disasters in African cities have been significantly 
amplified by human activities (Abiodun et al., 2017). As noted by Eguaroje et al. 
(2015) and Salami et al. (2017), flood risk is primarily caused by human activities such 
as informal settlements on low-lying floodplains, unregulated urban growth, poor-
quality drainage systems, and continuous urbanization. While around 52.13% of 
Africa’s population currently resides predominantly in rural regions, the continent’s 
urban population is anticipated to expand from 678 million in 2018 to approximately 
1.5 billion by 2050, from 678 million in 2018 (UN, 2018). It is anticipated that the 
frequency, intensity, and trend of flood events will continue to rise in the region due 
to human-induced changes in river hydrology and land use, increased development 
in flood-prone areas, and climate change. In addition, the potential impacts of climate 
change include an increased risk of pluvial, fluvial, and coastal flooding in Africa 
(Feka & Ajonina, 2011; MacLeod et al., 2021), indicating the need for sustainable 
flood risk reduction. 

Despite multiple calls to integrate flood risk adaptation plans with sustainable 
development (Fuldauer et al., 2022; Fuso Nerini et al., 2019; Sayers et al., 2013; 
Zhenmin & Espinosa, 2019), many African countries’ Paris Agreement adaptation 
plans rarely mention their contribution to the sustainable development goals. The
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extensive environmental, social, and economic impacts of flood risk in Africa neces-
sitate urgent and strategic approaches to flood risk reduction to achieve sustainable 
development objectives (Abiodun et al., 2017). It is essential to base policy and 
action decisions on the greatest available scientific and indigenous knowledge in the 
face of global climate change and its new difficulties, unknowns, and uncertainties 
(Mutambisi et al., 2020). Consequently, it is crucial to evaluate African nations’ 
national adaptation and resilience plans for reducing flood risk and contributing to 
Sustainable Development Goals. 

3 Strategies for Flood Resilience in Sub-Saharan African 
Cities 

3.1 Concept of Resilience 

In recent years, resilience has gained significance in promoting proactive responses 
to extreme events. Diverse academic disciplines, including physics, geography, envi-
ronmental science, risk management, and engineering, have discussed resilience and 
its operationalization. According to Bhamra et al. (2011), resilience is a multidi-
mensional and multidisciplinary concept used in various fields and disciplines as a 
protective mechanism to achieve developmental goals, recover from adversity, and 
maintain competence following trauma. The concept of resilience can be traced back 
to the fourth century (Manyena, 2014; Talubo et al., 2022). From there, the concept 
of resilience has undergone a lengthy etymological journey and has been adopted in 
various sources of stress, including poverty, conflict, diseases, corruption, environ-
mental degradation, resource scarcity, and disasters. Regardless of the various mean-
ings and definitions of resilience, it has become increasingly evident that resilience 
describes how individuals, communities, neighborhoods, and institutions positively 
adapt to significant and protracted sources of stress or sudden-onset shocks. 

Resilience refers to the capacity to survive and adapt to hazards, prevent or 
reduce losses, and recover with minimal disruptions in hazard and disaster study 
domains (Adger et al., 2011; Cutter et al., 2008). The Department of International 
Development (DFID) defines resilience as the capacity of households, communities, 
and countries to manage change by transforming or maintaining living standards in 
the face of disasters without jeopardizing their long-term prospects (DfID, 2021). 
Using a similar line of reasoning, Okunola and Olawuni (2022) assert that resilience 
involves pre-disaster and post-disaster measures that minimize and prevent disaster-
related losses, damage, and impacts. From these submissions, it can be deduced 
that resilience includes critical elements such as context, disturbance, capacity, and 
reaction, which determine local and national resilience. 

According to Gardner and Dekens (2007), community resilience to disaster is 
determined by processes and societal structures within both global and local contexts 
of hazard and is essentially the outcome of practices, beliefs, and forms of knowledge.
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In addition, the Sendai Framework for Disaster Risk Reduction 2015–2030 stresses 
the significance of integrating indigenous knowledge and practices with contempo-
rary scientific knowledge in climate change adaptation and disaster risk assessments. 
Indigenous knowledge and practices in this context refer to human knowledge and 
abilities utilized for disaster risk reduction techniques. Similarly, several studies have 
demonstrated that successful risk reduction processes are founded on incorporating 
traditional and local community knowledge (Kurnio et al., 2021; Rahman et al., 
2017). In addition, traditional knowledge serves as the foundation for local commu-
nities coping strategies, raises awareness, and strengthens community participation 
and cohesion (Iloka, 2016). Given the preceding, it is clear that indigenous knowl-
edge is an essential component of disaster resilience in communities. The problem, 
however, is the departed focus of previous studies on assessing indigenous knowl-
edge practices in flood resilience thinking in Africa. Therefore, this study holistically 
evaluates indigenous knowledge strategies for flood risk reduction in African coastal 
cities. 

4 Indigenous Knowledge, Adaptation Techniques, 
and Flood Resilience in African Coastal Cities 

Over the years, the severe impacts of extreme flood events on the critical infras-
tructure, livelihoods, sectors, and systems of African coastal cities have increased 
the importance of indigenous knowledge in the area (Ajayi & Mafongoya, 2017; 
Codjoe et al., 2014; Mapfumo et al., 2016). In African societies, indigenous methods 
are considered integral coping or resilience mechanisms for floods. This could be 
attributed to the fact that they are characterized by innovation, adaptation, and exper-
imentation, are non-formal and transmitted orally, are culturally and contextually 
specific, and are closely tied to the survival and subsistence of local communities. 
Therefore, diverse groups and scholars have documented various indigenous strate-
gies adopted by local communities in sub-Saharan African coastal cities (Hooli, 
2016; Mavhura et al., 2013; Okunola, 2022). A summary of these strategies indi-
cates that indigenous flood knowledge, which is socioeconomically and culturally 
oriented, increases people’s resilience to flooding hazards and other extreme events. 

Mavhura et al. (2013) examined indigenous coping strategies in two Zimbabwean 
villages prone to flooding in the Muzarabani district. The study identified various 
indigenous preventative and mitigating measures, such as avoiding construction 
materials prone to cracking during flooding and erecting protective barriers around a 
home. Other methods include storing household items and livestock on mud shelves 
constructed in the kitchen or outdoors and choosing crop varieties suited to the soil 
conditions, local climate, and timing of floods. However, the study concluded that 
indigenous strategies are only effective when floods are of low magnitude. Kasei et al. 
(2019) found that residents of Accra, Ghana’s informal urban settlements, rely on 
various indigenous knowledge indicators to forecast climate hazards. For example,
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early warm temperatures indicate a favorable rainy season in the community. In addi-
tion, the appearance of the Avakpo bird, a long-legged frog with brownish camouflage 
skin, and green and brown grasshoppers indicate a rainy season. The study concluded 
that there is insufficient consideration and integration of indigenous knowledge in 
the government’s primarily technical and scientific early warning programs. Using 
the same line of reasoning, Hooli (2016) identified indigenous knowledge as a key 
strategy for local communities in Northern Namibia for flood prediction, preven-
tion, preparedness, and coping. As a result of rapid urbanization, population growth, 
a lack of government support, and the disappearance of many of the familiar trees, 
anthills, and relocation sites upon which indigenous knowledge had been based, only 
a tiny percentage of local communities applied indigenous-based methods to flood 
management, according to the study. 

Similarly, Dintwa et al. (2022) found that the exchange of goods and services 
between community members increases the resilience of coastal communities in 
Ngamiland West District, Botswana, to extreme climate events. For example, it was 
reported that people exchanged their farm cultivating tools for goats: those who 
received goats used them for milk production. In contrast, those who received culti-
vating tools used them for farm production to improve their standard of living and 
assist in adapting to the effects of climate change. In addition, traditional knowl-
edge of plants is utilized to preserve food and medicinal herbs. Obi et al. (2021) 
believed that indigenous knowledge served as flood forecasting, control, emergency, 
and coping strategies in the coastal communities of Delta State, Nigeria. The authors 
argued that indigenous strategies are more effective and play a significant role in 
mitigating the effects of flooding on coastal communities. Relatedly, Okunola and 
Olawuni (2022) observed that the big stone (locally known as LapanGwagwan) in the 
river Chachanga serves as an indigenous early warning strategy for frequent flooding 
and plays a crucial role in numerous aspects of the well-being of the indigenous 
community in Lapai Gwari, Nigeria. Elders in Lapai Gwari explained, for instance, 
that the LapanGwagwan stone is used to determine the frequency of flooding and 
to categorize rainfall intensity as light, moderate, heavy, or violent rain. A heavy or 
violent downpour in the community is a sign that severe flooding is imminent. 

Apraku et al. (2018) identified various factors for protecting animals and water 
bodies in South Africa’s Eastern Cape to conserve biodiversity. Due to their medic-
inal and cultural importance to the Xhosa community, animals and waterways are 
protected in the Eastern Cape of South Africa. For instance, frogs are protected 
because they herald the beginning of the farming season and invite rain. Further-
more, when they cannot afford clinical treatment, community members use plants as 
a traditional medicine to treat diseases resulting from flood risk. In Tanzania, Boer-
havia, conyzoides, Latana camara, Combretum collinum, Ageratum, Caparis tomen-
tosa, and Biden Pilosa have been prioritized for conservation due to their potential 
medicinal value, according to Selemani (2020). According to ancient beliefs, plants 
also represent the relationship between the earth and the sky (da Silva et al., 2019). 
It is evident from these discussions that indigenous knowledge serves as preventa-
tive measures, adaptive measures, and distress mitigation for frequent flooding in 
sub-Saharan African coastal communities.
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5 Indigenous Resilience Theory to Practice 

Policymakers, environmental scientists, and community planners create and imple-
ment theories to address extreme climate-related events escalating and systemic 
nature. Various alternative solutions are utilized to address environmental conditions, 
and new models are continually being developed. Nevertheless, most of these models 
and innovations continue to exclude indigenous knowledge practices from global 
decision-making and policymaking processes. Even though international programs 
such as Rockefeller’s 100 Resilient Cities and Sendai Framework for Disaster Risk 
Reduction 2015–2030 emphasize the importance of indigenous, traditional, and local 
knowledge in mitigating disaster risk, this is not the case in the United States. Indige-
nous or traditional knowledge can improve cost-effective, participatory, and sustain-
able adaptation strategies, according to the most recent IPCC assessment (AR6, 
published in 2022). 

Despite the numerous hypotheses regarding the significant roles indigenous 
knowledge plays in the adaptation to extreme events, much work remains in terms 
of implementation and practice. This could be attributed to problems with the influ-
ence of religion and education, lack of proper documentation, knowledge transfer, 
dissemination, lack of recognition of forecasters, and lack of indigenous and scientific 
knowledge integration to adapt to climate change. In addition, research by Mavhura 
et al. (2013) and Tengö et al. (2014) indicates that indigenous coping strategies tend 
to have a limited impact on minimizing damage in extreme cases. 

In light of the foregoing, the new models and innovations for resilience prac-
tice should recognize indigenous knowledge and strive for the authentic integra-
tion of scientific knowledge and indigenous knowledge toward the resilience of 
compounding extreme events. The starting point is the utilization of community-
based participatory methods in assessing patterns of resilience (Bardosh et al., 2017), 
followed by the inclusion of traditional methods and the discovery of new and 
strategic ways to build and utilize partnerships among on-the-ground practitioners, 
policymakers, and academics. In addition, it is essential to recognize the signifi-
cance of regional context and the fact that no “one-size-fits-all” model can address 
every region’s extreme event (Korovulavula et al., 2020). Following this, the new 
indigenous resilience practice must consider contextual differences such as cultural, 
linguistic, jurisdictional, and governmental capacity and risk perception differences 
when designing the “best” resilience program and implementing best practices for 
each location. 

By incorporating it into modern technologies and management practices, indige-
nous climate knowledge can also be used to enhance scientific forecasts and measures 
and increase local buy-in (IPBES, 2020; Leal Filho et al., 2022). This transparency 
allows local communities to collaborate with scientists and develop forecasts and 
adaptation strategies consistent with their practices and expectations. To estab-
lish novel collaborative arrangements, policymakers, climate scientists, and local 
communities must rely on participatory learning and outreach. In this process, not 
only will scientists make recommendations to policymakers for the improvement of



168 O. H. Okunola et al.

community resilience strategies, but local communities will also have the opportu-
nity to participate in planning and implementation stages and increase their capacity 
to facilitate a sustainable and inclusive indigenous resilience practice (Leal Filho 
et al., 2022; Nyong et al., 2007). 

