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Abstract: A current challenge of irrigationengineering is to modernize surface irrigation. For example,
surge flow irrigation has the potential to increase the efficiency of applying irrigationwater. The
objective of this study was to perform a sensitivity analysis using the performance indices: Appli-
cation Efficiency (AE), Storage Efficiency (SE), Distribution Efficiency (DE), Deep Percolation (DP),
and Runoff (RO), and to investigate their relationship with the main system variables: length (L),
unit flow rate (Qo), surge cycles and surge time, using the SIRMOD model. The SIRMOD model
simulates the hydraulics of surface irrigation at the field level. The model with the best fit of AE,
DE, DP, and RO as a function of L, Qo, or surge cycles and surge time was a quadratic polynomial
function with an R2 > 0.70. The model reflects the goodness of fit to the variable that is intended
to be explained. The AE is an increasing function of L and a decreasing function of Qo, while DE
and RO are decreasing functions of L and are increasing functions of Qo. The number of surges
has an impact on the stream size of each surge and on the volume of water stored, but not on the
performance indices. It was demonstrated that the SIRMOD model provided the ability to adjust
the system parameters and design variables, giving answersto any surge flow configuration. The
potential application efficiency (AEpot) (>80%) can be achieved by establishing, e.g., an optimal flow
rate (Qopt), with a schedule for the cycle number and surge time, according to soil characteristics.

Keywords: surge flow irrigation; simulation model; sensitivity analysis

1. Introduction

Surface irrigation is the most common irrigation technique worldwide due to its
low costs and energy requirements compared to pressurized irrigation systems. At the
same time, the furrow system is the most commonly used method in surface irrigation [1].
In this method, water is applied to the furrows, which are small channels built into the
soil, and moves across the soil surface by gravity forces. In this manner, water infiltrates
laterally and deeply through the wetted perimeter to fill the soil. Nevertheless, furrow
irrigation presents certain problems, such as low yield indices, inadequate uniformity,
and high deep percolation and runoff [2,3]. Thence, a current challenge of irrigation
engineering is to modernize and rehabilitate surface irrigation, obtaining high efficiencies
and uniformity, and minimizing runoff and deep percolation losses. Achievement of these
premises, i.e., the introduction of new irrigation techniques such as surge flow irrigation,
may be reached. Nonetheless, it implies the adoption of evaluation and design techniques
that allow adjusting the water supply to the seasonal requirements of the crops.

Surge flow irrigation is the intermittent application of water to surface irrigated
furrows in a series of relatively short on-and-off time periods called cycles [4]. Cycle times
vary from a few minutes to several hours. This practice is more complex than continuous
furrow irrigation. In addition to selecting the flow rate and the application time, surge flow
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irrigation also requires the selection of cycle times, the cycle ratio, and the flow rate, or the
time reduction strategy. The cycle time is defined as the sum of the on-time (surge with
water) and off-time (surge without water), and the surge cycle ratio is the relation between
the on-time to the total cycle time. For example, if thesurgeon-time was 20 min andthe
surge-off timewas 20 min, then the cycle time would be 40 min (20 + 20) and thecycle ratio
would be 0.5 (surgeon-time 20 min compared to cycle time 40 min (20/40) = 0.5).

Surge flow irrigation technology was first applied in Bulgaria [4,5] and in the former
Russian territories named Kyrgyzstan and Uzbekistan [6–9]. However, this new technology
was not widely adopted in these regions. The impacts of surge irrigation were initially
observed later in the United States. Stringham and Keller [10] introduced the surge flow
concept at the Irrigation and Drainage Specialty Conference of the American Society of
Civil Engineers. In March 1986, the US Patent Office issued patent number 4.577.802 titled
“Method and System for furrows irrigating”, listing Drs. Jack Keller and G.E. Stringham as
inventors and the Utah State University Foundation as assignee.

The first field trials on surge flow irrigation were conducted by [11] and later sum-
marized by [12]. This technique was widely applied in the United States in the 1980s [13].
Automation of this system came about through the manufacture of commercial automated
butterfly valves with programmable computers, assembled on pipes with adjustable gates,
providing accurate flow to the furrow [14–16]. These early field evaluations were replaced
by numerous trials under a wide range of conditions and expanded by promoting regional
research coordination.

The adoption and use of surge flow irrigation have gained popularity and acceptance
in many areas of the world over conventional surface irrigation since the early 1980s.
As a matter of fact, it is estimated to be one of the most promising methods. Amer and
Attafy [17] stated that to improve furrow irrigation performance, several variations of the
traditional method have been developed, among them the technique of surge irrigation.

