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Abstract

This paper aims to estimate crop water requirements and irrigation
schedules for selected crops—tomato, maize, sweet pepper, and
sorghum —in Beledweyne District, a semi-arid region of Somalia. The
Penman-Monteith equation was wused to estimate reference
evapotranspiration (ETo) based on 20 years of meteorological data
obtained from NASA POWER and CLIMWAT. The estimated ETo values
were then combined with crop coefficients and effective rainfall to
determine crop water and irrigation requirements. The findings revealed
substantial seasonal variation in ETo, with a mean of 7.46 mm day-'. Total
annual rainfall was 510 mm year-, of which 436 mm year! was effective.
Tomato had the highest seasonal crop water requirement (987 mm) and
irrigation water requirement (749 mm), whereas sorghum had the lowest
requirements (731 mm and 499 mm, respectively), suggesting its suitability
for water-limited conditions. The irrigation schedules indicated that water
demand was highest during the mid-season growth stage. Therefore,
careful irrigation management during this stage is essential to meet crop
water requirements efficiently and optimize water use during this critical
period of crop development. The results demonstrate the importance of
crop-specific irrigation management based on local climatic conditions for
improving agricultural sustainability and water-use efficiency in water-
scarce areas such as Beledweyne. This model-based methodology provides
a useful framework for sustainable irrigation planning, supporting
livelihoods and advancing climate-resilient agriculture in semi-arid
regions.

1. Introduction

The increasing water scarcity of resources, along with the increasing levels of pollution and
the negative effects of climate change, indicate the necessity to allocate irrigation water in a
sustainable and efficient way (Osman & Arslan, 2023; Chen et al., 2024). In global terms,
agricultural irrigation accounts for approximately 70 percent of total freshwater use (Skuse et
al., 2021). However, freshwater is gradually impacting the ground, especially in dryland areas
where it forms a crucial limiting element of boosting agricultural productivity, and
subsequently rural livelihood (Habtu, 2024). Accordingly, the sustainable solution to the
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problem of utilizing water sources is to optimize the use and control of irrigation water, which
would also meet the standards set by the United Nations Sustainable Development Goals
(SDG), especially SDG 6, which is aimed at access to clean water and sanitation (Huang et al.,
2022). With the scarcity of water and droughts, scientifically based water management forms
the basis of maintaining crop production in water-deficient and drought-infested regions. An
accurate calculation of the evapotranspiration is essential to the application of effective
measures to manage irrigation water (Patle and Panggeng, 2024).

There are different ways in which crop water requirement can be calculated, and some of them
require different amounts of data and complexity. Blaney-Criddle is an approach to
approximating the water requirements of crop growth reliant on the share of total daylight
hours and an average monthly temperature, and thus can apply to the situation where climate
information is limited (Thongkao et al., 2022; Rahimikhoob and Hosseinzadeh, 2014). The
Thornthwaite method uses an empirical exponential relationship of mean monthly
temperature and potential evapotranspiration, and is mainly based on temperature modified
by daylight (Al-Sudani, 2019). In the meantime, Hargreaves method computes the possible
evapotranspiration based on daily average temperatures and solar or alien radiance, and
provides a compromise between straightforwardness and dependence on meteorological
information (Hargreaves & Samani, 1985; Allen et al., 1998).

The Penman-Monteith model combines an energy balance and mass transfer processes and
includes numerous climatic variables on crop water consumption to give a scientifically sound
and well-accepted means of estimating evapotranspiration (Kibret et al., 2021). This is
automatically computed using CROPWAT 8.0 software from the Food and Agriculture
Organization, where the Penman-Monteith equation serves as the core model for deriving
reference evapotranspiration rates, crop-specific water demand, irrigation scheduling, and
management decision-making (FAO, 2020; Patle and Panggeng, 2024; Surendran et al., 2015).
It has been proven to be applicable and reliable, especially in arid and semi-arid areas, where
it is able to maximize the use of irrigation water to maximize agricultural sustainability (Gabr
& Fattouh, 2021). It is a modeling technique used to determine the optimal amount of irrigation
water globally (Solangi et al., 2022).

Irrigation scheduling is one of the key water management activities that determines how and
when crops receive water, that is, directly affecting the agricultural productivity, water
conservation, and the sustainability of resources (Hussain et al., 2024). The primary goal is to
meet the crop water needs while reducing wastage by over- or under-irrigation, either of
which may reduce yields and deplete limited water supplies (Mole, 2025). Within the
framework of growing global water scarcity, efficient irrigation planning can serve as a
decisive means of attaining sustainable water resources in the agricultural sector, thus leading
to an increase in food security.