6 Discussion 

This chapter identified various types of indigenous knowledge and its potential for 
enhancing community resilience to the accumulative and systemic risks posed by 
flooding and other extreme events in African coastal cities. In line with this, numerous 
African nations have adopted indigenous flood forecasting, food preservation, tradi-
tional medicine, and disaster preparedness and response strategies. Its influence in 
Ghana, Nigeria, Uganda, South Africa, and Zimbabwe is expanding. However, the 
dynamic transmission of indigenous knowledge in these nations is threatened by 
inadequate knowledge transfer and a lack of recognition from scientists and poli-
cymakers. Consequently, the applicability of indigenous methods to climate risks is 
highly localized and disconnected from scientific knowledge in the region, and many 
of these methods have recently vanished due to rapid societal change. It was deter-
mined, for instance, that indigenous knowledge practice in northern Namibia is being 
eroded due to rapid population growth, urbanization, a lack of government support, 
and the methods perceived ineffective in the face of severe flooding. Similarly, in 
many African nations, the conventional or scientific approach to extreme events has 
not met expectations. This chapter argues that one way to improve and strengthen 
Africa’s resilience to extreme events is to complement scientific and indigenous 
knowledge with novel collaborative arrangements to boost capacity development in 
African coastal cities. 

Studies such as McNamara and Prasad (2014), Madhanagopal and Pattanaik 
(2020), and Iwama et al. (2021) indicate that indigenous knowledge is also widely 
practiced in other regions, such as Asia, Latin America, and the Pacific region, 
where it is increasingly combined with scientific knowledge to gain a better under-
standing of climate change adaptation slow-onset effects. Combining indigenous and 
scientific knowledge could improve service delivery, cost-effectiveness, and success 
while encouraging indigenous communities to assume responsibility for future inter-
ventions and actively participate in them. It also encourages innovative scientific 
thought. Similarly, indigenous knowledge is fundamental to culture, heritage, indige-
nous identity, languages, and ways of life, and its transmission from one generation 
to the next must be supported, safeguarded, and preserved. Consequently, local and 
indigenous knowledge should be integrated into policies and mechanisms to mitigate 
the effects of climate change in African coastal cities.
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National Resilience Leading 
to Sustainability; Case Study of Pakistan 

Nadeem Ahmad Shah, Naeem Shahzad, and Syeda Uzma 

1 Introduction 

The Latin word “resilire” means to spring up; the word resilience came from the word 
resilire. This is defined as the ability of a nation/community to come back/spring back 
to the original condition or even better than the previous level. Resilience is such 
a unique character that if it is present in society will flourish very fast after every 
traumatic condition and the people of the community will perform in a much better 
way. This character is like the presence of antibodies that fight against the invading 
germs in the human body (Ilyas & Malik, 2016). 

The term “resilience” is used for the people, the community, or a nation that has 
coped very well against the disastrous situation and bounced back with full strength. 
In order to find the resilience of a nation, it is imperative that, firstly we must know 
what actually resilience is. It is the ability to prepare for the forthcoming event and 
plan for the countermeasures, absorb the effects of the hazard, recover from the 
traumatic condition, and more successfully adapt to adverse events. A wide range 
of natural and man-made disasters comes under “Adverse events”, and it is vital to 
distinguish that the resilience of a community against different types of disasters 
can be augmented by effectively planning for one kind of disaster in that locality 
(Disaster Resilience, 2012). 

There are many factors on which the resilience of a community depends. These 
factors include: 

• Access to the justice system of the community 
• Physical conditions of the area
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• Individual capacities 
• Population’s social and economic conditions. 
• Religious beliefs, bonding with religion 
• Culture of the area 
• Social bindings 
• Level of awareness and education system of the community 
• Level of cooperation 

As it is variable, thus every community has different degrees of resilience, i.e., 
someone’s are more resilient and others are not (Ahsen, 2017). 

2 What Makes Pakistan Resilient? 

Over the last many years, Pakistan has seen the brutal face of terrorism, faced 
extremism, sub-nationalist insurgencies, cross-border terrorism, conspiracies from 
the neighboring countries, many other problems like natural disasters, and other 
community issues. Resilience has got the power to effectively engage the social 
scientists of the world. It is such a unique capability of a nation that makes it able to 
come back to its original or even better condition after a disaster/calamity. Resilience 
is found in all the societies of the world and the community responds according to its 
strength and the available resources. Despite all the odds Pakistan has been facing, 
there is an innate strength of the Pakistani nation that makes it capable of with-
standing all the different kinds of disasters and it distinguishes Pakistan from other 
nations. After Second World War, Pakistan is the only country that suffered a vicious 
disintegration within 24 years of its existence. Pakistan suffered a violent disinte-
gration after Second World War. Since the creation of Bangladesh, Pakistan has 
existed as a compact state for more than four decades, despite vicious conspiracies 
by hostile countries. Islam is the main religion of the majority of the country which 
offers choices and autonomy to the followers while practicing the religion. It is a 
state religion in the country but its practice is a privatized affair. It may be attractive 
to discover some of the fundamentals that make Pakistani society resilient. When 
we tolerate the impact of adverse events, there is also impulsive healing happening 
across all community layers and this is because of the closely inter-woven social 
texture of the country (Mahmud, 2015). 

3 Originality/Value 

Raising the importance of resilience for a nation is the original part of this paper, 
especially for developing countries to achieve a post-disaster resilient environment 
and to minimize the losses of lives and traumatic situations. The paper also offers 
a vision to continue the normal functioning of everyday life even after the disaster 
situation.
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4 International Perspective 

Resilience is a process and not a personality characteristic. It mainly arises when 
some nations interact with risk and protective factors. Most of the time resilience is 
seen as an outcome, but this is not good. It is a response to difficult circumstances 
when a nation or a community comes across these kinds of disastrous situations. 
It is not something people have or do not have, but it is based on the way people 
respond at that time. There are different types of resilience; however, depending 
upon the situation of the individual or a community, some kinds of resilience may 
be considered healthier than others. Resilience changes with time as it is not static. 
Because of the presence of protective factors, resilience may appear at one stage of 
disaster but disappear at some other stage. As people may be facing different sets of 
positive and negative circumstances, so we cannot blame people if they are seen to 
be less resilient than others (Coleman, 2007). 

To prevent conflict and to move away from fragility toward resilient nations, States 
increasingly adopt institutionalized mechanisms and systemic efforts. However, 
under these situations, it is important to note that these efforts must be supported by 
United Nations Development Program (UNDP), and partners at the national level and 
examines how they have contributed to transforming conflict situation and improving 
national governance (Ryan, 2012). Efforts need to be channelized around legislation 
and policy, implementation of resources, development of industry and market, and 
resourcing access and transportation system to have a resilient and sustainable built 
environment after a disaster (Yan Chang et al., 2010). 

The capacity for successful adaptation in the face of disturbance, stress, or adver-
sity, found by research in social sciences and biological sciences, is indicated by 
resilience. After a disaster event, broadly speaking, there are five dimensions to 
resilience which include socio-psychological well-being at social and family levels, 
restoration at the organizational and institutional level, the commercial and economic 
continuation of services and productivity, reinstating infrastructure, and regularizing 
public safety (Aldrich, 2012). Disasters result in the loss of human lives, damage to 
infrastructure, and loss of economic activity in the community. In order to rebuild a 
community and foster resilience, the role of women is considered crucial. Building 
resilience requires more than just reducing vulnerability. The aim of enhancing 
resilience is to enhance the ability of local people to respond effectively against 
a disaster. In order to build the resilience of a vulnerable group, a strong community 
and the assistance of government departments are required. These departments and 
community will help to support efforts to cope with the negative effects of disaster 
and to support the vulnerable group of the community, offering social protection and 
development initiatives. Under the UN International strategy for disaster reduction, 
governments need to find a new development in the form of linking community-
based disaster risk reduction (CBDRR) with sustainable development goals. While 
ensuring the resilience capacity of communities and DRR measures that are consid-
ered very important for development, there is always an opportunity to ‘build back 
better’, after a disaster (Drolet et al., 2015). About Pakistan’s demise, rumors have
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been greatly exaggerated. The country defied the odds, and by any measure is one 
of the most resilient nations on earth. Pakistan has been periodically subjected to 
survive man-made and natural catastrophes and has got an inherent ability to rise 
from the ashes (Sehgal, 2010). 

5 National Perspective 

We are so much more than what the world sees if we stand united. Although we are 
facing sectarianism, bribery, corruption, poverty, and illiteracy, many other things 
show the bright face of the nation. We are also facing terrorism, violence, guns, and 
bombs; however, there is more to this country that shows the level of resilience of 
this nation. We are the essence of flexibility (Sheikh, 2014). Pakistan is a strong and 
resilient nation that has withstood many upheavals and crises with great composure. 
Those who say that this is a lost nation are sadly mistaken. This nation has had to 
struggle but in no way is it a failed state. There are many challenges, but the people of 
Pakistan are more than willing and able to deal with them (Yaseen, 2011). Pakistan 
has suffered immensely for the last few decades because of terrorism. Throughout the 
history of Pakistan, we have been liberal, progressive, and forward looking. Despite 
the hard times, Pakistan has recently been in the process to hand over the civilian 
government to another democratically elected government. This is the evidence of 
our commitment and perseverance in the face of chaos, tensions, and hostility. This 
is what we call resilience. Chris Jaffrelot in his recent book called that Pakistan 
not only survived but also has the tendency to thrive. Pakistan has been the only 
country in the world to suppress a full ranging insurgency in Swat in the twenty-first 
century. Pakistan cannot be compared with Iraq and Afghanistan as it has a very 
strong military, backed by the people of Pakistan (Farooq, 2017). 

If we ask any Pakistani, in any part of the country, he will tell us the hardships 
Pakistan has been facing and even then we as a nation remained united and restored 
effectively to bring the nation to the routine activities, without hampering the morale 
of the people of Pakistan. Even our most bitter critics will pay honor to our resilience 
and firm capacity for withstanding all tests. To be Pakistani means being able to adapt 
to any situation, and this has become the keystone of our uniqueness. It is difficult 
or impossible to identify priorities for improvement, determine whether resilience 
has improved or worsened, or compare the benefits of resilience with the associated 
costs, without a good measure of resilience (Ahmad, 2015). There is a long list of 
disasters; Pakistani nations coped successfully; however, a few significant events are 
discussed here to find the level of resilience of the nation.
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6 Separation of East Wing of Pakistan (1971) 

With the creation of Pakistan and India as two independent states, British rule in the 
Indian subcontinent came to an end in August 1947. In the eastern and western sides 
of India, the state of Pakistan comprised of the Muslim-dominated areas, separated 
by thousands of miles of Indian territory. These two areas were named “East Pakistan 
and West Pakistan”. Soon after independence, to run the affairs of the state, Pakistan 
had no pre-established administrative site or a sizable number of skilled bureaucrats 
(Nuruzzaman, 2010). The separation of the East wing of Pakistan is considered the 
most tragic moment in 73 years history of Pakistan. In 1971, Pakistan faced not 
only the separation of its East wing but also a civil war in the country and the 3rd 
bloody war with India that lead to an unending series of miseries. There is a long 
list of factors that contributed to the great tragedy; however, sense of dispossession 
within East Pakistan was one of the main reasons. In addition to it, the demand for 
provincial autonomy and a greater share of the resources of the country is also on 
the list (Khan, 2011). To identify the underlying causes of this tragedy, Hamood-ur-
Rehman commission was constituted by the Government of Pakistan. Among other 
causes, the failure of the then military and political leadership in resolving the crisis 
was described as the main reason by the commission in its report. The exaggerated 
figures for the killings of Bengalis by the Pakistan Army were rejected by many 
analysts, investigating journalists and writers (Jamil, 2017). After disintegration, the 
Pakistani nation was depressed and felt the pain of separation, just after 24 years 
of independence and blamed the military and the political elite of that time, to be 
responsible for that disaster. But the world witnessed that Pakistan survived and is 
progressing even after four decades after that sad event (Fig. 1).

