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A research study was conducted in the service area of the Tajiki Canal in Kabul,
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converted into discharge values. We mapped cropping patterns using a Global

Positioning System (GPS), and estimated crop water requirements using the

CROPWAT model. We evaluated irrigation scheduling through CROPWAT

simulations and field data collected using a structured proforma. We measured

the irrigation depth applied to individual fields using a cut-throat flume. The

results showed that grape was the dominant crop, occupying 16% of the

cultivable command area, followed by wheat (15%), tomato (6%), and apple

(5%). Crop water requirements for all crops, except wheat, increased

progressively and peaked in July. The maximum water requirements for grape,

wheat, tomato, and apple were 7.04, 6.31, 10.29, and 10.19 mm/day,

respectively. Irrigation supply was generally lower than crop demand,

exceeding it only in July and August, while relative water supply ranged from

0.3to0 1.16. The average crop water productivity of tomato ranged from 5.13 to

5.59 kg/m?3, whereas grape productivity declined from 1.99 kg/m? at the head

to 1.82 kg/m? at the tail. Traditional irrigation scheduling largely matched

CROPWAT estimates, although local practices applied 153 mm of water to

grapes compared to 106 mm estimated by the model.

Keywords: CROPWAT; Crop water productivity; Crop water requirements;
Irrigation scheduling; Water supply.
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Introduction

Improved access to irrigation water can provide several advantages, including increased
agricultural production, food security, and more employment opportunities. Water is crucial
not only to people's livelihoods but also to Afghanistan's economy. Agriculture remains a
cornerstone of the national economy, contributing approximately 35% of the country's gross
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domestic product (GDP) and employing about 45% of the workforce, with a particularly high
share in rural areas (World Bank, 2023). Arable land in Afghanistan is estimated at around 7.85
million hectares, representing roughly 12% of the total land area (World Bank, 2023; FAO,
2023). The proportion of irrigated agricultural land remains low, with only about 6% of total
agricultural land equipped for irrigation, underscoring the reliance on rain-fed cultivation and
the need for improved water management (World Bank, 2024). Although limited, this irrigated
area contributes disproportionately to agricultural production and food security nationwide.

As an agrarian country, Afghanistan relies heavily on irrigation, mainly during summer when
precipitation is very rare. Irrigated agriculture has a long history in Afghanistan dating back to
approximately 4,500 years (Azami et al., 2020). Rainfed agriculture remains limited in most
parts of the country because rainfall is low and highly variable, particularly outside the northern
highlands, where moisture availability is marginal and unpredictable (Taraky et al., 2024).
Afghanistan has a complex irrigation landscape, with many irrigation systems, most of which
are traditional schemes that rely primarily on surface water sources such as rivers and streams,
and, to a lesser extent, on groundwater sources including springs, karezes, and wells (Ado and
Abubakar, 2024). Traditional surface irrigation systems remain widespread, accounting for
approximately 80-90% of the country’'s irrigated land, ranging from small mountain systems
to large plains canals, while formal modern irrigation systems cover a much smaller share of
the total irrigated area (Rahmani and Azizi, 2024). Both traditional and modern systems depend
heavily on surface water, with springs and karezes contributing a smaller share of irrigated area
(Hussainzada and Lee, 2022).

Local customs and community practices strongly influence water distribution and allocation in
the country's traditional irrigation systems, where farmers integrate maintenance and water
sharing into seasonal calendars and communal agreements rather than formal administrative
schedules. Traditional water rights and allocation often prioritize landownership and upstream
access, resulting in inequitable distribution favoring upstream farmers over downstream users
(Sharma et al., 2023). In these systems, the mirab (a locally selected water master) plays a
central role in managing and regulating water deliveries to agricultural areas, organizing labor
for canal maintenance, and resolving disputes among users (Hussainzada and Lee, 2022).

Inadequate irrigation water supply remains a major constraint on agricultural expansion in
Afghanistan, especially in arid and semi-arid regions where water shortages directly affect crop
productivity and rural livelihoods (Rahmani and Abid, 2024). Decades of conflict severely
damaged irrigation infrastructure, creating obstacles to efficient water distribution and use, and
reinforcing the need to rehabilitate canals and water conveyance systems to improve
agricultural productivity (World Bank, 2021). Increasing agricultural water productivity is vital
for enhancing food security and economic resilience among rural populations. Improving
irrigation infrastructure, adopting appropriate water management practices, and building
human and institutional capacity are among the most effective strategies to achieve this goal.
Effective irrigation scheduling plays a critical role in meeting crop water requirements, as
irrigation frequency and depth depend on crop type, growth stage, soil conditions, and climatic
variability (Pereira et al., 2020).
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Several government and non-government organizations, including the On-Farm Water
Management (OFWM) Project in Kabul, are rehabilitating and developing irrigation systems
to improve water-use efficiency and increase agricultural productivity per unit area. Prior
research in Afghanistan has demonstrated that optimizing irrigation scheduling and water
allocation can significantly increase crop water productivity and yield under water-scarce
conditions (Pereira et al., 2020).

