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Surface irrigation worldwide exhibits low efficiency due to excessively deep percolation and runoff. To optimize
surface irrigation practice, two questions must be answered simultaneously: when to irrigate and how to irrigate
(what stream size to use and for how long) to meet crop water requirements. Current surface irrigation opti
mization models are one-dimensional, meaning they can only simulate surface water flow, neglecting subsurface
flow. They therefore indicate only how to irrigate, not when to irrigate. Furthermore, the required depth of
irrigation is needed as input data for optimization, though this parameter is difficult to establish accurately. In
addition, the effects of different irrigation practices on crop transpiration and yield, and variations in these across
an irrigated field, are unknown. The present study adopts two one-dimensional simulation models – WinSRFR
(for surface flow) and SWAP (for subsurface flow) – to determine when and how best to irrigate in a blocked-end
furrow irrigation system for sugarcane cultivation in southwestern Iran. SWAP is used to determine irrigation
schedule, required irrigation depth and crop transpiration along furrows, while WinSRFR is used to determine
the soil infiltration function and evaluate and optimize irrigation practice. The results of the combined model
approach indicate that some 2.7 times more water is applied than required in current practice, imposing high
waterlogging stress on sugarcane crops. According to the SWAP simulations, the required irrigation depth is some
75 mm and the number of irrigation applications can be reduced from 26 to 19. The irrigation optimization in
WinSRFR indicates that irrigation depth can be reduced from 162 mm to 81 mm, resulting in application effi
ciency increasing from 47% to 92%. Furthermore, as furrow slope increases from 0.02% to 0.12%, optimized
stream size decreases from 3.0 to 1.6 l/s and optimized irrigation cutoff times increase from 3.2 to 6.5 hrs.
Overall, optimization of irrigation practice using the combined model approach could result in 63% water
conservation and 22% higher sugarcane yield.
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1. Introduction
Surface irrigation is the most commonly used irrigation method
throughout the world due largely to its applicability and low cost. In
Khuzestan Province, southwestern Iran, blocked-end furrow irrigation is
used to irrigate more than 100,000 ha of sugarcane fields. Irrigation of
sugarcane crops in this arid region relies almost entirely on water from
the Karun River in the spring and summer seasons. However, this period
of high sugarcane water demand coincides with decreased river
discharge. In the context of climate change, this has led to serious
conflicts over river water allocations.
Overirrigation of sugarcane in Khuzestan Province has resulted in