7 Ojhri Camp Disaster (1988) 

The Pakistani nation will remember April 10, 1988, as a day of mass grief. The 
twin cities of Islamabad and Rawalpindi received a horrible shock on that day, early 
in the morning. Initially, there were explosions of low density, followed by a huge 
explosion. Missiles, rockets, and projectiles started raining down in all directions. 
The people of Rawalpindi and Islamabad were in a lot of panic and fear. There were 
rumors ranging from an Indian attack to a man-made disaster at some location in the 
city. No one could explain what had happened. Later on, the government officials 
started informing the local people that there was just an accidental explosion at the 
arms and ammunition depot at Ojhri, located between Rawalpindi and Islamabad, and 
there is no reason for fear. Because of this incident in the populated cities of Islamabad 
and Rawalpindi, over 100 people were killed and many more were injured. However, 
after such a disastrous situation where people experienced the taste of actual war with 
bombs and rockets coming from all directions, the daily routine of life started the 
very next day (Aziz, 2016).
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Fig. 1 Location of East and West Pakistan after partition (Singh, 2017)

8 Earthquake (2005) 

More than 70,000 people were killed and 3.5 million were rendered homelessness 
after a devastating earthquake jolted the northern part of Pakistan on the 8th of 
October, 2005. After this disaster, the Pakistani nation rose with such an unmatched 
demonstration of commitment and concern that never happened in the history of 
Pakistan. Soon after the disaster, the response was purely humanitarian with less 
emphasis on organizational matters. In the difficult and mountainous terrain of the 
affected area, Pakistan’s armed forces worked with great commitment to provide 
relief and rescue services. Pakistan army and other civil rescue organizations had to 
face difficulty in access to the disaster area because of landslides, road blockage, and 
damaged bridges. In the past, Pakistan has never been hit by such a gigantic disaster 
of a high degree. To provide relief goods from all parts of the country to the disaster 
area and to provide facilities to those in urgent need, the government and the people 
of Pakistan joined hands together. Welfare Trusts like Edhi, faith-based organizations 
like Pakistan Islamic Medical Association (PIMA), Alkhidmat, etc. worked round the 
clock. The efforts of all these organizations and institutes were exemplary. Devotion 
to service is a lesson that Islam as a religion teaches to humanity. Relief supplies were 
transported by the international community through helicopters. To help the victims 
and to transfer seriously injured people to the hospitals, volunteers and rescue teams 
from eighty countries helped Pakistani authorities. After the earthquake, one thing
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Fig. 2 Earthquake 2005 in Pakistan (Artibees, 2018) 

that came out with a strong message that the Pakistani nation not only came out to 
help the sufferers but showed an example of devotion, dedication, humbleness, and 
generosity toward the victims of that calamity. Even after the main quake, tremors 
were continually felt in the region, but the spirit of the people remained unshakable. 
By no means could the disaster break the spirit of the people, although there were 
so many people who had lost their relatives and friends, or homes, or had been 
injured or had lost their body parts due to trauma. The sense of thankfulness and 
gratefulness to God was awe-inspiring even after trauma and miseries. During those 
testing times, the people of Pakistan took shelter in their religious beliefs, asking 
God for assistance. The people were of the view that Allah gives and takes. Among 
the victims of the earthquake, all that might have come because of belief in prayers 
and faith in religion. This shows that the power of resilience is vital for the survival 
of any nation. It is also crucial that people bounce back and establish themselves 
as they were prior to the disaster. There is no example of such strength of faith and 
spirit. By a sudden shake of the earth, thousands were dead, wounded, and displaced. 
At one moment one feels gloomy and depressed over the incident; however, there is 
always a hope to recover with time (Niaz, 2006) (Fig. 2). 

9 Devastating Floods (2010) 

In July 2010, an easterly monsoon system collided with the western system in 
Pakistan and a weather system developed over North-Western Khyber Pakhtunkhwa 
(KP) province that brought along with it the destruction and devastation of unprece-
dented scale, in the recorded history of Pakistan. This heavy rain and flooding that 
started in the Swat and Kabul Rivers in Khyber Pakhtunkhwa (KP) province shifted 
downstream to bring havoc to the life and property in other parts of the country. 
The data was compiled by the federal flood commission (FFC), and the magnitude 
of the calamity was gauged using that data. The worst flood recorded in the history 
of Pakistan before 2010 happened in 1929 when the flow of rivers was recorded 
at 250,000 cusecs. However, in 2010 flooding, the flow of rivers Swat and Kabul
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combined touched a new historical height of 400,000 cusecs. The flood waters trav-
eled downstream through the barrages in Punjab and Sindh provinces, after playing 
havoc with life and property in Khyber Pakhtunkhwa province, until it reached the 
Arabian Sea. As a result of this massive flow of water, there was a long track of death 
and destruction from north to south of the country. There were 1980 reported deaths, 
and nearly, 2,946 were injured because of the calamity. As a result of this disaster, 
more than 20 million people in Pakistan were affected. Around 1.6 million homes 
were destroyed, and thousands of acres of crops were damaged. The public infras-
tructure also sustained damages at an enormous level. A total of 25,088 km of roads, 
10,436 education centers, and 515 health facilities were damaged. On account of 
direct and indirect damages to social and physical infrastructure, economic sectors, 
governance, and environment, Pakistan had to face an estimated loss of USD 10 
billion, reported by the World Bank (WB) and Asian Development Bank (ADB). In 
short, the scale of devastation caused by the worst ever catastrophe was more than the 
Pakistan Earthquake, in 2005, Cyclone Katrina, the Indian Ocean Tsunami, Cyclone 
Nargis, and the Haiti Earthquake combined in terms of area and population (Zulfiqar, 
2010) (Fig. 3). 

Fig. 3 Devastating floods in Pakistan (BBC, 2010)
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10 Gayari Sector Siachen (2012) 

An avalanche hit a military base at the Gayari sector in Siachen Glacier on April 7, 
2012. As a result of this incident, 140 soldiers and civilian contractors were trapped 
under deep snow. It was the worst tragedy that the Pakistani military has experienced 
in the area. The incident occurred around 180 miles North East of Skardu, at an 
altitude of 16,000 feet (Shaukat, 2015). The soldiers of the Pakistan Army were 
buried under 70 feet of snow after this disaster in the region (Abbas, 2016). The 
soldiers were buried under a boulder with dimensions of 120 foot long and 70 foot 
wide. The army, after the incident, started all possible efforts to search for all its 
soldiers buried alive under the boulder. After continuous efforts, Pakistan Army and 
other agencies recovered all the bodies and handed them over to the heirs. It was 
thought to be an impossible task to find the bodies of all those buried under the ice 
cover at such high altitudes under unpredictable weather conditions. International 
experts were of the view that it is a useless effort to find bodies under thick snow 
cover and suggested declaring the site a mass grave. There was a consensus among 
a few other experts who even said that seven to eight years would be needed to dig 
out the bodies. The army was firm in its determination and decided to put in its best 
efforts and resources, despite all the difficulties. It was the unprecedented courage 
and persistence of the jawans of the Pakistan Army that made it possible to complete 
the task within one year. After working day and night, the bodies of martyrs were 
recovered with the help of excavation equipment. The Frontier Works Organization 
(FWO), National Database and Registration Authority (NADRA), the international 
community, and other organizations played a key role in helping Pakistan Army in 
search operations (Hussain, 2012) (Figs. 4 and 5). 

Fig. 4 Gayari sector tragedy 
(Alchetron, 2012)
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Fig. 5 Gayari sector 
military base (Tribune, 2017) 

11 War on Terror (2001 Onwards) 

The global war against terrorism started after terrorist attacks on the United States in 
2001. During the last almost two decades, Pakistan has been a victim of instability 
and insecurity due to its role as the main state in this combat against terrorism. From 
2001 to 2017, more than seventy two thousand people have been killed in terrorist 
attacks in Pakistan. After this war, Pakistan is facing security challenges and has 
paid the high cost concerning its financial system, cost of investment inflows, market 
confidence, and social fabric deformation (Ahsen, 2017). 

12 The Assassination of Benazir Bhutto (2007) 

Benazir Bhutto, the former Prime Minister of Pakistan, was the first woman to lead a 
Muslim country. A gunman shot her in the neck and set off a bomb on 27 December 
2007 when she was leaving an election rally in Rawalpindi. As a result of this attack, 
at least 20 other people died and several more were injured (Jones, 2007). She was the 
most popular leader of the country and was also an active Chairperson of the largest 
political party in Pakistan. The killing of Benazir Bhutto was carried out with the aim 
to destabilize Pakistan. People of Pakistan reacted strongly across the country and 
again the nation showed its resilience and stood firm against the attack and showed 
solidarity with the families of all those martyred in that attack (Fig. 6).

13 Attack on the Sri Lankan Cricket Team in Lahore 
(2009) 

A bus carrying the Sri Lankan cricket team to Lahore’s Qaddafi Stadium for Day 
3 of their 2nd test match against Pakistan was targeted by militants on March 3, 
2009. This terrorist attack was carried out on the game which is arguably the most 
celebrated game in the country. Cricket fans across Pakistan regret the awful attack,
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Fig. 6 Benazir Bhutto in her 
last rally in Rawalpindi (Taj, 
2010)

especially when the attack was carried out on foreign cricketers. At around 8:50 am, 
terrorists stormed through Liberty market, Lahore intending to carry out a multi-
pronged attack on the Sri Lankan team’s convoy. Using RPGs, hand grenades, and 
guns, the attackers aimed the bus carrying the cricketers. Six police officers in an 
escort van were killed, and six cricketers of the Sri Lankan cricket team were injured. 
Two bystanders were also killed. The Lahore test match was quickly called off and 
the tour was canceled, with the Sri Lankan players evacuated from the Gaddafi 
stadium and taken to a nearby airbase. Because of the deteriorating security situation 
in the country, most of the cricket teams had already regretted visiting Pakistan. This 
incident was heartbreaking not only for the Pakistani nation but also for all cricket 
lovers all around the world. The cricketing nations boycotted Pakistan for playing 
cricket in the country. Pakistani stadiums were turned into deserts, and the situation 
remained the same for around a decade. Pakistan was forced to play the scheduled 
home matches in Dubai and Sri Lanka (Chaudhry, 2017). The resilience and resolve 
of the Pakistani nation worked here as well. Even after not being able to play cricket 
at home grounds, Pakistan managed to win the ICC Champions Trophy 2017 final 
against archrival India, hosted by England (Alter, 2017). 

14 Attack on Army Public School (APS) Peshawar (2014) 

In December 2014, terrorists attacked Army Public School (APS) and killed dozens of 
students and teachers. In our recent history, this massacre may be considered a turning 
point, when people from all the different parts of the country came together and made 
a strong bond against terrorism. All institutions, politicians, media, and civil society 
of Pakistan came on one page against all forms and manifestations of terrorism. 
After the Peshawar tragedy, under a cohesive, well-orchestrated National Action 
Plan (NAP), the back of terror has been broken very effectively by law enforcement 
agencies. Unfortunately, it took a while; however, the resilience of the nation has paid 
back and the results are there to witness as terror incidences are on a rapid decline 
(Sharif, 2015).
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15 Attacks on Military Bases 

Minhas air base of Pakistan Air Force came under attack on August 16, 2012, when 
militants carried out a blatant attack while taking advantage of darkness. During a gun 
battle that raged for hours after the raid, eight militants were killed while one soldier 
was also martyred. One aircraft was damaged, and the attack was repelled success-
fully (Malik, 2012). Four terrorists launched an assault with sophisticated weapons 
on Pakistan Army Headquarters (GHQ) on October 10, 2009. Six soldiers including 
two senior army officials were martyred in a noxious terrorist attack. Militants took at 
least 42 hostages, and the GHQ remained under blockade for several hours. Pakistan 
Army rescued 39 hostages after operation Janbaz was launched; however, during 
the attack and operation, 11 soldiers and three hostages were killed (Rao, 2009). 
One of Pakistan’s naval bases was attacked by militants on May 22, 2011. Around 
15 terrorists stormed into the base, carrying guns, grenades, and rocket-propelled 
grenades. An aircraft, used for surveillance, and a helicopter were destroyed by 
militants (Waraich, 2011). 