Several studies have been carried out with the objective of increasing irrigation efficiency
under the surface irrigation technique [18]. A large number of researchers [19–23] have studied
the potential benefits of irrigating with surge flow compared to conventional irrigation.

The early field surge flow furrow evaluations showed an interesting application
efficiencies comparison, with 87% in surge irrigation and 29% in continuous irrigation [13].
Romay et al. [24] showed the results of comparative evaluations between conventional and
surge irrigation. They concluded that the depth applied in surge flow furrow irrigation
was very close to half of that applied with conventional irrigation. Hence, the application
efficiency was doubled. Deep percolation and runoff were, as a percentage, lower in
surge flow irrigation. Nevertheless, equipment underutilization was still evident, as the
efficiencies achieved were far from those that were feasible (70% or more). Romay et al. [25]
concluded that the introduction of surge flow irrigation was very well accepted by users,
allowing an increase in irrigation efficiency. In point of fact, it was economically very
convenient in all the cases analyzed if its effects were combined as technology savings
(water and labor) and valorization (yield increase). Likewise, in most cases, the investment
was highly profitable considering only the savings effect, being amortized in a very short
term (less than two years). The evaluation of user opinion and preference showed a
satisfactory assessment of the method, coinciding at all levels (producer, manager, and
irrigator). However, they also recommended that the after-sales services should adjust the
operating mechanism to achieve greater user satisfaction. This could be quickly capitalized
through an increase in the number of clients and/or the surface area under surge irrigation.
Horst et al. [26] observed that the best water productivity was achieved with the surge flow
technique adopting alternate-furrow irrigation, reducing water consumption by 44% and
increasing application efficiency by 85%. However, the results identified the need to better
adjust inflow rates to soil infiltration conditions, cut-off times to the soil water deficits,
and improve irrigation scheduling. Kifle et al. [20] summarized that treatments with surge
irrigation which applied moderate flow rates and low cycle rates managed to reach the
end of the furrow with a 23% faster advance time compared to conventional irrigation.
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Schaible and Aillery [16] concluded that field assessment using surge irrigation compared
to conventional irrigation saved water by 50% in sugarcane production and around 25% in
cotton. Kifle et al. [22] found no significant differences in onion production using alternate-
furrow irrigation compared to conventional irrigation. Nonetheless, the effect of surge
irrigation was significant compared to conventional irrigation on the performance indices
(application efficiencyand distribution efficiency). The runoff losses in continuous flow
were higher than those of surge and alternate flow at the same flow rate.This was reflected
in the water use efficiency, giving a significant difference in the onion crop yields per mm
of water applied. They recommended that these irrigation methods (surge and alternate)
could enhance poor water management practices in regions with limited water resources.
Mattar et al. [21] compared continuous and surge irrigations under different levels of flow
rate and tillage depth to assess their potential for improving irrigation system performance
and wheat production. They found a water saving of 8 to 34% in surge-irrigated plots
under different levels of flow rate and tillage depth. They found also that, for different
parameters like the volume of water, distribution uniformity, application efficiency, deep
percolation losses, and yield of wheat, the surge mode of irrigation is convincingly better
compared with conventional irrigation. Abdel-Moneim et al. [27] showed that the surge
flow resulted in the highest overall efficiency compared with continuous flow. Water saving
by surge irrigation varied from 23 to 60% over continuous flow for the first irrigation. They
observed that surge irrigation at the midpoint of the furrow offered greater opportunity
for water intake because it applied water in cycles, a state thatresulted in a high amount of
water being stored in the root zone, which in turn resulted in high application efficiency.

In parallel withthese field trials, efforts were concentrated on the development of
simulation models for the operation of surge flow irrigation. Mailapalli et al. [28] concluded
that the performance of surface irrigation systems could be improved if irrigation hydraulics
were mathematically simulated, without having to resort to extensive field experiments
which were costly and time-consuming.

For several years, different mathematical models were formulated, tested, and sim-
ulated for surge flow furrow irrigation systems, with and without slope. The first efforts
involved modifying one of the hydraulic models (kinematic wave) to simulate the advance
of water [29]. Elliott et al. [30] as well as Purkey and Wallender [31] evaluated the Barre
de Saint-Venant equations under a zero-inertia model using data collected from surge
irrigation field evaluations. They used the modified Kostiacov equation to describe the
infiltration characteristics. The results showed that the model could predict the advance
under these infiltration conditions. Essafi [32] formulated a volume balance model that
was successfully verified for surge irrigation conditions. Walker and Skogerboe [13] did
the same for the full hydrodynamic model. Camacho et al. [33] as well as Cahoon and
Eisenhauer [34] modified the proposed models by including other factors affecting water
infiltration in furrows, such as geometry and wetted perimeter, along with time and cycle
ratio. These models had significant potential to facilitate and simplify the analysis of surge
irrigation and allowed the prediction of infiltration at different cycle times and cycle ratios.

