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Abstract: The present study provides an in-depth investigation into water security using socio-
hydrological analysis by investigating the relationship between irrigation entitlements and actual
water delivery. Conjoint analysis is used to evaluate the reliability and equity of the system by
applying quantitative definitions and metrics. This study examines 10 years of daily average canal
flow data collected from the Sindh canal command regions of the Lower Indus Basin Irrigation
System in Pakistan. This research was carried out at both the canal and the barrage network levels,
with socio-hydrological metrics being used across both temporal and spatial scales. Furthermore,
an in-depth study of the LIB system’s fourteen main canals operating across three barrages was
carried out. This research focuses on the transition from historical volumetric allocations to the
objective of enhancing irrigation efficiency and agricultural yields in order to provide improved
water and food security. The investigation underscores the enduring presence of stagnation and
volatility in the overall equity and reliability of the system. The analysis reveals that the median
reliability of the canals in Sindh was 47–100% in the summer and 65–85% in the winter season.
Additionally, the irrigation system equity was worse in the winter and summer, at around 55–75%.
This research examines the possibilities of using a socio-hydrological strategy to effectively improve
the performance of canal irrigation systems and promote water security.

Keywords: irrigation system; temporal-spatial analysis; Lower Indus Basin; security metrices;
socio-hydrology

1. Introduction

Water security encompasses a broad range of approaches that have evolved from
an initial emphasis on quantifying the minimum water quantity for specific purposes to
include broader considerations such as water access, quality, risk, health implications, and
ecological factors [1]. While discussions around water security have advanced our under-
standing, it is accepted that a significant amount of study in this subject shows insufficient
integration with the needs of policymakers and practitioners [2–4]. This gap between con-
ceptual frameworks meant to investigate water security and the actual approaches required
for implementation and utilization has been acknowledged. Although there has been an
argument for a socio-hydrologic approach to water security, the practical application of this
concept to irrigation systems has been limited [5]. Furthermore, in the context of irrigation
systems, the development of novel quantitative performance measurements is required.
These measurements would serve as a basis for quantitatively analyzing the water security
in a specific location across both spatial and temporal scales.

Agriculture, as a vital pillar of human civilization, heavily relies on the sustainable
management of water resources. Over the years, numerous researchers have diligently
investigated various critical parameters, including water-use efficiency [6], convenience
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efficiency, crop-water requirement [7], seepage, and evapotranspiration [8,9]. Their work
has shed light on the complexities of water-related challenges in agriculture, pushing us
closer to achieving long-term sustainability in this crucial sector. Moreover, the provision
of a consistent water supply and equitable distribution in the design of canals depends on a
variety of variables. These include the interaction of natural hydrological flows emanating
from source waters, as well as the complicated dynamics of infrastructure, accessibility,
control mechanisms, management techniques, and legal frameworks controlling water
allocations [10]. These numerous variables highlight the fundamentally interconnected
character of these issues, which arise from both the social and the hydrological domains.
The term “socio-hydrological” captures the interdependent interaction of social and hydro-
logical factors [11].

The significance of reliability within canal networks cannot be overstated, since it
allows farmers to predict and strategically manage water use in ways that increase produc-
tion [12]. In this context, reliability refers to the consistency with which irrigation water is
delivered throughout time, and it is mostly represented by a physical measure. It represents
a measurement of the reliability of the temporal expectations. In contrast, equity is defined
as the spatial consistency of the irrigation supply availability among distinct canals in
relation to one another. This concept goes beyond the physical dimensions and has social
and spatial consequences. It represents a measure of the coherence of the socio-spatial
expectations. Regarding the social aspects, it is well known that social and institutional
variables are essential for resolving issues with water security and that strategies that
clearly integrate social and hydrological systems are needed. Although socio-hydrology
places more of a focus on quantitative methodologies, few studies have used this strategy
to address water security in canal irrigation systems.

The concept of water security is not a new one. It has always evolved in response
to available supplies and usages. Many local and international organizations, such as
the Global Water Partnership and the Global Economic Forum, are working together to
improve water security [13–15]. Irrigation systems around the world take over 70% of the
available fresh water to feed the world’s rising population [16]. Most South Asian countries
have an agricultural-based economy, which faces challenges such as an insufficient water
supply, rising water stress, energy crises, water logging, and salinity, and their status has
shifted from water-abundant to water-stressed in recent decades. This has also highlighted
that the resulting problems are water allocation, rather than water scarcity [17]. Thus far,
a wide range of research-based articles on irrigation water security have been published,
utilizing a variety of methodologies and indicators on a macro to micro scale to address
irrigation water security, as summarized in Table 1.

Table 1. Literature review of the canal irrigation system research findings.

Methodology Key Findings Ref.

