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Abstract 

Wonji Shoa Sugar Estate (WSSE) is one of the large-scale irrigation schemes in Ethiopia 
which was established in 1951. The aim of this study was to evaluate the performance 
of current furrow irrigation water management practices of WSSE. Performance evalu-
ation of the current furrow irrigation was evaluated based on field experiment and 
the WinSRFR model. For this purpose, ten fields were selected from commonly used 
furrow lengths (32, 48, and 64 m). Application efficiency, distribution uniformity, and 
deep percolation performance indicators were used for evaluation. The performance 
of furrow irrigation showed poor performance, and as an improvement option, inflow 
rate and cutoff time were altered keeping furrow geometry constant. Advance and 
recession times for all furrow lengths were recorded and simulated using the WinSRFR 
model to obtain an accurate cutoff time of irrigation. The result obtained showed that 
the time allocated for all furrow lengths was not accurately determined. As an improve-
ment option, both inflow rate and cutoff time changed and the performance of furrow 
irrigation significantly improved. By changing those decision variables, application 
efficacy and deep percolation performance indicators were significantly improved but 
distribution uniformity was not changed. In almost all statistical indices used, predicted 
performances by model were better than computed values in the existing situation. 
From the current result, it can be concluded that the inflow rate and cutoff time should 
be changed to attain good performance and increase furrow irrigation efficiency.

Highlights 

Performance of current furrow irrigation under Wonji Shoa sugar Estate was evaluated.

For the evaluation purposes, different performance indicators were used from the 
measured data and the result was simulated using WinSRFR model.

The performance of existing furrow irrigation practices was showed poor performances

Based on the result obtained from the existing furrow irrigation performance, the 
improvement options were proposed and evaluated.

Keywords:  Cutoff time, Furrow irrigation, Performance evaluation, WinSRFR, 
Simulation, Water management, Wonji Shoa Sugar Estate
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Introduction
Irrigation is an artificial application of water to crops by using gravity or pressure to con-
vey water from the source to the field that is required by the crop to fulfill soil mois-
ture deficit in the crop root zone. There are three major categories of irrigation systems 
which include surface irrigation, subsurface irrigation, and pressurized irrigation system 
(Tadele, 2019). Surface irrigation is the most commonly used and oldest type of irriga-
tion that transports water from the source to the irrigated field via gravitational forces 
[9]. In many developing countries, surface irrigation is widely used because of its low 
cost and energy requirement as compared to subsurface and pressurized irrigation sys-
tems (sprinkler and drip irrigation systems) which are usually more efficient than sur-
face irrigation [11]. From the surface irrigation methods, furrow irrigation is mostly 
used from small- to large-scale irrigation systems. But if not well designed and operated, 
furrow irrigation can be ineffective due to the complexity of the interactions between 
field design, soil infiltration characteristics, and irrigation water management practices. 
Maintaining efficiency and effective utilization of irrigation water on large-scale irriga-
tion at an acceptable level is the major challenge in the management of irrigation sys-
tems. Most of the time, poor performance of the furrow irrigation system resulted from 
incorrect dimensioning and inappropriate design furrow system [7].

Evaluation of the furrow irrigation performance for appropriate irrigation water man-
agement practices is required to overcome the losses of excess water, water stress on the 
crop, and its adverse effects. Performance evaluation is the systematic analysis of an irri-
gation system or management based on measurements taken under field conditions and 
practices normally used and comparing the same with an ideal one. Traditionally, irriga-
tion assessment is conducted to evaluate the performance of existing irrigation systems. 
A full irrigation evaluation involves an assessment of the water source characteristics, 
pumping, distribution system, storage system, and field application systems. However, 
assessments are also conducted on several components of farm irrigation systems. The 
performance of an irrigation system at the field scale depends on several design vari-
ables, management variables, and system variables. In general, a set of indicators are 
used for evaluating the performance of an irrigation scheme. The irrigation performance 
indicators are classified as engineering, field water use, crop and water productivity, and 
socioeconomic indicators (Adane, 2020). The performance of furrow irrigation can be 
enhanced through proper designing based on soil, crop, topography, size, and shape of 
the irrigated area that affect its performance [19], because furrow irrigation system per-
formance is influenced by various design elements. Many studies have demonstrated 
that improving irrigation management and field design can greatly enhance irrigation 
performance [2].

Nowadays, models are increasingly used to optimize furrow irrigation decision var-
iables. The most common models used in surface irrigation systems are fully hydrody-
namic, zero inertia, kinematic, and volume balance models [20]. Fully hydrodynamic 
models use the most general form of the Saint-Venant equations, which are the non-
linear partial differential functions that characterize the unsteady, gradually varied 
flow of water in a furrow. Zero inertia models are based on the understanding that 
flow velocities encountered in surface irrigation are very small and changes in veloc-
ity with respect to time and space are virtually non-existent. Kinematic wave models 
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assume that flow in the irrigation channel is all at a fixed depth. In the kinematic wave 
models, the depth gradient of the flow and inertial terms of the momentum is very 
small and neglected. The volume, balance model applied primarily onto the advance 
phase and the momentum equation was completely neglected [6, 20]. Furrow irriga-
tion systems should be designed in such a way as to ensure an adequate and uniform 
water application over the fields and to minimize the potential water losses. Many 
researchers in this field have engaged in optimizing the design of furrow irrigation 
systems to improve their performance [1, 7, 15].

The performance evaluation of the furrow irrigation method can be undertaken to 
know how well the irrigation meets the water requirements and how well the applied 
water is distributed throughout the furrow run. The main purpose of furrow irriga-
tion performance evaluation is to achieve efficient and effective use of irrigation water 
applied to the fields. Because, poor design and lack of suitable criteria for irrigation 
systems are generally responsible for uneven irrigation application leading to wastage 
of water, waterlogging, and salinity problems especially in surface irrigation systems 
(Eslamian et al., 2017).

There are several conditions imposed by the researchers to carry out performance 
evaluation of irrigation schemes and some of these are:

•	 When something is wrongly undertaken but the factors which cause it is not 
clearly known, which requires finding to know what are the causes of this.

•	 When it required to know whether the existing situation is in good condition or 
requires some improvement.

•	 When a researcher seeks to understand the detailed workings of irrigation in order 
to draw generalized inferences about the performance of the irrigation scheme.

The performance evaluation of the existing surface irrigation system is a key 
whether further improvement of the irrigation system is required or not based on the 
current performances. The performance evaluation of an existing irrigation system 
can be conducted by different performance indicators. On a scientific basis, the prop-
erties of performance indicators should be based on an empirically quantified, statis-
tically tested fundamental model of that part of the irrigation [2].