Improving the efficiency and performance of surface irrigation methods can be
achieved using mathematical models for simulating irrigation performance and investigat-
ing the variations in management variables, in which substantial improvement in irrigation
efficiency is obtained [3]. The major benefits of mathematical simulation models for surface
irrigation include their high speed, low cost, capacity to investigatevarious combinations
of design parameters without the need for extensive and high-cost field experiments, and
ability to rapidly review new surface irrigation schemes across a wide range [23]. Currently,
the development of models to modernize and optimize surface irrigation systems has mul-
tiplied. The SIRMOD III model [35] and the WinSRFR 5.1 model [36–38] are the two surface
irrigation simulation programs that include surge irrigation with various options for surge
times and cycle ratios. These models have been developed with a user-friendly interface.

Ismail et al. [39] evaluated and optimized the performance of furrow irrigation systems
in Egypt using the WinSRFR 5.1 software. They concluded that increasing the furrow length
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reduced irrigation performance, and the optimal combination of inflow rate and cut-off
time resulted in increased application efficiency and reduced deep percolation losses.
Yadeta et al. [40] assessed furrow irrigation performance using the WinSRFR software in
Ethiopia. The results indicated that changing decision variables (inflow rate and cut-off
time) significantly improved performance indices, such as application efficiency and deep
percolation, but the uniformity of distribution remained unchanged. Ahmadabadi et al. [3]
investigated various scenarios using the SIRMOD model to improve furrow irrigation
application efficiency in sugar beet fields located in the Moghan plain of Ardabil province,
Iran. The results demonstrated that using different scenarios could significantly reduce
water losses in the field. Ebrahimian et al. [41] used several models to estimate infiltration
parameters of furrow irrigation. The results demonstrated that the Elliott et al. [30] method
was the most accurate among the various two-point methods. The multi-level calibration
method was the most accurate method for estimating the infiltration coefficients compared
to other computer-based models. Their sensitivity analysis demonstrated that changes of
errors in estimating infiltration parameters were a function of soil texture, furrow length,
inflow, and field slope. Hornbuckle et al. [42] concluded that the SIRMOD model presents
different strategies to improve the efficiency and performance of irrigation systems, and it
has proved to be extremely useful for improving irrigation efficiency. The SIRMOD model
is considered a powerful tool for agricultural water management.

To evaluate the performance of the surface irrigation simulation models and obtain
reliable results, the field parameters of the model need to be measured with an acceptable
level of accuracy. The simulation accuracy of the model depends on the input factors, espe-
cially the inflow rate, the infiltration equation coefficients, and the Manning’s roughness
coefficient [43]

The surge flow furrow irrigation technique has the potential to efficiently use water
and energy resources, while maintaining high crop production, for a wide range of soil types
and slopes. It is necessary to design and manage this irrigation technique properly in order
to enhance its application. Simulation models are tools that allow us to examine situations
that cannot be achieved with the available design and evaluation procedures. They are
tools that allow sensitivity analysis based on system parameters and recommended design
variables. Most studies have evaluated the accuracy and performance of the SIRMOD
model for conventional furrow irrigation systems; however, few studies have evaluated
surge flow furrow irrigation. The objective of this study was to analyze the performance
indices Application Efficiency (AE), Storage Efficiency (SE), Distribution Efficiency (DE),
Deep Percolation (DP), and Runoff (RO), and their relationship with the main system
variables: length (L), unit flow rate (Qo), surge cycles, and surge time. The SIRMOD model
was calibrated and validated using field measurements. In order to improve performance
indices, different management approacheswere simulated via the SIRMOD model, and
then the results were compared with those of field measurements.

2. Materials and Methods
2.1. Physical Parameters for Surge Irrigation

Irrigation, regardless of the technique used, seeks to refill the root zone with waterthat
nature does not supply. Thus, the crop does not experience water stress, and resources such
as energy, water, nutrients, and cultural practices are conserved. The aim of the irrigation
design is to maximize benefits, in terms of net economic gains, or in irrigation performance,
given the constraints under which the system must operate. The performance indices (AE,
SE, DE, DP, and RO) result from the interaction of several parameters. These parameters
are P = f (a, k, fo, n, So, Zreq, L, Vmax, Qo, and tco), where P represents the performance
indicator function of the physical parameters (system variables and system parameters),
which are defined below.