low irrigation efficiency and excessively deep percolation. Akram et al.
(2013) estimated the overall irrigation efficiency of three sugarcane
units of southern Khuzestan to be around 41%. Abbasi and Sheini
Dashtegol (2017) found the irrigation efficiency of four sugarcane units
in Khuzestan Province to be 42.5% on average. In blocked-end furrow
irrigation systems, water loss occurs in the form of deep percolation. In
sugarcane production, excessively deep percolation not only wastes
water, but also leaches nitrate and other agrochemicals into ground
water or drainage water, causing environmental problems. Optimized
irrigation management can increase both water use efficiency and crop
production in sugarcane cultivation.
To optimize surface irrigation practice, two main questions must be
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answered simultaneously: when to irrigate and how to irrigate. In other
words, for surface irrigation optimization we need to know what is an
optimum irrigation schedule (irrigation dates and required irrigation
depths) to meet crop water requirements, and what are optimum stream
sizes and cutoff times to provide the required irrigation depths in the
field.
The surface irrigation simulation models currently used cannot
simultaneously answer the questions of when and how to irrigate.
Limitations and uncertainties also remain regarding the credibility of
their results. Although surface and subsurface water flows are inherently
connected, surface irrigation simulation models are one-dimensional,
meaning they can only simulate surface water flow, neglecting subsur
face flow. Major issues, both logical (e.g., time scales) and technical (e.
g., analytical and computational solvability), have limited ability to
implement coupled simulations of surface and subsurface flows in twoand three-dimensional models in soil (Furman, 2008). Existing surface
irrigation models, such as SRFR (Strelkoff et al., 1998), SURDEV
(Jurriëns et al., 2001), SIRMOD (Walker, 2003), ZIMOD (Abbasi et al.,
2003) and WinSRFR (Bautista and Schlegel, 2019), simulate only
one-dimensional surface flow, and simplify the simulation of subsurface
flow to a set of empirical equations, which may make the results of
optimizations uncertain. In addition, the required depth of irrigation,
which is a key input parameter in these models, is simply passed to users
to determine, though this parameter is often difficult to establish with
sufficient accuracy. Furthermore, the effects of different irrigation
practices on crop transpiration and yield, and variations in such effects
across fields, are unknown. Finally, while these models can help opti
mize irrigation in a single furrow, border or basin, they can only indicate
how to irrigate, not when to irrigate.
Lacking unified two- and three-dimensional simulation models for
surface irrigation, a combined model approach using available onedimensional surface flow models with subsurface crop models offers
an alternative approach for more reliable evaluation and optimization of
surface irrigation, contributing to accurate determination of both opti
mum irrigation schedules and required irrigation depths. So far, no
research has combined use of a surface simulation flow model with a
detailed crop model to optimize blocked-end furrow irrigation practice.
The present study uses SWAP, a one-dimensional vertically-oriented
detailed crop model, together with WinSRFR, a model that simulates
one-dimensional surface flow, in order to simulate surface and subsur
face water flow at the same time and answer both the questions of when
and how best to irrigate.
SWAP (Soil, Water, Atmosphere and Plant) is a computer model that
simulates transport of water and solutes in the vadose zone. It can be
used to calculate crop transpiration on the field scale based on meteo
rological conditions, crop development stages, soil moisture and salinity
conditions (Van Dam et al., 2008). Irrigation schedule can be reliably
determined in SWAP as the model can take into account all relevant
processes in the field to calculate evapotranspiration. However, the
computer programs frequently used to obtain optimum irrigation
schedules, such as CROPWAT (Smith, 1992) and CRIWAR (Bos et al.,
1996), have limitations. CROPWAT, for example, does not consider
relevant field factors, such as different water-holding capacities of soil
layers, crop root distribution pattern, groundwater fluctuations,
drainage conditions and the salinity of soil and irrigation water. SWAP
version 4.0 was chosen for the present study as our focus was on the field
scale and the model is capable of calculating accurate irrigation sched
ules. The model employs the Richards’ equation, including root water
uptake, to simulate soil moisture movement in variably saturated soil
conditions and can consider almost all relevant field factors affecting
evapotranspiration, soil water movement and drainage (Kroes et al.,
2017).
WinSRFR is a one-dimensional computer model for hydraulic anal
ysis of surface irrigation systems. WinSRFR simulates the unsteady
surface flow of water and estimates subsurface flow from soil infiltration
equations (Bautista and Schlegel, 2019). For this study, WinSRFR