Equity at canal through performance indicators. Management and physical system improvement can result in good performance. [18]

Performance measure using adequacy, efficiency, dependability, and
equity of water delivery.

Quantitative measures will provide the overall performance of the system in
terms of structure and management. [19]

Canal rating equations, outlet discharge equations, and quantitative
use of Gini index for fairness/equity at tertiary canals.

The water allowance does not vary significantly with the distance along
the canal. [20]

Water appointment accord performance using reliability, resiliency,
and vulnerability indicators at Guddu, Sukkur, and Kotri barrage
using water flow/supply.

At the Sukkur and Kotri barrages, downstream reliability dropped dramatically.
With considerable water diversion at the barrage, Rabi season is more vulnerable
in the Indus delta. Clause 6 WAA must be implemented on an emergency basis
to compensate for the water shortages that have occurred over the past 21 years
following the agreement and to meet future increased water demand.

[21]

Performance matrix for efficiency at canal network using equity,
reliability, and compliance indicators.

Overall, rather than better performance, equity and reliability do not
demonstrate a consistent pattern. Geographic and technology considerations
must be factored into the decision-making process, with amended entitlements
for improved results.

[22]

Approach for determining equity of groundwater and canal water
use in the Hakra Command area.

In May (24 mm), canal water use is higher, and groundwater usage is higher in
August (51 mm). [23]

The impact of future water demands on Indus water resources. Future water demand could increase to 192.7 billion m3 if the population
continues at the 2017 census growth rate. [24]
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Canal water supply is critical for improving water convenience efficiency by reducing
seepage and distributing water to remote locations, as well as protecting the water in
irrigation systems that are exposed to unpredictable and insufficient water supply situations
like floods and droughts [25]. In the meantime, seepage losses, convenience efficiency,
the water–crop relationship, the water budget, and other factors are used to evaluate
canal performance in various parts of the world [26]. A purely techno-centric approach,
with a scope ranging from canal to water course to farm field to crop, has been devised
for accessing reliability and equity. Large canals and canal networks have recently been
studied using performance measures that compare the water supply deliveries to the
entitled deliveries as a delivery performance ratio (DPR). A socio-hydrological study was
evaluated using the DPR on the whole canal network in Punjab, Pakistan, and similar
approaches have been used for secondary canal, water course, and outlet using discharge
data [22].

Thus, this research addresses the pressing issues concerning the distribution of canal
water systems. As a case study, this framework is implemented to the Lower Indus Basin
(LIB) irrigation system in Sindh, Pakistan, characterized by inequitable and unreliable prac-
tices due to poor operation and maintenance and an aging infrastructure. Pakistan’s current
irrigation system continues to suffer from significant inefficiencies and shortcomings in the
management and distribution of surface irrigation water. This situation has had an increas-
ingly negative impact on crop yields and total agricultural productivity [27,28]. The need to
improve “water security” within the nation’s enormous irrigation system is important not
just at the local level, but also on a larger scale in terms of national agricultural production
and the overarching domain of food security [29,30]. Thus, efficient canal operation in
irrigation system performance is crucial to the long-term viability of agriculture. As a result,
irrigation scheme performance studies are needed to encourage this purpose. In order to
address water security, we must carefully analyze the water supply and demand trend on
temporal and spatial scales, which will help us to make better strategies.

This study aims to provide valuable insights into the interplay of various factors
affecting water utilization in agriculture, which emphasizes the importance of reliability
and equity in water supply schemes. Additionally, the use of outdated on-farm traditional
management techniques further compounds the challenges. The inefficiencies and flaws
in the regulation and distribution of surface irrigation water within the LIB canal water
supply system have significant impacts on farmers’ access to their allocated water supply,
affecting their intentions and overall agricultural productivity. The findings from this
research are expected to be valuable for both farmers and policymakers alike, providing a
better understanding of the supply and demand pattern for water resources. Ultimately,
the goal is to inform and guide the development of more effective strategies to address the
inefficiencies and challenges in the regulation and distribution of surface irrigation water
in the Lower Indus Basin, aiming for improved water management practices and enhanced
agricultural sustainability in the region.

2. Materials and Methods

There are 45 canals in the Indus Basin, and the climatic and weather factors of each
fluctuate. The future water needs of the Sindh Province in the Indus Basin were determined
after a thorough study. The water needs identified in this research include irrigation water
requirements (estimated using the population growth rates from the Federal Bureau of
Statistics), domestic water consumption, and cropping patterns in the region.

Figure 1 illustrates the steps taken for this research. In the first part, the canal flow
data were analyzed on a daily, seasonal, and yearly basis for each main canal to evaluate
individual performance in terms of consistency, reliability, compliance, and the fraction of
missed irrigation terms through security metrics. In the second part, the performance of
each barrage has been analyzed through security metrics to find which system performed
well in terms of consistency, reliability, fraction of missed irrigation turns, and equity.
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Figure 1. Schematic representation of the proposed framework.