Despite the critical importance of irrigation for agricultural productivity in Afghanistan, few
empirical studies have evaluated on-farm water management practices at the canal command
level, particularly in the service area of the Tajiki Canal in Kabul. Existing studies primarily
focus on national-scale assessments or infrastructure rehabilitation, with insufficient attention
to field-level irrigation scheduling, water supply—demand relationships, and crop water
productivity. Moreover, comparative analysis between model-based irrigation scheduling (e.g.,
CROPWAT) and traditional farmer practices is lacking. This study addresses these gaps by
systematically evaluating irrigation performance and water management efficiency within the
Tajiki Canal command area.

This research aims to evaluate on-farm water management practices across different reaches of
the canal system, with particular emphasis on analyzing irrigation water supply in relation to
crop water demand. The study was designed to address the following research questions:

1. How does the current irrigation water supply compare to the water requirements of
major crops in different canal sections of the command area?

2. How do the irrigation scheduling parameters (including irrigation depth and irrigation
interval) predicted by the simulation model differ from those of traditional farmer
irrigation methods?

3. What are the crop water productivity levels of major crops such as wheat, tomatoes,
and grapes grown in different canal sections of the command area?

4. How efficient are existing irrigation and water resource management measures in
meeting crop water requirements and improving water productivity?

Methods and Materials
Study Area

A field investigation was conducted in District Shakardara, approximately 30 km north of
Kabul (34.41° N, 69.01° E). The study focused on the command area of the Tajiki Canal in
Danishmand village Figure 1. The village has nearly 200 households, and agriculture is the
main livelihood for most residents. The total cultivated area is estimated at 526 hectares, most
of which is irrigated through the Tajiki Canal, which extends 14.02 km.

In addition to canal irrigation, certain sections of the village use groundwater extraction
through tube wells, particularly in downstream or tail-end areas where canal water supply is
insufficient. Farmers primarily use this supplemental irrigation to sustain vegetable production
and maintain crop productivity under limited surface water availability. Overall, the irrigation
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system in the study area combines canal and groundwater resources, highlighting the adaptive
strategies farmers use to cope with water scarcity.

District Shakardara

Figure 1. District map of Kabul province highlighting the study area

A layout map of the canal command area was developed using a Global Positioning System
(GPS) Figure 2. A GARMIN GPSMAP 76Cx device was used to record waypoints at regular
intervals and at key locations, including canal outlets and the boundaries of the command area,
through field surveys. The collected data were subsequently transferred to a computer using
MapSource software to generate the final layout map of the canal command area.

Legend

. Canal Start and End Points
~"~~ Tajiki Main Canal
Tajiki Branches

¥

D Taiiki Total Command Area s L £ iometers

Figure 2. Layout map of the study area
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Irrigation Supply and Crop Water Demand

The irrigation water supplied to the command area was measured using a sharp-crested
rectangular weir installed at the Tajiki Canal intake. The intake section was surveyed, and
reference marks (white marks) were established 1.2 meters upstream of the weir. Daily
observations of these reference points relative to the canal crest were recorded in a structured
format to determine the water depth (head) over the weir crest. The measured head was
subsequently converted into discharge using the standard rectangular weir equation:

Where Q is the discharge over the weir (m?® s?), C is the discharge coefficient, L is the
effective length of the weir crest (m), and H is the head of water above the weir crest (m).

Accurate estimation of crop water demand is essential for farm-level crop planning and
irrigation project design. Crop water requirement is defined as the quantity of water needed to
compensate for losses due to evapotranspiration from the crop field (Jovanovic et al., 2021).
This requirement varies depending on crop type, growth stage, canopy characteristics, rooting
depth, and root density. We estimated crop water demand using the following procedure.

Cropping Pattern and Reference Crop Evapotranspiration (ET )

We determined the cropping pattern within the command area using a Global Positioning
System (GPS) device (Garmin). Initially, the boundaries of the command area were mapped to
estimate its total extent. Subsequently, individual field plots were surveyed, and the area under
each crop was recorded and stored in the GPS with specific identifiers. In addition, farmers
located at the head, middle, and tail sections of the command area were interviewed to collect
detailed information on water management practices and agronomic activities.

Similarly, reference crop evapotranspiration was estimated using the computer software
CROPWAT (version 8.0), developed by the Land and Water Development Division of the
Food and Agriculture Organization (FAQO). The software uses the Penman—Monteith equation.
The analysis required two categories of input data: general data, including the station's latitude,
longitude, and altitude, and climatic data, including temperature, relative humidity, sunshine
duration, and wind speed. All required data were obtained from the meteorological station in
Kabul.

Crop Coefficient (K ) and Crop Water Requirements (ET )

The crop coefficient (Kc) varies by crop type and growth stage. The Kc values used to estimate
crop water requirements were adopted from the FAO Irrigation and Drainage Paper No. 33,
Yield Response to Water (Doorenbos and Kassam, 1979).