In the case of Ethiopia, the Wonji Shoa Sugar Estate is one of the large-scale irriga-
tion systems under production dominantly by furrow irrigation for more than half 
of a century and requires evaluation of its irrigation performance. Evaluation of the 
irrigation performance for proper irrigation water management practices at Wonji 
Shoa sugarcane production is very important because the Wonji Shoa Sugar Estate 
is one of the major sugar producers in the country. In line with this, the performance 
of existing furrow irrigation under the Wonji Shoa Sugar Estate was evaluated. The 
result obtained from the selected field showed poor performance of the existing fur-
row irrigation system. Based on this, improvement options were undertaken. An 
observational field experiment was conducted to evaluate the improvement option 
proposed based on ten selected fields using commonly used furrow lengths during 
three irrigation events. Therefore, the main purpose of this study was to evaluate the 
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performance of existing furrow irrigation practices and develop improvement options 
for better irrigation water management practices under field conditions.

Methods
Description of the study area

The Wonji Shoa Sugar Estate (WSSE) is located in the South East Shoa Zone of Oromia 
Regional State, at a distance of 110 km from Addis Ababa, the capital city of Ethiopia. 
Geographically, it is situated at 8° 21′–8° 29′ N and 39° 12′–39° 18′ E and altitude of 1223 
to 1550 m above MSL (Fig. 1). The area is characterized by gentle and regular topogra-
phy making it most suitable for irrigation. Sugarcane is grown in the area, mostly as a 
monoculture. The climate of the area is characterized as semi-arid with the main rainy 
season during the months of June to September. The rainfall of the area is erratic both in 
quantity and distribution. The area receives a mean annual rainfall of 831 mm with mean 
annual maximum and minimum temperature of 27 and 15 °C respectively. The soil of the 
area varies from sandy loam to heavy clay types.

The Estate is the first commercial large-scale irrigation scheme in Ethiopia and was 
established in 1951 at Wonji by Netherland’s Hender Verneering Amsterdam (H.V.A.) 
Company private investors and the Ethiopian government. When the factory started 
production in 1954, its initial production was 140 tons/year (WSSF, 2018). The two fac-
tories known by the name Wonji and Shoa sugar factories altogether had the capacity 
of producing 75,000 tons of sugar per year till recent time (prior to the completion of 
the new Wonji Shoa Sugar Factory at Dodota site far apart in the old factories). After 
serving for more than half a century and getting obsolete, the two factories viz. Wonji 
and Shoa sugar factories were closed in 2011 and 2012 respectively. Replacing these pio-
neer factories, the new and modern factory had started production in 2013 with higher 
production capacity. Currently, the WSSE sugarcane plantation covers and irrigated area 

Fig. 1  Location map of the study area
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of 12,000 ha of which 5,000 ha is managed by the Estate itself and 7000 ha is managed 
by out-growers. The irrigation water source is the Awash River. The Wonji Shoa Sugar 
Estate location map is presented in Fig. 1.

Experimental design

This study design includes experimental and observational types of research to obtain 
the required data for the evaluation of the existing furrow irrigation under the Wonji-
Shoa condition.

Field selection

To collect the required data, ten fields were selected with three different furrow lengths 
commonly used in the area (32, 48, and 64 m). The furrow width is common for all fur-
row lengths which is 1.45 m. Those fields were selected purposively based on their loca-
tion difference in all directions by considering the soil type and furrow lengths. Even if 
these furrow lengths are commonly used in the study area, currently, furrow length 32 m 
is more dominantly used in all types of soils and furrow length 48 m is rarely used. But 
furrow length 64 m became obsolete and was used only in ratoon cane fields during the 
study period (2019 to 2020). By considering those conditions, ten fields were purposely 
selected from the three furrow lengths. The field selections were based on the domi-
nantly used furrow lengths in the sugarcane fields. Accordingly, five fields with furrow 
length 32 m, three fields with furrow length 48 m, and two fields with a 64-m furrow 
length were selected.

Water application methods

Irrigation water was applied to the field by the furrow irrigation system. During the 
irrigation application, the water diverted to the field ditches was controlled using gates 
at the outlets of the secondary canals. The inflow rate applied to each furrow was 4.7 
l/s under the existing furrow irrigation practices. This inflow rate was applied to each 
field and three irrigation events were considered for data collection. The three irriga-
tion events were similarly considered for all furrow lengths (irrigation event one for fur-
row lengths 32, 48, and 64 m; irrigation event two for furrow lengths 32, 48, and 64 m; 
and irrigation event three for furrow lengths 32, 48, and 64 m). For each selected field, 
five furrow lengths were selected for data collection at one time for all furrow lengths. 
At one irrigation event, 50 furrows were considered which was similar to all irrigation 
events. The data collected from five furrows was averaged out that was presented as one 
data at one irrigation event for each furrow length.

Data collection methods

Primary and secondary data were collected to evaluate the performance of the 
existing furrow irrigation practices. Based on the performance of the existing fur-
row irrigation practices, improvement options were proposed and the performance 
also evaluated again during the study periods. The primary data was collected from 
each selected field during three consecutive irrigation events which include furrow 
geometry, irrigation time, and soil moisture analysis. For furrow geometry, fur-
row length and furrow width (top, middle, and bottom width) were measured at 



Page 6 of 23Yadeta et al. Journal of Engineering and Applied Science           (2022) 69:21 

field conditions using a meter tape. The maximum flow depth was measured using 
a ruler during each irrigation event. Advance time (time taken from the entrance 
of irrigation to the furrow to some specified points), cutoff time (time taken from 
the starting of irrigation to inflow cutoff ), and recession time (time taken from the 
inflow cutoff to all water ponded on the field fully infiltrated) were recorded using 
a stopwatch. The advance and recession times were recorded at 16-m intervals for 
all fields and furrow lengths, while the secondary data were irrigation history and 
cane types.

Soil sample collection and analyses

Soil samples were collected at two soil depths (0–30 and 30–60 cm) of representative 
fields for the purpose of determining bulk densities, textures, and soil moisture con-
tent. The soil sample was analyzed in the laboratory at Wonji Shoa Sugar Research and 
Development Center. The soil moisture content at field capacity and permanent wilt-
ing point of the selected fields were taken from the center because it was done very 
recently. The soil parameters were analyzed following standard laboratory procedures 
and manual [4].