16 The Resolve and Commitment of the Pakistani Military 

Pakistani military, with Pakistan police, rangers, and other Law Enforcement Agen-
cies (LEAs) remained under the continuous attack of the militants in all parts of 
the country. Initially, the Law Enforcement Agencies (LEAs) reacted defensively 
but with the passage of time, these militants started attacking the nerve areas of 
Pakistan’s military forces. It was high time for the morale of the Pakistani military 
when all the nodal points of military setups were attacked by the militants regularly 
and no offensive response was initiated in reaction to these embarrassing attacks. 
Pakistan’s armed forces were criticized for not being offensive against the terror-
ists. Here at this point, the Pakistan army started an offensive campaign, soon after 
General Raheel Sharif took over command as Chief of the Army Staff. Pakistan Air 
Force was also effectively utilized in order to provide aerial cover and to destroy 
the nerve points of the militants with aerial bombardment, all along the western 
border. Pakistan’s military showed full commitment and resolve and started military 
operations one after the other, eliminating the terrorist which resulted in a substantial 
decrease in the terrorist attacks on the civil and military setups all around the country. 
This action was highly appreciated by world leaders and international media. The 
world started to recognize the efforts carried out by the military and the sacrifices of 
the people of Pakistan.
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17 Military Operations in Pakistan 

Apart from tension at the border with India and Afghanistan, Pakistan has been 
engaged in four wars with neighboring countries. For a long time, the Pakistan army 
has had to battle the terrorists within the country. Pakistan joined hands with the 
US-led War on Terror and helped. 

The US forces were involved in the process of eliminating the terrorists, after the 
September 11 attacks in the United States of America. All the military operations 
conducted by the Pakistan military against terrorists have been successful. In recent 
years, the Pakistan military has undertaken many joint operations (Table 1); however, 
in eliminating terrorists, Operation Rah-e-Rast and Zarb-e-Azb have been the most 
successful. Operation Zarb-e-Azb is the biggest and most well-coordinated operation 
ever conducted against terrorists. As it is a ‘war of survival’, hence this operation 
holds greater significance among all the operations conducted so far (Nabi, 2016). 

Table 1 Military operations in Pakistan (Nabi, 2016) 

No Military operations Year Remarks 

1 Al-Mizan Operation 2002 • First operation at start of war against terror 
• Around 70,000–80,000 men were deployed 
• Special Services Group also participated 

2 Operation Rah-e-Haq 2007 • Offensive but poorly coordinated 
• Operation conducted after Lal Masjid 
Incident 

• Emergence of Tehrik-i-taliban Pakistan 
(TTP) 

3 Operation Sherdil 2008 • Conducted in Bajaur agency against 
militants 

4 Operation Zalzala 2008 • 0.2 million people displaced 
• Around 40,000 houses destroyed 

5 Operation Sirat-e-Mustaqeem 2008 • Operation in “Bara Tehsil” 

6 Operation Rah-e-Rast 2009 • Pak Army regained control over ‘Mingora’ 

7 Operation Rah-e-Nijat 2009 • Use of gunship helicopters and aircrafts 

8 Operation Koh-e Sufaid 2011 • Tal-Parachinar road was re-opened by 
military 

9 Operation Zarb-e-Azb 2013 • Effective utilization of force with tactics 
• Pakistan Air Force was effectively utilized 

10 Operation Radd-ul-Fasaad 2017 • A nationwide multiagency response 
• Participation of Military and civil armed 
forces
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18 Conclusion 

Pakistan has been facing so many odds since the time of her independence. It had to 
face war with India, within the first year of its birth in 1948, followed by wars in 1965 
and 1971. In addition to the wars, Pakistan has been experiencing different forms 
of natural and man-made disasters in the shape of floods, earthquakes, landslides, 
droughts, epidemics and terrorism, etc. All these hazards have tested the resilience of 
the nation, and Pakistan has proved to be the most resilient nation in the world which 
is not only coping after the disaster but still flourishing and competing with the world 
in all the different fields. No other nation would have survived and flourished after 
the disastrous events Pakistan faced. Pakistan has got the natural healing capacity 
to cope with the disaster timely and effectively and one of the reasons is a strong 
belief and faith in the religion. Some events were highly disturbing (separation of 
the East wing of Pakistan, attack on the Army Public School, Peshawar, and a wave 
of terrorism across the country) and shattered the confidence and the morale of the 
nation. People all around the country faced the loss of their loved ones while fighting 
against terrorism. Because of the resilience of the nation, as a whole, Pakistan fought 
back strongly after every incident. The worst enemies of Pakistan also acknowledge 
the level of motivation and resilience of the Pakistan military and the nation against 
all these odds. The recovery of all bodies that were buried under the avalanche in 
Gayari sector in 2012 is one example showing the resolve and the determination of 
the whole nation. 
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Community Post-flood Vulnerability 
Assessment of Tehsil Behrain District 
Swat, Pakistan 

Shams Ul Haq and Naeem Shahzad 

1 Background 

Pakistan has witnessed 7 major floods since its creation. Among, the flood 2010 
devastated the socioeconomic and environmental infrastructure of the entire country 
generally and specifically in District Swat. The occurrences of natural disasters are 
common phenomena due to geographic features and the presence of active fault lines. 
However, such a catastrophic flood has never been seen in the history of Pakistan. It 
destroyed buildings, business centers, markets and houses, washed away agricultural 
land and vegetation cover, bridges, cut down roads and destroyed important lifelines. 
It caused massive displacement and put constraints on food security, livelihood, 
education and health facilities. The massive damages and losses were due to the 
fragile vulnerability conditions of people with a lack of resilience to withstand flood 
disasters. Similarly, no mechanism of early warning was in place at any level to 
disseminate early warnings and facilitate safe evacuation. 

Many studies including Pakistan flood 2010 by Asian Development Bank (ADB), 
District Swat Disaster Management Plan (DDMP) and Behrain Tehsil Disaster 
Management Plan (TDMP) by Provincial Disaster Management Authority (PDMA), 
underscored the scale of damages and losses from flood 2010. As a result, access 
to basic facilities and services and constrained livelihood options within the local 
communities increased people’s vulnerability. The situation got worse in those areas 
of upper Swat where government and aid agencies were unable to get access to flood 
affected people and serve humanity.
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In the aftermath of the emergency response, the Government of Pakistan-GoP, 
humanitarian, UN and aid agencies initiated several programs focusing on the “build 
back better” notion. The dislocated households returned to their dwellings. The 
market steadily got functional which gave a ray of hope for livelihood revival. 
However, disaster resilient development is essential for long-term sustainability 
backed by research-oriented policies and programs. 

2 Overview of the Study Area 

Tehsil Behrain is widely famous for its scenic natural beauty and moderate weather 
during the summer season. District Swat has four Tehsils (Sub-District or Admin-
istrative Units) and Behrain is one of the administrative Tehsils located in the north 
of the capital city Mingora of District Swat. Multiple streams are falling in the river 
Swat at the catchment area of Behrain. River Swat is flowing through the center of 
this Tehsil. It is located at a distance of 316 km from Islamabad. The total population 
is 248,474 (census 2017–2018). The Tehsil is surrounded by mountains from all 
sides. It receives an average rainfall of 450–700 mm/year. 

The moderate weather condition in summer attracts tourist from all parts of the 
country including international tourists as well. The average high temperate reaches 
up to 21 °C in June and becomes harsh at 1 °C or−0 °C during winters in January. The 
area does not count for monsoon season therefore occasional rainfalls are witnessed 
in this season. The average rainfall is around 450–700 mm/year. 

The limited livelihood opportunities, education and geographic features make 
it prone to multiple disaster effects. Flood 2010 notably affected the entire Tehsil 
Behrain as people lost assets, livelihood sources, stranding crops and infrastruc-
ture. The people in the area are mainly associated with agriculture, livestock and 
the tourism industry, however, both sectors have been substantially affected due to 
recurrent disasters in the area. People were practicing subsistence agriculture for 
survival; however, the flood 2010 washed away the productive lands, standing crops, 
and stored produce and damaged the overall agriculture infrastructure of the village 
(Bank, 2010). The irrigation channels in some of the communities were also damaged 
which resulted in a decrease in productivity (community assessment). Major crops 
grown are mostly cereals and vegetables, while apple, peach and persimmon are the 
major fruit orchards that have provided employment opportunities to a large number 
of people. The flood affected the livelihood of these people as they were not able to 
transport their fruits and vegetables to market for cash returns. The flood destroyed 
bridges and roads that restricted access to essential services, resulting in increased 
prices of staple food items. 

The major tribes living in the village are Yousafzai, Pakhtuns, Gujars and Mians. 
The women use veils and generally are not allowed to go out freely from their 
house boundaries. People live in a joint family system and had strong social bonds 
before the flood disaster. The flood left many families in isolation, many became 
temporarily dislocated people-TDP and many lost their native village and land. The
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social bond and cohesion weakened over time. While addressing the humanitarian 
needs of different organizations in the early recovery and recovery phase, led the 
local people to compete to get more out of it as individuals rather than a community. 
However, some best practices for instance sharing of accommodation, agriculture 
and other required tools were also observed in the study area during this phase. 

Though people have high affiliations with politics to follow personal interests 
and have no or little understanding of their roles and responsibilities. The political 
leadership was never held accountable and was held responsible for the failure to 
develop a progressive and resilient society. The benefits for disaster affected people 
were often politicized, with the focus on party supporters to gain loyalty in future 
elections. 

3 Floods 2010 in Swat 

The devastation caused by the flood 2010 in Pakistan will always be remembered. 
The flood 2010 affected more than 20 million people. The devastations of the flood 
were widespread but District Swat was particularly affected. The Upper District Swat 
is prone to multiple hazards including floods, earthquakes, heavy rainfall, snowfall 
and thunderstorm. High levels of poverty, high population densities, environmental 
degradation, lack of political will and lack of coordination, planning and preparedness 
make the region highly vulnerable to natural disasters. The geographic obstacles 
such as steep, high mountains and harsh weather conditions restrict access to these 
locations. 

In the study area, disaster risk reduction (DRR) has not been mainstreamed into 
development which has resulted in huge devastation due to recurring disasters (natural 
and anthropogenic). This study aims to identify factors that increase people’s vulner-
abilities and reduce coping capacities. An indicator-based study on exposure to flood, 
access to facilities, existing mitigation measures, socioeconomic culture and weak 
relations has been evaluated for an in-depth understanding of vulnerabilities. 

This study examines community vulnerability by vulnerability assessment index-
VAI taking into account the three parameters including exposure, fragility and lack 
of resilience. The priority hazards identified in the consultation include major floods, 
flash floods and heavy rainfalls. These indicators were used to identify the commu-
nity’s exposure to floods. Similarly, income, education, health, social networking, 
house structure and environment were considered indicators for the identification of 
fragility and lack of resilience. Several underlying risk factors increase vulnerability 
and contribute to the severity of disasters in the study area. These include: 

• Poor construction practices and limited enforcement of existing building codes 
• Weak early warning systems 
• Lack of awareness and education on disasters and response 
• Limited capacity and coordination between various government disaster response 

agencies
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• Disaster susceptibility of a large number of impoverished communities. 

Limited attention has been given to analyzing the key reason for vulnerabilities 
causing widespread destruction at the time of disaster. The analysis and results of 
vulnerabilities assessment provide foundations for effective planning for disaster risk 
reduction and management. The insights from this study are likely to provide the 
basis for effective planning at the government level to combat disasters in the future. 

4 Previous Studies Related to Vulnerability Assessments 

4.1 International Studies 

According to Morrow (1999) social and economic conditions determine disaster 
vulnerability. The study highlights that disasters restrict the resilience of a single-
headed household or households having large numbers of dependents who most 
of the time juggle multiple jobs to meet family needs. The study explained that 
vulnerable people such as the poor, senior citizen and women-headed household 
suffer more from disasters. Mapping these groups within the communities is essential 
for effective response. The study also recommended the engagement of these groups 
in planning and response activities in order to promote local activism which will 
leave a long-lasting impact on disaster resilience. 