2.1. Case Study

This study focuses on 14 main canals that originate from Guddu, Sukkur, and Kotri
barrages, as shown in Figure 2. These canals draw water from the River Indus and are
named as follows: Ghotki Feeder (GF), Desert Pat Feeder (DPF), Begari Sindh Feeder (BSF),
Nara Canal (Nara), Khairpur East (KHE), Rohri, Khairpur West (KHW), North-West canal
(NWCE), Rice, Dadu, Akram Wah (AW) (lined Channel), Fulleli (FUL), Pinyari (PIN), and
KalriBagar Feeder (KB).
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Furthermore, the Lower Indus Basin (LIB) is located at 25◦53′39.487′′N and 68◦31′28.974′′ E,
at the end of the Indus Basin Irrigation System (IBIS) in Pakistan’s Sindh province. In Pak-
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istan, water flows from the northern Himalayan region to the Arabian Sea via gravitational
mechanisms in hierarchically structured interconnected dams, barrages, and canals until it
reaches a farm field via a watercourse and outlets. The main objective of this study was
to assess the performance of the 14 major canals and 3 barrages in the LIB region, with a
specific focus on evaluating the reliability and equity. By conducting a statistical analysis
using the delivery performance ratio (DPR) on 20 years of daily average canal flow data, the
researchers aimed to gain insights into the temporal and spatial patterns of water supply
and allocation. The analysis includes comparing actual water delivery with entitlements
from the water appointment accord of 1991, which established the canal network.

These canals play a crucial role in providing a reliable and timely water supply to agri-
cultural areas under perennial and non-perennial schemes during the two primary seasons:
Kharif (mid-April to mid-October) and Rabi (mid-October to mid-April), commonly known
as summer and winter seasons, respectively. The crops cultivated during these seasons
include rice, cotton, wheat, sugarcane, and millet, among others. They are water-intensive
and receive higher levels of monsoon rainfall. These patterns prove relevant when canal
reliability and equity are investigated. At the beginning of each season, a 10-daily average
basis flow was allocated for each province based on the available reservoir water level and
the expected flow to meet the entitled water requirements, as per the water apportionment
accord of 1991. The Indus and its main tributaries have flows that rise in the early summer
and monsoon rainfall and have peak discharge in July or August. The mean monthly flows
during mid-October to mid-April (in Rabi season) are about one tenth of those seen in
the summer.

A set of concepts and metrics was proposed that, together, have given a socio-
hydrological perspective on water security in large-scale irrigation networks, building
on the post-colonial approach to irrigation performance and water security. This technique
differs from the “index” formulation methods, which often incorporate several dimen-
sions and indicators to produce aggregate water security metrics. It also differs from
singly focused methods, which concentrate only on a single hydrological or sociological
component. We used canal discharge data (2002–2019) to analyze the irrigation system
in terms of consistency, reliability, compliance, and equity to assess performance. Water
security is becoming increasingly important as demand rises and management struggles to
maintain control over a finite resource. This necessitates careful monitoring of the system’s
operational capabilities at both a spatial and temporal scale.

In this study, a water delivery performance indicator was used, which was the ratio of
water delivered/supplied to the amount of water intended to be delivered/supplied or the
entitled amount of water (known as the delivery performance ratio) (αi

k). We also used other
indicators derived from the DPR through statistical analysis, such as consistency, reliability,
compliance, and equity [22], where the delivery performance ratio is mathematically
defined in Equation (1).

αi
k =

Qs(i,k)

Qe(i,k)
(1)

where Qs denotes the actual amount of water delivered and Qe denotes the actual amount
of water entitled for ‘i’ canal in time interval ‘k’. The variables (Qs, Qe) can be the area of
irrigation, flow volume, rate, frequency, or water supply duration. Equation (1) depicts
that, if αi

k = 1 when the system is performing well in meeting allocated deliveries, then
αi

k > 1 or αi
k < 1 when the system is oversupplied or undersupplied, respectively. There

is also the notion that, when αi
k = 0, there is no delivery performed when there is an

allocation mentioned, and αi
k = ∞ when water is supplied over no allocation. There is

also the importance of missed irrigation terms in irrigation supply, which will impact the
farmer’s expectation of getting water, denoted as in Equation (2).

M =
li,t
ti,t

(2)
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where M denotes the ratio of missed turns, li,t is the number of missed irrigation turns
where no water was delivered, and ‘T’ is the total number of allocated irrigation turns for ‘i’
canal in ‘t’ year.

2.2. Analysis at Canal Level

Numerous canal-level analyses have been conducted, as detailed in the following section.