The soil sample was taken at 16-m intervals along the furrow for all fields from the 
specified depths of sampling and soil moisture was determined using gravimetric meth-
ods. The depth is believed to cover the effective root depth of the sugarcane. The soil 
samples were taken from inside furrow before and after irrigation water application 
from 2 to 3 days based on the soil types. The soil samples were taken by a soil core sam-
pler and then the soil wet weight was weighted using a movable sensitive balance imme-
diately after the sample was taken. The samples were then oven-dried at 105 °C for 24 
h. The dried weight of the soil sample was again weighted to calculate the gravimetric 
moisture content using (Eq. 1) [4].

where Wθ = gravimetric soil moisture content (% volume bases), Ww = wet weight of 
the soil (g), Wd = dry weight of the soil (g), As = apparent specific gravity (−)

The water holding capacity of the soil was analyzed by computing the total available 
water and readily available water using (Eqs. 2 and 3) [8].

where TAW = the total available soil water in the root zone (mm), θFC = the soil water 
content at field capacity (m3/m3), θPWP = the soil, water content at wilting point (m3/
m3), Di = the rooting depth (m), ρ = soil moisture depletion fraction.

The required depth of irrigation, depth of water stored in the soil profile of the root 
zone (Ds) and the total depth of water applied to the field (Da) and the total amount of 
water deep percolated were calculated using (Eqs. 4, 5, 6).

(1)Wθ =

(

Ww −Wd

Wd

)

× As× 100

(2)TAW = 1000(θFC − θPWP)× Di

(3)RAW = ρ × TAW
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where Zreq = amount of water required to fill the root zone to field capacity (mm), 
θFC= soil moisture content at field capacity (%), θmi = present soil moisture content (%), 
ASi = apparent specific gravity of the soil (unit less), Di = effective root depth (m), n = 
number of sampling depth in the root zones.

where Mai = Moisture content of ith layer of the soil after irrigation on a dry weight 
basis (%), Mbi = Moisture content of ith layer of soil before irrigation on dry weight basis 
(%), Q = average discharge to furrow during the irrigation (m3/s), Δt = duration of the 
irrigation (s), A = furrow irrigated area (m2)

The depth of water percolating below the root zone is the amount of water infiltrated 
minus the water extracted by the plant roots to meet its evaporation demands. Or this 
means deep percolation is the difference in the amount of water applied to satisfy the 
crop water requirement and the amount of water excess applied or lost before the crop 
conception. This is computed using the soil water balance analysis. This depth of water 
can be computed experimentally in different methods like lysimeter but for the current 
study it was computed from the soil moisture analysis (Eq. 7)

where Dp = depth of water deep percolated, θi = initial soil moisture content, Id = 
depth of irrigation applied, Rd = depth of available rainfall, θFC = soil moisture content 
at field capacity and ET = evapotranspiration.

The soil infiltration function is one of the most important parameters in the sur-
face irrigation system performance evaluation. There was a different infiltration func-
tion developed so far that was used based on some preferences of the users according 
to available input data and required outputs. The infiltration function is empirically 
determined to yield the relationship between the infiltrated water and the opportunity 
time (the time during which the water contacts the soil). One of the empirical models 
for infiltration is Kostiakov’s infiltration model (Kostiakov, 1932), which is derived using 
the data observed under either field or laboratory conditions. The power type Kostiakov 
function is the most widely accepted to describe the infiltration characteristics (Eq. 8).

Z = infiltrated water m3/m; k, a = empirical parameters; t = intake opportunity time, 
min

The zero inertia model is based on the understanding that flow velocities encountered 
in surface irrigation with very small and changes in velocity with respect to time and 

(4)Zreq =

n
∑

i=1

10(θFC − θmi)× ASi × Di

(5)Ds =

n
∑

i=1

(Mai −Mbi)

100
× ASi × Di

(6)Da =
Q ×�t

A

(7)Dp = θi + Id + Rd − θFC − ET

(8)Z = Kta



Page 8 of 23Yadeta et al. Journal of Engineering and Applied Science           (2022) 69:21 

space are virtually non-existent. Under most surface irrigation conditions, inertial terms 
in the Saint-Venant equations are negligible when compared to the force terms (heat and 
friction). The zero inertia model is a simplified form of the fully hydrodynamic model 
without the acceleration and inertia terms which is given by Eq. 9 [21].

where y = depth of flow (m), x = distance along the field length (m), S0 = longitudinal 
slope of the field (m/m), SF = slope of energy grade line (friction slope) (m/m),

Performance evaluation of furrow irrigation
The performance evaluation of irrigation gives an insight into how well the irrigation 

meets the water requirements and the applied water is distributed uniformly through-
out the field. The most common performance evaluation criteria in furrow irrigation are 
application efficiency, deep percolation ratio, tailwater ratio, distribution uniformity, and 
water requirement efficiency. But for the performance evaluation of close-ended furrow 
irrigation conditions, application efficiency, deep percolation, and distribution uniform-
ity are commonly used. In general, to improve irrigation performance, mathemati-
cal models of the surface irrigation processes have been developed in the last decades. 
Developed models consider several variables, including field geometries, slope, hydrau-
lic roughness, furrow discharges, and irrigation time. The interaction among these vari-
ables determines the advance times, recession times, and infiltrated water depth, which 
in turn influence performance indicators such as application efficiency and uniformity of 
water distribution along the furrow. Those selected parameters were evaluated by meas-
uring the required data from the field and simulated using the WinSRFR model. Those 
parameters were mathematically determined using Eqs. 10, 11, 12 [13, 14].

where Ds = depth of soil moisture stored in the root zone (mm), Da = total depth 
applied to the furrow (mm), Dmin = minimum depth of water infiltrated in the field 
(mm), Daver. = mean of depths infiltrated over the furrow length (mm).

To improve the performance of the furrow irrigation, the three main parameters con-
sidered were furrow geometry, cutoff time, and inflow rate. Since the performance eval-
uation was undertaken on the existing furrow situation, it was very difficult to change 
the furrow geometry. But in this study, to improve the performance of the furrow irriga-
tion, cutoff time and inflow rate were alternatively tests. The procedure was as follows:

Step one: All parameters were used as they were measured from the field under cur-
rent irrigation practice to evaluate the performance of furrow irrigation.

(9)
δy

δx
= S0 − Sf

(10)AE =
DS

Da
× 100

(11)DU =
Dmin

Da
× 100

(12)DP =
Dp

Daver
× 100
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Step two: Inflow rate was varied while the other parameters (furrow geometry and 
cutoff time) were kept constant and the performance of the furrow irrigation was 
evaluated.
Step three: Cutoff time was varied while the other parameters (furrow geometry and 
inflow rate) were kept constant and similarly the performance of the furrow irriga-
tion was evaluated.
Step four: Furrow geometry was taken as a constant and both inflow rate and cutoff 
time were varied in which similar to the other steps the performance of the furrow 
irrigation again evaluated.