The Beledweyne district of Somalia is characteristic of a semi-arid climate with frequent water
controls that jeopardize the situation of sustainable production (FAO SWALIM, 2013). In
response to these problems, this study suggests the estimation of the irrigation water demands
of the staple and high-value crops in Beledweyne. This research paper attempts to determine
the irrigation water needs in the CROPWAT model, and the calculations were made using the
meteorological data of NASA POWER and CLIMWAT. This model-based method also aims
to provide accurate estimates of crop water requirements and irrigation scheduling, helping
to optimize water use and achieve sustainability in agricultural practices and crop outputs
within the district. The use of model-based methods is crucial for supporting the development
of climate-resilient agriculture and achieving sustainable livelihoods in water-stressed
environments (Rockstrom et al., 2020; FAO, 2019).
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2. Materials and Method

2.1. Study area

The Beledweyne District in Hiran region in Somalia (Figure 1) is where the study was
conducted (approx. 4.70 ° N, 45.21 ° E). The semi-arid climate is typified by repeated water
shortages and fluctuations in weather patterns that make sustainable agriculture quite a
challenge within the area. The rainfall experienced in the area is not uniform and usually is
not adequate to sustain the nourishment of crops; hence, irrigation is a necessity for crops in
production and food consumption. The soils used in the district are diverse, though mostly
favorable in the production of both staple and high-value crops under irrigation. Such crops
include bananas, cereals, sesame, citrus, and vegetables. The majority of crops are grown
through irrigation, with rainfall being a supplement. The river is at times low, and rainfall is
the sole source of water; irrigation is not funded, particularly in farms that are far away.
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Figure 1. Location map of the study area

2.2. Description and application of CROPWAT 8.0 model

CROPWAT 8.0 is a computer program that is used to compute irrigation requirements and
crop water requirements based on soil, climate, and crop information, as a Windows-based
program developed by the Food and Agriculture Organization (FAO). It incorporates either
daily or decadal (or monthly) climatic processes (such as temperature, precipitation, and
reference evapotranspiration (ETo)) to implement a daily soil-water balance. The model relies
on the common parameters in crop to estimate crop evapotranspiration and net irrigation
requirements through the use of crop growth stages, crop coefficients (K), rooting depth, and
management scenarios. It also enables the establishment of irrigation programs based on the

125



Osman Scientific Research Communications, 6(2) 2026

various management requirements and enables the computation of scheme water supplies to
a maximum of 20 varieties of crops (FAO, 2020; Patle and Panggeng, 2024).

2.3. Data collection and analysis

The data collection for this study involved gathering secondary climatological and agricultural
data essential for the CROPWAT model. The CROPWAT software requires climate, soil, and
crop data as essential inputs. The climate parameters that were put into consideration during
this study were maximum and minimum temperatures, relative humidity, wind speed,
sunshine duration, and rainfall. These data were taken in NASA POWER database; since the
data on sunshine duration are not available in the NASA POWER, they were taken from
CLIMWAT. The past 20-year climate data were obtained through the NASA POWER project
to cover the absence of credible meteorological data in Somalia. This long-term period of data
helps to conduct strong agroclimatic analysis over the long term. By using this rich set of data,
it was possible to obtain precise estimates of the reference evapotranspiration (ETo) and crop
water needs at present day climatic conditions, effectively fill in local data gaps, and thus
provide credible estimates of irrigation water requirements in the chosen crops.

The soil data that was included in the model included the main soil physical and hydrological
parameters, which include soil texture, available water capacity, field capacity, wilting point,
and root zone depth. The data is vital in modeling the condition of the soil-water balance and
irrigation schedules. Where no local soil data is available, CROPWAT uses default soil
parameters corresponding to the common soil classifications, and where feasible, these
parameters were adjusted using regional soil maps or other studies of agricultural areas to suit
more closely the conditions in the Beledweyne District.

The most important crops that were selected in this study were maize, tomato, sweet pepper,
and sorghum. The data used to obtain crop information about the selected crops in the
Beledweyne District were acquired in the standard crop parameter files in the FAO
CROPWAT that involve crop development phases, crop coefficients (K), rooting depths, and
crop water productivity, applicable in determining irrigation water requirements (Table 1).
These parameters are important parameters needed by the CROPWAT model, and they allow
the crop evapotranspiration and water requirements to be determined with reference to
accepted agronomic traits. FAO standard values acted like a stable proxy when local crop
information was not known, and thus, the practices became consistent with those that were
validated globally. Combined, these crop and soil records allowed offering an effective
framework to combine with climate information in the model of CROPWAT to determine the
irrigation demand of the chosen crops in the agro-climatic setting of the study area (FAO,
2021).

Table 1. Input data for the four crops examined in the study

Scientific Plant- Harvest- Root Initial Crop Mid- Late Growth
Crop . . depth develop- Stage
name ing date ing date Crop Season Season
(cm) ment (days)
Maize Zeamays  1-Apr 3-Aug 100 20 35 40 30 125
Sweet - Capsicum 4 o 3Dec 80 30 35 0 20 125
pepper  annuum
Tomato ZSOZ“””’”. 1-Aug 3-Dec 100 30 40 45 30 145
ycopersicum
Sorghum S?rgh“m 1-Aug 3-Dec 140 20 35 40 30 125
icolor
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In order to bring the study in line with the current agricultural activities and the
meteorological facts of the Beledweyne District, two separate crop seasons were identified.
Maize was planted in April in the spring season, when the first rainy season occurs, and when
the temperatures are favorable for early growth. Autumn was filled with the production of
tomato, sweet pepper, and sorghum, and the autumn season began in August in order to take
advantage of the remaining soil moisture and second rainfall, which enables the growth of
crops. Such a seasonal demarcation provides that the determination of crop water needs and
the irrigation timetable is properly coordinated with current climatic trends and practical crop
schedules of the region, which increases the accuracy of irrigation planning results.