2.2.1. Water Supply Consistency (θi)

Water supply consistency (θi) measures how consistent a system is at a given amount
of water supply, i.e., supply consistency. It is also defined as the co-efficient of variation of
delivery performance ratio for the ith canal over a given time interval, mathematical shown
in Equation (3) [19].

θi = Cv(α
i
k) =

σ(αi
k)

µ(αi
k)

(3)

where Cv is coefficient of variation, σ is the standard deviation of the entitlement ratio, and
αi is the mean of the entitlement ratio for canal in k period of season. When θi is small,
canals have high consistency in the delivery performance ratio. If any canal throughout
any year receives 80% of its entitlement (αi

k = 0.8), it shows perfect consistency and θi = 0.

2.2.2. Water Supply Reliability (Pi)

Water supply reliability (Pi) indicates the system’s success in meeting entitlement over
a period, where, in the canal network, it measures to what extent the system was able to
meet the required water supply demand, or the “frequency or probability that the system
is in a suitable state” [31].

Pi = prob[Xt ∈ S] (4)

where Xt values in the output can be partitioned into an S set of satisfactory events. In other
words, it is the probability of a system continuing to operate successfully over a specified
period, mathematically defined in Equation (5)

Pi =

T
∑

k=1
min(1, αi

k)

T
(5)

where Pi is the probability of a successful event (reliability) and T is the period in which its
reliability is being estimated. When the system has been supplied water to its full extent
(equal to or greater than entitlement), it has high reliability (Pi = 1).

2.2.3. Canal Entitlement Compliance (Ci)

Canal entitlement compliance (Ci) displays seasonal aggregate volumetric entitlement
fulfillment for a canal as a ratio of the total volume delivered to the total entitled water,
without taking delivery time into account, mathematically given in Equation (6) [22].

Ci =

T
∑

k=1
di, k

T
∑

k=1
ei, k

(6)

where Ci is canal entitlement compliance. When the aggregate supplied water meets the
aggregate entitled water supply, Ci = 1.
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2.3. Analysis at Network Level

For a specific time interval, the analysis measures the performance of the entire canal
network system as a unit. To measure the level of satisfaction with the canal system in the
Lower Indus Basin, we looked at equity, reliability, and compliance at the network level. If
these conditions met the stipulated criteria, the farmers were more satisfied with one canal
over another in the network.

2.3.1. Equity Performance Indicator

The equity performance indicator assesses the spatial variability of the canal network,
indicating the consistency of water delivery [19]. When there is a small difference in the
value of the water supply to the entitlement ratio between canals in a network, it indicates
that the water distribution is uniform, and it has been classified into two parts.

2.3.2. Interval Equity (Ek)

The interval equity (Ek) is the coefficient of variance of the entire canal network’s
delivery to the entitlement performance ratio. This notion depicts how the system functions
in terms of water supply without considering canal placement. When the value of interval
equity is low (zero shows completely equitable), it merely considers the differences in
outcomes at each canal without considering what is fair sharing, mathematically shown in
Equation (7) [19].

Ek =
σ(αi

k)

µ(αi
k)

(7)

where Ek denotes spatial variability in the canal network. If this indicator’s value is close to
zero (k = o), it suggests that the water supply is consistent across the canals. For example, if
all canals reach entitlements at 60%, the coefficient of variation in a given time interval will
be zero (perfect interval equity), indicating perfect distribution.

2.3.3. Equity (E)

In a season, equity (E) it is taken as the mean value of interval equity [32].

E =

i
∑

k=1
Ek

T
(8)

It is a single number for measuring the entire system for a specific season, which
facilitates comparative results.

2.3.4. Consistency Equity (CE)

Consistency equity (CE) compares the consistency values of each canal with other
canals in a season in a recommended network of canals. It is the coefficient of variation of
consistency of all canals in a network, mathematically defined in Equation (9) [20].

CE = Cv(θ
i) =

σ(θi)

µ(θi)
(9)

For a perfect consistency equity, the value should be low (CE = 0).

2.3.5. Network Reliability (NR)

Network reliability (NR) is the average value of reliability at the network level that
is compared among canals to generate the aggregate value of reliability, mathematically
defined in Equation (10) [33].

NR = µ(ρi) (10)

When the mean is higher, it shows improved network reliability.
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2.3.6. Reliability Equity (RE)

Reliability equity (RE) evaluates reliability and equity in combination as the coefficient
of variation of canal water supply reliability in the given year’s season at the network level,
as specified [33].

RE = Cv(ρi) (11)

where a low RE represents smaller variability in reliability among canals in a network.