The optimization performance of furrow irrigation was computed using Eq. 13 and the 
maximum values of the optimized result were used as the decision variables to improve 
the performance of the irrigation [13, 14].

where the correction factors for the parameters α = β = γ = 0.33

Input data for WinSRFR model

The functionality and organization of WinSRFR were defined based on the analyti-
cal process typically followed in assessing and improving the hydraulic performance of 
surface irrigation systems. All required data for the WinSRFR 4.1.3 model was collected 
from the field with a close-ended furrow irrigation system. The input data required for 
the WinSRFR model were the required depth of irrigation, furrow geometry, advance, 
cutoff, and recession time of irrigation. These data were collected from the selected 
fields. The soil samples were taken from the field and analyzed in the soil laboratory to 
determine the required depth of irrigation. The furrow geometry was measured at con-
stant intervals along the furrow. The advance, cutoff, and recession times were recorded 
during irrigation events. There are several efficiency terms which are used to evaluate 
irrigation system performance. But for this study, application efficiency, distribution uni-
formity, and deep percolation were used. The major input parameters for the simulations 
were presented in Table 1.

Statistical indices used to evaluate the model performance

Measured and simulated performance indicators were evaluated using the statistical 
indices. To test the goodness of fit between measured and simulated values, different 
statistical indices were used [13, 14].

Coefficient of determination (R2)

The coefficient of determination is used to measure the model’s goodness of fit. In the 
WinSRFR model, R2 is an indicator of the efficiency of the model in comparing the 
measured values with the simulated values. It explains the amount of variance explained 
by the model in comparison to the measured values (Eq. 14).

(13)OP = (α × Ea)+ (β × DU)− (γ × DP)
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where n = number of observations, Mi = ith value of the measurement, Si = ith value 
of the simulated, M = mean of the measured values, S = mean of values simulated

Root mean square error

Root mean square error is a measure of the overall deviation between measured and 
simulated values. The root mean square error has a minimum value of 0 and the values 
closer to 0 indicate the better model performance (Eq. 15).

Index of agreement (d)

Index of agreement is another statistical index used to measure the model efficiency. The 
value of d varies from − ∞ to + 1. The closer the value to + 1 indicates the simulated 
values are better than the measured values (Eq. 16).

Results and discussions
Selected soil properties

The soil samples taken from each field were analyzed at the Wonji Shoa Sugar Research 
and Development Center. As the result obtained indicated, the average soil bulk density 

(14)R2 =

[
∑n

i=1

(

Mi −M
)(

Si − S
)]2

∑n
i=1

(

Mi −M
)2

×
∑n

i=1 (Si − S)
]

2

(15)RMSE =

√

∑n
i=1 (Si −M)2

n

(16)d = 1−

∑n
i=1 (Mi − Si)

2

(
∑n

i=1

∣

∣Si − S
∣

∣+ |Mi −M|
)2

Table 1  Input parameters for the WinSRFR simulation model

Input depending on furrow lengths

Furrow geometry

  Furrow length (m) 32 48 64

  Furrow spacing (m) 1.45

  Average Furrow bottom width (m) 0.31 0.32 0.32

  Irrigation system Surface (furrow irrigation)

  Down steam condition Close-ended

  Furrow slope (m/m) 0.05

  Manning n values based on the crop growth nature 0.15

  Types of simulation model Zero inertia

Flow parameters (in the existing situation)

  Furrow inflow rate (l/s) 4.7

  Cutoff time depending on the furrow length (min) 9 15 25

Infiltration function Kostiakov formula

Changed decision variables

  Furrow inflow rate (l/s) 3.5

  Cutoff time (min) 11 18 31
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of the fields was ranging from 1.49 to 1.60 for the upper depth (0–30 cm) and 1.59 to 
1.70 g/cm3 for lower depth (30–60 cm) but the recommended soil bulk density of the 
Wonji Shoa ranges from 1.5 to 1.7 g/cm3 from 0–30- to 30–60-cm depth respectively. 
The average soil moisture content was determined over the considered depths during 
each irrigation event and found to be 40.49 to 42.77 % in the upper depth and 41.82 to 
45.03% in the lower depth respectively (Table 2).

The result obtained from the selected soil parameters revealed the soil parameters 
analyzed were within the range of the analysis obtained in the previous study by the 
center (Table 2). But the bulk density in upper depth indicated a little variation greater 
than the previous study by the center and this may be due to the compaction of the soil 
by agronomic operation and repeated irrigation.

Advance and recession times

For each furrow length considered, the advanced and recession time was measured dur-
ing all the irrigation events. The measured advanced and recession time was simulated 
using the WinSRFR model. Whether the time allotted for irrigation is greater than or 
less than the required time for each furrow length during three irrigation events was 
evaluated. The results of the measured and simulated irrigation time are presented in 
Table 3.

There was no variation between the measured advanced time during the first and third 
irrigation events in furrow length 32 m. But there was significant variation in furrow 
lengths 48 and 64 m during all irrigation events. In the case of simulated advance time, 
there was a significant variation in all furrow lengths during all irrigation events. The 
variation was high in furrow lengths 32 (22.03%) and 48 m (20.31%), and less in furrow 
length 64 m (2.12%) during the third irrigation event. This indicates when the variation 
is very high, the time allocated for irrigation is not accurate and less variance indicated 
that the allocated time for irrigation was more accurate. In the case of recession time, 
in all furrow lengths considered, the simulated recession time was lower than the meas-
ured recession time, which indicates irrigation water applied stagnated on the surface 
of the land for a long period. The variation was significant in furrow lengths 64 and 48 

Table 2  Analysis of selected soil parameters for the selected fields

Pd bulk density, FC soil moisture content at field capacity, PWP moisture content at the permanent wilting point, MC present 
soil moisture content, Dapp = depth of application

Field no. Furrow length Pd (g/cm3) Soil texture FC (%) PWP (%) MC (%)

0–30 30–60 0–30 30–60 0–30 30–60 0–30 30–60

15 32 m 1.53 1.64 Clay 48.50 51.90 21.60 22.4. 40.29 41.82

42 1.55 1.64 Silt 49.10 49.70 28.60 27.20 41.18 42.87

80 1.54 1.62 Silt 48.50 51.90 21.60 22.40 41.15 42.12

102 1.51 1.60 Silt 49.10 49.70 28.60 27.20 40.03 41.09

279 1.55 1.66 Clay 49.10 49.70 28.60 27.20 40.72 44.25

15 48 m 1.60 1.70 Clay 48.50 51.90 21.60 22.40 42.77 43.30

16 1.50 1.62 Clay 50.50 54.90 24.20 24.40 44.30 45.02

80 1.55 1.60 Silt 48.50 51.90 22.40 21.73 40.59 43.93

15 64 m 1.50 1.59 Clay 48.88 51.16 21.98 22.28 40.41 42.59

264 1.49 1.61 Silt 48.88 51.16 21.98 22.28 41.36 42.68
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m than 32 m. The current study was similar to the study conducted by Mazarei et  al. 
[13, 14] which indicates the best fit between measured and simulated was achieved for 
the advance phase than the recession time. Similarly, the study conducted by Ali and 
Mohammed [3] indicates a similar result with the current study. Also, the other study 
conducted by [16]) indicated low variation in advance and recession times between 
measured and simulated values.