Crop water requirement (CWR) represents the total amount of water required to compensate
for water losses through crop transpiration and soil evaporation during the growing period.
Under standard growing conditions, where soil moisture is not limiting, the crop water
requirement is assumed to be equal to the crop evapotranspiration (ETc). Climatic conditions,
crop characteristics, soil properties, groundwater conditions, land slope, irrigation practices,
tillage methods, and water application techniques primarily influence crop water requirements.
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In this study, we estimated crop water requirements using the CROPWAT (Version 8.0) model.
The crop water requirement was calculated as:

CWR = ETo = Ky X ETpeeooeoveooeeeeeeseeeeeeeeseeeeeseseeseseseeeseseesseseeseseseeseeees )

where ETc is the crop evapotranspiration (mm day!), ETo is the reference evapotranspiration
(mm day '), and Kc is the crop coefficient, which varies with crop type and growth stage.

Effective Rainfall and Net Irrigation Requirement

Effective rainfall (P.ff) was estimated using the FAO dependable rainfall method implemented
in CROPWAT 8.0. Monthly meteorological data were obtained from the Meteorological
Station of the Ministry of Agriculture, Irrigation, and Livestock, Kabul. The effective rainfall
was calculated using the following equations:

Peff.= 0.6P — 10/3 for monthly precipitation (P) <70/3 mm................ (3)
Peff.= 0.8P — 24/3 for monthly precipitation (P) > 70/3 mm................ 4)

Where (P.ff) is the effective rainfall (mm), and (P) is the monthly precipitation (mm). The
Net Irrigation Requirement (NIR) was subsequently determined using CROPWAT (version
8.0), based on the following Equation:

NIR = ET = Poffuueoeoeaeaneoeeoneeeeeeeee e (5)

where NIR represents the net irrigation requirement (mm day™'), ETc is the crop
evapotranspiration (mm day ).

Irrigation Scheduling and Traditional Practices

We estimated irrigation scheduling using the CROPWAT model and compared it with
traditional irrigation practices. CROPWAT uses a soil water balance approach and considers
inputs such as crop characteristics, soil properties, rainfall, and crop evapotranspiration. Key
crop parameters included crop type, rooting depth, and allowable depletion, while soil data
comprised soil type, initial moisture, and total available water. The optimal irrigation schedule
used the "critical depletion” option for timing and "refill to field capacity" for application, with
an assumed irrigation efficiency of 70%.

In contrast, traditional irrigation in the study area was managed through the Mirab system,
which involves a water master (Mirab), community elders, and water users. Water distribution
was based on a customary unit known as Qulba, where one Qulba (equivalent to 12 hours of
irrigation) typically covers 20-30 hectares. Because water is limited and land is fragmented,
irrigation supply is often insufficient, leaving some areas uncultivated. Farmers receive water
according to predefined schedules and entitlements, with the community managing the system
and resolving conflicts. We obtained information on traditional practices through farmer
interviews.

Crop Water Productivity

Crop water productivity (CWP) refers to the relationship between crop yield and the total
volume of water used during the growing season. It is commonly defined as the amount of crop
produced per unit volume of water consumed and is expressed in kilograms per cubic meter
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(kg m™3) (Mahmoud et al., 2024). Crop water productivity was calculated using the following
Equation:

where CWP is the crop water productivity (kg m™), Y is the seasonal crop yield (kg ha™);
and W, represents the total seasonal water applied (m® ha™), including irrigation water and
effective rainfall.

We used an 8-inch cut-throat flume to measure the discharge of irrigation water applied to the
field. We installed the flume in a straight, vegetation-free section of the irrigation channel and
sealed its sides with soil to prevent leakage from the sides and bottom. After the flow reached
steady-state conditions, we recorded three to four discharge readings and measured the total
irrigation time. We determined the field area using both a measuring tape and a Global
Positioning System (GPS).

The depth of irrigation water applied during each irrigation event was calculated using
Equation (7):

where d represents the depth of water applied (m), T is the irrigation time (S), Q is the discharge
measured with the cut-throat flume (m? s™), and A is the irrigated field area (m?).

The seasonal irrigation depth was estimated by multiplying the depth of water applied per
irrigation event by the total number of irrigation events during the crop growing season.

Tomato yield was determined by weighing the harvested produce using a container of known
weight. For grapes, yield was estimated by calculating the average yield from three to four
representative vines in each field and multiplying it by the total number of vines in that field.

Findings

This section presents results on water supply and demand, relative water supply, and crop water
productivity within the command area of the Tajiki Canal, Kabul, Afghanistan. It also
compares irrigation scheduling from the CROPWAT model with existing traditional irrigation
practices. The analysis aims to assess the efficiency of current water management strategies
and identify potential improvements to optimize water use and enhance agricultural
productivity in the study area.

Water Supply and Demand

The water supply and demand section outline the findings on cropping patterns, crop water
requirements, net irrigation requirements, and the overall relationship between water
availability and demand. The analysis focuses on understanding how different crops cultivated
in the study area influence water demand under prevailing climatic conditions and irrigation
practices. Crop water requirements were estimated to evaluate the seasonal water needs of
major crops, while net irrigation requirements were determined by accounting for effective
rainfall and other contributing factors. The study also examined the relationship between
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available water supply and actual crop water demand to assess the adequacy and efficiency of
existing irrigation systems.