3. Results and Discussion
3.1. Delivery to Entitlement Ratio, Missed and Unscheduled Deliveries

The socio-economic advancement of farmers is contingent upon the adherence to the
water schedule and the fair distribution of water, which is a crucial element in the Lower
Indus Basin system. This research suggests that the presence of either an abundance or a
scarcity of water, as well as the complete diversion of water allocation, poses problems to
the system. Both of these instances of either excessive or inadequate water supply may
have a substantial influence on the overall welfare of farmers. The present research aims
to examine the concerns pertaining to unplanned and missing deliveries, whereby extra
allocations do not receive the expected supply, or the allotted water fails to be delivered,
resulting in diminished productivity for farmers without any form of compensation. The
lower riparian zones are disproportionately impacted by these difficulties, resulting in
varying rates of 14–55% in the province of Sindh. This study provides documentation of
the unplanned and missing deliveries in the principal fourteen canals in Sindh, which
represents a hitherto untapped topic in the field of research. According to the analysis,
unscheduled deliveries (when the entitlement is zero) occurred in the Desert Pat Feeder
(DPF), which may be due to supplying water on a humanitarian basis to Baluchistan and
Pinyari (PIN), being non-perennial irrigates of 2.1 million acres out of 3.08 million, which
also supply water to Hyderabad, Tando Muhammad Khan, and Sujawal district.

The problem of missed deliveries has been extensively studied in smaller canals and
waterways. However, an investigation into the larger primary canals in the Sindh region
has not been previously undertaken. A comprehensive examination of the canal delivery
data indicates that instances of missed deliveries are undoubtedly widespread in these
significant canals, subsequently exerting an influence on the deliveries at the watercourse
level and, therefore, affecting the supply at the farm level. The bottom plots in Figure 3
show the missing deliveries for each canal during both the Rabi and the Kharif seasons. It
is worth mentioning that, under the most unfavorable circumstances, the number of missed
deliveries in the Rabi season is twice as high as that in the Kharif season. Moreover, some of
the canals display repetitive patterns of increased instances of failed deliveries, which may
be partially attributable to reduced and less reliable river inflows during the Rabi season.

Missed irrigation deliveries, on the other hand, occur when real delivery is not per-
formed within a 10-day interval of time during the season for a variety of reasons, ranging
from political/social control to environmental impact, causing significant problems through-
out the season in various canals. The missed deliveries in the right-side canals are higher in
the kharif season (three to eight counts) and lower in the Rabi season (one to three counts),
as shown in Figure 3. In addition to conducting a study of missed deliveries, we also
studied the occurrences of ‘unscheduled’ deliveries. These instances pertain to situations
when the entitlement for a 10-day period was zero, but a delivery was nonetheless made.
The frequency of unscheduled deliveries for both the Kharif and the Rabi seasons across
each canal is shown in the top row plots in Figure 3. A comparative analysis of the two
seasons indicates that the Rabi experiences more cases of unscheduled deliveries, whilst
similar occurrences seem to be less prevalent during the Kharif. When comparing the
‘unscheduled’ deliveries at the gross level on a 10-daily average basis, 13.44% (575 out of
4284) occurred in the Rabi season and 0.23% (10 out of 4284) occurred in the Kharif season;
moreover, when comparing the ‘missed turns’ cases, the Kharif is higher than the Rabi
season, at 7.98% (342 out of 4284) and 4.56% (196 out of 4284), respectively.



Water 2023, 15, 3712 9 of 18

Water 2023, 15, x FOR PEER REVIEW 9 of 19 
 

 

has not been previously undertaken. A comprehensive examination of the canal delivery 
data indicates that instances of missed deliveries are undoubtedly widespread in these 
significant canals, subsequently exerting an influence on the deliveries at the watercourse 
level and, therefore, affecting the supply at the farm level. The bottom plots in Figure 3 
show the missing deliveries for each canal during both the Rabi and the Kharif seasons. It 
is worth mentioning that, under the most unfavorable circumstances, the number of 
missed deliveries in the Rabi season is twice as high as that in the Kharif season. Moreover, 
some of the canals display repetitive patterns of increased instances of failed deliveries, 
which may be partially attributable to reduced and less reliable river inflows during the 
Rabi season. 

Missed irrigation deliveries, on the other hand, occur when real delivery is not per-
formed within a 10-day interval of time during the season for a variety of reasons, ranging 
from political/social control to environmental impact, causing significant problems 
throughout the season in various canals. The missed deliveries in the right-side canals are 
higher in the kharif season (three to eight counts) and lower in the Rabi season (one to 
three counts), as shown in Figure 3. In addition to conducting a study of missed deliveries, 
we also studied the occurrences of ‘unscheduled’ deliveries. These instances pertain to 
situations when the entitlement for a 10-day period was zero, but a delivery was nonethe-
less made. The frequency of unscheduled deliveries for both the Kharif and the Rabi sea-
sons across each canal is shown in the top row plots in Figure 3. A comparative analysis 
of the two seasons indicates that the Rabi experiences more cases of unscheduled deliver-
ies, whilst similar occurrences seem to be less prevalent during the Kharif. When compar-
ing the ‘unscheduled’ deliveries at the gross level on a 10-daily average basis, 13.44% (575 
out of 4284) occurred in the Rabi season and 0.23% (10 out of 4284) occurred in the Kharif 
season; moreover, when comparing the ‘missed turns’ cases, the Kharif is higher than the 
Rabi season, at 7.98% (342 out of 4284) and 4.56% (196 out of 4284), respectively. 