The physical parameters that determine the outcome of an irrigation event are gener-
ally of two types, as given by [44]:
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(1) System parameters: parameters that characterize the system under study and have
little or no margin for change (the required irrigation depth (Zreq), the maximum
allowable velocity (Vmax), the field slope (So), the roughness expressed through the
Manning’s coefficient (n), the infiltration equation (k, a and fo, given the modified
Kostiakov–Lewis infiltration equation), and the parameters characterizing the fur-
row’s geometry).

(2) System variables: variables whose magnitudes can change within a relatively wide
range of values defined by the decision maker (the flow rate (Qo), the time of cutoff
(tco) defined from the number of cycles and surge times, and, to a lesser extent, the
furrow length (L)).

The irrigation system design must be based on the required application depth, Zreq,
which is equal to the soil moisture removed by crop evapotranspiration. The required
depth depends on adequate knowledge of infiltration changes over time. However, field
conditions quantified from the measured soil physical parameters, particularly infiltra-
tion and roughness, are highly spatially and temporally variable and become difficult to
characterize in a timely manner throughout the irrigation season. The design should be
continuously updated and adjusted during the irrigation season to meet ongoing field
changes. In practice, this is done by initially estimating two of the three design and man-
agement parameters, Qo and tco, not only at the design stage on the field but also before or
immediately after the start of each irrigation.

2.2. Simulation Model

For modeling surface irrigation, the flow is divided into the water movement on the
soil surface and the movement below the surface. It will be conditioned by furrow geometry,
while infiltration will be conditioned by the characteristics of the profile. The total hydraulic
process is therefore complex, and its rational analysis is practically impossible. However,
the data from the mathematical models have allowed engineers to improve systematically
irrigation system design and operation which, for many years, have been mainly based
on the rule of thumb, rough empirical guidelines, and approximations [45]. The flow
hydraulics in surface irrigation is modeled with the Barre de Saint-Venant equations (mass
and momentum conservation). Its resolution can be through full resolution, or with
simplified models called full hydrodynamic (FH), zero inertia (ZI), kinematic wave (KW),
or volume balance (VB). The FH is the most complex and the most accurate. It is based
on the complete Saint-Venant equations for the conservation of mass and momentum.
The ZI is a slightly simplified version of the complete Saint-Venant equations that leaves
out the acceleration or inertia terms in the momentum equation. The KW uses further
simplifications and uniform flow assumptions. The simplest model, one that involves
the largest number of assumptions, is the VB. It is based on the analytical or numerical
solution of the temporally and spatiallylumped mass conservation, commonly referred to
as the “volume balance” approach [46]. These models use simplified analysis based on
algebraic solutions to hydrodynamics and generally use infiltration functions that are easy
to simulate under uniform soil conditions.

2.2.1. SIRMOD III Software

The SIRMOD III model [47] is acomprehensive softwaresuitefor simulating surface
irrigation hydraulics. The simulation routine used in SIRMOD III is based on the numer-
ical solution of the Saint-Venant equation as described by [13]. Based on the theoretical
principles of volume balance and selecting a combination of operational parameters, the
model allows real situations to be simulated, which will result in the optimization of irri-
gation practice. It does not optimize the variables but simulates the response system by
incorporating values of each variable extracted from field tests. It then allows the design
that will conclude in the optimal management of the surface irrigation practice. In addition
to the numerical output, the program provides a graphical display of the water flow paths,
relating the distance to the time of the irrigation phases.
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The SIRMOD model uses three approaches (FH, ZI, and KW) to simulate the hy-
draulics of surface irrigation (border, furrow, and basin) on the field scale, and helps in
the evaluation of alternative field layouts (L and So) and management practices like Zreq
and tco. It presents a simplified field design module and a “two-point” solution for the
calculation of the infiltration parameters from the irrigation advance data. The software
allows the user to specify furrow, border, or basin configurations with free-draining or
blocked downstream boundary conditions under continuous or surged flow regimes and
cutback options. Figure 1 presents a flow diagram of the software, with the input data
requirements for the simulation component and the output volume balance, and simulated
system performance for surge flow irrigation.
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2.2.2. Irrigation Performance Indices

The indicators were defined as follows:
Application efficiency:

AE =
Average depth of water added to the root zone storage

Average depth of water applied to the furrow
× 100 (1)

Storage efficiency:

SE =
Average depth of water added to root zone storage

Average depth of potencial soil moisture storage
× 100 (2)