Fekete used the social vulnerability index intending to develop and validate a 
social vulnerability map of people prone to river floods in Germany. The composite 
index was used with three indicators (fragility, socioeconomic condition and region) 
adopted from the office of federal statistics (Fekete, 2009). The households in the 
three federal states were surveyed and logistic regression was used for the analysis 
of the vulnerability. The results of the social vulnerability index presented showed 
varied vulnerability conditions of different counties in Germany. 

Mwape (2009) conducted a study on flood impacts on the socioeconomic condition 
of people and livelihood in Zambia. The study carried out the qualitative and quan-
titative analysis. The critical elements including agriculture, health and education, 
access to water, assets/property, housing and sanitation were found to be drastically 
affected by the flood. The damages and losses to the critical aspects increased the 
socioeconomic vulnerability of the people. 

According to Cutter et al. (2012), disasters have become more devastating than 
before. The reasons are the hazard’s frequent interaction with the widespread distinct 
vulnerabilities in the US County. The hazards of place model were used in the study 
which concluded that vulnerability is a multifaceted phenomenon that identifies a 
set of those conditions and characteristics that enable an individual, or community 
to respond and recover from disasters. 

Baba and Abayomi (2013) conducted a similar study in Ghana which assessed the 
effects of seasonal floods on livelihoods and food security. The study also analyzed 
the definition of the Inter-Governmental Panel on Climate Change-IPCC (2014) that
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vulnerability is the susceptibility or propensity of a system to be negatively affected 
by an external hazard. It discussed the causes of floods and damages and their impacts 
on food security and livelihood. The susceptibility exposure of farmland, agriculture 
crops and soil nutrients was significantly affected which contributed to low crop yield 
and food security. 

Vink and Takeuchi (2013) conducted a study to evaluate legal actions in Disaster 
Risk Management (DRM) taken for vulnerable people in Japan, the Netherlands 
and the USA. The authors mentioned that in general some characteristics and sets 
of conditions make people more susceptible to disasters in a community despite 
actions taken on account of recovery or reducing disaster effects. However, in the 
study countries’ definitions of vulnerable people/groups were not similar to each 
other as per respective DRM laws and policies. In the respective laws of the USA 
and Japan, some characteristics of vulnerable groups were found similar which were 
elderly people, children and people with disability. Whereas, the Netherlands has 
mentioned that not self-reliant people were vulnerable to the laws of DRM. The 
varying definition of vulnerable people sets different trends to approach vulnerable 
people in respective countries. Thus, it was difficult to set standards and trends for 
measuring vulnerability in DRM laws. This study referred to Hyogo Framework for 
Action-HFA (2005) that stressed the development of indicators and indices which 
would evaluate the vulnerability of different groups. 

Highfield et al. (2014) in the study of mitigation planning for hazard exposure, 
structural and social vulnerability, underscored that communities living near rivers 
were more exposed to flood hazards. Therefore, the authors stressed the need to 
prioritize high impact zones and take mitigation and recovery measures to avoid 
losses and damages in such areas. 

Wisner et al. (2014) have explained the relationship between vulnerability and 
disaster through the “pressure and release model”. The model focus on the socioeco-
nomic pressure and physical exposure that generate disasters. The division of upper 
class, lower class and marginalized class/groups in a community determine unequal 
access to resources which create unsafe conditions and dynamic pressures and further 
make them susceptible to the negative impact of natural events. 

Tapia et al. (2017) conducted an indicator-based study to assess the vulnerability 
of 571 European cities to climate change. There were three risk factors for assessing 
climate change vulnerability which included flood, heat waves and drought. The 
information taken from the European audit database helped the development of indi-
cators. The result presented that the vulnerability of the large cities was high due to 
the three risk factors of flood, heat wave and drought. 

Busby asserted that mapping remains one of the significant approaches to help 
understand the degrees of prevailing vulnerability while conducting vulnerability 
assessments (Busby et al., 2013). The study analyzed degrees of spatial vulnerability 
in the flood hazard maps of target union councils. Sullivan-Wiley et al. (2019) used a  
participatory approach for developing vulnerability. The feedback of different stake-
holders in the participatory planning contributed to understanding the community 
perception and validating vulnerable locations in the flood hazard map.
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Dintwa et al. (2019) carried out a study to quantify the prevailing vulnerability 
in Botswana. Many indicators were used for measuring the vulnerability of people 
and places. The vulnerability index scores found that the highly vulnerable Districts 
(Ngamiland West and Central Tutume) were due to low income, unemployment, 
social insecurity, low education level and a high number of children and elderly 
people. 

4.2 Studies Concerning Pakistan 

The Asian Development Bank-ADB (2010) conducted post-flood need assessment of 
the flood affected areas in Pakistan. The report presented the extent of damages and 
losses in different sectors throughout Pakistan. It also provided insight into the gaps 
found in the preparedness and response measures. The report declared that the flood 
2010 was the most devastating in the history of Pakistan (Bank, 2010). However, 
the responsible institution couldn’t timely disseminate flood information, especially 
in the upper zone of Pakistan (Qasim et al., 2016). Government organizations also 
failed to evacuate people to a safer zone. The report recommended PKR 758 billion 
(US$ 8.9 billion) for rehabilitation and reconstruction needs. 

Hong et al. (2011) conducted a study on Pakistan flooding 2010 by examining the 
European, and Russian blocking and the interaction of tropical monsoon surges. The 
study presented that a number of monsoon surges caused intense rainfall in Pakistan 
and triggered floods that devastated the country by affecting 20 million people with 
a death toll nearing 3000 individuals. 

Mahmood and Ullah (2016) conducted a study to assess the flood 2010 causes and 
damages in Dir Valley Khyber Pakhtunkhwa. This study discussed the reasons for 
intense rainfall leading to floods. The floods’ interaction with people’s vulnerability 
in the area resulted in massive damages and losses to the socioeconomic and built 
environment. Zone-wise (Balkot, Barikot and Sharingal) damages to agriculture, 
infrastructure and economic losses were presented in this study. The assessment of 
flood damages emphasized the vulnerability of District Swat which is adjacent to 
Dir and has similar geographic features. 

To examine resilience to flood, Qasim et al. (2016) conducted a community 
resilience assessment in District Charsadda, Nowshera and Peshawar. The result 
presented that all three sites were less resilient due to physical, social, economic 
and institutional factors which influenced community vulnerability. The study 
recommended policymakers take concrete measures for increasing the resilience 
of flood-prone people in the selected Districts. 

Sadia et al. (2016) examined women’s health risks and vulnerability in relation to 
floods in Pakistan. The floods 2010 most affected two UCs in District Nowshera were 
purposively selected. The findings presented that women were found more vulner-
able to access better healthcare assistance. Multiple factors including low educa-
tion, socially fabricated roles, access to extended services, income and perception of 
disaster make them more vulnerable in terms of public health. Flanagan et al. (2011)
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also emphasized the provision of early health services in post-disaster situations. 
The limited available health services often led to increased mortality and prolonged 
recovery from disasters. 

Climate change has widespread impacts on human beings with impacts varying 
from individual to individual. Abbasi et al. (2019) assessed gender vulnerabilities to 
climate change in three sub-basins of the Indus including Soan, Hunza and Chaj Doab 
in Pakistan. The findings revealed that climate change has left drastic impacts on the 
entire community of the study area. However, women and children were differently 
affected by extreme weather events. Women were found more vulnerable due to 
limited access to power, education, information, extension services and different 
socially fabricated roles and responsibilities. The rain-fed agriculture was the only 
source of income generation and food security. Climate change left negative impacts 
on rain-fed agriculture. Therefore, the men were compelled to search for livelihood 
sources in other areas and consequently, women had to take additional responsibilities 
in their absence. The study recommended that the government and aid agencies 
should provide financial assistance to the farmer community so that they could invest 
in climate resilient crops and diversified livelihood sources. 

Rehman et al. (2019) conducted a study on the disaster management system in 
Pakistan. An example from the flood 2010 was narrated as a piece of evidence 
to justify the fragility of the system which was unable to address the root causes 
of vulnerability. The lack of coordination and working in isolation worsened the 
situation in flood 2010. The responsible institutions had no plan in place for an 
effective response. 

Jamshed et al. (2019) conducted an empirical study to assess the relationship 
between capacity and vulnerability regarding flood in two Districts—Muzaffargarh 
and Jhang Punjab Pakistan. For assessing the vulnerability and capacity in realistic 
terms, a vulnerability index was developed. It was revealed that the findings of the 
vulnerability assessment were the same for the two Districts. However, different find-
ings of capacity assessment portrayed that Muzaffargarh had more coping capacity to 
flood in terms of good education, access to resources, livelihood skills, social assets 
and community networking as compared to Sub-District Jhang. 

5 Vulnerability Assessment of Study Area 

The total population of Tehsil Behrain is 248,474 individuals (census 2017–2018). 
The target groups include men, women, people with disabilities, children, elected 
representatives, the small business community and government representatives. The 
study was conducted in four UCs—Madyan, Beshigram, Behrain and Tirat of Tehsil 
Behrain District Swat Khyber Pakhtunkhwa. The catchment area of District Swat is 
diverse for the reason that glaciers are melting in the northern area of the District, 
all making their way through the upper catchment. Similarly, monsoons also cause 
heavy rainfall. Specifically, from 27 to 28th July 2010, heavy rainfall led to a major 
flood after 80 years in Pakistan.



196 S. U. Haq and N. Shahzad

6 Data Source and Development of Vulnerability Index 

The available literature was reviewed for the development of a vulnerability index 
which was developed comprised of three parameters exposure, fragility and lack of 
resilience. Indicators were selected for each parameter. In total, nineteen relevant 
indicators were selected. Three indicators were selected for exposure, eight each 
for the fragility and lack of resilience (Jamshed et al., 2019). Each indicator was 
further weighted with three class/questions on a scale of a high, medium, low and 
numerically as 3, 2 and 1, respectively. Vulnerability Index-VI was developed from 
the previous study including Hahn et al. (2009), Cutter et al. (2012), and Jamshed 
et al. (2019). Table 1, is presenting the vulnerability index with the aforementioned 
parameters and indicators rationalized in the given scale.

In total, 19 indicators were developed with 57 sub-indicators used for assessing 
people’s exposures to hazards, fragility and resilience on a comprehensive scale 
of high, medium and low. Community exposure to hazards was identified through 
indicators of three priority hazards including flood, heavy rainfall and flash flood. 
Similarly, the fragile condition of the community and lack of resilience were eval-
uated by assessing the indicators of access to clean water, food security, health 
assistance, house pattern, community support structure, education, family income 
and environment/natural resources. 

7 Measuring Flood Vulnerability by the Parameters 
Exposure, Fragility and Lack of Resilience 

According to Smit and Wandel (2006), vulnerability is a function of three compo-
nents: exposure to hazards, sensitivity to hazards and ability (capacity) to cope 
with hazards. The study assessed three parameters: community exposure to hazards, 
community’s fragility and community’s lack of resilience. The fragility of a system 
is all those unsafe conditions that make a system susceptible to flood. Similarly, 
lack of resilience reflects the underlying causes that reduce the system’s capacity to 
withstand flood disasters. 

The vulnerability of respective UCs was assessed. The information is entered into 
the database. The following equations/criteria are used to carry out an analysis of 
exposure, fragility and lack of resilience and identify Union Council Vulnerability. 

UC Vulnerability = Exposure + Fragility + Lack of Resilience 

where exposure, fragility and lack of resilience are calculated using the following 
equations: 

Exposure = 
n∑

i 

Add exposure indicators Score − No of total 
indicators used in exposure
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Table 2 Vulnerability 
scoring criteria 

Categories Community 
vulnerability category 

Criteria, vulnerability 
score range 

Low 1 1–1.49 

2 1.5–2.49 

3 2.5–3.49 

Medium 4 3.5–4.49 

5 4.5–5.49 

6 5.5–6.49 

High 7 6.5–7.49 

8 7.5–8.49 

9 8.5–9 

Fragility = 
n∑

i 

Add fragility indicators Score − No of total 
indicators used in fragility 

Lack of Resilience = 
n∑

i 

Add Lack of resilience indicators Score − No of total 
indicator used in LR 

The maximum vulnerability score was calculated as 9 in the vulnerability index, 
whereas, the lowest minimum vulnerability was calculated as 1. Table 2 explains 
Vulnerability Scoring Criteria. 