On a more comprehensive level, it is evident that 18% of deliveries during the Rabi 
season and 8.21% during the Kharif season deviated from their schedules, which were 
established at the commencement of each respective season. In contrast to the instances of 
missed deliveries, irregular deliveries cannot be ascribed to fluctuations in the river in-
flows, since the adjacent canals did not see comparable benefits. The existence of this gap 
gives rise to problems pertaining to both the equality and the reliability within the distri-
bution system. 

 

Water 2023, 15, x FOR PEER REVIEW 10 of 19 
 

 

 

Figure 3. Unscheduled and missed irrigation deliveries (a) number of unscheduled deliveries for 
Rabi season, (b) number of unscheduled deliveries for Kharif season, (c) number of missed deliv-
eries for Rabi season, and (d) number of missed deliveries for Kharif season. 

The location (upper/lower riparian), canal type (perennial/non-perennial), socio- hy-
drology, geography, and design all have a significant impact on the water supply. Stolen 
water poses a significant threat to the socio-hydrological pattern in terms of equality and 
reliability. The variability among the years of a recurring pattern indicates that changes in 
the entitlements and deliveries have not been implemented in previous years on a histor-
ical basis to meet the unexpected and missing deliveries in the canal network. Because it 
is difficult to forecast if these deliveries will be made when there is enough water to satisfy 
delivery, a consistency matrix can be useful in predicting seasonally what fractional to 
entitlement is consistent over a particular time frame. 

3.2. Water Supply Consistency 
The canal water supply consistency is a measure of the level at which the canal stayed 

consistent throughout the season, wherein fluctuations in the value indicate a faulty water 
delivery system, and farmers will face water supply expectations. 

Unpredictable outcomes will result in a loss of investment; however, if this value re-
mains stable over time, the farmers will adapt their strategy to the conditions, allowing 
for improved planning and forecasting. We looked at fourteen canals, from upstream to 
downstream, and from right to left. For the analyzed time of span shown in Figure 4, all 
of the canals at barrages on the River Indus showed greater fluctuations in the right-side 
canals than in the left-side canals for the Rabi and Kharif seasons. The most important 
barrage is the Sukkur barrage. Sindh has a better median consistency during the Rabi and 
Kharif seasons and the left-side canals have a better median consistency than the right-
side canals. Moreover, the non-perennial canals are mostly closed for a few months during 
the Rabi season, resulting in better consistency, as shown by the Fulleli and Pinyari canals. 
Overall, both seasons show significant fluctuations in water supply, with the Rabi season 
having a lower consistency than the Kharif season. 

Figure 3. Unscheduled and missed irrigation deliveries (a) number of unscheduled deliveries for
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On a more comprehensive level, it is evident that 18% of deliveries during the Rabi
season and 8.21% during the Kharif season deviated from their schedules, which were
established at the commencement of each respective season. In contrast to the instances
of missed deliveries, irregular deliveries cannot be ascribed to fluctuations in the river
inflows, since the adjacent canals did not see comparable benefits. The existence of this
gap gives rise to problems pertaining to both the equality and the reliability within the
distribution system.

The location (upper/lower riparian), canal type (perennial/non-perennial), socio-
hydrology, geography, and design all have a significant impact on the water supply. Stolen
water poses a significant threat to the socio-hydrological pattern in terms of equality and
reliability. The variability among the years of a recurring pattern indicates that changes in
the entitlements and deliveries have not been implemented in previous years on a historical
basis to meet the unexpected and missing deliveries in the canal network. Because it is
difficult to forecast if these deliveries will be made when there is enough water to satisfy
delivery, a consistency matrix can be useful in predicting seasonally what fractional to
entitlement is consistent over a particular time frame.
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3.2. Water Supply Consistency

The canal water supply consistency is a measure of the level at which the canal stayed
consistent throughout the season, wherein fluctuations in the value indicate a faulty water
delivery system, and farmers will face water supply expectations.

