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MPROVING water use efficiency is strategically significant in arid and semi-arid regions where 

water scarcity is an issue. This implies that surge flow irrigation (SF) could positively impact crop 

production in water-scarce areas by enhancing water use efficiency (WUE). This study aimed to 

evaluate the performance of SF compared to continuous flow irrigation (CF) by assessing the water 

advance time, soil moisture distribution pattern, application efficiency, and WUE for maize production. 

The experiment utilized 120m long furrows with 0.70m spacing and a 0.1% average slope on clay soil. 

The treatments comprised three inflow rates (Q1: 0.49 l s–1, Q2: 0.74 l s–1, and Q3: 0.90 l s–1) and three 

SF treatments with four surges (SF4), five surges (SF5), and six surges (SF6), as well as three CF 

treatments (CF1, CF2, CF3) with the same inflow rates for comparison The results revealed that the 

SF treatments reduce the water advance time compared to the CF treatment. The SF6 treatment 

reduced the advance time by 15.23% compared to the CF treatment. Moreover, the SF63 treatment 

achieved the highest application efficiency of 91.93%, whereas the CF3 treatment achieved the lowest 

value of 55.51%. On the other hand, maize yield was significantly influenced, with the SF61 

treatment producing the highest yield (3740 kg fed–1) and the CF3 treatment yielding the lowest (2756 

kg fed–1). The SF63 treatment also showed the highest WUE value (1.91 kg m–3) compared to the 

CF3 treatment, which had the lowest WUE value (0.94 kg m–3). Additionally, surge flow-irrigated 

furrows achieved water savings ranging from 19.83% to 32.26% under different surges from the SF4 

to SF6 treatments. These results indicate that the SF system is a promising technology for maize 

production in regions with limited water use.  

 

Keywords: Irrigation water management, soil moisture distribution pattern, soil moisture content, 

water scarcity, water saving. 

 

1. Introduction 

The surface irrigation (SI) method is the oldest and 

most general for irrigating various crops. In this 

method, irrigation water is moved over the soil by 

gravity to wet it wholly or partially, where the 

irrigation water flows or collects on the soil surface, 

and then it gradually infiltrates over time into the 

desired soil depth (Savva and Frenken, 2002a; Koech 
et al., 2014). Surface irrigation involves introducing 

water at a specific point in a field and allowing it to 

flow across the soil surface to reach the crops. This 

method has been used in numerous parts of the world 

for thousands of years (Hoffman et al., 2007).  

Furrow irrigation systems present better capabilities 

for managing on-farm irrigation water under most 

conditions of surface irrigation method (EL-Sayed et 

al., 2022). In furrow irrigation, the flow rates/unit 

width can be ultimately lowered (Helmy and El-

Sherpiny, 2022). The evaporative losses for widely 

spaced crops can be reduced by reducing the wetted 

area. 

Furrow irrigation is one of the oldest controlled 
methods (Ali, 2011). Furrow irrigation is the most 

effective surface irrigation method because it 

provides adequate aeration in the root zone (Wu et 

al., 2017). However, poor design and inadequate 

irrigation management can lead to low performance 

in surface irrigation systems, resulting in issues such 

as low efficiency, uneven water distribution, high 
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runoff, and excessive deep percolation 

(Moravejalahkami et al. (2009); Ebrahimian and 

Liaghat (2011); Mazarei et al. (2021). In arid and 

semi-arid regions worldwide facing water scarcity 

due to climate change, it is crucial to efficiently 

manage and utilize existing water resources 

(Abbaspour et al., 2009). Many researchers have 

tried to improve SI performance and reduce water 

losses via different strategies (Walker and 

Skogerboe, 1987). Research in Ethiopia, Egypt, and 
Pakistan has shown that surge flow irrigation 

methods can improve overall irrigation performance 

and water use efficiency (Zaghloul (1988); Amer 

(1998); Mahmood et al. (2003); Ismail et al. (2004); 

Kifle et al. (2008); Amer and Attafy (2017); Okasha 

et al. (2022). However, these studies focus on surge 

flow irrigation with furrow lengths of 70 meters or 

more and are specific to furrow irrigation systems. 

Additionally, research on alternate irrigation has 

demonstrated that it uses less water while 

maintaining the exact grain yield and offers better 
water use efficiency than conventional furrow 

irrigation (Graterol et al., 1993; Kang et al., 2000). 