The dates of planting were identified according to the established planting calendar and
agronomic practices that were available in the study area in Somalia. Maize was planted in
April to take advantage of the Gu (spring) rainy season which offers good distribution of
rainfall, soil moisture and good temperatures to facilitate good germination, vegetative
growth and grain filling. Tomato, sweet pepper and sorghum on the other hand were planted
in August in the Deyr (autumn) season. This is the time that is often preferred in the
production of tomatoes and sweet pepper under irrigated conditions because the weather is
relatively drier and the temperature is manageable to ensure enhanced crop production and
control of the disease. It is also a season when sorghum is conventionally grown due to its
ability to adjust to changes in moisture. Hence, planting timetables were chosen to show
realistic practices of farmers and the suitability of crops in the area at different seasons instead
of establishing the same seasonal conditions of all crops.

The analysis was done with the help of the CROPWAT 8.0 software to estimate reference
evapotranspiration (ETo) via the method of Penman-Monteith and to compute the water
required by the crop and irrigation scheduling using the crop coefficients, rainfall information,
and soil properties. The software is used to model the water balance and assess the effective
Rainfall, net, and gross irrigation requirements, which facilitates the best irrigation planning
of the chosen crops in the Beledweyne district.

2.4. Reference evapotranspiration and effective rainfall

Reference evapotranspiration (ETo) is a key parameter that represents the amount of water
evaporated and transpired by a reference crop, usually a well-watered grass surface, under
given climatic conditions (Solangi et al., 2022; Allen & Pruitt, 1991). It serves as a baseline for
estimating crop water requirements. The FAO Penman-Monteith equation is the
internationally recommended standard method to calculate ETo (Equation (1)) (Allen et al.,
2005). This method integrates multiple meteorological variables, including temperature, solar
radiation, humidity, and wind speed, to accurately estimate daily or monthly crop water
demand. Its robustness and wide acceptance are due to its physical basis and adaptability to
different climates and data availability.

900
0.408A(RI’1 - G) + T_I_—273u2 (es—ea)

A+y(1+0.34u2)

ET, - (1)

where

ETo = Reference evapotranspiration (mm day?)

A = Slope of the saturation vapor pressure-temperature curve (kPa °C?)
Rn = Net radiation at the crop surface (M] m-2 day1)

G = Soil heat flux density (M] m=2 day1)

T = Mean daily air temperature at 2 m height (°C)
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u2 = Wind speed at 2 m height (m s?)
es = Saturation vapor pressure (kPa)
ea = Actual vapor pressure (kPa)

y = Psychrometric constant (kPa °C-1)

Effective rainfall is the portion of total rainfall available for crop use after accounting for losses
such as runoff, deep percolation beyond the root zone, and evaporation (Muratoglu et al., 2023;
Patwardhan, 1990). In this study, the USDA Soil Conservation Service method was employed
to calculate effective rainfall due to its suitability for water-scarce areas (Patle & Panggeng,
2024; Bokke & Shoro, 2020), as described in Egs. (2) and (3).

PtOt(lZS—O.Z*Ptot )
125

Pesr = 125 + 0.1 Py for Py > 250 mm (per month) 3)

for P,oy < 250mm (per month) ()

Petr =

where

Pesr = effective rainfall (mm); Piw: = total rainfall (mm).

2.5. Crop coefficient and crop water requirements

The crop coefficient (K.) is a key factor used to estimate crop water requirements. It represents
the ratio of the evapotranspiration of a specific crop to the reference evapotranspiration (ETo)
under standard conditions (well-watered grass reference crop) (Villalobos et al., 2024; Allen et
al., 2005). Crop coefficients vary throughout the crop growth stages (initial, development, mid-
season, and late-season) to account for changing water needs as the crop matures (Pascual-
Seva & Pascual, 2021). The crop water requirement (ET.) represents the amount of water
transpired and evaporated by the crop under optimal conditions, which is essential for
estimating irrigation needs (Pereira et al., 2021; Ewaid et al., 2019). CROPWAT uses climatic
data (temperature, humidity, wind speed, solar radiation) to compute ETo and then applies
these crop-specific K. values to estimate crop water requirements over the growing period.
This calculation informs irrigation scheduling to meet crop water needs efficiently, taking into
account effective rainfall and soil water availability. The crop water requirement (ET.) is
calculated by multiplying the reference evapotranspiration (ETo) by the crop coefficient (Kc)
as described in Equation (4), and it is expressed by the rate of ET in mm day:

ET, = K, x ET, (4)

where K. is the crop coefficient, it is the ratio of the crop ET. to the ETy, and it represents an
integration of the effects of four essential qualities that differentiate the crop from reference
grass, and it covers albedo (reflectance) of the crop-soil surface, crop height, canopy resistance,
and evaporation from the soil. Due to the ET differences during the growth stages, the K. for
the crop will vary over the developing period, which can be divided into four distinct stages:
initial, crop development, mid-season, and late season (Doorenbos & Pruitt, 1977).

