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Abstract: The supply of surface water by century-old infrastructure causes substantial water loss
and triggers huge abstractions of groundwater, resulting in low irrigation efficiency. We evaluated
the irrigation performance (application and conveyance efficiencies) and water availability (supplydemand) from the field to the Mungi Distributary canal level in Punjab, Pakistan. Between April–
September 2019 and 2020, we monitored water delivery in the canal network, soil moisture content
in cotton fields, and the canal and groundwater quality. The crops’ actual evapotranspiration
was estimated using the AquaCrop model. We found conveyance efficiencies >90% for minor
distributaries, 70–89% for watercourses, and ~75% for field ditches per kilometer. Field application
efficiency was >90% for drip and ~35% for flood basin, whereas for raised-bed furrow, conventional
furrow, and ridge-furrow irrigation methods, it varied between 44% and 83%. The deficits of
canal water supply versus demand for cotton fields ranged from 45% to 73%, whereas the Mungi
Distributary canal water showed a 68.6% and 19.8% shortfall in the April–September and October–
March seasons of 2018/2019, respectively. The study suggests prioritizing improvements to field
water application rather than canals with better water quality; additionally, surplus water from the
Mungi canal in November and December could be stored for later use.
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1. Introduction
In Pakistan, irrigated agriculture is the major consumer of surface and groundwater [1].
Main crops, such as wheat, sugarcane, rice, and cotton, account for ~80% of all water consumption in the country [2]. Pakistan’s surface water originates mainly from precipitation
during the monsoon period (April–September) and snowmelt from the Himalayas. The
Indus basin is the primary supplier of surface water to the country through five tributaries:
the Indus, Jhelum, Sutlej, Chenab, and Ravi. The Indus Basin Irrigation System (IBIS) feeds
the withdrawals from these rivers into a complex and extensive network of canals and
conveying water to farmers [3].
The IBIS is considered the world’s most extensive contiguous irrigation system that
regulates water at three systems levels in the network of the canals. The primary system
comprises of large main and branch canals that convey water to the major and minor
distributaries in the secondary system, while the major distributaries supply water to
minor irrigation canals that permit a fixed water flow to smaller channels that are called
watercourses (the tertiary system). The Warabandi principle guides the surface water
allocation to all farmers with fields along each watercourse based on fixed seven day
turns [4].
Public authorities have regulated surface water distribution in the IBIS based on the
Warabandi principle, which was put in place over a century ago. Under Warabandi, surface
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water is distributed in a fixed rotation of once a week for a specific time window in a
pre-determined schedule specifying day, time, and duration of canal water supply that
is proportional to the size of land that each farmer holds [5]. The main purpose of the
Warabandi was to cope with the water scarcity condition in the area by irrigating as much
land as possible with limited surface water to sustain an equitable distribution of available
water to farmers [3].
The Warabandi rule remains challenging in addressing the current surface water
distribution in the irrigation sector, despite being relatively easy to run and control by
public administration. For instance, it is a fixed supply-based irrigation form that does
not correspond to crops’ time-dependent water requirements and does not consider soil
properties and rapid environmental changes (climate variability and change). In addition,
it does not compensate for conveyance water losses along the canals that leads to lower
water allowance of tail canal users [4,5]. The limited availability of surface water to farmers
under Warabandi results in the uncontrolled pumping of groundwater (due to lack of
regulation over access to groundwater) by farmers to overcome the limited canal water
supply and to bring some flexibility in the rigid schedules in the canal system to fulfill the
time-dependent crop demand [6].
Punjab is the most populous province in Pakistan, and 56% of the IBIS is found there.
The province accounts for 69% of the total cropping area of the country and is known as
the biggest consumer of water in the irrigation sector [7]. Sugarcane (annual crop), rice,
and cotton are highly water-demanding crops that are grown in April–September during
the monsoon season (Kharif) in Punjab [8]. Wheat and fodder crops are dominant in the
second growing season of October–March (Rabi season), which is rather dry in Punjab in
terms of rainfall, and the major canals are closed for maintenance mostly for a month [9].
Punjab, as part of IBIS, is facing severe water scarcity due to several problems in
the irrigation sector. These obstacles include a rise in water demand due to population
growth and an increase in cropping intensity to ~120%, whereas the IBIS was designed
for a cropping intensity of 60–80% [10]. Furthermore, it is projected that by 2025, Pakistan
would experience a 30% deficit in surface water that is attributed to siltation in reservoirs
and it could be under pressure due to sharpening competition for water (industry, drinking
water provision ecology/environmental flow, agriculture) and the impact of climate change
(increasing evapotranspiration by rising temperatures), which will result in irrigation
water scarcity in the country [11,12]. The combination of the shortfall of surface water
and increased water demand has led to the uncontrolled abstraction of groundwater
that has resulted in secondary salinization. Although abstracted groundwater is widely
used in Punjab, surface water is in high demand for its good quality. However, old
irrigation infrastructure and poor operation and maintenance in Punjab result in low
delivery efficiency [13], leading to the inequitable and unreliable distribution of surface
water, particularly to tail-end users. Additionally, the gap between supply and demand is
further aggravated by poor on-farm water management techniques, such as insufficiently
leveled fields and conventional and traditional surface irrigation methods that have a low
application efficiency of ~35% [13–16].
Several studies have been conducted to address the irrigation water challenges in
Punjab province. Some studies have used remote sensing data to estimate irrigation
relevant indicators at a large scale [17–24], whereas other studies have examined the overall
state of the canal irrigation scheme by carrying limited measurements in farmers’ fields
and canals in remote areas of Punjab [2,9,10,25–29]. However, the development of water
supply–demand strategies necessitate tangible information on the actual field conditions.
Therefore, in this study, repeated measurements from farmers’ fields to the distributary
canal level in distant areas of Punjab were used for an in-depth evaluation of the overall
canal irrigation scheme performance.
This study is based on two years (2019 and 2020) of intensive fieldwork over a large
command area of the Mungi Distributary canal irrigation scheme. To add value to the
quality of the results and represent the entire irrigation scheme, different types of irrigation
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canals and cultivation methods were considered at the head, mid, and tail of the Mungi
Distributary canal. Therefore, discharges in the minor distributary canals, watercourses,
and field ditches were measured. The most common irrigation methods for cotton cultivation were selected (drip, flood basin, raised bed and furrow, conventional furrow, and ridge
bed methods) and evaluated based on the field water balance parameters using in-depth
analysis of the soil moisture content in the root zone of the crop. Additionally, Aquacrop,
as an atmosphere-soil-water-crop model [30], was applied to enhance the estimation of
actual evapotranspiration for commonly grown crops in the command area. Moreover,
the estimated magnitude of pumped groundwater could be used as an entry-point for
further studies on water-food-energy nexus including the issues of energy (fuel) demand
and CO2 -emissions.
The primary aim of this study was to evaluate the performance (conveyance and
field application efficiencies) of the Mungi canal irrigation scheme and compare the actual
canal water supply to crops’ demand related to the field, farm, and the Mungi Distributary
canal level. The study provides field-based information to inform decisions on water
supply–demand strategies.
2. Materials and Methods
The study structure is depicted in Figure 1 and is based on primary and secondary
data collection. Primary data were gathered during the Kharif season in 2019 and 2020,
including soil moisture content, field/canal discharge measurements, and interviews of
farmers on crops phenological stages, yield, and field management activities, while the
secondary data comprises of land cover data of Mungi (2018–2019 cropping seasons), the
daily discharge of major canals, and climatic parameters of the area. The obtained data
were used as input to the AquaCrop model to estimate the crops’ actual evapotranspiration,
and empirical equations were used to determine conveyance/application efficiencies and
water supply–demand. Methods are described in more detail below.