Surge irrigation, also known as the intermittent or 

pulse water application to furrow or border inlets, 

was initially employed at Utah State University by 

Stringham and Keller (1979) to minimize irrigation 

runoff and facilitate the automation of cutback 

furrow irrigation. Subsequent research by Bishop et 

al. (1981) and El-Nady and Hadad (2016) revealed 

that surge flow irrigation led to shorter advance times 

and lower water consumption during the advance 

phase compared to continuous flow methods. The 
cyclic water movement over the soil's surface in 

surge flow irrigation modifies the soil's infiltration 

description by reducing intake. Surface irrigation 

efficiency could be enhanced by transitioning from 

continuous flow to surge flow irrigation. Surge 

irrigation offers the advantages of furrow irrigation 

without requiring costly kits (Horst et al., 2007). It is 

the most effective method for reducing runoff 

volume during irrigation by intermittently applying 

water into the furrow (Ojaghlou et al. (2020); 

Ahmadabad et al. (2021). Ismail and Depeweg 
(2005) reported that the critical element of surge 

irrigation is the regulation of on and off times, which 

denote the periods during which water is added to the 

furrow (on-time) and the periods when water is 

paused (off-time). James (1988), Allen and 

Schneider (1992), Ismail et al. (2004), and Horst et 

al. (2007) stated that surge flow irrigation involves 

applying water through a series of cycles, with each 

cycle comprising a specific set of on/off times. The 

cycle number is a critical factor in surge flow 

irrigation, as it dictates how many cycles are required 

to complete the advance process in the furrow. By 
introducing water in multiple cycles, surge irrigation 

(SI) improves the homogeny of advance time, which 

is the time needed to reach the field end or a 

designated point and enhances the consistency of 

water infiltration depth. When surge irrigation is 

optimized with appropriate inflow parameters like 

rate of inflow, time of cut-off, and length of furrow 

and practical parameters of surge such as cycle ratio 

and on-off time, it promotes crops uniform irrigation, 

reduces runoff and deep percolation and improves 

the efficiency of irrigation by maintaining a 

consistent rate of infiltration throughout the furrow 

(Kifle et al., 2017). Benham et al. (2000) mentioned 

that high infiltration rates can lead to reduced 
irrigation performance due to deep percolation and 

uneven distribution of irrigation water through the 

field. However, the surge flow irrigation technique 

decreases the volume of irrigation water that 

infiltrates and improves irrigation efficiency.  

Several factors contribute to the reduced infiltration 

in surge flow irrigation compared to continuous flow 

irrigation, including the sealing caused by the clay 

particles expansion after hydration, the decrease in a 

hydraulic gradient of soil as the soil becomes wetter, 

the hysteretic behaviour of hydraulic properties of 
soil, entrapment between surges, the surface soil 

layer consolidation through the off-time, and entry of 

air and sealing due to sediment particle clogging. 

Therefore, an accurate design of surge flow irrigation 

is essential for improving irrigation performance and 

minimizing the losses of on-farm water. (Smerdon 

and Blair, 1985; Izadi et al., 1995). Surge irrigation 

was initially developed for large fields with long 

furrows. In small fields and short furrows (100m or 

less), which are common in developing countries, 

surge irrigation reduced advance time, improved 

uniformity and the efficiency of water application by 
minimizing deep percolation and lowered the amount 

of irrigation water used by 15–35% (Ismail et al., 

2004; Ismail and Depeweg, 2005). 

SF is a water-saving technique that builds on furrow 

irrigation. It saves water by applying irrigation in 

controlled intervals rather than a steady flow. The 

benefit of surge flow (SF) irrigation lies in its ability 

to reduce infiltration losses by decreasing soil 

permeability through cyclic irrigation. During the 

initial water application, soil permeability decreases, 

which accelerates water flow during subsequent 
applications. This reduction in infiltration is driven 

by four physical processes: consolidation due to the 

movement and reorientation of soil particles, air 

entrapment, water redistribution, and channel 

smoothing (Mitchell and Stevenson, 1994; Onishi et 

al., 2019). According to Mitchell and Stevenson 

(1994), SF has achieved around a 50% reduction in 

irrigation water use without significantly affecting 

peppermint yield compared to traditional irrigation 

methods. In Uzbekistan, Horst et al. (2005) 

conducted a study in a cotton field in the Central 

Fergana Valley and observed a 21% reduction in 
irrigation water usage with SF. 