2.6. Irrigation water requirement and irrigation scheduling

Irrigation water requirement (IWR) refers to the quantity of water required to meet the crop
water requirement following any effective rainfall, in a disease-free crop that grows in big
fields under non-restraining soil and water conditions and with sufficient fertility (Allen et al.,
1998; Solangi et al., 2022). The model used was CROPWAT 8.0, which plotted climatic
reference evapotranspiration (ETo) and the growth stage-specific coefficients (Kc) against
rainfall that adds to the soil moisture. In order to establish the irrigation schedule in this paper,
net irrigation requirement (NIR) and gross irrigation requirement (GIR) were calculated
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through the CROPWAT model with an irrigation efficiency of 70 percent by combining crop
water needs, effective rainfall, and system efficiency. The estimated irrigation efficiency of 70%
was founded on the values of surface and small-scale irrigation systems similar to those in the
Beledweyne area where surface and small-scale pump-based irrigation is commonly practiced.
Field-level efficiency can be lower in practice, but this is not considered optimal, although 70%
can be considered as a fair intermediate value of somewhat improved conventional practices,
as found in the FAO-based irrigation scheduling experiments. Constant increases in
conveyance and application techniques, especially in the irrigated vegetable and cereal
farming systems, in the study area can also lead to increased efficiency relative to the solely
traditional flooding systems. Such an approach is useful in getting the total amount of water
to be applied at every irrigation occasion to avoid under- or over-irrigation. It therefore
instructs the farmers in the Beledweyne District to use the correct quantity of water at the
correct time to help farmers manage water sustainably.

3. Result and Discussion

3.1. Reference evapotranspiration (ETo)

The Penman-Monteith equation, which uses agro-climatic data from 2005 to 2024, was used to
determine the reference evapotranspiration (ETo) of the main cultivated crops in the district,
including maize, sweet pepper, tomato, and sorghum.

Table 2. Interannual variability of mean and standard deviation monthly reference
evapotranspiration (ETo) in Beledweyne district based on a 20-year climatic dataset

Min Temp MaxTemp Humidity Wind Sun Rad ETo
Month °C °C % km/day hours MJ/m¥day mmy/day
January 15.2 38.2 52 337 84 209 7.57
February 169 39.6 48 363 84 21.8 8.49
March 17.9 41.3 49 336 7 20.3 8.36
April 20.7 40.5 59 255 5.8 18.3 6.6
May 20.1 39.3 66 313 6 17.9 6.43
June 19.8 38.3 61 453 6.7 184 7.57
July 189 374 58 538 59 174 8.06
August 19.5 38.5 56 556 6.8 194 8.85
September 19.5 40 53 495 6.7 19.7 9.14
October 18.2 40.1 62 280 6.1 184 6.66
November 16.3 38.2 67 219 64 18 5.59
December 15.6 36.8 59 272 7.3 189 6.19
Average 18.2 39.0 57.5 368.1 6.8 191 7.46
(slzfl‘iif)i 1.84 1.34 6.14 11464  0.88 1.34 115

The values of reference evapotranspiration (ETo) of Beledweyne, obtained via the Penman-
Monteith equation has a significant seasonal variation that can be explained by changes in
temperature, relative humidity, wind speed, and solar radiance. September recorded the
highest ETo of 9.14 mm day -, which coincided with the high maximum temperatures (40°C),
low relative humidity (53°C), and strong winds (49.5 km day) (Table 2). The minimum of 5.59
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mm day? occurred in November, and it was linked to lower temperatures, increased humidity,
and reduced photoperiods. The rise in evaporative demand of semi-arid climates is proven by
the yearly average ETo of 7.46 mm day -1. Such variations imply that during peak ETo, crops
need more irrigation to alleviate water stress.

3.2. Rainfall and effective rainfall

According to rainfall analysis, the amount of precipitation is 510 mm year-, of which 436 mm
is effective rainfall (Figure 2). The precipitation is very seasonal, and the rainy season occurs
in the autumn season, where it is greatest in October (117.9mm) and November (126.6mm).
The dry season is between the months of January and March, and between June and
September, during which the rainfall is less than 20mm in a month (Table 3). This distribution
makes most of the year irrigation a must, especially for the crops that are grown outside the
rainy season, since the rainfall is inadequate to sustain them.