Figure 1. Study flow chart.

2.1. Description of the Study Area
The study was conducted at the cultivable command area of Mungi Distributary canal,
which is fed by the Lower Chenab Canal (LCC) through the Gugera canal in Punjab. It is
located between 30◦ 330 to 31◦ 20 N and 72◦ 080 to 72◦ 480 E with a rather flat topography
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featuring an elevation of 184 m above sea level. The head and tail design discharge values of
the Mungi Distributary canal are ~4.6 and ~0.17 m3 s−1 , respectively. The gross command
area is ~20,290 ha, and the cultural command area is ~17,683 ha based on the information
that is provided online at Punjab Irrigation Department [31].
The focus of this study was on cotton, which is dominating the cultivation in the
Mungi area during Kharif season as a crop with high water demand. Table 1 presents the
information on the selected fields. The fields were selected on the basis of their location
along the Mungi canal (head, middle, and tail) and the use of different irrigation methods
that are commonly used for cotton cultivation in Punjab. All fields are within the Mungi
Distributary canal command area (CCA), except Field D (drip method), which is located at
the Sumandry site next to Mungi Distributary CCA. Figure 2 shows the locations of fields
and canal discharge measurement points.
Table 1. Information regarding the fields that were selected in and near Mungi Distributary canal
command area.
Field Name

Irrigation Method

Plot Size
(Hectare)

Year of
Observation

Field A

Conventional Furrow

0.4

2019/2020

Field B

Raised Bed and
Furrow

0.4 and 0.6

2019/2020

Field C

Flood basin

0.8

2019

Field D

Drip

0.3

2019

Field E

Ridge-furrow

0.6

2020

Field F

Ridge-furrow

0.48

2020

Cotton field
In Farm G

Raised Bed and
Furrow

0.4

2019

Farm G was located at the tail of a watercourse that takes water from the Reakla minor
distributary in the upper part of Mungi Distributary canal. It has 23.5 ha of land-cultivating
cropping patterns, as illustrated in Table 2. In Farm G, the monitoring of 0.4 ha (one acre)
of cotton plot practicing the raised bed and furrow method was considered for canal water
supply and demand analysis.
Table 2. Farm G’s Kharif and Rabi season cropping patterns for 2018/2019.
Season

Kharif season

Annual crop

Rabi season

Crops

Area of the Crop (Hectare)

Maize

10.1

Cotton

2.8

Rice

5.3

Vegetable (okra)

0.8

Fodder (sorghum)

1.2

Sugarcane

3.2

Wheat

15.4

Canola

2.8

Maize

1.2

Fodder (berseem)

0.8
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Figure 2. Location of the selected fields and canal measurement points in and near the Mungi
Distributary canal command area.

2.2. Irrigation Scheme Performance Evaluation
2.2.1. Measurements for Conveyance Efficiency
The discharge in the network of canals in Mungi Distributary CCA was measured
using an M1 mini current meter [32], and the water losses in the canals were determined
by the inflow-outflow method. During each measurement, an observation walk was
conducted along each canal from the inflow to the outflow points to exclude that any
outlet gets water before the outflow of the canal. Also, the discharge in the channels was
measured repeatedly to minimize uncertainties. Figure 2 depicts the measurement points in
the selected canals. A total of three important minor distributaries of the Mungi Distributary
canal were considered: Reakla minor distributary (points 1–3) in the upper part, one minor
distributary (points 7–8) in the middle, and Mungi minor distributary (points 10–11) in the
lower section of Mungi Distributary canal. Additionally, two watercourses (points 3–4 and
3–5) and a field ditch (points 5–6) in the upper part and one field ditch(points 8–9) in the
middle part of the Mungi Distributary canal were selected for measurements representing
canals of major categories in the area and lined and unlined reaches were included.