The SF method reduces infiltration losses by 

decreasing the permeability of the furrows through 

staged water application. The reduction in 
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permeability by the SF method is caused by four 

physical processes: soil compaction due to soil 

movement and rearrangement, air entrapment in soil 

pores, reduction in infiltration rate due to water 

redistribution, and smoothing of the water flow 

surface (Mitchell and Stevenson, 1994). 

Additionally, by suppressing the permeability of the 

furrows during the first irrigation, it is expected that 

the flow rate of irrigation water applied in 

subsequent stages will increase, thereby shortening 
the time water passes through the furrows. 

The maize plant (Zea mays L.) is Egypt's most 

significant crop, ranking as the second most strategic 

crop for human and animal consumption. Moreover, 

maize is highly valued for its nutritional content, 

including essential minerals such as nitrogen, 

phosphorus, potassium, and magnesium, and its 

grains are used to produce healthy oil (Abdelraof et 

al., 2023). It is cultivated on approximately 2.7 

million feddans, following wheat and rice (Yaseen et 

al., 2020). This research trial focused on the maize 
plant's pronounced response to water alterations in 

the root zone (El-Sherpiny et al., 2020). Therefore, 

the specific objectives of this study were to evaluate 

the performance of surge flow (SF) and continuous 

flow irrigation (CF) under field conditions using 

changes in soil moisture content, measure the water 

advance time, evaluate application efficiency, and 

determine the effects of SF on yield and WUE. 

 

2. Materials and methods 

2.1. Experimental site  

A field experiment was conducted during the 

summer season of 2023 at the El-Serw Agriculture 

Research Station, Agriculture Research Center 

(ARC), Damietta Governorate, Egypt (31°14'37.8" N 

31°47'41.1" E). Before planting, some physical and 
chemical analysis was conducted of the soil samples 

taken from soil depths 0–60cm, according to Dane 

and Topp (2020) and Sparks et al. (2020), and the 

analysis results are shown in Table 1. 

 

2.2. Agricultural practices 

Maize grains (Zea mays L.) of variety SC-30k8 were 

obtained from the ARC, Giza, Egypt. Maize grains 

were sown on the 12th of May and harvested on the 

30th of August. Two grains were sown per pit in the 

lower third of each furrow and 25 cm between plants 

within rows. The experimental plot area was 120m 

furrow length×0.70m furrow width. The maize plants 

were thinned to one plant/pit three weeks after 
planting. According to the Egyptian Ministry of 

Agriculture, recommended cultural practices for 

maize plants were followed. All plants received the 

recommended nitrogen (N), phosphorus (P), and 

potassium (K) fertilizers. Treatment settings and 

layout for the experiment are shown in Figures 1 and 

2. There was a two-meter free space between blocks 

and along the borders. The average slope of the 

experimental plot was 0.1%. The experiment 

comprised twelve treatments, which were replicated 

five times. Each replicate had three furrows. The 

mid-furrow was employed for data collection. 

Meanwhile, the furrows in every aspect represent 

buffer zones. 

 

2.3. Experimental design and Treatments 

The experiment had a split-plot design with five 

replicates. The main plots were given an inflow rate, 

and different flow irrigation methods were given to 

the subplot. Three surge flow irrigation (SF) 

treatments, SF4 (4 pulses), SF5 (5 pulses), and SF6 
(6 pulses), were tested with three different inflow 

rates (Q1: 0.49 l s–1, Q2: 0.74 l s–1, and Q3: 0.90 l s–1). 

Additionally, three continuous flow (CF) treatments 

(CF1, CF2, and CF3) corresponding to the same 

inflow rates (Q1, Q2, and Q3) were tested. The SF 

treatments were designated by combining the inflow 

rate and the number of surges: SF41, SF42, SF43, 

SF51, SF52, SF53, SF61, SF62, and SF63. There 

were six irrigations during the growing season of 

maize, excluding the El-Mohaya irrigation (first after 

planting). A water amount of 445 m³ fed–1 was added 

for all treatments during the El-Mohaya irrigation. 
Irrigation flow treatments were followed after El-

Mohaya irrigation, i.e., 25 days after sowing. The 

water cut-off time was 10 minutes between each 

pulse in all the surge flow irrigation treatments. 