Table 3. Month-wise average total and effective rainfall at Beledweyne from 2005 to 2024

Jan Feb Mar April May June July Aug Sept Oct Nov Dec Total
Rain (mm) 66 63 18 107 61 14 9 17 14 118 127 12 510
Eff rain (mm) 65 62 18 89 55 14 89 16 14 957 101 12 436

140
# Rain (mm) u Eff rain (mm)

120
100
80

60

Amount (mm)

40

20

j— AT ONTR RN

J
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Figure 2. Monthly and effective rainfall distribution at Beledweyne from 2005 to 2024

3.3. Crop water requirements (ET.) and irrigation water requirements (IWR)

3.3.1. Crop and irrigation water requirement of tomato

Table 4 presents that the seasonal crop evapotranspiration (ET.) of tomato was estimated at
987.1 mm in Beledweyne with only 237.9 mm of effective rainfall, which means that 748.8 mm
of irrigation water is required to accomplish the best agronomic productivity. During the mid-
season in October, the highest daily ET. rates ranged to 8.6 mm day -, a situation that is in line
with the formation of full canopy (K. mid = 1.16). This increase in the water requirement can
be explained by the combination of the increased demand in evaporation, on the one hand,
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and the relatively low depth of the tomato root, on the other hand, as the inability of the plant
to penetrate deep soil layers and extract water. In this regard, the increased irrigation
requirement is a result of the combination of the increased evaporative demand and the
relatively superficial root system of the tomato, thus restricting its ability to tap the below-soil
moisture reserves.

Table 4. Crop and irrigation water requirement of tomato

. Irrigation
Month  Decade  Stage (C(I)<ecf.) (mrfl}rc;ay) (mm/]ilzccade) (mﬁgdr:cl:de) (r;‘lll‘:/‘;‘;f:g;
Aug 1 Tnit 0.6 5.15 515 49 46.6
Aug 2 Tnit 0.6 531 53.1 5.9 472
Aug 3 Dev 0.6 5.38 59.2 55 53.7
Sep 1 Dev 0.7 6.47 64.7 23 62.4
Sep 2 Dev 0.85 8.06 80.6 0.7 79.9
Sep 3 Dev 1.01 8.58 85.8 111 74.6
Oct 1 Mid 1.16 8.6 86 252 60.8
Oct 2 Mid 121 7.97 79.7 355 44.2
Oct 3 Mid 1.21 757 833 34.9 484
Nov 1 Mid 1.21 7.06 70.6 36 345
Nov 2 Mid 121 6.54 65.4 38.1 273
Nov 3 Late 118 6.68 66.8 26.7 401
Dec 1 Late 1.07 6.4 64 10.9 53.1
Dec 2 Late 0.95 5.89 58.9 0 58.9
Dec 3 Late 0.88 5.83 175 0.2 17.1
Total 987.1 237.9 7488

3.3.2. Crop and irrigation water requirement of maize

Table 5 shows that the overall seasonal ET. and IWR of maize were 834.3 mm and 683.9 mm,
respectively. Water demand experienced in late May and mid-season in June and July had a
significant rise, and the daily ET. exceeded 10 mm/day. In spite of the fact that certain share
in rainfalls were made in the initial period of the development, the irrigation turned out to be
essential in the mid-season to meet the increased demands of transpiration. The findings
indicate that maize is vulnerable to water stress at the tasseling and grain-filling phases, which
are in line with the FAO recommendations.

Table 5. Crop and irrigation water requirement of maize

. . Irrigation
Month  Decade  Stage (C(I)<ecf.) (mr]rzl}r(;ay) (mnl/]fizccade) I(Erf:fxf/t(li‘;ec:gg; :;‘ﬁ;zgzrg
Apr 1 Init 0.3 2.14 21.4 25.1 0
Apr 2 Init 0.3 1.95 19.5 34.6 0
Apr 3 Dev 0.46 3.01 30.1 29.2 0.9
May 1 Dev 0.76 491 49.1 222 26.9
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May 2 Dev 1.06 6.74 67.4 18.5 489
May 3 Mid 1.32 8.92 98.1 13.9 84.2
Jun 1 Mid 1.35 9.7 97 8.1 88.9
Jun 2 Mid 1.35 10.22 102.2 3 99.2
Jun 3 Mid 1.35 10.44 104.4 3 101.3
Jul 1 Late 1.28 10.1 101 3.2 97.8
Jul 2 Late 0.97 7.78 77.8 24 75.4
Jul 3 Late 0.62 513 56.4 34 53
Aug 1 Late 0.38 3.29 9.9 1.5 7.4
Total 834.3 168.1 683.9

3.3.3. Crop and irrigation water requirement of sweet pepper

The seasonal ET. in sweet pepper was obtained as 825 mm and after that, an IWR of 592.6 mm
was obtained (Table 6). Water demand, similar to that of tomatoes, peaked during the middle
of the season with the number of 8.25 mm day - in the beginning of October at the time when
the canopy was at its maximum coverage. Compared to the tomato, the IWR of sweet pepper
was lower, which was explained by a slightly shorter growth cycle and more favorable by the
coincidence of rainfall in the middle of the growth period. Irrigation remained essential in the
early and late stages to have the best yield.