8 Assessment and Analysis of Community Exposure, 
Fragility and Lack of Resilience 

The community prioritized that three hazards namely, major flood, heavy rainfall 
and flash floods had adversely impacted their socioeconomic infrastructure. Thus, 
the study considers only the top 3 hazards present in the community. The response 
of the community’s exposure was recorded in the ranks from 1 to 3 (1 = LOW, 2 
= MEDIUM, 3 = HIGH) and the score was identified for three priority hazards of 
underexposure. The score of three priority hazards was summed and divided by the 
total number of indicators. For instance: a respondent response was identified as 02 
for major flood, 1 for flash flood and 3 for heavy rainfall. All three indicators were 
summed as 2 + 3 + 1 = 6. Then, 6 was divided by 3 (total number of indicators) to 
get the total exposure score of a respondent. Subsequently, the community Exposure 
Score calculated was 2. Thus, we used the following equations to identify mean 
exposure to hazards (flood, heavy rainfall and flash flood).
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Exposure = 
n∑

i 

Add exposure indicators Score − No of total 
indicators used in exposure 

Similar to exposure, here too, the indicators developed for the fragility and lack 
of resilience were ranked as high-3, medium-2 and low-1. The abovementioned 
computation process was repeated for each response to get a score of fragility and 
lack of resilience, respectively. For example: Clean Water Access = 2, Housing = 
3, Education = 2, Basic Income = 2, Food Security = 1, Health = 2, Total: 2 + 
3 + 2 + 2 + 1 + 2 = 12. Divide 12 by 6 (number of indicators) = 2. In this 
way, Community Fragility Score was identified. The following equation is used for 
identifying community fragility. 

Fragility = 
n∑

i 

Add fragility indicators Score − No of total 
indicators used in fragility 

For lack of resilience, we supposed that: 

Clean Water Access = 3, Housing = 3, Education = 2, Basic Income = 2, Food 
Security = 2, Health = 3, Total: 3 + 3 + 2 + 2 + 2 + 3 + 2 + 3 = 20. Divide 15 
by 8 (number of indicators) = 2.5. Thus, the given equation is used for figuring 
out the lack of resilience. 

Lack of Resilience = 
n∑

i 

Add Lack of resilience indicators Score − No of total 
indicator used in LR 

9 Analysis of Community Vulnerability 

The study used a vulnerability index to assess vulnerability by analyzing the primary 
and secondary information. The analysis identified that the indicators used for expo-
sure, fragility and lack of resilience show consistency in the findings of respec-
tive union council vulnerabilities. Several studies including District Swat Disaster 
Management Plan and Tehsil Behrain Disaster Management Plan developed by 
Provincial Disaster Management Authority gave only a brief overview of vulner-
ability in the District or study area. In District Disaster Management Plan, Tehsil 
Behrain has been categorized as low-vulnerable Tehsil whereas the analysis of our 
study revealed all four union councils are highly vulnerable and therefore, an exten-
sion of research to the remaining union councils is recommended. This reveals a 
policy gap for the decision-makers and suggests a serious need to revisit their plan’s 
findings and change the status of Tehsil Behrain as highly vulnerable Tehsil is prone 
to multiple disaster effects.
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The analysis of exposure component/variable/parameter gives the insight that a 
major portion of the community is exposed to the effects of flood hazards and the 
Union Council Madyan is highly exposed to the priority hazards including major 
floods, flash floods and heavy rainfall. Capacity associated with exposure is limited 
as the area lacks retaining walls, check dams and vegetation cover which can deter 
disaster effects in times of flood disasters. 

The findings revealed that the majority of the population relies on spring water 
which is neither protected nor free from contamination. In rural areas, women/girls 
ply long distances to pitch water from the springs mostly located in faraway moun-
tains. The analysis further reveals that such activities significantly affect girls’ educa-
tion. In urban areas, clean drinking water was channelized to houses by PVC pipes 
which often pass through drains leading to contamination of drinking water. 

Food security is another major factor in people’s increasing vulnerability. The 
local people are mainly dependent on persistent agriculture yields that hardly meet 
survival needs or merely cover basic needs. The results reflect that people lack the 
capacity to use advanced technology for increasing their yields and production from 
agriculture and livestock. 

The fragility in health assistance identifies that limited people have access to basic 
health facilities. In case of serious health issues, people visit the hospital in down 
Districts. In the time of disasters, limited medical facilities and staff are not able to 
provide health assistance to people affected by disasters. 

The findings showed that recurrent disasters have weakened local support structure 
and networking. The isolation in thinking and actions significantly disturb the social 
cohesion in the community. The findings indicate that fund generation and collective 
actions for resolving communal problems do not exist at any level in the community. 

The housing structures are vulnerable and are unable to withstand flood disasters. 
People lack capacity in terms of building resilient structures by following building 
regulations, technology and techniques. It has been observed that people are recon-
structing buildings in flood-prone areas which indicate low awareness about disaster 
risk, and no implementation of land regulations by government departments. 

The available education facilities were unsafe and beyond access for girls espe-
cially. Therefore, girls’ education was very low as indicated by respective results. 
Moreover, the education facilities were located in flood-prone areas and not resilient 
to withstand floods, earthquakes and rock falls (from nearby mountains). 

Income from tourism was the 2nd largest source after income from the agricul-
ture sector. At one time, women were participating equally along with their men to 
generate income from embroidery and handmade stuff. They had good linkages with 
local markets and even down District markets. The recurrent disasters including the 
flood 2010 disrupted the market setup and tourism. 

The findings revealed the vegetation cover and watershed were also badly damaged 
by the flood 2010. However, it has been noted that forest covers were drastically 
affected by the timber business, household use of wood as fuel and abundant use in 
building infrastructure.
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10 Recommendations 

The study has laid down baseline information for devising mitigation plans and 
conducting further research studies on vulnerability to flooding. 

– Construction of dikes, check dams and vegetation cover is recommended for 
reducing vulnerability in the study area. 

– Tehsil Behrain has been declared a low-vulnerable Tehsil in the Disaster Manage-
ment Plan of Disaster Swat by PDMA. Therefore, its status needs to be a highly 
vulnerable Tehsil prone to multiple disaster effects. 

– Women being a sensitive figure in the community needs special attention in terms 
of health care, financial support, protection and psychosocial support. 

– Programs should be designed for the strengthening of the community support 
structure and social cohesion by engaging the local community and making their 
linkages with government and nongovernment stakeholders. 

– Implementation of land regulation is vital to avoid construction in flood-prone 
areas. 

– The directorate of education is recommended to take concrete actions for making 
education facilities accessible and disaster resilient. Special education programs 
should be designed for those girls who left education due to recurrent disasters. 

– Revitalization of women entrepreneurship with adequate access to the market 
within cultural boundaries. 

– Local people need to be sensitized about the growing effects of climate change 
and should be prepared for meeting these effects through adaptation measures. 
Similarly, farmer’s training on diversified livelihood sources needs to be imparted 
particularly women capacity building may be ensured. 

11 Conclusions 

The study evaluated the community vulnerability of four UCs of Swat districts against 
hazards prioritized by the community. Major floods, heavy rainfall and flash floods 
were identified as top-priority hazards. The hazards were assessed against expo-
sure, fragility and lack of resilience for quantifying community vulnerability. Find-
ings revealed that vulnerable groups including women were highly affected due to 
recurrent disasters, especially girls’ education was disrupted and needs attention. 
Due to a lack of awareness and land use regulation implementation issues, people 
again started building infrastructures showing complete negligence of build back 
better options. The second major source of income which was tourism was severely 
affected in the aftermath of disasters. To address these issues, the government and 
concerned stakeholders need to ensure immediate disaster risk reduction measures 
at the community level for capacity building and strengthening institutional setup 
through public-private partnerships.
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Socio-Economic Potentials of Nigerian 
Inland Waterways System 
for Sustainable Use 

Solomon Usman Jatau, Araoye Olarinkoye Ajiboye, 
and Babatope Gabriel Oni 

1 Introduction 

Transportation is vital to any economy as it is inseparably linked to other sectors 
of the economy. It is the vehicle for inter- and intra-country trade and the means of 
movement include air, pipeline, rail, ocean or Inland Waterways. Inland Waterways 
are any navigable body of water either natural or manmade such as rivers, canals or 
routes used for travel by water from the coast or shoreline to the interiors of a country. 
Inland water transportation (IWT) is, therefore, the utilisation of Inland Waterways 
for the movement of passengers and freight between inland ports, wharves or quays. 
Like any other mode or class of transportation, it facilitates the social and economic 
interaction of citizens and serves as a major catalyst for national development. 

According to Lawal and Oluwatoyin (2011), countries with vast Inland Waterways 
have utilised it as an important factor in the development of their regions through oil 
exploration, the opening of new settlements and commerce and trade. Water transport 
being one of the cheapest modes of transport has the largest carrying capacity and 
is most suitable for carrying bulky goods over long distances. The development of 
navigable Inland Waterways has equally assisted nations to achieve several develop-
mental goals and offers the most economical, energy efficient and environmentally 
friendly means of transporting passengers and freight. In most cases, it requires much 
less capital investment and maintenance than other transport modes. Despite evident 
lesser environmental impacts when compared to other competing modes, they have 
been rather neglected in many countries including Nigeria.
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Nigeria has the second longest length of Inland Waterways in Africa after Egypt. It 
has 8,600 km of Inland Waterways centred on River Niger and River Benue and their 
tributaries (Ndikom, 2008). The coastal waterways extend from Lagos State through 
Warri in Delta State to Calabar in Cross River State. The coastal ways from Lagos 
through the River Niger link up the Eastern part of the Country. The IWT operation is 
advantageous in terms of the costs of moving heavy traffic by road transport with an 
average share of about 1.6% of Nigeria’s GDP. A single 15-barge load, for instance, 
is comparable to around 225 rail cars or 870 tractor-trailers. The transportation of 
tonnes of agricultural produce and imported items would gain most from this. 

The Federal Government of Nigeria (FGN) established the National Inland Water-
ways Authority (NIWA) in 1997 as part of measures to promote Inland Waterway 
transport in Nigeria. According to Usman and Oyesiku (2015), the main respon-
sibility of NIWA is to improve and develop Inland Waterways for navigation and 
provide an alternative mode of transportation of economic goods and persons among 
other things. NIWA has been able to partially dredge the lower Niger at Onitsha 
and has built inland ports at Lokoja, Baro, Oguta and Onitsha while the contract 
for the dredging of River Benue is under consideration. Most recently, the FGN is 
currently making efforts to dredge the Inland Waterway leading to the Warri Port as 
part of efforts to decongest the Apapa port which is the major challenge to the Lagos 
State traffic gridlock. Despite these achievements, IWT in Nigeria is underutilised 
and underdeveloped. As a result of the poor utilisation of water resources in Nigeria 
especially that of River Niger, the Federal Government of Nigeria (FGN) looses a 
lot of revenue which could accrue to boost the economic activities of the country. 

2 An Analysis of Studies on Inland Water Transportation 
in Nigeria 

The late Professor R. K. Udo carried out groundbreaking research on inland water 
transport in Nigeria in the 1970s. Water is one of the many natural resources that 
Nigeria possesses, according to Udo (1970), and the nation has the opportunity to 
provide the majority of West Africa’s landlocked nations, including Burkina Faso, 
Chad, Mali and Niger, for greater economic gains. Iloje (1984) also noted that approx-
imately 8000 kms of Nigeria’s internal rivers are navigable and that the country is 
highly endowed with surface water resources. 

Many other researchers, including Badejo (1997), have published on numerous 
IWT-related topics in Nigeria, including their history, benefits, management chal-
lenges and potentials. For instance, Badejo (1997) and Adams (1998) determined 
that the country’s namesake river, the Niger, and its major tributary, the Benue, are 
the principal rivers whose channels provide the longest waterways into the country’s 
hinterland. The fact that both rivers originate outside of the nation yet meet at the 
confluence of Lokoja and later flow into the Gulf of Guinea via a vast network of
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distributaries and creeks that make up the Niger Delta emphasises the significance 
of these rivers for IWT. 