Thus, the total water cut-off time was 30, 40, and 50 

minutes for treatments SF4, SF5, and SF6, 

respectively, and this time is deducted from the total 

irrigation time for the furrow in the treatment. Table 

2 describes the treatments used and their codes. 

 

2.4. Crop water requirements and irrigation 

scheduling 

Crop water requirements for maize crops in the study 

area were determined based on reference 

evapotranspiration inputs and the appropriate crop 
coefficients for each growth stage of maize, as 

outlined by Savva and Frenken (2002b). Water 

requirements for maize were calculated for a growing 

period of 110 days. The growing period of maize was 

divided into four main stages: initial, development, 

mid, and late stages, which lasted 15, 35, 30, and 30 

days, respectively. The crop coefficient (Kc) of the 

Kc ini, Kc mid, and Kc end stages were 0.5, 1.15, and 0.4, 

respectively (Savva and Frenken, 2002b). Net 

irrigation requirements were calculated by 

subtracting adequate rainfall from the estimated crop 

water requirements. The study area had almost no 
rainfall during the experiment. 

The maize crop's reference evapotranspiration (ETo) 

during its different growth stages was determined 

using the FAO Penman-Monteith method (Savva and 

Frenken, 2002b). Crop evapotranspiration (ETc) was 

calculated using the Kc according to Doorenbos and 

Pruitt (1977). The gross water application depth 

required for each treatment was computed based on 

an assumed application efficiency of 50% and 65% 
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for CF and SF, respectively, as outlined by 

Doorenbos and Pruitt (1977) and Ismail and 

Depewege (2005). Irrigation scheduling was then 

carried out using FAO CROPWAT version 8. 

 

2.5. Field data measurements 

On the upstream side of the experimental furrows, a 

temporary supply channel was constructed and lined 

with plastic sheets to prevent seepage. A 50 mm 

diameter gated PVC pipe was placed along the edges 

of the ditch, with a constant head maintained to 

ensure a steady inflow rate. Before starting the 

experiment, the maximum non-erosive inflow rate 

was measured to be one l s-1, according to Cuenca 

(1989), considering the clay soil and a furrow slope 

of 0.1%. Furrow length was divided into four 

locations along the furrow: 0.25, 0.50, 0.75, and 1.00 

of furrow length, that is, 30, 60, 90, and 120m along 

the furrow. The advance time at each location and 

the total irrigation water at the furrow's end were 

recorded. 

The depth of water applied (Dap, mm) for every 
treatment was calculated according to (Horst et al., 

2007): 

 

Table 1. Some physicochemical characteristics of soil under study.

 

Soil properties Unit Soil depths (cm) 

  0-15 15-30 30-45 45-60 

Particle size distribution:  

Coarse sand 

(%) 

4.41 3.93 3.65 3.96 

Fine sand  16.25 15.44 15.02 15.23 

Silt  24.18 24.87 23.96 24.12 

Clay  55.16 55.76 57.37 56.69 

Texture class  Clay Clay Clay Clay 

Field capacity (FC)  

(%) 

40.45 40.11 39.99 39.84 

Permanent wilting point (PWP) 19.15 18.89 18.94 18.69 

Available water (AW) 21.30 21.22 21.05 21.15 

Bulk density  (Mg m–3) 1.20 1.23 1.27 1.30 

Total porosity  (%) 54.72 53.58 52.08 50.94 

Void ratio   1.21 1.15 1.09 1.04 

Hydraulic conductivity (HC)  (cm h–1) 0.19 0.18 0.15 0.16 

pH (1:2.5 soil water suspension)  8.14 8.20 8.15 8.17 

ECe (soil paste extract) (dS m–1) 6.65 6.63 6.52 6.45 

Organic carbon  
(g kg–1) 

4.88 4.76 4.74 4.63 

Organic matter  8.39 8.19 8.15 7.96 

 

Table 2. Description of the used treatments and their codes. 

Inflow rate (l s−1) Flow irrigation methods Code 

Q1=0.49  

Continuous (CF) CF1 

Four surges (SF4) SF41 

Five surges (SF5) SF51 

Six surges (SF6) SF61 

Q2=0.74  

Continuous (CF) CF2 

Four surges (SF4) SF42 

Five surges (SF5) SF52 

Six surges (SF6) SF62 

Q3=0.90  

Continuous (CF) CF3 

Four surges (SF4) SF43 

Five surges (SF5) SF53 

Six surges (SF6) SF63 
Q: inflow rate; CF: continuous flow irrigation; SF4: four equal pulses of surge flow irrigation; SF5: five equal pulses of surge 
flow irrigation; and SF6: six equal pulses of surge flow irrigation. 
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Fig. 1. Layout of the experimental plots for SF and CF. CF: continuous flow irrigation; SF4: four equal 

pulses of surge flow irrigation; SF5: five equal pulses of surge flow irrigation; and SF6: six equal 

pulses of surge flow irrigation. 
 