Distribution efficiency

DE =
Average depth of the lower 25% of infiltrated water

Average depth of infiltrated water applied to the furrow
× 100 (3)

Deep percolation

DP =
Average depth of deep percolated water

Average depth of water applied to the furrow
× 100 (4)
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Runoff

RO =
Average depth of run off water

Average depth of water applied to the furrow
× 100 (5)

Of these required inputs, the most difficult to determine adequately are the infiltration
characteristics and the furrow inflows, which often require either relatively expensive
equipment or significant periods of time and skilled operators. Infiltration characteristics
are represented in the SIRMOD model with the Kostiakov–Lewis infiltration equation.

2.3. Field Data

The input data used in this study came from an MSc thesis on irrigation and drainage [48].
In this research, the performance of the surge flow furrow irrigation technique was eval-
uated and compared with conventional irrigation, based on the Walker and Skogerboe
methodology [13]. The performance was determined by applying the volume balance
model from field data of the irrigation units. Thirty data sets for furrows were used in this
assessment. Soil texture was obtained using the hydrometer method [49], and the textural
class was determined using the USDA method. The soil bulk density (BD) was measured
using the cylinder method [50]. The average slopes of the experimental field were obtained
using the Pentax auto-level AP series [51]. In each of the fields, before irrigation events,
samples were collected from the beginning, middle, and end of the furrow from three
different depths (0–30, 30–60, and 60–90 cm), and the water content of the samples was
measure in the laboratory. Soil samples were oven dried at 105 ◦C. The water content in
the root zone was measured 24–48–72h after the irrigation event to determine dry weight
Wg (g g−1) and was used to calculate the water requirement in the root zone (volumetric
humidity, Wv) from Wg*BD (cm3 cm−3). The length of the furrow was measured with a
tapemeasure. The volume of water applied, drained, and infiltrated was measured through
inflow and outflow, with trapezoidal flumes. Cross-section area and furrow geometry
parameters were measured using a furrow perfilometer. The timeof cut-off, number of
cycles, surge cycle on time, surge adjust time, and surge adjust ratio were recorded through
a survey.

2.4. Calibration and Validation of the SIRMOD Model

This paragraph summarizes the results from the thesis [48] that were used to calibrate
and validate the SIRMOD model.The trend of the field results showed an improvement
in the water application by surge irrigation compared to the conventional method. The
analysis of variance (ANOVA) indicated that there were significant differences in AE and
RO, and there were no significant differences in DE and DP (p < 0.01). The average AE
of all evaluations was 55% (minimum 21%, maximum 89%), and a decrease in losses
with an average DP of 31% (minimum 3%, maximum 62%), and an average RO of 13%
(minimum 0%, maximum 63%). The application depth exceeded therequired depth by
the crop, resulting in SE of 100% in all cases. The average DE was 89% (minimum 71%,
maximum 98%). The performance according to Roscher’sclassification was satisfactory in
storage and distribution, and good in application [52]. Nevertheless, the recommended
index values were not reached (APE 70% or more).

To calibrate and validate the model, all case studies were simulated with the SIRMOD
III model. Accurate information was entered on system parameters and variables, which
interact and determine responses such as application, infiltrated, stored, runoff, and perco-
lated depths, and finally calculate the performance indices (AP, ST, DI, DP, and RO). Figure 2
shows the statistical correlation between surge flow furrow irrigation performance indices
from field evaluations and simulations (SIRMOD III), giving a determination coefficient of
R2 = 0.99.
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Figure 2. Fitting linear model between performance indices from surge flow field evaluations and
simulations (SIRMOD III).

The model suggests that an error of less than 5% in the simulations is acceptable.
The results of all the simulations performed are below this value. It is observed that the
simulations have a high linear fit with a coefficient of 1.002 between the performance
indices obtained from the field evaluations compared to the simulations.

2.5. Sensitivity Analysisof Performance Indices with SIRMOD Software

Modifying parameters and variables of surge irrigation systems (L, Qo, tco, cycle
number, and surge times) through simulation (validated model) allows analysis of how
the performance indices vary. Merrian et al. [53] propose the calculation of the potential
application efficiency (AEpot) which can be achieved when the average infiltrated and stored
depth equals the required water depth. It indicates the degree of application efficiency
that the method can achieve if the management is correct, minimizing losses by deep
percolation and runoff, and operating the irrigation with adequate flow rates and precise
application times. For each simulated (validated) evaluation, L was modified, decreasing
and increasing by 5 m for each new simulation. For Qo, it was increased and decreased
in steps of 10%, and the number of surge cycles (n) was modified by 3, 4, 5, 6, and 7,
maintaining the total irrigation time. In each simulation, all other parameters and system
variables were kept constant. The results of the performance indices were recorded, and
those that ensured the minimum infiltrated depth at the end of the furrow and the minimum
Zreq (SE = 100%) were analyzed. The results obtained from P = f(Qo), P = f(L), and P = f(n)
were represented graphically by analyzing the best-fitting model. Then, considering the
Qopt, tco was adjusted through a new schedule of surge cycles and surge times that would
result in the maximum AEpot.