Unpredictable outcomes will result in a loss of investment; however, if this value
remains stable over time, the farmers will adapt their strategy to the conditions, allowing
for improved planning and forecasting. We looked at fourteen canals, from upstream to
downstream, and from right to left. For the analyzed time of span shown in Figure 4, all
of the canals at barrages on the River Indus showed greater fluctuations in the right-side
canals than in the left-side canals for the Rabi and Kharif seasons. The most important
barrage is the Sukkur barrage. Sindh has a better median consistency during the Rabi and
Kharif seasons and the left-side canals have a better median consistency than the right-side
canals. Moreover, the non-perennial canals are mostly closed for a few months during the
Rabi season, resulting in better consistency, as shown by the Fulleli and Pinyari canals.
Overall, both seasons show significant fluctuations in water supply, with the Rabi season
having a lower consistency than the Kharif season.
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The available data on canal supply consistency provide a basis for formulating hy-
potheses on farmers’ expectations formation processes for canal irrigation supplies and
their subsequent responses. In an instance where the actual supply consistently falls short
of the entitlement, such as in a system with low and high consistency of canal supply, the
farmers are expected to adjust and strategize accordingly. Conversely, in situations where
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the canal supply consistency is high, but the consistency of the actual supply is low, the
farmers may be discouraged from making investments due to the uncertainty involved.
If there is variability in the constancy of canal supplies from year to year, it may pose
significant challenges for the operation of the surface irrigation systems.

3.3. Water Supply Reliability

Water supply reliability indicates how much of the water supply (the actual delivery)
coincides with the desired (entitled) flow over the seasons in different years. Figure 5
shows the reliability of each canal for the Kharif (40–92%) and Rabi (27–100%) seasons,
with inter-annual fluctuations in reliability.
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The Desert Pat Feeder (DPF) and the Nara, Fulleli, and KB feeders had a median
reliability of more than 70% during the Kharif season. The DPF had higher reliability in the
Rabi and Kharif seasons, with zero missed deliveries and maximum unscheduled deliveries,
whereas low consistency (higher value θi) varies from year to year, indicating that the flow
is not adjusted. Also, similar to Pinyari (no unscheduled deliveries in Kharif but maximum
in Rabi), this face missed deliveries in both seasons based on the analyzed trend. Also, the
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rice canal performs best during the Kharif season, as it is only operational during this time.
The Sindh Begary Feeder (BSF) had the highest number of missed deliveries during the
Kharif and Rabi seasons, with only 1–2 unscheduled deliveries having lower reliability,
where the Dadu canals remained below 50%.

3.4. Water Supply Reliability

Water supply reliability captures how a system meets the volume of supplied water,
irrespective of time. The results in Figure 6 show that the DPF in the Rabi and Kharif
seasons shows compliance four times higher than that of the entitled supply, while the
Nara and Fulleli also show better compliance in most of the years. The overall compliance
is above 60% for all of the canals in all years. This metric captures how a system meets the
volume of supplied water, irrespective of time.
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3.5. Canal Supply (Entitlement) Compliance (Ci) and Mean Consistency and Reliability

The gross supply that meets the overall entitled supply volume in a season for a
particular canal, regardless of the time of delivery, is plotted against the consistency and
reliability. As shown in Figure 7, we performed a k-mean cluster analysis for meeting
compliance and plotted it against the mean consistency and reliability on the x-axis, as
well as inter-year variation of canal entitlement compliance Xi for the entire network in the
Xi-i space.

1 

 

 
Figure 7. Canal entitlement compliance and consistency (a) Rabi season, (b) 
Kharif season and reliability (c) Rabi season, (d) Kharif season in LIB. 

 

Figure 7. Canal entitlement compliance and consistency (a,b) and reliability (c,d) seasons in LIB.

The analysis reveals a better performance in cluster-1 and cluster-2, with 10–50%
inter-annual variability and 15–55% mean reliability, whereas cluster-3 has significantly
higher variability in compliance with the lowest reliability. In the Kharif season, there
is some improvement in the compliance variability, which ranges between 10 and 25%;
however, reliability in terms of consistency significantly decreased for all of the canals.

The results from the Rabi season show that, in cluster-3, the Nara and Pinyari canals
performed well, and two other canals have higher variability in compliance with reliability.
In cluster-1, only the BSF canal has high variability in compliance with the lowest relia-
bility. The rest of the canals fall into cluster-2, with average reliability and variability, in
compliance with ranges between 8 and 45%.
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In the Kharif season, in cluster-1 (blue marker), the canal has low variability in com-
pliance and low reliability. Cluster-2 (green marker) has significantly improved reliability
(high value of ρi), and cluster-3 (orange marker) has better performance for three of the
main canals (Rohri, Nara, and DPF), while the other has increasing variability in terms
of inter-annual compliance. A comparison between these plots will help us to determine
which canal meets the overall gross compliance at reliability status, which will help us to
determine a better production outcome through improved water distribution. We have
also plotted a canal command area for each canal separately, plotted against the median
consistency and median reliability in order to check how it moderates performance relating
to the size of the canal command. Figure 8 shows the median consistency and median
reliability, which show scattered results in the Rabi and Kharif seasons. While the canal
command area has little impact on performance, the location and soil condition may have
influence, such as in the Nara and Rohri canals.
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3.6. Equity Performance