Table 6. Crop and irrigation water requirement of sweet pepper

. . Irrigation
Month  Decade  Stage (C(Ifecf.) (mrE/Tciay) (mm/]fij;ccade) fg;f/t;‘;i:gg; {;(LI:;;EEZIS

Aug 1 Init 0.6 515 51.5 49 46.6
Aug 2 Init 0.6 5.31 53.1 5.9 47.2
Aug 3 Dev 0.6 5.38 59.2 55 53.7
Sep 1 Dev 0.7 6.44 64.4 23 62.1
Sep 2 Dev 0.85 7.98 79.8 0.7 791
Sep 3 Dev 0.99 8.47 84.7 111 73.5
Oct 1 Mid 111 8.25 825 25.2 57.3
Oct 2 Mid 112 7.35 735 35.5 38.1
Oct 3 Mid 112 6.99 76.9 349 42
Nov 1 Mid 112 6.51 65.1 36 29.1
Nov 2 Late 11 591 59.1 38.1 21
Nov 3 Late 1.02 5.77 57.7 26.7 31
Dec 1 Late 0.97 5.8 174 33 11.9

825 230.1 592.6

3.3.4. Crop and irrigation water requirement of sorghum

As it is observed in Table 7, sorghum had the lowest total ET. (731.2 mm) and IWR (498.9 mm)
compared to the other crops under the study, which implies that it has a low water demand
and is more drought-resistant. This crop also had the advantage of receiving rainfall
throughout the period between September and October, which was also its mid-season. This
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confirms the use of sorghum in semi-arid areas such as Beledweyne (particularly where water
availability is low).

Table 7. Crop and irrigation water requirement of sorghum

. . Irrigation
Month  Decade  Stage (C(I)icf.) (mr]rzl}rc;ay) (mm/]il]t;ccade) ](Elfrfrerf/tcll‘éi:gzr)l ;131(111111;322312;

Aug 1 Init 0.3 2.58 25.8 49 20.8
Aug 2 Init 0.3 2.65 26.5 59 20.6
Aug 3 Dev 0.44 3.92 431 55 37.6
Sep 1 Dev 0.68 6.28 62.8 23 60.5
Sep 2 Dev 091 8.59 85.9 0.7 85.1
Sep 3 Mid 1.09 9.29 92.9 11.1 81.8
Oct 1 Mid 1.1 8.2 82 252 56.8
Oct 2 Mid 1.1 7.25 72.5 355 37

Oct 3 Mid 1.1 6.89 75.8 349 40.9
Nov 1 Late 1.06 6.16 61.6 36 25.6
Nov 2 Late 0.9 487 48.7 38.1 10.6
Nov 3 Late 0.75 421 421 26.7 154
Dec 1 Late 0.64 3.84 115 3.3 6.1

731.2 230.1 498.9

3.4. Irrigation Scheduling

3.4.1. Irrigation schedules for tomato

Table 8 indicates that tomatoes have a relatively high frequency and depth of irrigation during
the crop-growing period in Beledweyne, which reveals a high degree of sensitivity to water
stress. The irrigation periods were short in August of the first stage, with a gross irrigation
volume of between 32.1 and 51.3 mm, applied every 4-6 days, and thus sufficient moisture was
available to guarantee uniform germination and early vegetative growth. During the next
stage of development (late August to late September), there was a significant increase in the
amount of irrigation with a peak of 99.6 mm of gross irrigation on 26 September- this increase
was due to the cumulative effect of the increasing canopy cover, high evapotranspiration (ETo),
and insufficient effective rainfall. The mid-season season (October-November) required long-
term high levels of irrigation, but the input of effective rainfall during the season of October
(maximum of 35.5 mm) slightly reduced the irrigation demand. The irrigation during the late
season (in December) was significant (up to 142.7 mm gross) to prevent any water stress
during the maturation of fruits. This regime coincides with the recommendations of FAO
regarding tomato farming, in which the focus on soil moisture constitutes the most important
factor to reduce the risk of blossom-end rot and increase the size and quality of tomato fruits.
K (fraction) refers to the water stress coefficient, which represents how much water stress the
crop is experiencing. ET. denotes actual evapotranspiration
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Table 8. Irrigation schedules for tomato

Date Day Stage (II{::nn) ( fg::) ](EO};; Dep(ug/eoz)t ion irri:aettion in?;:’;Zn
) (mm) (mm)
1-Aug 1 Init 0.71 71 57 29.8 42.5 4.92
5-Aug 5 Init 1 100 37 224 32.1 0.93
9-Aug 9 Init 1 100 32 224 32.1 0.93
14-Aug 14 Init 1 100 36 28.8 41.1 0.95
19-Aug 19 Init 1 100 32 29 414 0.96
25-Aug 25 Init 1 100 35 359 51.3 0.99
31-Aug 31 Dev 1 100 31 36 51.4 0.99
6-Sep 37 Dev 1 100 34 444 63.5 1.22
12-Sep 43 Dev 1 100 34 484 69.1 1.33
18-Sep 49 Dev 1 100 35 54.7 78.2 1.51
26-Sep 57 Dev 1 100 40 69.7 99.6 1.44
8-Oct 69 Dev 1 100 40 78.7 112.4 1.08
30-Oct 91 Mid 1 100 43 85.6 122.3 0.64
30-Nov 122 End 1 100 42 84.7 121 0.45
18-Dec 140 End 1 100 50 99.9 142.7 0.92
23-Dec End End 1 0 12