Water 2022, 14, 405

6 of 22

2.2.2. Determination of the Irrigation Application Efficiency
The application efficiency is the ratio of the amount of irrigation water that is stored
in the crop’s root zone to the water that is directed to the field. In this study, an in-depth
analysis of the root zone water balance was considered following Equation (1) [33]:
APE f =

WA − WB + nET
× 100
Wi + Wr

(1)

where APE f is the application efficiency, WA is the depth of soil moisture in mm (in the 1 m
root depth of the crop) after an irrigation event, WB is the depth of soil moisture in mm (in
the 1 m root depth) before an irrigation event, n is the number of days between sampling
of the soil moisture before and after irrigation events, ET represents the evapotranspiration
(mm) of the crop in the period of the two samplings, Wi is the depth of the irrigation water
applied (mm), and Wr is the amount of rainfall during the two sampling periods (mm).
The application efficiency was solely estimated for cotton crop cultivation methods
considering the crop’s one-meter root depth based on observation and to be comparable in
all fields for soil moisture measurements. The applied water at each field by a canal, a tube
well, or both was measured using a Cutthroat flume with a length of 1.2 m and width of
0.9 m. It was placed at the inlet of each field parallel to the direction of flow and leveled
on all sides using a leveler. Once the flow was constant, the upstream and downstream
readings were noted to determine the discharge.
2.2.3. Soil Moisture Measurements
The soil moisture content of each cotton field was measured periodically, yet always
before and after irrigation events using an ML3 Theta Probe as a mobile soil moisture sensor.
The user manual of the ML3 Theta Probe mobile sensor is provided online [34]. An auger
was used to collect soil samples at intervals of 20 cm down to a depth of 100 cm at three
random locations in each field: head, middle, and tail. The volumetric readings of each
interval of soil samples were obtained using the soil moisture sensor in the field. Then, the
samples were weighed in the field and brought to the laboratory. The samples were dried
at 105 ◦ C for 24 h in the oven to determine the gravimetric soil water content. The obtained
gravimetric soil water content was multiplied by the bulk density of the referenced soil
sample to attain the volumetric soil water content that was used for calibration of the soil
moisture sensor’s reading.
2.3. Water Availability Assessment
We compared gross irrigation demand that was estimated from data that were collected
in the fields, the Punjab Irrigation Department, and the AquaCrop modeling versus canal
water supplied.
2.3.1. Water Demand
Mungi Land Cover
The land cover of the Mungi Distributary CCA was obtained from the Punjab Irrigation
Department and reveals the share of major crops that are cultivated in the Kharif and Rabi
seasons of 2018/2019 (Figure 3). The dominant Kharif season crops were cotton, which
covered >38% of the area and rice, whereas the dominant Rabi season crop was wheat,
which was cultivated on 64% of the command area and fodder.
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Figure 3. Land cover of Mungi Distributary canal command area for the Kharif and Rabi seasons
of 2018/2019.

Application of AquaCrop Model
Aquacrop, as an atmosphere-soil-water-crop model, can estimate the evapotranspiration of crops using Penman–Monteith equation [30], and was used to determine the actual
evapotranspiration of the common crops that were grown in the area that is depicted in
Figure 3. The Rabi crops in the Mungi area were wheat, fodder (berseem), tomato, potato,
canola, and maize. While the Kharif crops that were cultivated as cotton, rice, fodder
(sorghum), maize, and okra. Sugarcane and orchards (mainly citrus) were considered
annual crops.
Most of the crops that were grown in the Mungi area were cultivated by the farmer
in Farm G. Therefore, the crops information such as crop phenological stages, irrigation
scheduling for each crop, and field management relevant information was obtained by
interview questionnaires from the farmer of Farm G, and used reference data representing
the Mungi Distributary CCA. In addition, this information was cross-checked by other
selected farmers in fields A, B, C, D, E, and F. The input data for the AquaCrop model,
including climate, crop phenological stages, irrigation application, soil properties, and field
management are described in more detail below.
Climatic data: parameters such as maximum and minimum air temperature, solar radiation, rainfall, relative humidity, and wind speed were collected from the meteorological
station of the University of Agriculture Faisalabad (UAF) from January 2008 to November
2020. It is an established physical meteorological station that is operated by officials and
the nearest station in a distance of 62 km to the Mungi area. It has instruments to measure
and record the mentioned meteorological parameters and broadcast them based on daily
time steps online [35]. The average annual rainfall is ~411 mm (considering 2008–2020) for
Faisalabad city and occurs generally during the monsoon season: July–September. The
temperature can reach up to ~45 ◦ C in summer, whereas might drop to ~0 ◦ C in winter.
Crop phenological stages: information on each of the crop development stages, such
as the plant density, sowing and harvest time, duration of flowering, time to reach emergence, maximum canopy, flowering, senescence, crop maturity, and the estimated yield
were obtained.
Irrigation water application: irrigation method, depth of water application (the discharge of canal water and tube well water of Farm G was measured), number of irrigation

Water 2022, 14, 405

8 of 22

events, and the duration of irrigation for each crop was obtained by the farmer of Farm
G. The groundwater contribution via capillary rise was negligible in the Mungi area, as
groundwater is found at a depth of >10 m from the surface.
Field management: field management practices for each crop, such as weed management percentage estimation, surface runoff in field (closed-end field), and applicability of
mulches were attained.
Soil: soil textures of Mungi area are considered as loamy soils with relevant field
capacity and wilting point of loamy soils as 31 and 15%, respectively (samples were taken
from all cotton-selected fields in Figure 2 and tested in the lab that determined the soil
texture in upper, middle, and lower part of Mungi as mostly loamy soil).
The Aquacrop model was calibrated for each crop grown in the Mungi using the
model default referenced crop file and tuned based on the crop phenological stages and
field management practices, while the obtained yield of the crops by the farmers were
considered in the output of the model. The actual evapotranspiration of all crops was
calculated using the Aquacrop model (considering the gross water that was applied to each
field of the crop), except for citrus tree, which was designated as orchards, and its actual
evapotranspiration was estimated by the CropWat model.
Irrigation Water Requirement
The irrigation water demand from the field to the Mungi Distributary canal level was
evaluated by calculating the actual evapotranspiration of crops that were cultivated in
Mungi area, crop water requirements, net, and gross irrigation water requirements.
The water requirement of each crop in the Mungi command area was calculated using
Equation (2).
CWRi = ETi − Pe f f
(2)
where CWRi is the crop water requirement for a given crop i, ETi is the evapotranspiration
of crop i, and Pe f f is the effective rainfall considering the same period of growth for crop i.
The net irrigation water requirement (NIWR) is “the quantity of water necessary for
crop growth” [36]. It depends on the effective rainfall and cropping pattern of the site, and
it is described in Equation (3):
N IWR =