Performance evaluation of furrow irrigation

Performance evaluation of furrow irrigation was done based on the measurement 
undertaken on selected furrows as described in the methodology section. The WinSRFR 
model was used to simulate the measured data whether they were best fitted or not. The 
results are presented in Table 4. The computed and simulated application efficiency, dis-
tribution uniformity, and deep percolation were compared across the furrow lengths 
considered compared to the standard ranges of recommendation for furrow irrigation 
[10]. The overall average values of measured and simulated application efficiency and 
deep percolation performance of the existing furrow irrigation practices showed poor 
but distribution uniformity of the irrigation was relatively good for all furrow lengths.

Table 3  Measured and simulated irrigation time under existing irrigation practices

IEs consecutive irrigation events, FL furrow length, Q discharge applied, Tco cutoff time, Meas. measured, Sim. simulated

IEs FL FQ(l/s) Tco (min) Advance time (min) Recession time 
(min)

Meas. Sim. Meas. Sim.

1 32 4.7 9 10 8 37 33

48 4.7 15 17 14 58 39

64 4.7 25 28 23 68 47

2 32 4.7 9 16 15 54 39

48 4.7 15 19 17 60 42

64 4.7 25 28 26 57 41

3 32 4.7 9 10 7 38 37

48 4.7 15 17 12 58 43

64 4.7 25 29 28 61 47

Table 4  Computed and simulated performance indicators for existing furrow irrigation practices

Comp. computed, Sim. simulated, AE application efficiency, DU distribution uniformity, DP deep percolation

IEs FL (m) Q(l/s) Tco (min) AE (%) DU (%) DP (%)

Comp. Sim. Comp. Sim. Comp. Sim.

1 32 4.7 9 48.4 43.2 85.8 83.2 51.6 56.8

48 4.7 15 52.0 43.7 79.3 73.0 48.0 56.3

64 4.7 25 58.0 55.5 90.5 70.0 55.0 44.0

2 32 4.7 9 44.2 46.6 87.2 80.6 55.8 53.4

48 4.7 15 49.7 48.0 82.7 64.7 50.3 52.0

64 4.7 25 49.0 49.0 91.0 62.5 51.0 51.0

3 32 4.7 10 46.0 53.2 89.0 77.2 54.0 46.8

48 4.7 15 54.0 53.7 81.7 67.7 46.0 46.3

64 4.7 25 41.5 41.5 88.0 69.5 58.5 58.5
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The performance of furrow irrigation under the current irrigation practices was 
poor. Application efficiency was less than the recommended values for almost all irri-
gation events in furrow lengths 32 and 64 m but furrow length 48 m during the first 
and third irrigation events and furrow length 64 m during the third irrigation event 
was within the recommended range. But relatively, furrow length 48 m was within the 
recommendation ranges for all irrigation events. However, the distribution uniformity 
for furrow length 48 m was less than the furrow lengths 32 and 64 m in all irrigation 
events. In terms of the distribution uniformity of irrigation, furrow length 64 m was 
very good followed by furrow lengths 32 and 48 m respectively. On the other hand, 
the deep percolation was greater than the recommendation ranges for furrow lengths 
32 and 64 m but furrow length 48 m during all irrigation events showed within the 
recommendation ranges (Table  4) which indicates more amount of irrigation water 
lost before the crop conception.

To improve the performance of furrow irrigation, decreasing the inflow rate and 
increasing the cutoff time or vice versa are the main options. In line with this, for the 
first alternatives to improve the performance of the irrigation, the irrigation water 
applied was reduced by 25% from the normal irrigation water inflow rate used (28 
l/s for six sets of furrows at one time) in the existing irrigation practices. After this 
reduction of inflow rate, the furrow irrigation performance was computed for all fur-
row lengths during all irrigation events. The computed and simulated performance 
indicators of the furrow irrigation after the inflow rate was reduced were improved 
(Table 5).

As can be seen from the results, decreasing the inflow rate of 4.7 l/s (current irriga-
tion practices) to 3.5 l/s showed an improvement in furrow irrigation performances. 
From the furrow irrigation performance indicators considered, application effi-
ciency was greatly improved by changing the inflow rate than the other performance 
indicators.

In the second alternative, irrigation cutoff time was changed by keeping the other 
variables as constant as same to the existing practices. In this scenario, the cutoff 
time was reduced by 2, 3, and 6 min for furrow lengths 32, 48, and 64 m respectively 
from the existing irrigation practices. The performance of the furrow irrigation was 
improved as compared to the existing furrow irrigation performance. As can be 

Table 5  Computed and simulated performance indicators by changing inflow rate

IEs FL (m) Q(l/s) Tco (min) AE (%) DU (%) DP (%)

Comp. Sim. Comp. Sim Comp. Sim.

1 32 3.5 9 61.0 44.0 85.8 81.4 39.0 56.0

48 3.5 15 59.0 57.7 79.3 63.7 41.0 42.3

64 3.5 25 60.0 59.5 90.5 51.5 40.0 40.5

2 32 3.5 9 61.0 62.0 85.8 74.2 41.0 38.0

48 3.5 15 60.0 57.3 89.7 57.7 40.7 42.7

64 3.5 25 65.5 64.0 91.0 49.5 34.5 36.0

3 32 3.5 10 56.8 62.6 83.0 71.2 43.2 37.4

48 3.5 15 68.3 69.3 81.7 56.7 31.7 30.7

64 3.5 25 56.0 56.0 88.0 59.5 44.0 44.0
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seen from Table 6, the irrigation performance of the furrow lengths considered was 
improved. As results revealed, the irrigation efficiency was improved by changing 
only the cutoff time and keeping the other parameters constant.

Finally, the performance of furrow irrigation was evaluated by varying both inflow 
rate and cutoff time. In furrow irrigation, performance can be improved by reduc-
ing the discharge rate and increasing the cutoff time or vice versa. But in relation 
to irrigation water resource concerns, reducing discharge rate and increasing cutoff 
time is more preferable. In the current study, the discharge rate was reduced from 
4.7 to 3.5 l/s and increased cutoff time by 2, 3, and 6 min for furrow lengths 32, 48, 
and 64 m respectively. By combining those two decision variables, the performance 
of furrow irrigation in all furrow length during the three irrigation events were 
improved. The computed maximum and minimum optimized values were 47.69 and 
38.21% recorded from furrow lengths 64 and 32 m during the first and third irriga-
tion events respectively. The overall computed optimized values were 39.82, 44.81, 
and 46.26% for furrow lengths 32, 48, and 64 m respectively (Table 7).