3.4.2. Irrigation schedules for maize

Table 9 summarizes the timing of maize irrigation highlights the very high water requirement
of the crop. The gross amount of irrigation applied on the beginning of the month of April was
52.7 mm, and no additional irrigation was necessary until the growth stage due to sufficient
rainfall received during the early season. Gross irrigation reached its highest point of 162.5
mm (16 June) during development and the middle of season (late May to end June), and the
tasseling and grain-filling stages which are the most water sensitive stages of maize. Timely
rain in late June slightly reduced demand; however, the crop still remained very dependent
on supplemental irrigation. July end season irrigation was also hefty (170 mm gross) which
guaranteed maximum grain maturation. This trend confirms the paramount significance of
irrigation at critical developmental processes to avoid massive losses in terms of yield because
maize is highly vulnerable to drought when it is flowering.

Table 9. Irrigation schedules for maize

Net Gross

Date Day Stage (Rma rlx?) ( fII‘:Z.) 5,;1;; Delz(}/e;;lon irr(ilia;‘i)on irr(il;glamti)on (ll;l(/)l‘:;)
2-Apr 2 Init 0 1 100 57 36.9 52.7 3.05
21-May 51 Dev 0 1 100 55 105 150 0.35
4-Jun 65 Mid 0 1 100 55 110.1 157.4 1.3
16-Jun 77 Mid 0 1 100 57 113.8 162.5 1.57
27-Jun 88 Mid 1.5 1 100 55 111 158.6 1.67
9-Jul 100 End 0 1 100 60 119 170 1.64

134



Osman Scientific Research Communications, 6(2) 2026

3.4.3. Irrigation schedules for sweet pepper

As can be seen in Table 10, sweet pepper irrigation was much more common than maize
irrigation in the first stage, and even in the later stages, the intervals were no longer than 34
days. Irrigation volumes at this stage were either 22.1 to 41.5 mm in gross, offset by deep root
systems and intense evaporation. During the development stage (September), irrigation levels
rose consistently to the highs of 72 mm gross in early October when the crop was in full canopy
and at high levels of transpiration. The amount of mid-season irrigation did not change (~72-
77 mm gross) to prevent changes in the size of the fruits and prevent the worsening of their
quality. The schedule shows that sweet pepper has a moderate water requirement and is
sensitive to changes in the soil moisture, especially during flowering and fruiting.

Table 10. Irrigation schedules for sweet pepper

Date Day Stage (Ir{: rl:) ( f:;sc ) ](50;1;; Delzg/i)t ion irrilgaettion ir:i;;:tsison (;lm)
) (mm) (mm)
1-Aug 1 Init 0 0.62 62 56 291 41.5 4.81
4-Aug 4 Init 0 1 100 27 15.5 222 0.86
7-Aug 7 Init 2.5 1 100 25 15.5 222 0.86
10-Aug 10 Init 0 1 100 27 18 25.8 0.99
13-Aug 13 Init 3 1 100 22 15.5 221 0.85
16-Aug 16 Init 0 1 100 24 18.5 26.4 1.02
19-Aug 19 Init 0 1 100 22 18.3 26.2 1.01
22-Aug 22 Init 0 1 100 21 18.5 26.4 1.02
26-Aug 26 Init 0 1 100 26 244 34.9 1.01
30-Aug 30 Init 0 1 100 24 241 34.5 1
3-Sep 34 Dev 0.9 1 100 25 26.4 37.7 1.09
7-Sep 38 Dev 0.9 1 100 24 27.5 39.3 1.14
11-Sep 42 Dev 0 1 100 25 29.9 42.8 1.24
15-Sep 46 Dev 0 1 100 27 34.6 494 143
20-Sep 51 Dev 0 1 100 32 43.2 61.7 143
26-Sep 57 Dev 0 1 100 33 48.4 69.1 1.33
2-Oct 63 Dev 0 1 100 32 50.4 72 1.39
10-Oct 71 Mid 0 1 100 32 50.6 72.3 1.05
22-Oct 83 Mid 0 1 100 32 50.9 72.7 0.7
2-Nov 94 Mid 0 1 100 34 54.3 77.6 0.82
3-Dec End End 0 1 0 44

3.4.4. Irrigation schedules for sorghum

Table 11 demonstrates a scenario because sorghum had the least irrigation schedule because
it is drought resistant and it makes good use of the rainfall it receives. The preliminary
irrigation received during early August was 65.6 mm gross and a heavy application was made
in late August (141.3 mm gross) to promote quick vegetative development. High irrigation
needs were recorded during mid-September (186.7 mm gross) when the crop was in the end
of development phase due to the high reference evapotranspiration and low effective rainfall.
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The other thick application was made in late October (200.4 mm gross) when filling in grains.
The end of the season (December) irrigation was being used with minimum water because of
low demand of water at the time the crop was maturing. This program proves that sorghum
is adaptable to semi-arid environments, as it can grow on few but well-planned irrigation
activities.