∑in=1 CWRi Si
S

(3)

where Si is the cultivated area under crop i and n is the number of crops that are grown in
the area. S is the total cultivable command area.
The gross irrigation water requirement (GIWR) is “the quantity of water to be applied
in reality, taking into account water losses” [36]. It is essential to have information on the
irrigation efficiency of the scheme to calculate the GIWR from the NIWR (see Equation (4)).
The total water requirement of the study area is obtained when the GIWR is multiplied by
the area under cultivation.
1
GIWR = N IWR
(4)
E
In Equation (4), E is the overall irrigation efficiency of a system that considers conveyance and application efficiencies.
2.4. Water Supply of Irrigation Canals
The daily water allocations at the head of the Mungi minor distributary and Mungi
Distributary canal for the Kharif and Rabi seasons of 2018/2019 were obtained from the
Punjab Irrigation Department (PID) website portal [31], while, for the same period, the daily
allowance of Reakla minor distributary was attained from the office of PID. Furthermore,
Reakla and Mungi minor distributaries’ head discharges were measured using the current
meter in the field, while their command areas are provided in Figure 2 and the share of
crops on these command areas were masked out from land cover in Figure 3.
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Reakla is the first minor distributary that takes water from the Mungi Distributary
canal (as depicted in Figure 2) and is lined. It irrigated ~919 ha of land in the Kharif season
and ~827 ha of land in the Rabi season of 2018/2019. As shown in Figure 4, the gross
irrigation amount that was provided as inflow to Reakla minor distributary in 2018/2019
was ~267 mm for the Kharif season, whereas it was reduced to ~210 mm for the Rabi season
because of the closure of the Mungi canal for maintenance.

Figure 4. Monthly water supply of the Reakla minor distributary 2018/2019.

The Mungi minor distributary is the last large minor distributary that is located at
the tail part of the Mungi Distributary canal, as shown in Figure 2. The head discharge
of this minor distributary was 0.28 m3 s−1 when Mungi Distributary canal was at the full
supply level. It provided canal water to ~1341 ha of irrigated land in the Kharif season and
~1218 ha in the Rabi season of 2018/2019. The gross irrigation water inflow at the head of
Mungi minor distributary was ~231 mm in the Kharif season and ~195 mm in the Rabi
season of 2018/2019 (Figure 5).

Figure 5. Monthly water supply of the Mungi minor distributary 2018/2019.

The Mungi Distributary canal provided water to ~21,194 ha of irrigated land in the
Kharif season, whereas it reduced to ~19,416 ha in the Rabi season of 2018/2019 based on
the land cover of the canal command area that is presented in Figure 3. The gross water
inflow at the head of the Mungi Distributary canal during the Kharif season was ~259 mm,
whereas during the Rabi season, it was ~227 mm in 2018/2019 (Figure 6). The Mungi
Distributary canal is closed for more than a month (mostly mid-January to mid-February)
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of the year for the maintenance of canals, according to farmers and records on the Punjab
Irrigation Department website.

Figure 6. Monthly water supply of the Mungi Distributary canal 2018/2019.

3. Results
3.1. Irrigation Scheme Performance Evaluation
3.1.1. Conveyance Efficiency of Canals
Table 3 shows the results as losses per unit of wetted area per unit time and the
conveyance efficiency per kilometer reach. Figure 2 depicts the measurement points at
each canal.
Table 3. Evaluation conveyance efficiency in canals of typical hierarchy levels in Mungi.

Canal Description

Condition

Length (m)

Discharge
Capacity (L/s)