 

 
 

Fig. 2. Geometry of furrow irrigation. 
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To determine the soil water content (θw), soil 

samples were collected using a soil auger from four 

soil depths 0–60cm based on the effective root 

length of maize plants before each instance of water 

was added. Soil samples were collected at four 

points along furrows (0, 40, 80, and 120m). After 

48 h of irrigation, soil samples were collected from 
the same points in the horizontal and vertical 

directions. The θw was determined by weighing a 

mass of wet soil samples and then drying the soil 

for 24 hours at 105°C (up to constant weight) and 

reweighing the samples. The θw was calculated by 

the gravimetric method.  
To demonstrate the distribution patterns of soil 

moisture at various depths and along multiple 

points of the furrow across all experimental 

treatments, contour maps were generated using the 
graphic software Surfer®23 (2023). The contour 

lines, created using the Kriging (Gridding Method), 

represent radial areas with uniform water content 

(%) within the wetted soil volume.  

The moisture retention depth in the soil's root zone 

was determined by analyzing the water content of 

soil samples collected with an auger before 

irrigation and 48 hours afterward. Samples were 

taken from four locations along the furrow (30, 60, 

90, and 120m) at 0–60cm depths. The retained 

water depth in the root zone was calculated 

according to (Kifle et al., 2008): 

d=10× ∑
(df - di)

100
×Asi×Di

n

i

 

Where: 

d: water retained depth into the soil root 

zone (mm), 

df and di: The water content in the ith soil 
layer after 48 hours of irrigation and before 

irrigation, respectively, (% weight), 

Asi: The bulk density of the ith soil layer, 

Di: The depth of the soil layer (m) and 

n: The layers number. 

 

The irrigation application efficiency (Ea) relates to 

the actual storage of water in the root zone to meet 

crop water needs compared to the water added to 
the field (Howell, 2003). So, it was used as a 

performance indicator to evaluate continuous flow 

and surge flow treatments and was calculated by 

(James, 1988): 

Ea= 
Ws

IWA
 × 100  

Where: 

Ea: Irrigation application efficiency (%), 

Ws: Water stored amount in the root zone 

(mm), and 

IWA: Irrigation water applied (mm). 

 

2.6. Grain yield and WUE 

Grain yield was calculated based on the harvested 

plot and converted to kg fed–1. The WUE (Kg m–3) 

was calculated using the equation as mentioned by 

Payero et al., 2008:  
 

WUE= 
Grain yield (kg fed

–1
)

Irrigation water applied (m3fed
–1

)
 

 

2.7. Statistical analyses 

The experiment was conducted using a split-plot 
design. The data were subjected to variance 

analysis using the CoStat software. Significant 

differences between treatment means were made 

using Tukey's HSD test at P ≤ 0.05 level, according 

to (Snedecor and Cochran, 1980). 

 

3. Results  

3.1. Advanced time 

Fig. 3 presents the water advance time curves for 

different irrigation methods and inflow rates at 

0.49, 0.74, and 0.90 l s⁻¹. The interaction detected 

the maximum values of advance time at the CF1 

treatment (300 min). In contrast, the minimum 
advance time values were stated at the SF63 

treatment (132 min). Moreover, increasing the 

surge number from four to six reduced the water 

advance time from 273, 182, and 140 min under 

SF41, SF42, and SF43 to 247, 172, and 132 min 

under SF61, SF62, and SF63, respectively. On the 

other hand, the findings indicate that the SF 

treatments reduced the water advance time. The 

mean values of advance time were 198.33, 188.33, 

and 183.67 min at SF4, SF5, and SF6, respectively, 

compared to the CF treatment (216.67 min). This 

demonstrates that the SF method reduces advance 
time by 8.46%, 13.08%, and 15.23% at the SF4, 

SF5, and SF6 treatments, respectively, compared to 

the CF treatment.  