Table 1 summarizes the physical properties, parameters, and system variables intro-
duced in the SIRMOD III model of three field studies classified into fine, medium, and
coarse soil. The results of these cases are presented in detail. Then, the potential perfor-
mance indices are shown for all case studies, establishing the optimal flow rate, Qopt, added
to a number of cycles and surge times, according to the hydraulic characteristics.
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Table 1. Physical properties, parameters, and system variables of three types of soil.

Physical Properties,
Parameters and System Variables

Fine Soil
(Silty Clay Loam)

Medium Soil
(Loam)

Coarse Soil
(Sandy Loam)

Sand (%) 7 37 64

Silt (%) 53 42 24

Clay (%) 40 21 12

BD (g cm−3) 1.26 1.42 1.50

WB (mm) Kostiakov 5.6 10.5 23.6

A (-) Kostiakov 0.42 0.4 0.43

Ib (mm h−1) Kostiakov 4.5 8.0 39.9

Qo (l s−1) 0.62 0.65 0.63

L (m) 180 187 180

tco (min) 708 708 420

w (m) 0.9 0.9 0.5

So (m m−1) 0.0016 0.0024 0.0062

n (m1/6) (dry surge) 0.04 0.04 0.04

n (m1/6) (wet surge) 0.02 0.02 0.02

Dry surge

σ1 (m2–σ2) 1.535 0.734 0.731

σ2 (-) 1.713 1.468 1.536

γ1 (m1-γ2) 3.134 1.517 1.767

γ2 (-) 0.750 0.551 0.656

Ao (m2) (dry surge) 0.00733 0.00605 0.00416

Wet surge

σ1 (m2–σ2) 1.487 2.101 0.805

σ2 (-) 1.720 1.801 1.509

γ1 (m1-γ2) 2.851 3.149 1.487

γ2 (-) 0.734 0.730 0.553

Ao (m2) wet surge 0.00440 0.00398 0.00268

Vmax (m min−1) 14 11 9

Zr (mm) 74 54 97

Dry surge

k (mm3 m−1 min−a) 0.0008 0.00184 0.00201

a (-) 0.73 0.457 0.555

f o (mm3 m−1 min) 0.000148 0.000137 0.000155

Wet surge

k (mm3 m−1 min−a) 0.0025 0.00174 0.00175

a (-) 0.002 0.428 0.472

f o (mm3 m−1 min) 0.000148 0.000128 0.000131

BDbulk density, Qo unit flow rate, L field length, tco cutoff time, k, a y f o, modified Kostiakov–Lewis infiltration
parameters, w field row, So field slope, n Manning’s roughness coefficient, σ1, σ2, γ1, γ2, parameters characterizing
the furrow geometry, Ao cross-sectional flow area, Zreq required application depth, and Vmax maximum non-
erosive velocity.

3. Results and Discussion

The performance indices AE, SE, DE, RO, and DP were calculated as a function of
variations in L when Qo was given, variations in Qo when L was given, and variations in
tco (number of surge cycles and surge time) when Qo and L were given.
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3.1. Simulation Performance Indices as a Function of L

The simulation performance index results as a function of L when Qo and the pro-
gramming cycle number and surge times were given for fine- and medium-textured soils
are presented in Figure 3. As can be seen, AE is an increasing function of L, while DE and
RO are decreasing functions of L. The mathematical model with the best fit between AE,
DI, DP, RO, and L is a quadratic polynomial function with R2 = 0.
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Figure 3. Performance indices vs field length for (a) fine- and (b) medium-textured soils. The red line
represents the storage efficiency and establishes the limits of the sensitivity analysis considering the
replacement of the required depth that is, maintaining the same at values of 97 to 100%.