version 5.1 was chosen for the surface flow simulation, as this model
offers different ‘analysis worlds’ to evaluate and optimize irrigation
practice, has more advanced process description, more functionalities
and better users’ friendly graphical interface. It also provides a new
method, EVALUE (Bautista and Schlegel, 2017), to estimate the soil
infiltration function based on field data. EVALUE produces more reliable
results than other volume balance methods, such as the two-point
method (Elliott and Walker, 1982) and the post-irrigation volume bal
ance method (Merriam and Keller, 1978), because surface and subsur
face shape factors can be updated after each estimation of infiltration
parameters, and the volume balance can be recalculated many times to
obtain the best fit with the field data.
The present study uses SWAP together with WinSRFR to simulate
surface and subsurface water flow at the same time. The aim of the
combined model approach is to optimize surface irrigation practice,
specifically in a blocked-end furrow irrigation system for sugarcane
cultivation in southwestern Iran. We set out to reliably determine the
best irrigation schedule and the optimum stream sizes and cutoff times
of irrigations to improve irrigation water use efficiency and answer the
questions of when and how best to irrigate.
2. Materials and methods
2.1. Study area
The present study considers first-year ratoon sugarcane cultivation,
cultivar CP69–1062, at Farm L7–5 of Salman Farsi Sugarcane AgroIndustry Company in Khuzestan Province, Iran (Fig. 1). Sugarcane
crops in the area are predominantly reliant on irrigation water. The
region is almost flat, with an elevation of 4–7 m above sea level. The
Salman Farsi weather station is located 3 km from the study farm at
latitude 30◦ 59′ N and longitude 48◦ 28′ E.
The farm used a blocked-end furrow irrigation system
(1000 ×240 m2) with a 1000 m gated pipe for water conveyance. Dur
ing usual irrigation operations, the farm was divided into 12 sub
sections, with each subsection irrigated for approximately 8 hrs. A
complete round was usually accomplished in 4 days. Irrigation was
usually stopped around 2 hrs after the water front reached the down
stream end of the furrow. The irrigation water source was the Karun
River, with river water supplied to the fields via a network of pump
stations, canals and pipes. Subsurface drainpipes were also installed, at a
depth of approximately 2 m, primarily to leach away the extra salts
accumulated in the crop root zone due to brackish irrigation water and
capillary rise of saline groundwater. These irrigation and drainage
practices produced huge quantities of saline drainage water which ul
timately reached large water bodies or evaporation pans near the Per
sian Gulf, causing serious social and environmental problems.
Over-irrigation is common in the region, resulting from lack of
knowledge about physical processes of evapotranspiration and drainage,
poor supervision of irrigation practices and the belief that extra water
will better leach salts away from the root zone, thus increasing crop
yields.
2.2. The combined model approach
This study tested the combined model approach to answer the
questions of when and how best to irrigate sugarcane using a blockedend furrow system. SWAP was used to determine the irrigation
schedule and required depth of irrigation. In addition, SWAP was used to
estimate crop transpiration along furrows. Irrigation depths used in
SWAP to estimate transpiration along the furrows were obtained from
infiltration depths simulated in WinSRFR. WinSRFR was used for three
purposes. First, the Event Analysis World of WinSRFR was used to es
timate the soil infiltration function based on field data from a water
advance experiment. Second, the Simulation World of WinSRFR was
used to evaluate current and optimized irrigation practices. Third, the
2
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Fig. 1. Locations of sugarcane cultivation in Khuzestan Province (highlighted on center map) and position of Farm L7–5 at the Salman Farsi Sugarcane AgroIndustry Company.

Operations Analysis World of WinSRFR was used to optimize stream
sizes and cutoff times for furrow irrigation applications. For evaluation
and optimization of irrigation applications in WinSRFR, the required
depth of irrigation and soil infiltration function were used as input data.
All input data for the model calibrations and simulations were collected
in the field or obtained from the literature. Fig. 2 presents the modeling
procedure for optimization of furrow irrigation.

During irrigation calculations in SWAP when this ratio fell to 0.85 irri
gation was triggered to increase soil moisture to field capacity (FC).
Since SWAP is a vertically-oriented model, it only prescribes irriga
tion depths to meet the soil water deficit in the root zone. Therefore, the
application efficiency of the prescribed irrigation applications is 100%,
and the resulting irrigation schedule is ideal.
The leaching requirement is not explicitly calculated in SWAPprescribed irrigation schedules. Rather, the model uses an over
irrigation depth as defined by the user to generate extra leaching. To
leach salts away from the root zone during each irrigation application
and keep soil salinity within an acceptable range, we calculated the
leaching requirement using the equation proposed by Ayers and West
cott (1985) as follows:

2.3. SWAP model
2.3.1. Ideal irrigation scheduling
One interesting feature of SWAP is the option of calculating an irri
gation schedule. This is achieved by selecting one of the available six
irrigation time criteria to trigger irrigations. We selected the transpira
tion ratio of actual to potential transpiration (Tact/Tpot) among other
irrigation time criteria, such as depletion of a certain fraction of avail
able water in the root zone, because this criterion allows the user to
indicate a specific plant stress level considering the effects of salts and
different root capacities to uptake water on transpiration. The transpi
ration ratio of 0.85 was found to be the optimum value for maximizing
actual transpiration as well as making irrigation intervals more realistic.