Table 6  Computed and simulated performance indicators by changing cutoff time

IEs FL (m) Q(l/s) Tco (min) AE (%) DU (%) DP (%)

Comp. Sim. Comp. Sim Comp. Sim.

1 32 4.7 7 66.0 67.6 85.8 68.0 34.0 32.4

48 4.7 12 68.3 69.3 81.7 56.7 31.7 30.7

64 4.7 19 56.0 56.0 88.0 59.5 44.0 44.0

2 32 4.7 7 61.0 65.2 87.2 68.8 33.0 36.8

48 4.7 12 68.3 68.7 82.7 51.3 31.7 31.3

64 4.7 19 69.5 71.5 91.0 41.5 30.5 28.5

3 32 4.7 7 63.0 66.4 89.0 67.2 39.0 33.6

48 4.7 12 71.0 70.7 81.7 50.7 29.0 29.3

64 4.7 19 64.5 63.5 88.0 53.5 35.5 36.5

Table 7  Computed and simulated performance evaluation by changing discharge and cutoff time

IEs FL (m) Q(l/s) Tco (min) AE (%) DU (%) DP (%) OP (%)

Comp. Sim. Comp. Sim Comp. Sim. Comp. Sim.

1 32 4.7 9 68.2 67.6 85.8 68.4 31.8 32.4 40.33 34.19

48 4.7 15 77 77.7 81 49.7 23 22.3 44.55 34.68

64 4.7 25 77 76.5 90.5 34.5 23 23.5 47.69 28.88

2 32 4.7 9 68.4 68.6 87.2 69.8 31.6 32.4 40.92 34.98

48 4.7 15 76.3 78 82.7 42.7 23.7 22 44.65 32.57

64 4.7 25 74.5 76.5 91 35.5 30.5 23.5 44.55 29.21

3 32 4.7 10 63.4 62.2 89 67.8 36.6 37.8 38.21 30.43

48 4.7 15 77.7 74.7 81.7 54 22.3 25.3 45.24 34.12

64 4.7 25 76.5 78.5 88 38 23.5 21.5 46.53 31.35



Page 15 of 23Yadeta et al. Journal of Engineering and Applied Science           (2022) 69:21 	

Discussion of the results
Application efficiency

For well-designed and managed furrow irrigation, the standard ranges of furrow irriga-
tion application efficiency recommended is 50–70% but can be more based on soil types 
and management practices (Griffiths, 2007). The performance evaluation of three fur-
row lengths for the three irrigation events was evaluated based on the existing irrigation 
practices that showed poor performance. As an improvement option, changing the deci-
sion variables alternatively and combining the changed decision variables together were 
evaluated. The maximum and minimum application efficiency obtained from the exist-
ing furrow irrigation practices were 58 and 41.5% from furrow length 64 m during the 
first and third irrigation events. When the average computed application efficiencies of 
those three furrow lengths in the overall three irrigation events at the existing practices 
were compared, furrow lengths of 48 and 64 m were performing better with an applica-
tion efficiency of 51.9 and 49.5% respectively. Similarly, in the simulated values using the 
WinSRFR model, the same furrow lengths perform better with 48.5 and 48.7% applica-
tion efficiency respectively. From the current study findings, it can be concluded that 
based on the average computed values, only furrow length 48 m fulfill the recommenda-
tion for furrow irrigation application efficiency. This indicated that the performance of 
the existing furrow irrigation based on application efficiency showed poor performance.

When the inflow rate decision variable changed, the computed maximum and mini-
mum application efficiency obtained were 68.3 and 56.0% from furrow lengths 48 and 32 
m during the third and second irrigation events. The result obtained indicated by chang-
ing only the inflow rate decision variable, the application efficiency of furrow irrigation 
was improved. Similarly, from the simulated values using the model, the maximum and 
minimum application efficiencies obtained were 69.3 and 44.0% from furrow lengths 48 
and 32 m during third and first irrigation events respectively. This indicated when the 
inflow rate was reduced, more application efficiency improvement was obtained from 
furrow length 48 m.

When cutoff time changed by keeping the other variables constant, the computed 
maximum and minimum application efficiencies obtained were 71.0 and 56% from fur-
row lengths 48 and 64 m during the third and first irrigation events. From the simulated 
values using the WinSRFR model, the maximum and minimum application efficiency 
obtained were 71.5 and 56% from furrow lengths 48 and 64 m during the second and 
first irrigation event respectively. By changing this decision variable, the applica-
tion efficiency of all furrow lengths during all irrigation events was within the range of 
recommendation.

When both discharge and cutoff time changed by keeping the other variables constant, 
the computed maximum and minimum application efficiencies obtained were 77.7 and 
63.4% from furrow lengths 48 and 32 m during the third irrigation event. From the simu-
lated values using the WinSRFR model, the maximum and minimum application effi-
ciencies obtained were 78.5 and 62.2% from furrow lengths 64 and 32 m during the third 
irrigation event respectively. By reducing the inflow and increasing the irrigation cutoff 
time, the furrow irrigation application efficiency was improved by 25.4% from the exist-
ing irrigation practices. The application efficiency was compared in all scenarios for all 
furrow lengths during the three irrigation events were presented in Fig. 2.
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The current study findings were similar to the finding of Shumye and Singh [17] which 
revealed that the application efficiency of furrow irrigation is highly dependent on the 
decision variables, especially discharge applied in relation to the cutoff time which was 
within the recommended ranges. Similar to the current study, the other study findings 
by Mamo and Wolde [12] indicated that the application efficiency of furrow irrigation 
significantly changed as the discharge applied changed and less on the cutoff time. The 
findings by Taddesse et al. [18] also showed the application efficiency of furrow irrigation 
obtained by changing the decision variable was higher than the current study findings as 
well as other related findings. From the field observation during the current experiment, 
the main reasons which resulted in lower application efficiency were mismanagement of 
irrigation water, which includes the loss of irrigation water after entering into the field 
ditches due to lateral flow to the side furrows, time of irrigation application, and lack of 
soil consideration for irrigation since all soil types were irrigated similarly with a similar 
rate of application.

Distribution uniformity

The achievable distribution uniformity for furrow irrigation was poor if it is less than 
70%, good from 70 to 85%, very good 85–90, and excellent if greater than 90% [10]. As 
those authors conclude, distribution uniformity is poor and the irrigation water applied 
unevenly distributed if it is ≤ 60% and good if ≥ 80% which indicates that the applied is 
relatively uniform over the entire furrow length. Based on those, all furrow lengths were 
in the acceptable range during all irrigation events from both computed and simulated 
values. The highest and lowest computed distribution uniformity were 91 and 79.3% 
from furrow lengths 64 and 48 m during the second and first irrigation events. When 
the average distribution uniformity from the three furrow lengths during all irrigation 
events was compared, better distribution uniformity was obtained from furrow length 
64 m (91.0%) and less distribution uniformity obtained from furrow length 48 m (79.3%). 
This indicated that the irrigation water applied was uniformly distributed throughout 
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the furrow length. When the computed values were simulated using the WinSRFR 
model, the maximum and minimum distribution uniformity were 91.0 and 79.3% from 
furrow lengths 32 and 64 m during the first and second irrigation events.