The results showed that simulation models are tools that allow us to find the optimal
length of the irrigation unit. Many authors have concluded that surge flow irrigation
produces the advance of the waterfront more quickly, allowing the irrigation unit to be
lengthened. The average increase in length recorded in this study was 28% in fine soils and
34% in medium soils. Modifying the length with surge irrigation improved AE by 25% in
fine soils and 28% in medium soils. The RO was reduced on average by 98% in both soils.
When AE improved, DE decreased (on average, the DE decreased by 14% in both types of
soil). In the coarse soils studied, the L of the unit could only be lengthened by an average
of 5% without showing an appreciable increase in AE. Holzapfel et al. [54] analyzed the
relationship between the system variables of furrow irrigation and the performance indices
as a basis for design and management. The results indicated that increasing the length of
the furrow increased AE and reduced RO and DE. Xu et al. [2] showed that AE values were
increased by increasing the length of the furrow.

3.2. Simulation Performance Indices as a Function of Qo

The simulation performance indices results as a function of Qo when L and the
programming cycle number and surge time were given, for fine- and coarse-textured soils
are presented in Figure 4. The flow variations that maintained 100% SE were 10, 20, and
30% above and below the field evaluated value in fine- and medium-texture soils. Coarse-
texture soils modify SE by changing Qo. The mathematical model with the best fit between
AE, DE, DP, RO, and Qo was a quadratic polynomial function with an R2 between 0.98
and 0.99.

Reducing the flow by 30% simulates the maximum AE for all soil types, given an
average increasein AE by 30% in medium-texture soils, and 42% in fine-texture soils.
Decreasing the flow in coarse soils improves AE by only 8%. As expected, the losses of
water decreased when Qo was reduced (DP and RO decreased on average by 97% in all
soil types). Similar to SE, when the water application is improved, the DE is affected,
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decreasing within acceptable limits. Salahou et al. [55] concluded that increasing Qo
increased irrigation losses, particularly RO, and reduced AE. Nie et al. [56] found that
if Qo had been properly determined, the efficiency of the irrigation system would have
definitely increased.
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Figure 4. Performance indices vs unit flow rate for (a) fine, and (b) coarse-textured soils.

3.3. Simulation Performance Indices as a Function of n

The most widespread automatic surge irrigation system is the P&R valve. It has a
controller with a solar panel that powers a battery using a small electric motor to switch
flow direction changes by cycling the surges. The controller sets on-time variables during
the advance phase to achieve nearly equal dry advance distances for each cycle. When the
advance phase is completed, the controller reduces the cycle time (shorter application time)
for the post-advance phase. Figure 5 presents the simulation performance index results as
a function of the number of cycles (n = three, four, five, six, or seven surges), maintaining
the field tco when Qo and L were given for fine- and medium-textured soils.
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Figure 5. Performance indices vs number of surges for (a) fine, and (b) medium-textured soils. The
red line represents 100% storage efficiency.

The mathematical model with the best fit between AE, DE, DP, RO, and n was a
quadratic polynomial function with R2 > 0.7. When the number of cycles (surge times) is
modified, respecting the established tco, it can be observed that the performance indices
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do not present much variation. Increasing or decreasing the number of surges has an
impact on the stream size of each surge and the volume of water stored, but not on the
performance indices. Figure 6 shows the volumes of water stored in each surge of the
advance phase when programming three, four, five, six, or seven cycles for fine- and
medium-textured soils.
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Figure 6. Volumes of water stored in each surge of the advance phase for (a) fine, and (b) medium-
texture soil.

As the number of surges increases, the time of each surge is reduced, and the advanc-
ing steam size is shortened. The volume stored depends on the complex process between
the advance rate and the infiltration rate. It can be observed that by modifying the program-
ming and increasing the number of surges, the stores in each surge are smaller. However,
the total of volumes stored is similar in all cases. This reflects that the programming of
the cycle times is substantial in the advance phase, improving the hydraulic conditions of
the furrows that will depend on the physical parameters involved. Then, the reduction in
irrigation times in the post-advance phase will be adjusted to reduce runoff and replenish
the Zreq.

3.4. Optimization of System Variables

Starting from a target value for SE, the task of selecting the combination of Qo, L, tco,
cycle number, and surge time, which would result in an optimal AE and an acceptable
level of DE, is not easy. It requires understanding how the performance indices relate
to these variables. Analyzing the simultaneous variations of the variables is even more
complex. It is known that when irrigation times are reduced, or flow rates are regulated, the
performance indices improve. As reported by [3], some studies showed that a reasonable
combination of Qo and tco increases AE to 75–90%. Starting from the Qo that maximizes the
AE, and addingnew programming (cycle number, surge times), the performance indices
responses were adjusted. Figure 7 shows the original irrigator scheduling compared to the
new programming for fine- and coarse-textured soils.