LR = LF × Dir LF =

ECiw
5 × ECe − ECiw

(1)

where LR (mm) is the leaching requirement, LF is the leaching fraction,
Dir (mm) is the irrigation depth, ECiw (dS/m) is the electrical conduc
tivity of irrigation water and ECe (dS/m) is the desired salinity of the
saturated paste extract of soil.

Fig. 2. The combined model approach using SWAP and WinSRFR models for furrow irrigation optimization.
3
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The electrical conductivities of irrigation water (ECiw) were
measured in the field during the irrigation period, and the irrigation
depth (Dir) was assumed as the average irrigation depth prescribed in
SWAP in the ideal irrigation schedule without applying leaching depth.

sugarcane crop remains active for several months after harvest, even
tually developing new plant shoots (Glover, 1968). We therefore
assumed a constant root depth of 100 cm, corresponding to the subsoil
depth of 90 cm observed in land preparation operations. In addition, we
assumed a sugarcane root distribution pattern in conformance with the
cumulative root fraction (Y) and root depth (d, cm) proposed by Gale
and Grigal (1987) with the extinction coefficient of root distribution (β)
equal to 0.96 (Fig. 3c):

2.3.2. Weather and crop data
For weather and crop data, we input into SWAP daily meteorological
data from the Salman Farsi weather station and ratoon sugarcane crop
data from the study area in 2020 (Fig. 3a and b). To simulate evapo
transpiration for the sugarcane crop, we used the Penman-Monteith
equation with appropriate weather data and crop factors. The daily
weather data included maximum and minimum temperatures, air hu
midity, short-wave solar radiation, precipitation and wind speed at 2 m
height. Rainfall interception was simulated using the formula of Von
Hoyningen-Hüne (1983) and Braden (1985) based on daily precipitation
values and canopy interception. The crop factors (Kc) were derived from
a five-year study by Sheini Dashtegol (2019) on the sugarcane cultivar
CP69–1062 in Khuzestan Province.
While some global studies have evaluated the depth and distribution
pattern of sugarcane roots, few local studies exist on sugarcane root
systems in the study area. In ratoon cultivation, the root system of a

Y= 1 – 0.96^d

(2)

Waterlogging and drought stress were simulated as a function of a
reduction coefficient of the potential transpiration, α-rw, according to
Feddes et al. (1978), during root water uptake in high and low tran
spiration (Fig. 3d). Additionally, the reduction function of Maas and
Hoffman (1977) was employed to calculate the reduction in root water
uptake due to salinity, with EC-max and EC-slope of the sugarcane crop,
respectively, 1.7 (dS/m) and 0.059 (m/dS) (Maas, 1990).
The relative crop yield (Yact/Ypot) was determined based on the
relative transpiration for the entire crop growth period (Moene and
Dam, 2014) as follows:

Fig. 3. Main input data for SWAP simulations, 2020: (a) daily weather data, (b) monthly crop development data, (c) root density distribution of sugarcane and (d)
reduction coefficient for sugarcane root water uptake, αrw, as a function of soil water pressure head under conditions of high transpiration (Thigh) and low tran
spiration (Tlow).
4
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∑
Tact
=∑
Tpot

and validate performance, namely, mean absolute error (MAE) (Eq. 8),
the root mean squared error (RMSE) (Eq. 9) and the coefficient of re
sidual mass (CRM) (Eq. 10):

(3)

where Yact is actual yield, Ypot is potential yield, Tact is actual transpi
ration and Tpot is potential transpiration.