Cropping Pattern

Figure 3 shows the distribution of major crops cultivated within the command area, along with
their respective percentage shares.

Tomatoes
6%

Figure 3: Overall cropping pattern in the command area of Tajiki Canal

Among these, grape emerged as the most dominant crop, occupying approximately 16% of the
total cultivable area. Wheat was the second most widely grown crop, covering about 15% of
the area. Tomato cultivation accounted for nearly 6% of the command area, whereas apple was
the least cultivated crop, occupying only 5% of the total cultivable land.

Despite these crops, a significant proportion of cultivable land remained unused. More than
half of the total command area was left fallow, mainly because of insufficient irrigation water.
This indicates that water scarcity is a major limiting factor affecting agricultural productivity
in the region. The underutilization of land resources highlights the need for improved water
management practices and efficient irrigation strategies to enhance crop cultivation and
optimize land use within the command area.

Reference Crop Evapotranspiration (ETo)

Reference crop evapotranspiration was very low at the beginning of the year, mainly because
cold, near-freezing temperatures limit atmospheric moisture demand. In January, the
evapotranspiration rate was about 0.74 mm day'. As the season progressed and temperatures
increased, evapotranspiration gradually increased, eventually peaking at about 8 mm day™! in
July (Figure 4 below). After this peak, evapotranspiration declined steadily toward the end of
the year, falling to around 0.9 mm day .

This seasonal pattern is consistent with findings reported in recent studies (Gocic and
Trajkovic, 2014; Jayashree et al., 2023), which indicate that evapotranspiration rates tend to
decrease during the later stages of the growing season and crop maturity periods. The reduced
evapotranspiration observed at both the beginning and end of the year is mainly due to lower
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temperatures, reduced solar radiation, and shorter daylight hours in the region, all of which
limit atmospheric evaporative demand.

ET, (mm/day)
OFRNWPMSUIUIOON OO

< o) > D ST »
& QQ’% @ T s R S
WS YO o WS
< e O QP

Figure 4: Monthly reference crop evapotranspiration (ET,) of the study area
Crop Coefficient (Kc) and Crop Water Requirements

The crop coefficient (Kc) values corresponding to different growth stages of the selected crops
are presented in Table 1. These values were adopted from FAO Irrigation and Drainage Paper
No. 33 and used to estimate crop water requirements under varying climatic conditions. The
crop coefficient is an essential parameter that reflects variation in crop evapotranspiration
across developmental stages, including the initial, development, mid-season, and late-season
phases.

Table 1: Crop coefficient (K¢) values for major crops at different growth stages

Crop Initial stage Devel. Stage Mid-season Late season
Tomato 0.45 0.75 1.15 0.88
Grape 0.45 0.70 0.80 0.70
Wheat 0.35 0.75 1.13 0.70
Apple 0.45 0.58 1.15 0.90

In the initial stage, crops generally have lower Kc values because of limited canopy cover and
reduced transpiration. As the crops progress into the development and mid-season stages, the
Kc values increase, reaching their maximum during peak growth when water demand is
highest. In the late season, the values decline as crops approach maturity and water
requirements decrease. These stage-wise variations in crop coefficients are critical for
accurately estimating irrigation needs and managing water resources effectively.

Crop water requirements for most crops in the command area showed a consistent upward trend
beginning in June and peaking during the second ten-day period (decade) of July (Table 2
below). Wheat was an exception, peaking earlier during the first decade of June, followed by
a gradual decline in subsequent periods.
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Table 2: Daily crop water requirement (mm day) of selected crops in the area

Month Decades Grape Wheat Tomato Apple
June 1 3.76 6.31 6.72 5.88
June 2 5.08 4,52 9.24 8.41
June 3 6.00 2.35 9.95 9.80
July 1 6.80 -- 10.05 9.96
July 2 7.04 -- 10.29 10.19
July 3 6.71 - 9.76 9.67
Aug 1 6.35 -- 8.23 8.61
Aug 2 6.04 -- 6.52 7.55
Aug 3 5.39 -- 4.88 6.40

For grape cultivation, the crop water requirement was recorded at 3.76 mm day! during the
first decade of June. This demand increased steadily, reaching a maximum of 7.04 mm day™!
in the second decade of July, after which it gradually decreased toward the later part of the
growing season. Tomato followed a similar temporal pattern, with water demand rising sharply
during the early and mid-growth stages and peaking at 10.29 mm day! in July. Thereafter, the
requirement declined during the maturation and late growth stages. This trend is consistent
with previously reported findings on crop evapotranspiration and stage-specific water
requirements (Aydin, 2022). For apple, the crop water requirement was initially 5.88 mm day*
in June. It increased progressively over the following weeks, reaching a maximum value of
10.19 mm day! in mid-July, before declining gradually toward the end of the study period.
Overall, the highest recorded crop water requirements for grape, wheat, tomato, and apple were
7.04, 6.31, 10.29, and 10.19 mm day !, respectively. Across all crops and time periods, daily
crop water requirement ranged from 2.35 to 10.29 mm day ', indicating substantial variability
by crop type and growth stage.