The new programming adjusts seven cycles for fine-textured soils, and four cycles
for coarse-textured soils. It is reasonable to think that fine soils require shorter cycles
than coarse-textured soils, which would require fewer but longer cycles. Coarse soils
require higher flows due to their high infiltrability and allow water to remain on the surface
for further advancement. Figure 8 represents the advance and recession phases and the
distribution of the infiltrated water under surge flow irrigation for fine- and coarse-textured
soils, respectively, resulting from the optimal Qo and the new schedule (cycle number and
surge times). Table 2 summarizes the performance indices of the field evaluations and
those obtained after defining Qo and the new schedule for the three soil types.
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Figure 7. Original irrigator scheduling versus new programming for (a) fine- and (b) coarse-textured soils.
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Figure 8. Advance and recession phases, showing the subsurface profile, under surge flow irrigation
for (a) fine- and (b) coarse-textured soils. Colour lines: 1st surge blue, 2nd surge red, 3rd surge green,
4th surge brown, 5th surge gray, 6th surge violet, and 7th surge yellow.
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Table 2. Performance indices for initial and new surge flow schedule.

Performance
(%)

Initial Schedule
Textures

Fine Medium Coarse

New Schedule
Texture

Fine Medium Coarse

AE 47 35 56 90 93 85
SE 100 100 100 98 92 94
DE 92 92 71 93 81 98
DP 39 16 44 4 3 15
RO 14 49 0 6 4 0

The results showed that a new surge flow irrigation schedule can be adapted, im-
proving performance indices. For fine-textured soils, the recommendation would be to
program with a greater number of cycles (six to seven), and shorter surge times. On the
contrary, in coarse-textured soils, the programming would be a smaller number of cycles
(three to five) with longer surge times. For medium-textured soils, five to six cycles would
be recommended. Post-advance times should be programmed based on the steady-state
infiltration rate, thus reducing DP and RO.

Finally, the results of the performance indices of all cases evaluated are presented. The
AE and SE obtained from field evaluations compared to the AEpot and STpot simulated
(flow and times) for surge irrigation are shown in Figure 9.
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Figure 9. Field and simulated application and storage efficiency.

The figure shows that the surge irrigation technique can achieve a higher AE by revis-
ing the design parameters (Qo and tco—cycles number and surge time). The performance
indices are within the potential to achieve cited in the research (greater than 70%). Follow-
ing Roscher´s classification, the AEpot is “Satisfactory” and “Good” [52]. Kapur et al. [57]
concluded that the AEpot was in the order of 78% to 84% for surge flow furrow irrigation.
When the flow rate and water application time are modified to improve AE, SE changes.
The decrease in SE is more significant in those cases where the AE improved greatly. De-
spite this, the performance rating of Roscher´s classification is still “Good”, above 90% [52].
Figure 10 represents the DE obtained from the field evaluation and the surge irrigation
potentials for all evaluations. Similar to SE, when the water application is improved, the
DE is affected. The performance for the DE remains “Satisfactory” with an average of 84%.
Pascual-Severa et al. [58] andGudissa et al. [59] concluded that surge flow furrow irrigation
was a promising technology, giving values of 87% and 86% for DE.
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Figure 10. Field and simulated distribution efficiency.

The field water losses represented by DP and RO and the simulation results are
presented in Figure 11. As the AE improves, the DP decreases, reaching an average of 13%.
The RO decreases substantially, reaching an average of 6%.
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4. Conclusions

The SIRMOD III software model provided the ability to adjust the system parameters
and design variables, giving an answer to any surge flow configuration. The SIRMOD
III model was validated by incorporating data from field evaluations. The errors in the
simulations were less than 5%. The fitting linear model of the performance indices showed
a high coefficient of determination, R2 = 0.99.

It was demonstrated that the potential application efficiency (AEpot) (greater than 80%)
can be achieved by following some recommendations, such as establishing an optimal flow
rate (Qopt) with a cut-off time (tco) adjusted to a schedule of surge cycles and surge times
according to the soil characteristics. It would be interesting to evaluate the simultaneous
variations of the variables system. The simulation software (SIRMOD III and WinSRFE 5.1)
has not yet incorporated the sensitivity test for surge flow irrigation.

Surge irrigation requires a higher level of management skill than conventional furrow
irrigation. Most irrigators need assistance when first operating a surge system. They need
to be able to observe the progress of each irrigation during the season as infiltration changes
and to adjust surge times and flow rates. Field observations and evaluations of each surge
irrigation can help to adjust the cycle number and surge times accurately.
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