Percolation and
Seepage Losses (L/m2
Wetted Area) × h

Conveyance
Efficiency per
Kilometer

(1–2) Reakla minor

Lined

2603

200

9.8

97.4

(10–11) Mungi minor

Lined

1728

71

7.1

95.1

(7–8) middle minor

Lined

1480

51

15.4

90.72

(3–5) Watercourse

Partially lined

2800

70

20.24

89.7

(3–4) Watercourse

unlined

1135

63

45.62

70.63

(8–9) Field ditch

unlined

620

44

36.6

74.3

(5–6) Field ditch

unlined

303

56

35.2

76.4

According to Table 3, the conveyance efficiency per kilometer in the lined canals of the
minor distributaries was above 90% due to the prevention or at least strong reduction of
seepage and percolation. However, the major component of water losses in lined canals,
such as in the middle minor distributary (points 7–8 in Figure 1) was from water leakage
through Mogas (outlets along the minor distributaries at different points to divert water to
each watercourse). Most of the outlets (Mogas) are made from round concrete plates, and
sometimes there are cracks and damaged parts, resulting in further leakages. Additionally,
water losses that were perceived in the Mungi minor distributary (points 10–11) were due
to sedimentation and vegetation growth, which is caused by poor maintenance. Also, a
minor part of the losses in the canals was due to evaporation which was negligible in this
study since it is not very high in relation to the seepage/percolation.
In the case of the watercourse (points 3–4) that was unlined and had a large amount
of vegetation growing alongside, there was also considerable leakage of water that was
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observed from field outlets (Nakkas) that were located along this watercourse. Thus, the
conveyance efficiency per kilometer was as low as 70%, whereas the watercourse (points
3–5) that was partially lined and had the smallest amount of leakage through outlets and
had limited vegetation alongside it had 89% efficiency per kilometer.
Most field ditches that convey canal or tube well water to irrigated fields are covered
with substantial amounts of vegetation and, in general, the hydraulic capacity is lower than
the capacity of the watercourses. The range of conveyance efficiency per kilometer for the
two field ditches (points 8–9 and 5–6) were 74% and 76%, respectively (Table 3). Moreover,
The information that is provided in Table 3 enables the estimation of the magnitude of
potential water-saving by lining as a function of the wetted area and considering the time
(e.g., 1 h).
Lining canals can save large amounts of water losses in the canals by preventing the
percolation and seepage that contribute to a more equitable distribution of water along the
canals. Particularly, farmers that are located at the lower canal reaches can receive more
water, which results in less pumping of groundwater. However, it hinders the recharge of
groundwater, which currently acts as a storage facility for farmers. In Mungi, the farmers
pump groundwater to compensate for the limited amount of surface water that they get
from canals based on the Warabandi principle. The loss of water in canals that recharge
groundwater is considered key in terms of this water being of better quality than the
percolated water from crop fields to groundwater, which is polluted by fertilizer and plant
substances. Therefore, the electrical conductivity (ECe) of the canal water at fields A, B, C,
E, and F was measured as ~0.2 dS/m, while groundwater ECe was as 1.1, 1, 1.8, 2.09, and
2.42 dS/m for Fields C, G, B, F, and E, respectively. The groundwater ECe indicated an
increasing tendency from upstream to downstream of the Mungi Distributary CCA.
3.1.2. Field Application Efficiency
Table 4 provides the estimated application efficiencies based on analysis of the water
balance parameters at the crops’ root zone under various irrigation methods.
The farmer of Field A cultivated cotton in both years (2019 and 2020) using conventional furrow. The application efficiency for Field A in 2020 for three events was estimated
as 68.1%, 74.6%, and 75% (Table 4). Variation in the application efficiency was determined
by the amount of irrigation, contribution of rainfall, climatic conditions for evapotranspiration, and the availability of moisture content in the root zone. In 2019, the technical
efficiency for the same field was 68.7%, 61.1%, and 50.6% for three different measurement
periods. The lowest efficiency in 2019 was 50.6% for the period of 7–14 July, which corresponded to an over-irrigation of 57 mm. Besides over-irrigation, 23 mm of rainfall was
recorded during this time. Although the soil moisture was in field capacity level (261 mm)
in one meter depth of root zone, the farmer still irrigated the field due to habit of seven
day rotation using the allocated canal water on its turn due to lacking storage facilities to
save surplus water. Similarly, the low application efficiency of 61.6% (26 June to 3 July)
was caused by refilling (63 mm) the soil moisture to more than the field capacity level by
over-irrigation. However, the application efficiency reading of 74.6% (on 9–12 July 2020)
showed a better water application timing and amount via the farmer where most of the
applied water was beneficially used by the crop.
Field B with a raised bed and furrow irrigation method showed better efficiencies in
both 2019 and 2020 than Field A except the lowest irrigation efficiency for Field B, which
was assessed as 47.2% in the period of 13–20 August 2020 (Table 4). The lowest efficiency
was due to a recorded 53.2 mm of rainfall following an irrigation depth of 37 mm that
was applied even though 262.2 mm of moisture content in the root zone was already
available. The farmer irrigated after each seven day period, despite having moisture in
the soil because of Warabandi turn to be used (no storage facility was available). The head
farmer of Field B was skillful and tried to optimize the amount of irrigation water. Thus,
the farmer achieved slightly better application efficiencies in 2019 of 79.2%, 84.4%, and
71.5% than in 2020 with 81.6%, 76.9% and 47.2%, respectively (Table 4).
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Table 4. Application efficiency of cotton cultivation methods in the Mungi area.
Field
Description

Field
Capacity
(mm)

Field A 2020
250
Field A 2019

Field B 2020
240
Field B 2019

Field C 2019

Field D 2019

Field E 2020

Field F 2020

210

290

270

310

Date of Irrigation

Gross Water
Applied (mm)

Date of Soil Sampling
(Before–After)
Irrigation

Application
Efficiency (%)