Effective Rainfall

Table 3 shows the rainfall recorded during the study period, along with the corresponding
effective rainfall values.

Table 3: Rainfall and effective rainfall (mm) for the study area in 2025

Months Rainfall (mm) Effective rainfall (mm)
Jan 25.50 5.30
Feb 408.50 302.80
Mar 197.30 133.80
April 44.90 16.90
May 69.50 31.70
Jun 4.50 0.00
July 0.00 0.00
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Aug 14.50 0.00
Sep 0.00 0.00
Oct 0.00 0.00
Nov 0.00 0.00
Dec 5.00 0.00
Total 769.70 490.60

The results showed that most precipitation occurred during winter and early spring, particularly
from January to April. Among these months, February and March received the highest rainfall
amounts, contributing significantly to the annual total. In contrast, June to December saw very
low to negligible rainfall, with several months showing no recorded precipitation. Effective
rainfall, which represents the portion of total rainfall that is available for crop use, was
estimated using the FAO dependable rainfall method. The results showed that not all recorded
rainfall contributed to soil moisture availability, as losses from runoff, evaporation, and deep
percolation reduced the usable fraction. Total annual rainfall for 2025 was 769.70 mm, while
effective rainfall was 490.60 mm.

A detailed monthly analysis showed that February had the highest effective rainfall (302.80
mm), followed by March (133.80 mm), reflecting these months' substantial contribution to
agricultural water availability. In contrast, despite receiving small amounts of rainfall, months
such as June, July, August, and the later part of the year contributed little to no effective rainfall,
indicating inefficient utilization due to climatic conditions.

Crop Irrigation Demand

The irrigation requirements of different crops, as presented in Table 4, exhibited a clear
seasonal pattern.

Table 4: Irrigation demand (L s ha™) of various crops in the command area

Month Decade Grape Tomato Wheat Apple
Jun-I 1 0.43 0.77 0.27 0.68
Jun-I1 2 0.59 1.07 0.37 0.97
Jun-I11 3 0.69 1.15 0.40 1.13
July-I 1 0.79 1.15 0.00 1.15
July-11 2 0.82 1.16 0.00 1.18
July-111 3 0.85 1.22 0.00 1.23
Aug-| 1 0.74 0.94 - 1.00
Aug-I1 2 0.70 0.74 - 0.87
Aug-IlI 3 0.69 0.44 -- 0.52

Water demand increased progressively from June to July, then gradually declined toward the
end of August. This trend reflects peak crop water needs during mid-season growth stages.
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At the beginning of June, the irrigation demand for grapes was estimated at 0.43 L s™! ha™!,
which increased significantly to 0.85 L s™' ha™! in July. Afterward, demand declined steadily
over the following months. A similar pattern was observed for tomato, where the irrigation
requirement rose from 0.77 L s™' ha™ in early June to a peak value of 1.22 L s7* ha™* in July,
indicating maximum water consumption during this period. Apple followed a similar trend,
with the highest irrigation demand in July, after which it gradually decreased to its lowest level
by the end of the cropping season. This behavior is consistent with recent studies on
evapotranspiration and crop water requirements (Sun et al., 2024), which report comparable
trends in irrigation demand under varying climatic conditions.

Overall, the irrigation demand of crops such as grape, apple, wheat, and tomato ranged from
0.27to 1.23 L s ha! throughout the growing period. Among these, apple exhibited the highest
water requirement (1.23 L s ha™), while grape showed the lowest demand (0.27 L s™' ha™).
These variations highlight the importance of crop-specific irrigation planning to ensure
efficient water use in the command.

Crop Seasonal Irrigation Requirements

The seasonal irrigation requirements for tomato, wheat, grape, and apple were estimated at 802
mm, 321 mm, 586 mm, and 1033 mm, respectively (Figure 5).

1200 -
1000 -
800 -
T 600 -
£
400 -

200 -

Seasonal Irrigation Requirement

Tomato Wheat Grape Apple
Crop

Figure 5: Seasonal irrigation requirements of crops grown in the command area

The results clearly indicated significant variation in water demand among the selected crops.
Wheat exhibited the lowest seasonal irrigation requirement, reflecting its relatively lower water
consumption under the studied conditions. In contrast, apple showed the highest irrigation
demand, followed by tomato and grape.

This trend is consistent with the values and crop water requirement patterns reported in FAO
Irrigation and Drainage Paper 66. The differences in irrigation requirements can be attributed
to variations in crop physiology, growth duration, rooting depth, and evapotranspiration rates.

Comparison of Irrigation Supply and Crop Water Demand
Figure 6 shows significant variation between irrigation water supply and crop water demand
during June and July. At the beginning of June, the available water supply was considerably
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low, recorded at approximately 43 I/s. However, it gradually increased over time due to
seasonal changes, particularly the onset of snowmelt, which enhanced river discharge.
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Figure 6: Comparison of irrigation supply and crop water demand

In contrast, crop water demand rose steadily during this period, increasing from about 130 I/s
to 140 I/s by July. Despite this growing demand, irrigation supply eventually exceeded the
required amount, peaking at approximately 197 I/s in July. This surplus can be attributed to
increased upstream water availability resulting from melting snow and improved flow
conditions.