Table 11. Irrigation schedules for sorghum

Net Gross

Date Day Stage (I:: rl:) ( fgsc,) 5’};; Delz:/i:)t ton irr(ilia:nti)on irr(iriegli)on (]l;l;,l::)
4-Aug 4 Init 0 1 100 60 459 65.6 1.9
26-Aug 26 Dev 0 1 100 60 98.9 141.3 0.74
12-Sep 43 Dev 0 1 100 56 130.7 186.7 1.27
27-Sep 58 Mid 6.4 1 100 51 142.3 203.3 1.57
31-Oct 92 Mid 0 1 100 50 140.3 200.4 0.68
3-Dec  End  End 0 1 0 14

3.5. Study limitations

There are a number of limitations in this study which should be taken into consideration when
the results are being interpreted. First, the analysis is founded on a modelling technique and
lacks field validation, which restricts the possibilities of directly validating model results to
observed results. Second, the research is based on long-term average climatic data, which
might not be able to capture short-term extreme weather conditions such as droughts or
abnormally wet seasons that are essential in semi-arid regions. Thirdly, certain soil and crop
parameters were taken as standard FAO recommendations instead of local field
measurements, which might not be fully representative of local conditions. These
shortcomings notwithstanding, the methodology offers a uniform model of determining
irrigation water demand in data-sparse areas, and future research ought to include field
testing and location-specific information to enhance accuracy and reliability.

4. Conclusion

This study successfully measured the reference evapotranspiration (ETy), effective rainfall,
crop water requirements (ET.), irrigation water requirements (IWR), and prepared specific
irrigation schedules of four major crops, namely, tomato, maize, sweet pepper, and sorghum,
that were grown in the Beledweyne district in semi-arid climatic conditions. The findings had
shown that there was a significant seasonal difference in ETo, with the highest values of 9.14
mm day ! and 8.85 mm day - in the hot and dry months of September and August,
respectively, due to higher temperatures, length of sunshine hours, and an increase in wind
velocities. The precipitation was recorded to be 510 mm, of which 435.7 mm was effective
rainfall, implying that the amount of precipitation received is not enough to support the water
requirements of most crops, especially at the dry months. There were significant differences
between the crop and irrigation water needs of the crops analyzed. Tomato expressed the
greatest seasonal crop evapotranspiration (ET.) of 987 mm and irrigation water requirement
(IWR) of 748.9 mm, followed by maize which had an ET. of 834.2 mm and IWR of 684 mm,
and sweet pepper had an ET. of 825 mm and IWR of 592.6 mm. Sorghum required the least
water (ET. 731.2 mm, IWR 498.9 mm), reflecting its drought tolerance and efficient use of in-
season rainfall.
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The irrigation scheduling analysis revealed that the highest water demand was observed at
the mid-season period of all crops, as well as when the crops had reached their maximum
canopy cover and evapotranspiration. Tomato and sweet pepper were subjected to high
frequency and moderate levels of irrigation throughout the season to ensure soil remained
moist, but maize was subjected to big irrigations during crucial periods of its growth, e.g.,
tasseling and grain filling. Sorghum, on the other hand, fared better when having less, yet
timely irrigations, in the sense that it is more resistant to water stress. The results of this study
highlight the need to coordinate crop choice and planting schedules with local climatology to
achieve high water -use efficiency.

The research concludes that specific and stage-based irrigation is critical in maintaining crop
yields and saving on the limited supply of water. The adoption of effective irrigation habits in
water-limited areas like Beledweyne, e.g., drip or deficit irrigation, and the production of
drought-resistant crops like sorghum can greatly enhance the sustainability of agriculture in
such areas. In general, these findings can offer farmers, extension workers, and water-resource
planners in semi-arid Somalia a helpful decision-making model, which allows them to focus
on water allocation, increase crop productivity, and become more resilient to climate
variability.

Even though drip and deficit irrigation techniques are more efficient in terms of water
utilization, the practicality of implementing such techniques in rural Somalia can be restricted.
The high initial cost of drip systems, poor availability of spare parts, and lack of technical skills
among smallholder farmers can be a hindrance to adoption. Moreover, large-scale
implementations can be further limited by weak irrigation infrastructure and institutional
support. Thus, effective adoption would involve policy interventions which are specific, such
as, farmer training programs, extension services, subsidized irrigation equipment and micro-
financing mechanisms. Implementation strategy A staged implementation process starting
with the pilot demonstration farms can boost the confidence and long-term sustainability of
farmers.

Further studies are needed to include field measurements of the irrigation efficiency to
enhance the precision of irrigation water requirements estimates of actual farm conditions in
the Beledweyne district. Alternative irrigation technologies, including drip, sprinkler and
enhanced surface irrigation systems are also suggested to be considered to determine the most
water-saving and feasible to apply to the local farmers. Besides, the simulated ET., efficient
rainfall and irrigation programs should be confirmed by experiments on farms and adaptive
irrigation plans should be evaluated in the face of climate variability to enhance resilience to
water scarcity in future studies.
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