 

3.2. Soil moisture distribution pattern 

Figures 4, 5, and 6 present contour maps illustrating 

soil moisture distribution affected by the different 

inflow rates, number of surges, and distance from 

the upper end of the furrow in comparison to CF. 

Generally, the soil moisture content showed higher 

levels at the upper end than at the tail end from 
along the furrow length.  

Under SF, soil moisture distribution evolved from a 

gradual pattern before irrigation to a more uniform 

pattern 48 hours later. This improved uniformity is 

due to the SF system's effective water distribution, 

Dap=
Q×60×tco

L×S
 

Where: 

Dap: The gross water applied depth (mm), 

Q: The inflow rate (l s
-1

), 

tco: The time of water applied (min), 

l: The length of furrow (m) and 

S: The width of the furrow (m). 
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which results in more even moisture in the root 

zone. Before irrigation, soil moisture was relatively 

uniform but a little, ranging from 27.0% to 36.0% 

at depths of 0 to 60 cm. After irrigation, moisture 

content increased to 32.5% and 45.0% at 60cm 

depth. The soil profile up to 60 cm depth was 

moister with the SF compared to the CF, which led 

to high moisture levels throughout the soil profile. 

Additionally, the soil moisture content 48 hours 

after irrigation for all SF and CF treatments was 
within the field capacity of the soil. However, under 

SF treatments, the soil moisture content was 

distributed more evenly in the soil compared to CF 

treatments, ensuring better aeration for plant roots. 

This finding suggests that SF reduces infiltration 

rate, resulting in quicker water movement and more 

even distribution along the furrow than the CF 

treatment. 

 

3.3. Irrigation water applied 

Fig. 7 demonstrates the interaction between inflow 
rates and different flow irrigation systems. The 

lowest values of IWA were observed at the SF63 

treatment (1903.00 m³ fed⁻¹). In contrast, the 

highest IWA values were reported at the CF1 

treatment (3091.00 m³ fed⁻¹). As a result, water 

savings were achieved when using SF by an 

increase of 19.83, 27.58, and 32.26% at SF4, SF5, 

and SF6, respectively, compared with CF. 

Additionally, the SF6 treatment reduced IWA by 

approximately 976.98 m³ fed⁻¹ compared to the CF 

treatment. 

 

3.4. Application efficiency (Ea) 
The variance analysis revealed that the interaction 

between the inflow rates and different flow 

irrigation significantly impacted Ea (Fig. 7). The 

higher Ea values were detected at 81.93%. In 

comparison, the lowest values of Ea were 55.51% 

under the SF63 and CF3 treatments, respectively. 

These findings suggest that SF treatments 

outperform CF treatments in terms of their water 

application efficiency. On the other hand, Ea was 
consistently lower for CF than for SF, a difference 

inherent to the irrigation method and not due to 

increased water application. 

 

3.5. Grain yield 

The data in Fig. 8 showed that inflow rates and 

different irrigation flow treatments significantly 

influenced the maize yield. The maximum yield 

values were observed (3740 kg fed⁻1) under the 

SF61 treatment. In contrast, the minimum yield 

values were observed (2756 kg fed⁻1) under the 
CF3 treatment. 

 

3.6. Water use efficiency  

WUE was significantly affected by the interaction 

between inflow rates and irrigation flow treatments 

(Fig. 8). The maize plants showed higher WUE 

values with the inflow rate (Q3=0.90 l s⁻¹) with the 

SF6 treatment, where its value reached 1.91 kg m-3. 

In contrast, the lowest values of WUE (0.94 kg m-3) 

were obtained from the CF3 treatment. These 

findings indicate 40.27, 69.28, and 84.30% 

increases in water productivity with SF at SF4, SF5, 

and SF6, respectively, compared to the CF 

treatment. 

 

4. Discussion 

Overall, SF required less time to complete the 

advanced phase than CF due to infiltration rate 
reduction, which results from surface sealing and 

soil consolidation. On the other hand, the rate of 

water advance within furrows was faster when 

using the surge flow irrigation method than when 

using the continuous irrigation method. The data 

indicate that SF enables the soil to reach its 

introductory infiltration rate much faster for the 

same discharge and volume of water added to the 

furrows, which advances faster along the furrows 

with SF than CF. This results in quicker waterfront 

advancement and more uniform soil moisture 

storage and distribution from the head to the tail 
end of the field with minimal losses (Mathew and 

Senthilvel, 2007). Radmanesh et al. (2023) showed 

that SF reduces the volume of water infiltrated in 

advance and enhances the distribution uniformity 

along the furrow. Amer and Attafy (2017) 

suggested that SF forms a thin surface crust of fine 

clay and silt, decreasing infiltration. This reduction 

in vertical water penetration may lead to a faster 

lateral water movement. These findings were 

consistent with those reported by Kifle et al. (2017). 