The analysis also indicated that a balance between irrigation supply and crop water demand
was nearly achieved only in August. During the earlier months, particularly June, there was a
clear deficit, whereas July experienced a noticeable surplus. These fluctuations underscore the
temporal mismatch between water availability and crop requirements, emphasizing the need
for improved water management strategies to ensure efficient irrigation scheduling.

Relative Water Supply

Irrigation supply in the command area depends primarily on snowmelt (Figure 7 below). A
severe water shortage persisted throughout most of the year, except in July, when snowmelt
increased river discharge and the relative water supply exceeded unity. The relative water
supply was approximately 0.3 during the first decade of June. It then increased gradually,
reaching 1.16 in the first decade of July, before declining to 0.44 in the first decade of August.
It then increased from 0.44 to 0.90 by the end of August. These findings align with recent
studies (Khiavi et al., 2024) reporting significant seasonal mismatches between irrigation
supply and crop water requirements.
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Figure 7: Relative water supply in the command area

Relative irrigation supply (RI1S), defined as the ratio between water delivered and crop water
requirements, is widely used as a key indicator of irrigation system performance (Benavides
et al., 2021). Values close to unity indicate a balance between supply and demand and require
careful water management to avoid deficits or inefficiencies. In contrast, values significantly
greater than one reflect excess water supply, which may reduce water use efficiency and lead
to losses through runoff or deep percolation.

Crop Water Productivity

Crop water productivity (CWP) of grape and tomato ranged from 1.82 to 1.99 kg m = and 5.13
to 5.59 kg m™3, respectively Table 5.

Table 5: Crop water productivity of major crops at head, middle and tail reaches

Average No of Crop Average Volume  Crop Water
Location Crops depth Irrigation Production of Water Applied Productivity
Applied (mm) g (kg ha®) (msha?) (kg m3)
Grape 162 5 16100 8078 1.99
Head
Tomato 31 26 17111 3212 5.33
Grape 161 4 9800 5140 1.91
Middle
Tomato 35 27 52500 9390 5.59
Grape 144 4 4200 2308 1.82
Tail
Tomato 41 25 31500 6134 5.13

The average crop water productivity of grape was 1.90 kg m™, which showed a decreasing
trend from the head to the tail reaches of the command area due to water shortages. This
observation is consistent with more recent findings reported by Murtaza et al. (2020), who
highlighted that uneven water distribution within irrigation systems significantly reduces crop
water productivity, particularly in tail-end regions.
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For tomato, crop water productivity increased from the head to the middle reaches, ranging
from 5.33 to 5.59 kg m3, then declined toward the tail to 5.13 kg m™. Igbal et al. (2019)
reported similar spatial variations in tomato water productivity under different irrigation
conditions, emphasizing the influence of irrigation uniformity and water availability on yield
efficiency.

The depth of irrigation water applied to grapes varied across different reaches of the command
area. The applied depths at the head, middle, and tail reaches were 162 mm, 161 mm, and 144
mm, respectively, while the number of irrigations was 5, 4, and 4. In contrast, both the depth
of water applied and the number of irrigations for tomato remained nearly uniform across the
head, middle, and tail reaches. This consistency is attributed to tube well irrigation, which
ensured relatively stable discharge and uniform water application throughout the command
area.

Irrigation Scheduling Predicted through CROPWAT

Table 6 presents the irrigation scheduling parameters, including irrigation depth, irrigation
interval, and the total number of irrigations required for wheat, tomato, and grape. The results
clearly indicate considerable variation among the selected crops in irrigation requirements and
application patterns.

Table 6: Irrigation scheduling predicted by CROPWAT

Ave. No. of Irrigation Interval (days) Depth Applied (mm)
crops Irrigations Min.  Max. Ave. Min. Max. Ave.
Tomato 37 2 7 4.5 28 41 31
Grape 8 11 15 13 103 109 106
Wheat 3 17 18 17.5 107 126 120

Among the crops studied, tomato exhibited the highest irrigation demand, receiving a total of
37 irrigations throughout its growing period. In contrast, grape required a moderate number of
irrigations (8), while wheat showed the lowest irrigation requirement, with only 3 irrigations
applied. This variation reflects differences in crop water requirements, growth duration, and
sensitivity to soil moisture conditions.

Furthermore, tomato required more frequent irrigation at shorter intervals (2- 7 days), along
with relatively lower application depths. In contrast, wheat had longer irrigation intervals (17—
18 days) and higher irrigation depths, indicating its ability to use larger amounts of water over
longer periods. Grape showed intermediate behavior, with moderate irrigation intervals (11—
15 days) and relatively high irrigation depths.