MAE =

2.3.3. Soil and drainage data
To describe the hydraulic characteristics of the soil layers and
simulate water movement, SWAP uses the soil hydraulic functions of
Mualem (1976) and Van Genuchten (1980) as follows:
θ = θres + (θsat − θres )(1 + |αh|n )−
1
m = 1−
n

√̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
√
N
√1 ∑
RMSE = √
(Pi − Oi )2
N i=1

(4)

N
∑

CRM = i=1

(5)

Oi −

N
∑

Pi

i=1
N
∑

(8)

(9)

(10)

Oi

i=1

⎡

⎤2

1 m⎥
⎢
K = Ksat × Sλe ⎣1 − (1 − Sem ) ⎦

Se =

m

N
1 ∑
|Pi − Oi |
N i=1

θ − θres
θsat − θres

where Pi is the simulated value, Oi is the observed value and N is the total
number of observations.
MAE and RMSE describe the accuracy of a model in making correct
predictions of a parameter, with outcomes closer to 0 indicating better
agreement between observed and simulated values. CRM indicates a
model’s tendency to overestimate (CRM<0) or underestimate (CRM>0)
a parameter.

(6)

(7)

where θ is volumetric water content (cm3/cm3), θres is the residual water
content (cm3/cm3), θsat is the saturated water content (cm3/cm3), h is
soil water pressure head (cm), α (1/cm), n (-) and m (-) are empirical
shape factors, K is hydraulic conductivity (cm/d), Ksat is the saturated
hydraulic conductivity (cm/d), λ is a shape parameter (-) and Se is the
relative degree of saturation.
To determine Mualem-Van Genuchten parameters, we first measured
the percentages of soil layer particles in a soil layering experiment in
which field samples were obtained using an auger to the depth of the
impermeable layer. Next, we estimated soil textures and bulk densities
using the Soil Water Characteristics program (Saxton, 1985), based on
the percentages of sand and clay and assuming 15% soil compaction to
match the local bulk density data. Finally, the Mualem-Van Genuchten
parameters of soil hydraulic functions were determined using the
Rosetta Lite program (Schaap et al., 2001) according to the percentages
of sand, silt and clay and soil bulk densities.
Additionally, we measured the characteristics of subsurface drains
and drainage conditions in the field. The depth and distances of sub
surface drains were determined from a field survey. To measure the
hydraulic conductivities of the soil layers above and below drain level,
we used the auger-hole method (Van Beers, 1970). In SWAP, all drainage
fluxes were calculated with lateral drainage in a free drainage condition.
Therefore, we defined no water fluxes at the bottom boundary of the soil
profile.
The initial soil moisture was estimated assuming hydrostatic equi
librium with the initial groundwater level at 2 m depth (equal to drain
level). Salt transport was assumed to be only convective fluxes in the
simulations. The initial salt concentrations were measured in the field
based on soil or groundwater samplings.

2.4. WinSRFR model
To evaluate irrigation performance, we used the Simulation World of
WinSRFR for a current irrigation application with a cutoff time of 8 hrs.
We used real furrow slopes to estimate the infiltration function and
evaluate current irrigation performance. However, we assumed furrow
slope to be uniform in the optimized irrigation system, and the minimum
infiltration depth along the furrow was taken to be equal to the required
depth. The required depth of 75 mm was selected to evaluate and
optimize irrigation practice.
2.4.1. Calibration of the WinSRFR model
Infiltration function. To use WinSRFR to evaluate or optimize
current surface irrigation practice, the model must first be calibrated
with field data. Calibration in WinSRFR is achieved when the simulated
infiltration function matches the soil infiltration function from the field
data. In the present study, the Modified Kostiakov formula was chosen to
estimate the soil infiltration function as follows:
Z= k t a + bt + c