Adams (1999) found that Nigeria now has navigable canals with a capacity of 
around 10,000 kms and a long coastline of roughly 852 kms. On the basis of this, he 
observed that the nation had a considerable potential for moving cargo and people 
by water from the coast to the inland. Anyam (2003) lamented the fact that potential 
investors have not yet taken advantage of the enormous business opportunities that 
IWT offers, which may enable it to compete with both road and air travel. Adams 
(2004) supported this by lamenting that the FGN had not yet given IWT the atten-
tion it deserved, notably in terms of finance and the building of infrastructure. The 
lack of channelisation and dredging of navigable rivers, the poor construction and 
rehabilitation of river ports, the scarcity of infrastructure for water transportation and 
safety and security issues along the navigable waterways were some of the barriers 
identified to a sustainable IWT. 

In contrast to Bangladesh, where water transport accounts for 32% of the transport 
sector (Rahman, 1994), the Philippines, where it accounts for 20% of the sector 
(Fellinda, 2006), Sierra Leone, where it accounts for 3% of the sector (Kimba, 2008), 
India, where it accounts for 0.15% of the sector (Raphuram, 2004) and Nigeria, where 
it accounts for only 0.08%, Ezenwaji (2010) focused on the underutilisation of Inland 
Waterways in Nigeria (NIWA). Like earlier scholars Aderamo and Mogaji (2010), 
he found that a number of natural elements have a negative impact on Nigeria’s use 
of inland rivers as transportation routes. 

Ndikom (2013) found that IWT gave investors opportunities such as facility 
management, jetty operations and boat building. He noted that issues of security 
concerns discouraged potential and foreign investors. River channel dredging and 
maintenance, a lack of private sector participation in the water transport industry, the 
construction and rehabilitation of river ports, the purchase of passenger ferries, secu-
rity boats, the construction of channel buoys and other projects were other problems 
limiting IWT’s viability. Conflicts between federal and state agencies overseeing 
IWT in Nigeria were more concerning, and they have stymied the growth of that 
industry. 

The above review underpins that the state of IWT in Nigeria is still largely under-
developed despite efforts by stakeholders. The operation, its major contributions, 
socio-cultural constraints limiting its operations and policy trusts and targets, etc. 
remain largely unknown. However, none of them examined the challenges militating 
against the utilisation of the River Niger nor proffered strategies to mitigate the chal-
lenges. It is this gap in the literature that this study seeks to fill by appraising the 
utilisation of the River Niger Inland Waterways for enhanced economic and national 
development in Nigeria.
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3 Issues on Nigerian Inland Waterways System 

The Inland Waterways have been a major source of transport conveying both 
passenger and freight even before the independence of Nigeria. In particular, IWT has 
accounted for well over 38% of produce transported in the country. Commodity trans-
portation across the riverine and coastal state of the federation has been increasing 
from the early 1960s to date. By implication, IWT has made a significant contribution 
to the economic and national development of the country. 

However, the demand for transport is growing in Nigeria, which may require the 
development of the nation’s Inland Waterways for navigation. In particular, envi-
ronmental changes and pressure from other human activities have resulted in little 
priority accorded to Inland Waterways and thus reduce the viability of the river for 
IWT. In addition, previous administration has seen the need to improve the viability 
of the Inland Waterways system, especially the Rivers Niger and Benue. This is due 
to her prospect of promoting commodity flow along the riverine areas and national 
development. 

According to Table 1, across the years studied, the highest quantity of 7.91 tonnes 
of agricultural produce was transported through Inland Waterways in 2021, closely 
followed by 7.48 tonnes in 2020 and in 2019, 7.39 tonnes was transported. Similarly, 
32.8 tonnes of cassava was the highest produce transported across 10 years, followed 
by yam with 25.2 tonnes moved and 8.1 tonnes of palm kernels.

Given Nigeria’s highly limited and congested transport environment, one major 
shortcoming of IWT development in Nigeria is the non-sustainability of IWT services 
by different levels of governments and the lack of private sector participation in 
Nigeria which has resulted in the ugly state of IWT irrespective of its glaring impor-
tance in the development of the economy. For instance, traders in Aba and Onitsha, 
which both have robust industries producing shoes, apparel, textiles, plastics, phar-
maceuticals, petrochemicals, polyethylene, cosmetics and aluminium products, are 
big importers and exporters. On a daily basis, the Onitsha market receives more than 
five million visitors and conducts over twelve million unique transactions. Over $3 
billion in trade is transacted annually at the Onitsha market, with unbanked transac-
tions accounting for about 40% of this total. This translates to Onitsha being one of 
Nigeria’s most economically significant cities and having one of the highest GDPs. 
Recently the Onitsha inland port is now operational, especially with the dredging 
of River Niger which makes it navigable in a bid to covey commodities to Onitsha 
thus decongesting the Lagos seaport for economic and national development of the 
country. 

Table 2 further shows the high demand for the movement of containerised cargoes 
across the Nigerian Inland Waterways system, with the Lokoja area leading, followed 
by Onitsha and Makurdi areas. This is very important for informing business deci-
sions by investors. Also, it shows that no significant relationship exists between Warri, 
Onitsha and Makurdi in terms of TEUs handled, while Lokoja was found 100% 
different from the three stations. Also, no significant relationship exists between
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Fig. 1 Map of the study area 

Warri, Onitsha and Makurdi in terms of capacity, while Lokoja was found 100% 
different from the three stations.

4 Research Scope 

The scope of this study is delimited by time, space and content boundaries. In terms 
of time, the study covered the period from 2012 to 2021. In terms of space, the study 
focused on locations around the Niger and Benue rivers which include States like 
Kogi, Delta, Anambra and Abia. This is because these states utilise River Niger for 
IWT. In terms of content, the study is limited to the viability of the River Niger for 
IWT. This content was chosen because it links one of the most viable commercial 
cities along the Rivers Niger and Benue (Fig. 1). 

5 IWT Development in Nigeria 

There have been various attempts to build a practical IWT in Nigeria, as per the 
information obtained during the course of this study from pertinent literature and 
interviews. From the colonial to postcolonial era, the nation’s marine infrastructure 
generally was developed in four phases, resulting in a total of 8 seaports with a 
projected combined transport capacity of 35 to 60 million tonnes of cargo yearly. 

Some major events after Nigeria gained her independence in 1960 such as the 
breakout of the civil war in 1966 reduced the relevance of IWT and thus affected 
revenue and employment opportunities. The oil boom of the 1970s further reduced 
the use of IWT in Nigeria as dependence on oil revenue resulted in the massive 
development of road infrastructure with a drastic reduction in reliance on agriculture
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and its produce. This period and afterward witnessed a slump in the export of agri-
cultural products that were carried by inland river vessels. Badejo (2009) outlined 
the following reasons as responsible for the further decline of IWT in Nigeria: policy 
reversals, political and legislative aspects, economic dynamism and market size, 
global conspiracies and gang-ups, the relevance of human capacity and technolog-
ical advancements, financial accessibility, infrastructure and equipment failure, fierce 
competition from international shipping operators, a general lack of coordination and 
integration, multilateral versus unilateral competition and an overreliance on road 
transportation are all factors. 

This trend continued throughout the 1980s and 1990s until the FGN set up NIWA 
through Decree No. 13 of 1997 in a bid to resuscitate IWT. The NIWA was granted 
the sole responsibility to manage, regulate and control all Inland Waterways in the 
country as well as ensure the development of infrastructural facilities for IWT as 
contained in the extract of NIWA Act 2004. Since its establishment, the IWT did not 
improve as most of the bottlenecks experienced before its establishment continued. 
Contemporary challenges such as insufficient funding, inadequate skilled force and 
worsening climate change coupled with human activities affected the nature of 
the rivers, as well as growing insecurity problems. Despite the challenges, NIWA 
achieved some strides through the construction of some facilities such as the inland 
river port at Akpanya near Lokoja, Kogi State and the construction of a jetty at 
Yenegoa II, Bayelsa State. A committee was set up in June 2019 and chaired by the 
Vice President, Prof Yemi Osinbajo, with a task to ease the gridlock experienced in 
Lagos as a result of trucks and trailers transporting containers from Apapa port to 
the other parts of the country. One of the decisions taken by the committee was to 
commence the construction of a port in Warri (Fig. 2). 

Fig. 2 Bonny River (not navigable). Source Authors’ field survey, 2021
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6 Efforts Made by Federal Government in Sustaining IWT 
in Nigeria 

1. Establishment of NIWA 

After the country gained independence in 1960, IWT began to deteriorate. The 
Inland Waterways Department (IWD) kept a respectable amount of authority over 
the Inland Waterways network of the country, but took few management initiatives. 
The Federal Government of Nigeria established the NIWA through Decree No. 13 
of 1997 to follow the disbanded IWD, with a clear mandate to manage Nigeria’s 
extensive Inland Waterway resources. This was done in an effort to revive IWT in 
Nigeria and make it efficient, competitive and result-oriented. The NIWA Act of 
2004 contained the vision statement: to make Nigeria the leader in the development 
and administration of inland water transportation in Africa, which is still far from 
being achieved. Its mission was to develop infrastructure facilities for an effective 
inter-modal transportation system in accordance with international best practises that 
is safe, seamless and reasonably priced. It also provided regulatory, economic and 
operational leadership in the country’s Inland Waterways system. 

NIWA was also saddled with the responsibility to provide the regulatory services 
range from giving permits and licences for sand dredging, pipeline construction, slot 
dredging, and approving designs and building of inland river crafts to inspecting 
and surveying inland watercraft and shipyard operators. Construction of inland river 
ports and jetties, capital and maintenance dredging, engineering design of river ports, 
hydrological and hydrographical surveys, river chart creation and cartography, river 
mapping, aerial survey and underwater survey were some of the additional services 
offered. In the inland water and its right of way, NIWA is also permitted to conduct 
an environmental impact assessment of dredging and other navigational activities. 

2. Dredging of the River Niger for IWT 

Since the days of colonial rule, plans have been made to dredge the lower Niger 
(Badejo, 2010). It has proven to be too difficult and frustrating to execute on numerous 
occasions, leading succeeding governments to cancel numerous contracts even after 
paying the contractors billions of Naira. The first proposal for the dredging of the 
River Niger was submitted by the then IWD and later the Petroleum Trust Fund 
(PTF) in 1996 but handed over the Lower Niger Dredging to the NIWA in November 
2000. After 9 years of inactivity, the dredging of River Niger was flagged off on 
10 September 2009 at a total cost of N38 billion. The project crystallised the 
then administration’s determination to develop the nation’s IWT sector. The 572-
km-long dredging, according to Arc. Ahmed Yar’Adua, Managing Director of the 
Nigerian Inland Waterways Authority (NIWA), encompassed Baro in Niger State to 
Bifurcation in Bayelsa State as, 

the dredged river is expected to provide all-year round navigation, employment opportunities, 
and improved economic activities as well as flood control. Other benefits he says, include 
improved carrying capacity, cheaper and safer transport system, reduced axle load on roads, 
boom fishing and preserve the environment.
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After the failure of the dredging of the Ikpoba River in Edo State and the Calabar 
port in Cross River State, he explained that it was the first significant dredging 
operation ever to take place in the nation. The dredged Lower River Niger covered 
152 settlements in the states of Delta, Bayelsa, Rivers and Edo, as well as Imo, 
Anambra, Kogi and Niger. 

Due to the nature of the River Niger which flows through the alluvial bed and like 
most alluvial river generates sediment that required continuous dredging. Coupled 
with the paucity of funds, and lack of commitment of successive administrations, the 
capital dredging could not be maintained. Dogara (2017) while describing how the 
Olusegun Obasanjo government created the national transport master plan, stated: 

I was part of the development of the national transportation master plan, I don’t know what 
has happened to that, how I wish we implemented that plan, by now we would have gone 
very far because the national transportation master plan vision is a seamless integration of 
a multi-modal transportation into one hub, and I think at that time Baro in Niger State had 
been identified as the center for the hub, it is serviced by a railway that is connected to Minna 
and all you need to do is to construct a road and airport that will ensure connectivity and you 
will have access to the Atlantic Ocean through the River Niger, so everything was supposed 
to be put together in one place. 