-

0

21 June–3 July

68.1

9 July

50

9–12 July

74.6

-

0

9–13 August

75

-

0

21–26 June

68.7

26 June

63

26 June–3 July

61.6

10 July

57

7–14 July

50.6

28 June

38

28 June–3 July

81.6

12 July

29

12–19 July

76.9

16 August

37

13–20 August

47.2

23 June

42

19 June–3 July

79.2

3 July

35

3–14 July

84.4

14 July

25

14–20 July

71.5

23 June

93

21 June–7 July

35

17 July

102

17–20 July

39.3

12

25 June–3 July

91.4

5

3–7 July

93.02

9

7–20 July

98.4

30 June

15

28 June–3 July

79.6

12 July

32

12–16 July

44

30 June

30

28 June–3 July

83.9

-

0

9–19 July

51.3

17 August

34

9–20 August

77.7

Irrigating everyday
by 1 or 2 mm

The technical efficiency values for the two irrigation events in Field C, which was
practicing the flood irrigation method, were 35% and 39.3%. This was due to low plant
density (more space between plants) and over-irrigation of 93 and 102 mm at each event,
respectively. However, Field D, which used drip irrigation, showed the highest efficiency
of over 90%. The farmer of Field D was very experienced and regularly optimized the
irrigation quantity and timing by considering the soil properties of the field and used soil
moisture sensor to consider availability of the moisture. Moreover, the farmer constructed
a pond in the farm for frequent irrigating events by the drip and it enabled them to store
the surplus water of the canal when it was available. Therefore, due to an increase in
temperature during the months of May and June, the farmer irrigated the cotton field two
times a day (in the morning and evening), applying 1 mm per event. Thus, Field D achieved
the highest efficiency. Moreover, the farmer flooded the drip field due to availability of
canal water in two events (20 days before sowing as pre-irrigation and on June 20; each
event involved irrigation with 132 mm).
Similarly, Fields E and F cultivated cotton on the basis of a ridge-furrow method, and
their application efficiency ranged from 44% to 83.9%. They showed similar efficiency in
terms of water-saving compared to conventional furrow and raised bed irrigation methods.
Farmers downstream of the Mungi Distributary canal applied the ridged bed method to
account for the limited availability of canal water and to consume less groundwater.
The application efficiencies in June were higher in irrigated fields when compared
with those in July or August (Table 4). This finding was attributed to fulfilling two-thirds
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of the cotton water requirement through monsoon rainfall in July and August, and farmers
did not appropriately utilize the obtained moisture content from rainfall, whereas in June,
almost all cotton demand was achieved through irrigation water.
All the selected farmers, except the farmer of Field D, were not using soil moisture
sensors or other tools to realize the availability of moisture content of the fields to refill the
soil to field capacity and keep the moisture within the allowable depletion range. Therefore,
they irrigated the fields based on observation of soil or plants, weather condition, or just
simply allocating more water for cotton based on irrigation habit of seven day rotation,
according to the farmers’ descriptions.
3.2. Water Availability (Supply-Demand) Analysis
The obtained conveyance efficiency for the network of canals in the Mungi irrigation
scheme (Table 3) was estimated to be 75%, assuming higher numbers of unlined watercourses and field ditches in the Mungi command area that their conveyance efficiencies
ranged around 75% in Table 3. The technical application efficiency for the Mungi irrigation
scheme was estimated as being 64% based on the mean of the cotton field efficiencies in
Table 4, except for Field D (drip), as it is not located in the Mungi CCA and was installed in a
very small share of the area. Thus, the overall irrigation efficiency of the Mungi Distributary
irrigation scheme was estimated as 48% (Equation. (5)). This coincides with a study that
considered the overall irrigation efficiency 45% for Lower Chenab canal command area
that includes the Mungi area in Punjab [19]. Similarly, the overall irrigation efficiency of
42% was used for Kasur minor distributary canal command area in Punjab [9].
Irrigation efficiency = Field application efficiency × conveyance efficiency = 0.75 × 0.64 = 0.48

(5)

3.2.1. Field Level Supply and Demand
The canal water allocation of the cotton fields based on the Warabandi principle in
Table 5 was measured at the inlet of the field when the Mungi Distributary canal was in
full supply level and 19 weeks was considered as the growth period for cotton.
Table 5. Canal water supply and demand of cotton fields in the Mungi Distributary canal command area.
Weekly Canal
Water
Allowance (mm)

Canal Water
Applied Over
Cotton Growth
Period (mm)

Field A

17

Field B

10

Field C
Cotton field in
Farm G

Field Name

Groundwater
Applied Over
Cotton Growth
Period (mm)

Gross Water
Applied Over
Cotton Growth
Period (mm)

Canal Water
Percentage
Deficit (−)

324.5

756.5

1081

−69.98

187.6

486.4

674

−72.12

13.8

263.7

216.3

480

−45.07

9

172.4

477.6

650

−73.48

The factors influencing the Warabandi canal water allowance depend on the location
of the farmers’ fields along the watercourse, conveyance efficiency of the minor distributors
or watercourses, uptake of the water by referenced minor distributaries from the Mungi
Distributary canal, and the allowance of head discharge to the Mungi Distributary canal.
Hence, Farm G, which was located at the tail of the watercourse, received the least amount
of canal water (9 mm) per seven day rotation, whereas Field C, which was in the middle
of the same watercourse, received 13.8 mm of water per cycle. This is highlighted as a
drawback of the Warabandi principle, which does not consider conveyance losses for the
allocation of water to tail farmers, which results in the inequitable distribution of water
between upstream and downstream farmers [3,5].
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Additionally, there is a clear dependency on groundwater withdrawals in Punjab
between upstream and downstream farmers [37]. Downstream farmers, such as in the
case of Field E and F (we could not measure their canal water discharge due to irregular
and unreliable flow of canal and they were mainly irrigating by tube well), were much
more dependent on groundwater than upstream farmers. However, the middle minor
distributary (points 7–8 in Figure 2) canal, which provides water to Field B received less
canal water because of the construction of a bridge over the Mungi Distributary canal and
interfered with the minor intake that resulted in a 10 mm canal water allowance per turn.
The Warabandi canal water deficit for cotton fields ranged from −45% to −73%
comparing to the gross water that was applied (conjunctive use of canal and groundwater)
over 19 weeks (cotton growth period) for the fields (Table 5).
It is evident from Figure 7 that despite having different locations in Mungi Distributary
CCA, the farmers of fields A, B, and Farm G applied more than 60% groundwater using
fuel energy over the crop growth period besides canal water contribution as ~25% and
rainfall. However, the farmer of Field C, irrigated the field with limited gross water and
the canal water input was ~45% of the total cotton requirement, as the farmer could not
afford the fuel to extract groundwater for cotton, according to information provided by
the farmer.

Figure 7. Water supply contribution to the cotton fields’ in the Mungi area.

3.2.2. Farm Level Supply and Demand
In Farm G, canal water deficit for the Kharif season reached 50.2%, whereas Rabi crops
were lower-water consumers, which resulted in a 17.1% shortage in canal water in 2018/2019
(Figure 8). The deficit part in both seasons was fulfilled by groundwater contribution.

Water 2022, 14, 405

15 of 22

Figure 8. Farm G canal water supply and demand comparison.

3.2.3. Supply and Demand of the Reakla and Mungi Minor Distributaries
Figure 9 presents the demand and supply of the Reakla minor distributary in the
upper part of the Mungi Distributary canal. Considering a 48% overall irrigation efficiency
of the Mungi scheme, the canal water in the Kharif season faced a 64% deficit to fulfill the
requirement of crops in the Reakla command area, whereas for the Rabi crops, because of
the climatic conditions and crops that consume less water, it was marked with a shortage
of 25.1%.