 
One of the main objectives of this study was to 

illustrate patterns of soil moisture distribution at 

different depths under SF compared to CF, which 

other researchers have not sufficiently studied. In 

surge irrigation, the longitudinal distribution of soil 

moisture post-irrigation was more consistent than in 

continuous flow (Mathew and Senthilvel, 2007). 

Surge irrigation shows significantly better 

distribution uniformity, achieving 84.1%, compared 

to the lower efficiencies observed in continuous 

irrigation systems (Shibeshi et al., 2023; El-Sayed 
et al., 2019). 

 

This approach improves soil moisture retention, 

increasing crop yield potential (El-Sayed et al., 

2019). Field studies by Radmanesh and Ahmadi 

(2024) verified that surge irrigation enhances 

infiltration and moisture distribution, particularly 

with optimized inflow rates and furrow lengths. 

According to Radmanesh et al. (2023), employing 

SF promotes more effective water penetration and 

minimizes deep percolation and runoff, which are 

crucial for sustaining soil moisture. These results 
agreed with the report by Mohammed et al. (2015) 

and Ismail (2004). 
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Fig. 3. Comparison of water advance time and distance along the furrow length at inflow rates 

of 0.49, 0.74, and 0.90 l s–1 for 4, 5, and 6 surges compared to the CF1, CF2, and CF3 

treatments. 
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Fig. 4. Soil moisture distribution pattern before and after irrigation water for 4, 5, and 6 surges flow 

irrigation at an inflow rate of 0.49 l s–1 compared to the CF1 treatment. The values on the 

contour lines indicate the soil moisture content (%). 
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Fig. 5. Soil moisture distribution pattern before and after irrigation water for 4, 5, and 6 surges flow 
irrigation at an inflow rate of 0.74 l s–1 compared to the CF2 treatment. The values on the 

contour lines indicate the soil moisture content (%). 
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Fig. 6. Soil moisture distribution pattern before and after irrigation water for 4, 5, and 6 surges flow 
irrigation at an inflow rate of 0.90 l s–1 compared to the CF3 treatment. The values on the 

contour lines indicate the soil moisture content (%). 
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Fig. 7. Effect of inflow rates and different flow irrigation methods on irrigation water applied (IWA) and 

application efficiency (Ea). Columns with different letters are significantly different (P ≤ 0.05 

level). 

 

Regarding the impact of SF on water applied, these 

results can be attributed to the SF technique, which 

delivers water intermittently and thus results in 

longer advance times for SF than CF. This 

intermittent application reduces water loss to deep 

percolation at the start of the furrow, allowing water 

to move down the furrow more rapidly. By 

minimizing deep percolation at the beginning and 

tailwater at the end, SF ensures uniform water 

distribution, lowers total water usage, and 

significantly reduces runoff. Since water must 

infiltrate through the soil surface, a longer surface 

time slows the infiltration rate, leading to less water 

infiltrating per unit of time towards the end of 

irrigation. These findings align with those reported 

by Onishi et al. (2019), Amer and Attafy (2017), 

Mattar et al. (2017), and Wood et al. (2017). 

Application efficiency is an essential parameter for 

evaluating surface irrigation systems. With the SF 

technique, performance metrics, such as seasonal
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Fig. 8. Effect of inflow rates and different flow irrigation methods on grain yield and water use efficiency 

(WUE). Columns with the same letters are not significantly different (P ≤ 0.05 level). 
 

irrigation water demands and application efficiency 

have shown improvements compared to continuous 

irrigation for maize (Romay et al., 2024). 