Farmers' Irrigation Practices

Information on irrigation intervals and the number of irrigations was collected through farmer
interviews using a structured questionnaire Table 7 below. The depth of irrigation water applied
was estimated following the methodology described in the previous sections.
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Table 7: Farmers' irrigation practices in the command area

No. of Irrigations Irrigation interval (days) Depth Applied (mm)
crops Min. Max. Ave. Min. Max. Ave. Min. Max. Ave.
Tomato 24.0 30.0 27.0 1.0 6.0 35 31.0 41.0 36.0
Grape 4.0 7.0 5.5 14.0 16.0 15.0 144.0 162.0 153.0
Wheat 3.0 4.0 35 14.0 18.0 16.0 87.0 110.0 99.0

The data show notable variation in irrigation practices across crops. On average, tomato
received the most irrigations (27), followed by grape (5.5) and wheat (3.5). Tomato cultivation
required frequent irrigation with relatively small application depths, reflecting its higher water
demand and sensitivity to soil moisture fluctuations. In contrast, grape cultivation involved
fewer irrigation events at longer intervals, but with significantly greater water depths per
irrigation. Wheat showed moderate irrigation frequency and depth, consistent with its seasonal
water requirements and growth stages.

Comparison of Irrigation Scheduling through CROPWAT and Traditional Practices

A comparison between irrigation scheduling based on traditional farming practices and
estimates generated by the CROPWAT model revealed generally similar trends Figure 8.
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Figure 8: Comparison of number of irrigation applied traditionally and predicted by CROPWAT

However, some variations were observed depending on the crop type and local management
practices. For grape cultivation, the CROPWAT model estimated about eight irrigation events,
whereas farmers typically applied around six irrigations during the growing season. For tomato,
the difference was more pronounced: farmers applied about 27 irrigations compared to the 37
suggested by the model, indicating a potential underestimation of water requirements under
conventional practices. For wheat, the difference between the two approaches was minimal,
with CROPWAT recommending three irrigations and farmers applying four, demonstrating
close agreement. Overall, these results suggest that while traditional irrigation practices
generally align with model-based estimates, discrepancies may arise because of local climate
conditions, soil characteristics, and farmer experience.
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These findings align with previous research indicating that the FAO-CROPWAT model is a
reliable tool for estimating crop water requirements and optimizing irrigation scheduling.
Although minor differences may occur, the model often produces results that closely
correspond to field practices, supporting its applicability for improving water management in
agricultural systems (El-Shafei and Mattar, 2022).

The comparison between irrigation intervals estimated using CROPWAT and those practiced
by local farmers revealed only minor differences. Both approaches showed similar trends, with
the shortest irrigation interval for tomato and the longest for wheat (Figure 9s).
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Figure 9: Comparison of irrigation interval predicted by CROPWAT and practiced traditionally

According to CROPWAT simulations, tomato requires irrigation at an average interval of
approximately five days, whereas farmers typically apply water every four days. For wheat,
CROPWAT suggested an irrigation interval of about 18 days, while farmers commonly irrigate
at slightly shorter intervals of around 16 days. For grape cultivation, CROPWAT predicted
irrigation once every 13 days; however, farmers irrigated less frequently, maintaining an
interval of about 15 days between applications.

CROPWAT and local estimates differ slightly in applied depth. Tomato is the only crop
receiving the minimum depth as predicted by CROPWAT and applied traditionally. Minor
differences also exist in the amount of water applied to grapes. It receives 153 mm of water
traditionally, while CROPWAT calculated 106 mm (Figure 10 below). Similarly, farmers
applied nearly 100 mm of water to wheat, while CROPWAT predicted an average depth of 120
mm. Moreover, the lowest and highest depths applied traditionally were 36 and 153 mm for
tomato and grape, respectively. CROPWAT estimated the lowest depth for tomato and the
highest for wheat.
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Figure 10: Comparison of depth predicted through CROPWAT and applied traditionally

Discussions

Soil, water, and plants are fundamental natural resources that are essential for the survival of
human beings and animals (Shah et al., 2022). Recent climate projections indicate a rising trend
in crop water requirements (CWR), primarily driven by rising temperatures and increased
evapotranspiration rates (Gabr, 2023; N'guessan et al., 2023). Under such changing climatic
conditions, irrigation scheduling has become an essential management tool for determining
when and how much water to deliver to crops. Since each crop passes through distinct growth
stages, including initial, developmental, mid-season, and late-season, the irrigation requirement
varies substantially across these stages, underscoring the need for stage-specific irrigation
planning to optimize water use efficiency (Solangi et al., 2022).

This study used the CROPWAT 8.0 model to assess the relationship between irrigation supply
and crop water demand. The estimated seasonal irrigation requirements were approximately
600- 900 mm for tomato, 300-650 mm for wheat, 500-1200 mm for grape, and 900-1100 mm
for apple, which are in agreement with values reported in previous studies (Abdelraouf et al.,
2024; Er-Raki et al., 2010; Atroosh et al., 2013; Rallo et al., 2017). A clear seasonal trend was
observed, with water demand increasing from June to July, corresponding to peak crop growth
stages, and declining towards the end of August. Recent studies have also reported similar mid-
season peaks in water requirements for crops such as grape, tomato, and apple (An et al., 2022).
This pattern is consistent with previous findings that agricultural water demand tends to
increase during the hottest and driest periods of the year, when high temperatures, low relative
humidity, and limited rainfall accelerate evapotranspiration and reduce soil moisture
availability, thereby increasing irrigation demand (Zhong et al., 2014).