Equity (mean k) measures water distribution spatially to extract the performance
of all systems from 2001 to 2019, as an important operational management tool used for
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canal irrigation systems in the subcontinent. We calculated the equity over time for the
Rabi and Kharif seasons, and the results show that Kharif has a 10% higher equity (low
value of k) than Rabi for the system over time. Looking at a smaller scale, the year 2010
suffered the most in Kharif, as shown in Figure 9. This year’s flood severely undermined
the entire irrigation network system, and all of the canals were closed. The years 2014
and 2017 remained drier for the system in Rabi season, which greatly impacted the lower
riparian food production and pushed farmers to install more tube wells in order to meet
the growing water demand. Other canals show fluctuation for different years, with average
values of 48% and 55% in the Kharif and Rabi seasons, respectively.
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3.7. Network Reliability

The previous section briefly described the reliability for different canals distinctly in
each year from 2001 to 2019. In this section, Figure 10 illustrates the reliability of the whole
system (canal network) for the different canals from 2001 to 2019 in the Rabi and Kharif
seasons, distinctly. The outcome illustrates that Kharif exhibits a 70% average, which is
7% higher than the Rabi season, with a 63% average for the rest of the years, fluctuating
around average. Kharif has more staggered trends within the years compared with Rabi. In
2010, due to heavy flooding, the system remained reliable in terms of the supply of water.
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3.8. Consistency Equity

Consistency equity the coefficient of variation of the overall network’s consistency,
and the results show a high variation with a positive trend in both seasons from 2001 to
2019. Based on Figure 11, it can be concluded that the years 2012 in Kharif and 2011 in Rabi
have less variation than the other years.
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3.9. Barrage Performance Metrics in Lower Indus Basin

We have analyzed each barrage separately by taking the canal network of barrages for
Rabi and Kharif seasons in terms of consistency equity, network reliability, reliability equity,
and network compliance. Table 2 shows results that show that the consistency equity
(variability across canals) is poor at Sukkur in Kharif and that Kotri is poor in Rabi seasons.
The network reliability (mean) is above 60% at all of the barrages, which is sign of good
hope. The reliability equity is poor at the Guddu barrage in Rabi, while the others show
fluctuations between 14 and 30%. Finally, the network compliance of all of the barrages
remained higher than 60% in two decades.

Table 2. Consistency equity, network reliability, reliability equity, and network compliance for Guddu,
Sukkur, and Kotri barrages in Rabi and Kharif seasons.

Barrage Guddu Sukkur Kotri

Season Kharif Rabi Kharif Rabi Kharif Rabi

Consistency Equity 0.16 0.38 0.60 0.36 0.34 0.67
Network Reliability 0.63 0.63 0.72 0.61 0.74 0.69
Reliability Equity 0.30 0.61 0.22 0.23 0.14 0.29
Network Compliance 0.89 0.71 0.74 0.74 0.94 0.66

4. Conclusions

This socio-hydrological evaluation is the first to examine Sindh’s water supply reliabil-
ity and equity for over a decade. The Indus irrigation system has been studied from various
perspectives. In this study, consistency, reliability, and equity metrics on 14 major canals off-
taking from the Guddu, Sukkur, and Kotri barrages in Sindh, Pakistan, from 2001 to 2019,
have been used to map a socio-hydrological assessment. This analysis demonstrates that
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Sindh’s massive surface irrigation network’s canal reliability metrics vary seasonally. The
management and catastrophes have generated system faults, leading to repeated deviations
from entitlements and fixed turn.

This paper utilized 10-day averages for the actual and entitled water supply. At a finer
level, the system had the most missed deliveries (4% higher than Rabi) and unscheduled
deliveries (13% higher than Rabi), with consistency median ranges of 17–92% across the
years and 40–55% across the canals in the Rabi season and 17–84% across the years (tem-
poral) and 32–60% across the canals (spatial) in the Kharif season. The median reliability
ranged from 47% to 100% in Rabi and 65–85% in Kharif, showing that the supply system
failed to fulfill the delivery expectations. Thus, geographical and temporal heterogeneity
harms stakeholders’ social and economic well-being. The network shows a wider equity
gap between the seasons and years, with Kharif showing a 10% stronger positive trend
than Rabi. Over the years, network consistency has been poor; however, dependability
has fluctuated between 55 and 75% in Rabi and Kharif seasons. Re-evaluating system
allocations and proposing research-based novel technologies and strategies for sustainable
water use within climatic and geographical restrictions is essential for system succession.
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