Unlike the application efficiency, the distribution uniformity of furrow irrigation was 
not improved after the decision variables were considered changed. From the simulated 
values using the WinSRFR model, the maximum and minimum distribution uniform-
ity obtained were 82.2 and 62.5% from furrow lengths 32 and 64 m during the first and 
second irrigation events respectively. In general, by changing the decision variables, the 
distribution uniformity of furrow irrigation was not significantly improved, but after 
those data were simulated using the WinSRFR model, in almost all furrow lengths and 
irrigation events, it was reduced significantly. The distribution uniformity performance 
of furrow irrigation for all furrow lengths considered under the three irrigation events is 
presented in Fig. 3.

The study findings by [16]) indicate that the distribution uniformity of furrow irriga-
tion was improved by changing inflow rate and cutoff time but the improvement was not 
significant as that of application efficiency similar to the current study results. The other 
study findings conducted by Mazarei et al. [13, 14] indicated that the minimum distribu-
tion uniformity was obtained during the low volume of irrigation applied to longer fur-
row length, but the distribution uniformity increased as the irrigation event increased 
but the current study result indicated that as the irrigation events increased, the distri-
bution uniformity was not linearly increased.

Deep percolation

For properly designed and managed furrow irrigation, a deep percolation value ranges 
from 30 to 50%, but as the values of deep percolation increased, it is not recom-
mended since more irrigation water applied is lost (Griffiths, 2007). From the existing 
irrigation practices, the maximum and minimum computed deep percolation were 
58.5 and 46.0% from furrow lengths 64 and 48 m during the third irrigation event. 
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From the simulated values using the WinSRFR model, the maximum and minimum 
deep percolation obtained were 58.5 and 44.0% from furrow lengths 64 and 48 m dur-
ing third and first irrigation events.

In the case of deep percolation, as the furrow irrigation decision variable changed, 
deep percolation of furrow irrigation was significantly improved similar to applica-
tion efficiency. When the applied inflow rate was reduced, the computed maximum 
and minimum deep percolation obtained were 44 and 31.7% from furrow lengths 
64 and 48 m during the third irrigation event. From the simulated values using the 
WinSRFR model, the maximum and minimum deep percolation obtained were 58 
and 30.7% from furrow lengths 32 and 48 m during first and third irrigation events 
respectively.

When cutoff time changed by keeping the other variables constant, the computed 
maximum and minimum deep percolation obtained were 44.0 and 29.0% from fur-
row lengths 64 and 48 m during the first and third irrigation events. From the simu-
lated values using the WinSRFR model, the maximum and minimum deep percolation 
obtained were 44.0 and 28.5% from furrow length 64 during the first and second irri-
gation events respectively. When both discharge and cutoff time changed by keeping 
the other variables constant, the computed maximum and minimum deep percolation 
obtained were 36.6 and 22.3% from furrow lengths 32 and 48 m during the third irri-
gation event. When this result was simulated using the WinSRFR model, the maxi-
mum and minimum deep percolation obtained were 37.8 and 21.5% from furrow 
lengths 32 and 64 m during the second irrigation event respectively. The deep perco-
lation performance of furrow irrigation for all furrow lengths considered under the 
three irrigation events is presented in Fig. 4.

The study findings by Mazarei et al. [13, 14] indicated that the deep percolation was 
improved by changing the decision variables and the values were within the range of 
recommendation for furrow irrigation. But in the current study, the deep percolation 
was out of the recommendation ranges from the existing irrigation practices. However, 
similar to this study’s findings, the current study also showed an improvement by chang-
ing the decision variables. The other study findings conducted by Mamo and Wolde [12] 
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indicated that deep percolation was also within the acceptable range of all furrow lengths 
considered under the sugarcane field. Similar to this study, the current study result indi-
cated that the computed values of deep percolation were within the acceptable range of 
all furrow lengths after the decision variables changed. Generally, from this study, it can 
be concluded that there was a high loss of irrigation water applied in the form of deep 
percolation for all furrow lengths based on the existing irrigation practices in the study 
area.

Statistical analysis

Statistical analysis of advance and recession times

Advance and recession times were measured and simulated under different furrow 
lengths (32 m, 48 m, and 64 m) and uniform furrow slopes (0.05%) for determining the 
possibility of using WinSRFR as a prediction tool of the furrow irrigation performance 
evaluation under the Wonji Shoa climatic condition.

Based on the values of indices obtained from advance time, in terms of R2 measured 
values were better than the model for furrow length 32 m in all irrigation events. But for 
furrow lengths 48 and 64 m, model predicted values were better than the measured val-
ues for all irrigation events. In terms of RMSE, the model predicted values were better 
than the measured values in all furrow lengths during all irrigation events (Table 8). In 
general, for all statistical indices considered for advance time, the model prediction was 
better than the measured values. This indicated that the time allocated for irrigation was 
not accurate as required for almost all furrow lengths during all irrigation events. From 
the current study result, it can be concluded that, the applied discharge and cutoff time 
should be reduced alternatively from the existing situation or increasing one decision 
variable and decreasing the other decision variable for all furrow lengths to obtain good 
performance efficiency of furrow irrigation. To attain the good performance of furrow 
irrigation, the applied discharge should be reduced from 4.7 l/s (currently applied inflow 
rate) to 3.5 l/s, and the cut of time for each furrow should be increased from 9 to 11 min 
for furrow length 32 m, from 15 to 18 min for furrow length 48 m, and from 25 to 31 

Table 8  Comparison of measured and simulated advance and recession times of the existing 
situation

R2 coefficient of determination, RMSE root mean square error, d index of agreement

IEs FL (m) Q (l/s) Tco (h) Advanced Recession

Statistical indices

R2 RMSE d R2 RMSE d

1 32 4.7 9 0.01 2.00 0.83 1.00 0.02 0.99

48 4.7 15 0.97 0.06 0.32 0.75 0.30 0.99

64 4.7 25 1.00 0.00 0.99 1.00 0.00 − 0.88

2 32 4.7 9 0.01 4.02 0.79 0.81 0.00 0.99

48 4.7 15 0.97 0.06 0.68 0.96 0.17 0.99

64 4.7 25 1.00 0.00 0.99 1.00 0.00 0.91

3 32 4.7 10 0.01 0.00 0.41 0.89 0.00 0.99

48 4.7 15 0.99 0.06 0.98 0.84 0.21 0.99

64 4.7 25 1.00 0.00 0.99 1.00 0.00 0.99
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min for furrow length 64 m under the current study area conditions. Because, due to the 
emerging problems of irrigation water shortage, it is better to increase cutoff time rather 
than increase inflow rate to obtain a good performance of irrigation.