Table 3 shows that across all the stations studied, the highest water level of 7.3 m 
was recorded in the month of September, followed by 6.8 m in October and 6.0 m 
observed in August. The lowest water level of 2.5 m was observed in February and 
April, followed by 2.6 m recorded in January, March and May, respectively (Fig. 3).

All other pairs of waterways in Nigeria apart from the below combinations have 
approximately the same water levels. These are Baro to Onitsha, Lau and Makurdi; 
Itu to Onitsha, Lau, Makurdi and Obubra. Furthermore, Shintaku and Onitsha and 
Makurdi; Onitsha and Yola, Lau and Makurdi, as well as Makurdi and Obubra have 
approximately the same water levels (Fig. 4).

7 Construction of Infrastructures and Facilities 

The FGN with a vision to develop the nation’s IW embarked on the construction of 
ports, jetties and ramps/slipways across waterways in the country. Ports and jetties 
are important facilities that enhance the functions of the ships. Along the River Niger, 
the Onitsha port was constructed, commissioned and operational. The channelisation 
of Oguta Lake in Imo State and Excravos River in Delta State is in progress. Despite 
the huge amount expended on some of the projects, they are still uncompleted. As a 
result, there are worries regarding the appalling state of infrastructure services and 
facilities to enable NIWA to work at its best for improved national development in 
Nigeria (Fig. 5).
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Fig. 3 River Niger at Onitsha. Source Authors’ field survey, 2021

Fig. 4 Completed Onitsha Inland Port. Source Authors’ field survey, 2021

8 Impact of Inland Water Transportation in Nigeria 

8.1 Axle Load Reduction on Roads 

The nation’s road transportation system has come dangerously close to collapse, 
especially in Lagos, as a result of our continued reliance on trucks and trailers to 
deliver cargo from the Lagos Ports. When IWT is improved, Nigeria’s highways will 
see some stability. Axle and destructive loads on the roads would be lowered because 
to the water’s larger carrying capacity, which would lower the expense of road repair
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Fig. 5 Baro Inland Port. Source Authors’ field survey, 2021

nationwide. Additionally, the ferry services in Lagos from Mile 2 to Apapa to CMS 
reduce traffic gridlock on road as well as excessive loading of the road. Furthermore, 
an effective IWT system would greatly assist in reducing the carnage and pressure 
on the nation’s roads. 

8.2 Revenue Generation 

Yakubu (2007) posited that revenue generated from IWT amounting to over N1.890 
billion between 1998 and 2006, could be more if the IW sector was fully utilised. He 
asserted that more revenue could be generated through the improvement in dredging 
and development of IW river ports and the building of dockyards which in turn could 
attract more investors. According to the NIWA mission, the Nigerian Ports Authority 
(NPA) could generate money by charging registration fees for ships, customs duties, 
port fees and tariffs for the use of its facilities by ships that berth at sea. Revenue 
generation could be accomplished in accordance with the NIWA mandate through 
fees for ship registration, customs duties, port charges and tariffs realised by the Nige-
rian Ports Authority (NPA) for the use of its facilities by the vessels that berth at sea. 
In 2014 alone, NIWA had an Internally Generated Revenue (IGR) of N2,239,339,686 
only. 

Despite the low level of the development status of IWT in Nigeria, NIWA expe-
rienced a steady increase in IGR over the years which is an indication that more 
funds could be generated if IWT in Nigeria is well-developed and effectively utilised 
especially the River Niger, thus improving its contribution to the Gross Domestic 
Product (GDP) of Nigeria.
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8.3 Promotion of Tourism 

Tourism attraction equally contributes to revenue generation in Nigeria. The beaches 
in Lagos, the tourist beach in Port Harcourt and the Ibeano beach in Akwa Ibom 
attracted about 8.5 million people within and outside Nigeria (NTC, 2016). According 
to Fidelis (2017), Inland Waterways by 2020 would attract over 12 million tourists 
and possibly generate about $12.5 billion annually which could be channelled to 
developmental projects. Thus, efforts in line with improving tourism centres around 
the inland ports, especially at Rivers Niger and Benue would generate revenue for 
enhanced economic and national development. 

8.4 Creation of Employment and Job Opportunities 

Employment opportunities in IWT range from ship/boat building, and its repairs 
requiring expertise such as captains; engineers, stewards, etc. Igbokwe (2013) 
concluded that maintaining the industry in both the private and public sectors would 
provide about 10% of job opportunities in Nigeria. For instance, indirect employ-
ment in the riverine and coastal communities like Lagos and Bayelsa states have 
a workforce of about 9,000 and 5,500 personnel, respectively. These include boat 
operators, jetty workers and repairers, among others. 

Table 4 and Fig. 4 indicate that the demand for barges and their carriage capacity is 
increasing from 2012 to 2021, which shows an increasing need for more investment 
for the provision of more vessels into the Nigerian Inland Waterways’ transporta-
tion. Vessels that can carry dry bulk cargo are more required, followed by container 
carrying vessels and barges that carry liquid products.

Thousands of indirect jobs are generated by the various activities in the IW sector 
which would improve the living standard of the citizenry. This underscores the impor-
tance of an all-year-round navigable River Niger for viable IWT from Lagos, Warri, 
Onitsha and Baro in Niger State which would greatly increase job opportunities. 

8.5 Industrial Growth and Development 

IWT is significant as it promotes industrial growth and development. Onitsha being 
a popular market city and positioned along the River Niger’s bank witnesses several 
tonnes of goods transported daily from Lagos by road. This has led to much pres-
sure on the road as earlier highlighted. According to Etuk (2015), to cut down on 
transportation expenses, business owners choose to construct factories, industries 
and warehouses close to river ports. Presently, Nigeria’s industrial base is very poor 
making it difficult for IWT to thrive like her counterparts in European countries. 
A viable IWT would improve the haulage of bulk cargo and raw materials for the
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Ajaokuta steel plant and the Itakpe iron ore processing plant from the seaports. This 
would replace the road that could transport 496 million tonnes of raw materials and 
approximately 2 million tonnes of finished goods. 

8.6 Sustainable Development 

Water transportation with a far less energy requirement remains the most environ-
mentally friendly mode of transportation thus promoting sustainable transportation. 
Environmental degradation, lower pollution and depletion of natural resources are 
least experienced with water transportation. IWT is also cheap requiring lower oper-
ating costs as there is no wear and tear on the waterways demanding perennial high 
maintenance costs. Additionally, bulky and heavier goods are transported over longer 
distances at the cheapest comparative economic cost. 

8.7 Sustainability of Nigerian Inland Waterways System 

For thousands of enterprises throughout Nigeria, the Inland Waterways system may 
provide affordable, dependable and sustainable transportation. By removing major 
physical, technological or bureaucratic bottlenecks, Inland Waterway transport helps 
to divert traffic from roads. It will become even more effective by providing freight 
forwarders with a high-quality service that other land modes find it difficult to 
compete with in terms of price and dependability. Additionally, due to their effi-
ciency and cleanliness, the usage of Inland Waterways will help the environment. 
The shipping sector and freight forwarders have the capacity and opportunities to 
take advantage of and win new business for Inland Waterway transportation. 

However, Inland Waterways’ substantial capacity alone is insufficient to boost 
their market share and modal split in comparison to road and rail transportation. 
The IWT industry must better integrate into seamless door-to-door transport chains, 
including effective transshipment operations and terminal hauls, in order to capture 
and maintain market share in growing markets and market niches, such as those for 
biomass, containers, bulky and heavy goods or waste and recycling materials. In 
addition, the IWT industry must comply with the increasingly sophisticated needs 
and requirements of supply chain and distribution managers. It is crucial to strengthen 
the connection between IWT and maritime shipping in order to accomplish the twin 
goals of expanding into new markets and improving intermodal transport and logis-
tics chains. Promoting and regulating the usage of river-sea vessels—inland ships 
operating international runs between river and sea ports of different nations and 
coastal runs between river and sea ports of the same country—would be one way to 
accomplish this goal and relieve the congestion in maritime traffic. Getting rid of the 
wait times for loading/unloading commodities from inland vessels at the seaports is 
another significant problem in this sector.
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To increase the appeal of the profession and deepen staff training, adequate 
transport and logistics policies are required. To guarantee complete traceability of 
commodities for their clients, IWT operators regularly modernise and expand their 
boats, create new transshipment strategies, establish regular container transport lines 
and increase their usage of information technologies. 

Carbon emissions and global warming have emerged as crucial challenges for the 
future of IWT. First, whenever practicable, a modal shift away from road transporta-
tion can help to reduce the carbon emissions of the transportation industry. However, 
in order to keep this advantage, efforts must be made to guarantee that IWT advance-
ments keep pace with the ongoing decrease in CO2/t-km (CO2 intensity) in road 
transport. There is a chance that significant fluctuations and decreased water depths 
will have an effect on IWT. There are possibilities where rivers will experience 
very little impact from climate change. All potential outcomes need to be taken 
into account when analysing the potential effects on inland navigation. IWT must 
simultaneously endeavour to retain and grow its competitive edge in environmental 
friendliness through research and innovation, taking into account, for example, the 
usage of alternative fuels. 

Although no significant changes to the institutional framework of inland navi-
gation in Nigeria are anticipated, governments and other stakeholders must have 
ongoing, inclusive consultation and coordination mechanisms in order to coordinate 
their policies and regulations and further harmonise rules and legal frameworks for 
an effective and long-lasting IWT. 

Recent studies of the IWT labour market, for example, revealed that more workers 
will be needed in all areas covered by inland navigation due to the current technical 
developments, including investments in larger vessels and vessels with new capacity 
as well as the likely long-term increase in transport volume. In addition, a sizeable 
portion of the labour force is anticipated to quit the industry over the next ten to 
twenty years due to the age composition of the current IWT workforce. 

9 Conclusion 

This research work appraised Nigeria’s inland water transportation system as it affects 
national development (ND). The research discovered that there are numerous chal-
lenges affecting the use of the river for IWT. Prominent among the challenges is the 
issue of the dredging of the River Niger which an in-depth study revealed that a lack 
of political will and commitment had deterred a capital dredging of the lower River 
Niger. An overview of the inland water transportation system from the colonial era to 
the post-independence era also revealed that IWT was the most viable mode of trans-
portation during the colonial era and produced the revenue that was used to construct 
the rail and road infrastructures which affected the use of IWT. But the discovery 
of oil and subsequently the oil boom of the 1970s further affected the utilisation of 
IWT due to the shift from dependence on agriculture to oil as a mainstay.
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The study identified some contributions of IWT to national and sustainable devel-
opment to include, revenue generation, creation of employment and promotion of 
industrial growth and development. Others are the provision of safe and cheaper 
means of transportation, reduction of pressure on the roads as well as promotion 
of tourism. However, the challenges linked to the use of the River Niger for IWT 
include an ineffective legal framework, lack of political will and commitment on the 
part of FGN, inadequate skilled manpower and the impact of climate change. Others 
include the nature of the River Niger, the poor state of infrastructures, insufficient 
funding and insecurity among others. 

Despite the challenges, there are significant plans to improve IWT using the River 
Niger by the FGN such as the construction of the Warri Port. This is however in a 
bid to reduce the traffic gridlock experienced in Lagos due to the congestion at the 
Apapa port. The study also brought to the fore the yearnings of the traders union 
in Onitsha and the environment in dire need of the construction of an inland port 
in Onitsha as well as the dredging of the River Niger to make it navigable all year 
round. 

The execution of capital and periodic dredging of the River Niger and the inclusion 
of the private sector/foreign investors in infrastructural development will mitigate 
numerous challenges. While the periodic dredging of the River Niger will make the 
River navigable all year round. The inclusion of the private sector/foreign investors 
in infrastructural development will mitigate the challenges of the poor state of infras-
tructures through rehabilitation of the infrastructures and completion of abandoned 
projects. This could be achieved by the FGN in partnership with the PPP in repairing 
dockyards, water channels, barges, jetties, water clearing machines and boats by the 
end of 2022. Additionally, the establishment of an Inland Water Intervention Fund 
will mitigate the challenge of insufficient funding which seeks to increase funding 
to complement budgetary allocation. 
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