Figure 9. Water demand and supply of the Reakla minor distributary.

In case of the Mungi minor distributary at tail of the Mungi Distributary canal, the
Kharif season corresponds to a huge demand for water due to cultivated water-intensive
crops, such as cotton, rice, and sugarcane. As shown in Figure 10, the Kharif season is
marked as a 69.7% deficit, whereas the Rabi season accounted for a 29.3% shortfall in terms
of fulfilling a demand by canal water.
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Figure 10. Water demand and supply of the Mungi minor distributary.

The slight difference of canal water deficit in the Kharif and Rabi season at both Reakla
and Mungi minor distributaries was driven from a variation in the share of water-intensive
crops in these command areas such as more lands that were under cultivation of cotton,
rice, and orchards in the Mungi minor command area.
3.2.4. Mungi Distributary Canal Supply and Demand
The actual evapotranspiration (ET) and monthly gross irrigation water requirements
of the crops that were cultivated in the Mungi area are presented in Table 6. The actual
ET values in the Table 6 for each crop are in range of ET that was estimated in a study by
FAO on agro-ecological zones of Punjab for the common crops that were cultivated in the
Punjab province [38].
Table 6. Monthly water supply of the Mungi Distributary Canal and the gross irrigation water
requirement of the Mungi canal irrigation scheme.
Rabi Crops
Wheat

Fodder
(Berseem)

Tomato

Kharif Crops
Potato

Canola

Maize

Cotton

Rice

Fodder
(Surghum)

Annual Crop
Maize

Okra

Sugarcane

Orchard
as Citrus

Monthly
1 GIWR
(mm)

Monthly
Mungi Canal
Water Supply
(mm)

Actual ET (mm)
April

15.2

63.7

May

138.6

109.7

31

25.3
88.4

81.7

54.3

159.7

51.2

61.7

26.6

120

190

128.4

191.2

119.7

143.3

26.3

169

June

129.3

360

3.6

180.4

175.4

159.9

224.7

48.6

July

188.6

240

128.2

174.3

171.8

182.5

89.8

54.2

August

174.9

180

164.7

36.6

161.2

173.1

208.0

54.1

September

127.2

60

138.1

128.1

96.5

98.0

49.6

October

13.4

25.9

63.3

37.3

14.8

2

46.2

10.9

47.1

11.6

16

57.4

24.8

53.7

100.6

111.4

16

129.6

22
Nov

19
Nov

24
Jan

15
Oct

6
Oct

30
Jun

28
Apr

27
May

29
Mar

8
Jan

16
Apr

24
Jan

13
May

30
Jan

14
Mar

17
Oct

31
Oct

10
Oct

30
Jun

28
Apr

November

13.2

17.3

December

26.7

20.4

January

47.4

13.6

8.6

February

61.1

25.4

March

92.4

Sowing
date
Harvest
date

1

31.4

89.9

58.6

47.5

44.6

48.2

23.8

21.2

50.1

13.2

4.4

31.7

61.0

9.4

7.6

51.4

26.2

27.5

31.3

41.8

5.0

89.4

44.4

90.1

40.6

8
Apr

15
Feb

1
Apr

21
Aug

14
Feb

30
Mar

14.3

GIWR: gross irrigation water requirement.
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The Mungi Distributary canal water supply in the Kharif season showed a 68.6%
deficit, whereas in the Rabi season, there was a shortage of 19.8% because of the cultivation
of low water-consuming crops, which were mainly wheat in 2018/2019 (Figure 11).

Figure 11. Mungi Distributary canal water supply and demand.

Figure 12 illustrates the monthly canal water supply and demand in the cropping
season of 2018/2019 at the Mungi Distributary canal level. June was the most water-stressed
month where no effective rainfall that contributed to match the demand for crops. This
demand was mainly satisfied by pumping groundwater using fuel energy. However, in July,
the monsoon season started with 131.6 mm of effective rainfall, which drastically lowered
the net and gross irrigation demand. In August 2018, no effective rainfall was recorded,
but 15 mm of effective rainfall contributed to plant growth in September. Additionally,
in September, most crops required less water due to reaching maturity. Thus, the gross
demand increased in August and lowered again in September.