Statistical analysis of furrow irrigation performance

The performance of existing furrow irrigation was evaluated using selected statisti-
cal indices. Those statistical indices were used to evaluate whether the measured per-
formance of the furrow irrigation was in a good agreement with the simulated values 
or not. To obtain the improved performance of furrow irrigation, the decision variables 
(discharge and cutoff time) were changed alternatively from the existing irrigation prac-
tices. The computed performance from actually measured data during three irrigation 
events for all furrow lengths considered (32, 48, and 64 m) was simulated using the Win-
SRFR model.

There was a poor agreement between measured and simulated values of furrow irri-
gation for almost all irrigation events for furrow lengths 32 and 64 m but there was 
relatively a better agreement for furrow length 48 m in terms of all statistical indices 
(Table  9). In the case of all the furrow irrigation performances considered, the model 
prediction was better than the computed values for all furrow lengths in all irrigation 
events. This indicated that more irrigation water applied was lost before the crop uses; 
irrigation water applied was not uniformly distributed throughout the furrow lengths 
in all irrigation events for all furrow lengths considered in which more of the irrigation 
water losses was due to deep percolation since the furrow condition close-ended. But, 
after the decision variables were changed, the performance of furrow irrigation was 
significantly improved. All the statistical indices used to evaluate the goodness of fit 
between the measured and simulated values also showed good agreements in all furrow 
lengths during all irrigation events (Table 10).

The study findings by Dewedar et al. [5] revealed that with the indices used to evalu-
ate the performance of furrow irrigation with different furrow length results, the model 
predictions were better than the computed value similar to the current study based on 
the existing irrigation practices. The other study findings by Taddesse et  al. [18] indi-
cated that the performance of furrow irrigation predicted by the model was better than 

Table 9  Statistical indices of existing furrow irrigation performances

IEs FL (m) AE DU DP

R2 RMSE d R2 RMSE d R2 RMSE d

1 32 0.57 6.68 0.99 1.00 6.32 1.00 0.57 6.68 0.99

48 1.00 0.17 − 8.46 0.71 4.77 0.15 0.08 2.01 0.79

64 0.50 2.50 0.83 0.82 15.01 0.83 1.00 11.00 0.85

2 32 0.55 2.83 1.00 1.00 6.32 0.99 1.00 2.83 1.00

48 0.67 1.37 0.99 0.98 11.67 0.97 0.38 0.69 1.00

64 0.50 2.00 1.00 1.00 2.40 0.95 1.00 0.00 1.00

3 32 1.00 0.40 0.99 0.95 8.67 0.99 1.00 7.40 0.99

48 1.00 0.33 1.00 0.74 8.96 − 6.12 1.00 0.33 1.00

64 1.00 0.00 1.00 0.50 13.65 0.85 1.00 0.00 1.00
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the computed values which showed the goodness of fit between computed and predicted 
was not good similar to the current study under the existing situations.

Conclusions
Performance evaluation of furrow irrigation under the Wonji Shoa sugarcane planta-
tion is important since it is the dominant irrigation system for sugarcane production 
for a long period of time. The irrigation performance indicators considered in this study 
were application efficiency, distribution uniformity, and deep percolation. In this study, 
to improve the performance of furrow irrigation under the sugarcane field, the decision 
variables which significantly influence the efficiency (inflow rate and cutoff time) were 
changed alternative to improve the performance of the furrow irrigation from existing 
irrigation practices. The inflow rate was reduced by keeping the other decision varia-
bles contestant and the performance of furrow irrigation was improved. Also, as another 
option, the irrigation cutoff time was increased by 2, 3, and 6 min for furrow lengths 
32, 48, and 64 m respectively by keeping the other variables constant; again, the perfor-
mances of furrow irrigation was significantly improved. As another improvement option, 
both the inflow rate and cutoff time changes were combined together that resulted in a 
better performance of the furrow irrigation as compared to the existing irrigation. From 
the irrigation performance indicators considered, application efficiency and deep per-
colation were significantly improved by changing inflow rate cutoff time as compared to 
the existing irrigation practices for all furrow lengths during all irrigation events but dis-
tribution uniformity was not significantly changed. In general, the application efficiency 
and deep percolation losses were significantly improved, while the distribution uniform-
ity was not changed from the existing irrigation practices.

The performance of furrow irrigation was optimized by changing the discharge and 
cutoff time for all furrow lengths during all irrigation events. This result indicated that, 
the inflow rate of 3.5 l/s showed better furrow irrigation performance than the existing 
inflow rate of 4.7 l/s with respect to the cutoff time changed for each furrow length. The 
measured data were simulated using the WinSRFR model for each decision variable, and 
similarly, the better improvements of the furrow irrigation performances were obtained 
at the same altered decision variables for all furrow lengths. Therefore, from the current 

Table 10  Statistical indices of improved furrow irrigation performances

IEs FL AE DU DP

Statistical indices

R2 RMSE d R2 RMSE d R2 RMSE d

1 32 0.72 0.62 0.62 0.26 0.86 0.41 0.80 0.15 0.89

48 0.99 0.41 0.05 0.97 0.99 0.71 0.66 2.09 0.92

64 1.00 0.00 0.00 1.00 0.00 1.00 0.23 4.19 0.92

2 32 0.31 0.18 0.18 0.56 0.95 0.41 0.80 0.15 0.89

48 0.99 0.57 0.09 0.98 0.69 0.83 0.55 0.47 1.00

64 1.00 0.00 0.00 1.00 0.00 1.00 0.56 0.38 0.80

3 32 0.30 0.79 0.49 0.98 0.83 0.11 0.23 0.25 0.76

48 0.99 0.61 0.02 0.99 0.97 0.74 0.51 1.18 1.00

64 1.00 0.00 1.00 1.00 0.00 1.00 0.30 2.23 0.90
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findings, it can be concluded that to improve the irrigation performance, inflow rate 
should be reduced by increasing a little bit irrigation cutoff time for all furrow lengths 
under the current study area. Also, furrow length 48 m showed better improvements as 
compared to 32 and 64 m. The result of these findings can be used in similar situations 
with the current study area. Finally, it is strictly recommended to reconsider and adjust 
inflow rate and irrigation cutoff time to improve the irrigation performances and reduce 
the loss of irrigation water.
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