The CROPWAT model has been widely applied in water-scarce regions to estimate irrigation
requirements and support agricultural planning (Surendran et al., 2015; Ewaid et al., 2019;
Selmy et al., 2024). It has also been used effectively for various crop types, including field
crops, fruit crops, and perennial systems, to improve irrigation scheduling and maximize yield
(Knezevic et al., 2013; Laouisset and Dellal, 2016; Al-Najar, 2011). Crops with longer growing
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periods generally require more irrigation because of their prolonged water demand over
multiple seasons, whereas crops with shorter growing seasons tend to have comparatively
lower irrigation requirements (Solangi et al., 2022). Although the crops assessed in the present
study differ in growth duration and physiological characteristics, the observed variation in
irrigation demand confirms the importance of crop-specific irrigation scheduling for efficient
water allocation in canal command areas. Additionally, numerous studies have explored the
implications of climate change on crop water requirements, highlighting the increasing
pressure on water resources and the need for adaptive management strategies (Gilanipour and
Gholizadeh, 2016; Rohila et al., 2024).

Our wheat findings are consistent with earlier studies by Khan et al. (2019) and Khan et al.
(2021), supporting the reliability of the present estimates. Similarly, the overall irrigation
requirements determined in this study are comparable with results reported by Solangi et al.
(2022) for major crops under similar climatic conditions. Similar consistency has also been
reported in regional assessments conducted in West Bengal (Konar and Dey, 2015),
Ahmednagar district in Maharashtra (Bhausahed et al., 2021), and Haryana state (Shaloo et al.,
2021), where irrigation water requirement estimates for wheat and other staple crops fell within
comparable ranges. Such consistency across diverse agro-climatic regions strengthens
confidence in the reliability of the present estimates and supports the applicability of
CROPWAT-based irrigation assessments for agricultural water resource planning.

Daily crop water requirements in this study ranged from 2.35 to 10.29 mm/day, indicating
substantial variation among crops by growth stage and environmental conditions. This range
aligns with FAO guidelines, which suggest that crop evapotranspiration typically varies
between 1 and 10 mm/day depending on climate, crop type, and development stage (FAO,
1998). Previous studies have also reported similar crop water requirement ranges for major
crops across different climatic zones (Konar and Dey, 2015; Bhausahed et al., 2021; Shaloo et
al., 2021), further supporting the present study's findings.

Climate change is expected to significantly influence agricultural water availability through
shifts in temperature and precipitation patterns (Zhang et al., 2019; Masia et al., 2021). These
changes are forcing farmers to adopt climate-resilient crop varieties and improved irrigation
practices to cope with periodic water shortages. In perennial crops such as apple, water stress
can have severe impacts, particularly during early growth stages, where imbalances may occur
between root and shoot development (Ucar et al., 2023). Furthermore, inadequate water supply
can reduce flowering, fruit set, and overall productivity. Therefore, selecting suitable crop
varieties and implementing precise irrigation scheduling based on crop growth stages are
essential for maintaining productivity under changing climatic conditions (Ertek, 2011).

Conclusion

This study assessed water management practices in the Tajiki Canal command area of Kabul,
Afghanistan, by evaluating irrigation supply, crop water requirements, cropping patterns, crop
water productivity, and irrigation scheduling using field measurements and the CROPWAT
model. The findings confirmed that grape was the dominant crop, occupying 16% of the
cultivable command area, followed by wheat (15%), tomato (6%), and apple (5%). The analysis
of crop water requirements showed that water demand for all crops except wheat increased
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progressively and peaked in July, with maximum requirements of 7.04 mm/day for grape, 6.31
mm/day for wheat, 10.29 mm/day for tomato, and 10.19 mm/day for apple.

The study also showed that irrigation supply was generally lower than crop water demand
throughout most of the year, exceeding demand only in July and August. Relative water supply
varied from 0.30 to 1.16, indicating substantial temporal variability in water availability. Crop
water productivity analysis revealed that tomato had comparatively higher productivity,
ranging from 5.13 to 5.59 kg/m?. In comparison, grape productivity declined from 1.99 kg/m?
at the head reaches to 1.82 kg/m? at the tail reaches of the canal, reflecting inequities in water
distribution and utilization.

Comparison of traditional irrigation practices with CROPWAT-based scheduling showed that
local practices were broadly consistent with model estimates; however, farmers generally
applied greater irrigation depths to grape (153 mm) than the model recommended (106 mm).
Differences in irrigation intervals and the number of irrigation events for grape, wheat, and
tomato suggest opportunities to improve irrigation efficiency through science-based
scheduling. The results further indicated that inadequate and uneven water supply, combined
with deviations from optimal irrigation scheduling, contributes to reduced water productivity
and underutilization of agricultural land, including a large proportion of fallow area. Therefore,
improving water management through efficient allocation of canal water, better use of
snowmelt and runoff resources, farmer training on scientific irrigation scheduling, and adoption
of improved irrigation technologies and agronomic practices is essential to enhance crop water
productivity and achieve sustainable agricultural development in the Tajiki Canal command
area.
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