Figure 12. Monthly water supply of Mungi Distributary canal and gross irrigation water requirement.
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Moreover, major crops of the Kharif season, such as cotton, rice, maize, okra, and
fodder, were harvested in October and did not need water for irrigation, so the demand
side dropped to the level of supply line in October. Furthermore, in the transition point that
starts from October, the canal water supply of the Mungi canal remained above demand
until the end of December. In these months, there was a shift from the Kharif to the Rabi
season because of a short pause to prepare land for Rabi crops and climatic conditions that
correspond to low potential evapotranspiration.
For this reason, most Rabi crops were sowed either in November or December, and
after December, Rabi crops started to consume water, so demand exceeded supply again
from January onwards. Thus, there is a potential option for canal water-saving at farmers’
farms in a storage pond in October, November, and December so that the canal water can be
used later on in January or February. The storage of water in ponds at farms of the farmers
can enable some flexibility within the frame of the rigid Warabandi system. This would
provide support to (i) better match the time –depending crop water demand, (ii) enhance
utilizing rainfall, and (iii) lower the pressure on groundwater use in terms of conservation
of this resource, save energy for fuel-based pumping, as well as reduce CO2 -emission.
4. Discussion and Conclusions
The application efficiency that is improved by advancing surface irrigation techniques
going from flood basin (~35% technical efficiency) towards conventional furrow, raised bedfurrow, and ridge-bed furrow (the efficiency varied from 44% to 83%), while substituting
irrigation technology could further boost the efficiency, for example, in case of drip method
by over 90%. It was revealed that cultivating cotton under bed planting in Punjab could
save up to 38% more irrigation water than conventional irrigation methods [27], while
another study in the Lower Chenab CCA in Punjab showed that the drip method saved
60–80% of applied water in comparison to the bed planting of maize fields [26]. Therefore,
the highly inadequate canal water supply under the Warabandi principle and the high
cost of groundwater in Mungi area affected farmers’ decisions on their choice of crop
cultivation [39].
Losses in the canal network and during field water application were recharging
the aquifer, which provides a supplementary storage facility for farmers by pumping
groundwater using fuel energy to fulfill their crop demands under the Warabandi principle.
On the other side, seepage and percolation drive matter flow, potentially polluting the
aquifer. Thus, rising conveyance efficiency is interlinked with groundwater quantity and
quality and the amount of CO2 emissions that are caused by pumping. In general, canal
water is of better quality than water that is percolating through the root zone of irrigated
fields (loaded with fertilizers and plant protective agents) in Punjab [40]. Therefore, high
priority should be given to improvements of field water application as these will lower
potential groundwater pollution.
The major sources of recharging groundwater in Punjab are rainfall, field percolation,
and water losses in irrigation canals [41]. A study found that the adequacy and reliability
deliveries of conjunctive use of surface and groundwater decrease towards the end of canals
due to the combined effect of erratic supply of canal water and salinization of groundwater
in the Rechna Doab irrigation scheme in Punjab [17]. Deteriorating trends in groundwater
quality have been observed in Punjab and more groundwater is expected to be used in the
near and mid future that can enhance future sustainability challenges in terms of water
quantity as well as quality, severely impacting drinking water provision [25,42].
Focusing on technical interventions, we see two main entry points for optimizing
irrigation application efficiency. First, irrigation scheduling that is considered in this study,
which employs proper timing and efficient use of irrigation water based on crop production
in the Mungi area. The moisture that is obtained from rainfall in the soil could be utilized
by adapting irrigation events accordingly, or the soil moisture could be maintained within
the optimal depletion zone by refilling it in each irrigation event slightly under the field
capacity to reduce percolation and evaporation amounts. The second option involves
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advanced handling of the irrigation water application processes in the crops’ root zone
that could potentially reduce non-beneficial uses of water and have been investigated and
addressed by several studies. Numerical simulations that are based on Richards’s equation
were used in a study to minimize the water percolation below the root level [43], while
another research applied a mathematical model for an optimal control zone of irrigation
water optimization to preserve crop and prevent water non-beneficial usage [44]. Similarly,
a study deliberated the analysis of irrigation water dynamics and soil moisture in crops’
root zones considering a zone model predictive control (MPC) which keeps soil moisture at
the optimal level with less water consumption [45].
The study also indicated a large gap in the Mungi Distributary canal water supply
and demand of crops within its command area. Our analysis revealed a canal water deficit
of 68.6% in the Kharif season and 19.8% in the Rabi season of 2018/2019. In another study
in Punjab, by using remote sensing data and considering an irrigation efficiency of 45%,
the canal water deficit was estimated for the Mungi Distributary canal as 36% and 32% for
the Rabi seasons of 2009/2010 and 2010/2011, respectively, which is slightly higher than
the current study [19]. This difference could be due to the changes in the cropping pattern
from year to year or could be also due to different meteorological conditions in 2009/10
and 202/11 versus 2018/19, or variation of inflow to the Mungi Distributary canal and also
depends on the accuracy of the remote sensing data. Furthermore, the supply-demand of
the Mungi Distributary canal was assessed during 2011–2012 using SWAT and CROPWAT
models [20]. The study showed an over 50% deficit of Mungi canal water in that year
considering a 45% overall irrigation efficiency, whereas the most water-stressed months
were highlighted as June, July, and August; although the study did not consider effective
rainfall for the months of July and August.
Despite the fact that the Mungi Distributary canal is undersupplied in both the Kharif
and Rabi seasons, there are periods with water availability that exceed the demand in the
months of November and December. The potential of this surplus water is a source to be
beneficially used in deficit periods could be mobilized by constructing decentral storage
facilities in the farmers’ farms in the Mungi area. Comparable results were obtained by
a study that found the supply of the Mungi Distributary canal exceeded the demand of
crops during October, November, and December, but the demand increased from January
in the Rabi seasons of both 2009/2010 and 2010/2011 [19]. Furthermore, the groundwater
extraction significantly increased at the tail of Mungi Distributary, especially in peak waterstressed months [2]. This phenomenon could be confirmed in this study by observing zero
discharge at the tail of the Mungi Distributary canal while crops were cultivated there,
and, due to the unreliable supply of canal water, the farmers of Field E and F were more
dependent on groundwater abstraction.
The study provided detailed information on the status of irrigation conditions in
Mungi Distributary CCA that could be used as potential groundwork for policymakers
to make decisions that are based on actual field information for the development of water
supply-demand strategies. Moreover, the quantification of groundwater that is extracted
by farmers using fuel energy could further benefit scientific works on approaches to the
water–food–energy nexus to reduce CO2 emissions and conserve groundwater in terms
of quantity and quality. The study suggests the inclusion of the impact of rising efficiency
on groundwater quantity and quality in further research and in decision-making for the
improvement of the canal irrigation schemes.
The behaviour of over-irrigation can be changed or even avoided by training of farmers
on the management of soil moisture content in crops’ root zones and informing them by
relevant institutions or by conducting joint field experiments on their plots together with
scientists and extension service institutions. These measures on improving knowledge and
skills are especially promising in terms of the practical impact, when going hand-in-hand
with creating incentives to implement the improvements; the willingness of farmers to
avoid over-irrigation can be enhanced by establishing on-farm water storage facilities
(e.g., small ponds) which enable them to store surplus water (instead of wasting by over-
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irrigation) for use at the farm in periods with insufficient water supply in the canal network
(infrastructural re-design for creating an ‘enabling environment’ to avoid over-irrigation).
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