Abdelmonem (2005) demonstrated that SF 

enhances surface irrigation efficiency, reduces deep 

percolation, minimizes fertilizer waste, and 

improves the viability of the irrigation process. SF 

can attain application efficiencies greater than 80%, 

with some studies documenting efficiencies of up to 

87% under certain conditions (Romay et al., 2024; 

Shibeshi et al., 2023). This approach reduces water 

loss due to deep percolation and runoff, reducing 

losses from 30% to 24.3% compared to traditional 

methods (Shibeshi et al., 2023). Additionally, surge 

flow irrigation reduces the deep percolation ratio to 

14–19%, whereas continuous flow results in 23–

24% (Shihab and Awjagh, 2016). Surge irrigation 

can conserve up to 40% more irrigation water than 

continuous irrigation methods (Ismail, 2004). Surge 

flow irrigation can conserve up to 28% of the water 

in extended furrows, particularly when paired with 

ideal surge cycles and discharge rates (El-Sayed et 

al., 2019). This versatile method permits 

modifications according to the field conditions, 

boosting its overall efficiency (Radmanesh and 

Ahmadi, 2024). 

One of the critical factors in evaluating any plant-

soil water relationship is crop yield. From the 
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previously mentioned data, it can be concluded that 

the highest yield of maize crops was obtained under 

SF compared to CF. The highest yield of maize 

crops in SF may be attributed to increasing soil 

aeration with relatively low applied irrigation 

amounts. Conversely, the maize yield may decrease 

under CF due to nutrient leaching from the soil 

profile because of the high quantity of water 

drained. SF has been shown to significantly boost 

maize yields (Okasha et al., 2022). SF with 

scheduling resulted in a maize yield of 2.3 times 

that of CF, and WUE and income were 2.7 and 2.8 

times higher, respectively (Mintesinot et al., 2007). 

Additionally, surge irrigation with different on-off 

timings influenced the plant height, root volume, 

and cob length of maize compared with continuous 

flow and traditional irrigation methods (Rajagopal 

and Dhanapal, 2000).  

These findings are corroborated by Mahmood et al. 

(2003), who found that wheat yields were higher 

with SF than with CF. The study conducted by 

Mintesinot et al. (2007) in Ethiopia found that surge 

flow irrigation achieved the highest maize yields 

compared to alternate, complete, and conventional 

CF systems. In Egypt, Amer (1998) observed that 

SF increased cotton yield by 9% with high and 4% 
with low inflow rates. Also, in Egypt, Zaghloul 

(1988) noted that yields of wheat grain under SF 

were 27.4%, 27.4%, and 8.3% higher than those 

achieved with CF in the 1st, 2nd, and 3rd growing 

seasons, respectively. 

 

Interestingly, compared to CF, SF positively 

influences water use efficiency by conserving 

water. This method effectively saves water and 

boosts crop yield, including maize, especially under 

water-scarce conditions (Okasha et al., 2022). 
According to Amer and Attafy (2017), this method 

can reduce water usage by 18-30% compared to CF. 

For maize, SF can achieve a peak WUE of 1.63 kg 

m–3, a significant increase compared to the 1.05 kg 

m–3 efficiency observed with continuous irrigation 

(Kaur et al., 2021). The alternating surge treatment 

notably increased WUE by 94.74% and 73.68% 

over continuous irrigation (Xin et al., 2019). 

Similarly, Horst et al. (2007) found that SF was the 

most effective system for water conservation and 

increasing water productivity. Compared to 
traditional CF, which had a productivity of 0.38 kg 

m–3, SF achieved a productivity of 0.61 kg m–3. 

Additionally, Mintesinot et al. (2007) found that SF 

achieved higher WUE levels than the conventional 

CF method, establishing it as the most effective 

water management strategy. He noted that SF 

increased water productivity by approximately 62% 

over traditional practices. Although SF shows 

promising results, its effectiveness can be 

influenced by various factors, such as soil texture 

class, furrow length, and inflow rates. Nonetheless, 

moisture distribution and efficiency benefits make 

it a compelling choice in modern irrigation 

practices. 

 

Conclusions 

Based on this study's results, performance indices, 

e.g., Ea and patterns of soil moisture distribution, 

were enhanced under SF. SF performed better in 

reaching the tail end of the furrow with less water 
advance time than the CF treatment. On the other 

hand, SF performed better than CF in terms of 

saving water by an increase of 19.83, 27.58, and 

32.26% under the SF4, SF5, and SF6 treatments, 

respectively, compared to the CF treatment. This 

suggests that SF improves water use efficiency for 

maize production by an increase of 40.27, 69.28, 

and 84.30% at the SF4, SF5, and SF6 treatments, 

respectively, compared to the CF treatment. 

Therefore, it can be applied to farmers in areas with 

limited irrigation water. 
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