(11)

where Z (mm) is the cumulative infiltration depth, k (mm/hr^a) and a are
empirical fitting parameters, b (mm/hr) is the basic infiltration rate, t
(hr) is time of infiltration and c (mm) is the initial rapid infiltration into
cracks.
The infiltration parameters k, a, b and c in the Modified Kostiakov
formula were estimated in EVALUE based on the water front advance
time observed in the field. The infiltration parameters were manually
adjusted such that the simulated infiltration volumes graphically and
statistically matched the observed infiltration volumes. To make our
determination of the Modified Kostiakov parameters more reliable, the
basic infiltration rate (b) was measured in the field, and the term c was
assumed to be negligible compared to the other parameters. The soil was
assumed to be homogeneous along the entire furrow length, and Man
ning’s roughness coefficient of the furrow surface was assumed to be
0.04, as recommended by USDA (1974).

2.3.4. Calibration and validation of the SWAP model
Water table depth was measured in the field to calibrate the SWAP
model and verify the results. Six observation wells were installed
midway between drains with a depth of 2.2 m and at distances 125, 250
and 375 m from the upstream end of farm. Daily water table fluctuations
in the observation wells were recorded from March to October 2020.
Water table depths measured from March to July were used for SWAP
calibration, while the data set from August to October was used for
model validation. The measured hydraulic conductivities of the soil
layers above and below drain level were used as the initial values for
SWAP model calibration and adjusted in a trial and error process until
the simulated water table depths matched the measured values.
Three statistical parameters were used to evaluate the calibration

2.4.1.1. Field data measurement. A data collection plan was performed
in the field to obtain the measurement data needed for the WinSRFR
calibration and evaluation of current irrigation practice. In total, seven
representative adjacent furrows were selected on the study farm. In
these furrows, lengths were marked with five wooden posts at distances
of 0, 60, 120, 180 and 240 m from the furrow upstream end (Fig. 4a). To
5
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Fig. 4. Field experiment to collect data needed for WinSRFR simulations: (a) schematic setup of test furrows in the advance time experiment, (b) measurement of
furrow stream size, (c) measurement of the soil infiltration rate.

ensure that each furrow received separate discharge from the gated pipe,
the furrow ridges were reformed and heightened at the upstream end.
The water front advance time to the wooden posts was recorded during
the irrigation event on June 26, 2020. The previous irrigation event was
seven days earlier. The inflow discharge to the furrows was measured
using a scaled bucket and stopwatch (Fig. 4b), and the experiment was
terminated after 8 hrs.
The basic infiltration rate of soil (b) was determined a day before the
water front advance experiment using double ring infiltrometers (Fig. 4a
and c). The infiltrometers were installed on the bed of the central furrow
(F(m) in Fig. 4a) at distances of 60, 120 and 180 m from the upstream
furrow end. An average cross-sectional geometry of furrows was ob
tained by measurements in selected furrows, and the longitudinal slopes
of the furrows were surveyed along the furrows at 20 m intervals.

required irrigation depth of 75 mm. The stream size and the cutoff time
that maximized the application efficiency and distribution uniformity
were selected as optimized irrigation practice.
3. Results
3.1. Properties of the soil and drainage
Table 1 presents the Mualem and Van Genuchten parameters as
determined for the measured soil layers. Subsurface drains were at a
depth of 2 m and 60 m distance in the field. The hydraulic conductivities
of the soil layers were measured at approximately 1.87 m/day above the
drain level and approximately 3.39 m/day below the drain level. The
initial soil salinity was 2.4 dS/m on average from the soil surface to the
drain level. Soil salinity then increased linearly to 14 dS/m below the
groundwater level to the depth of the impermeable layer (approx. 4 m).

2.4.2. Performance indicators
Performance of the irrigation applications was evaluated in the
Simulation World of WinSRFR by the following indicators:
Application efficiency (%) AE = (Drz/Dapp) ×100

(12)

Distribution uniformity DUmin = Dmin/Dapp

(13)

Low quarter adequacy ADlq = Dlq/Dreq

(14)

Deep percolation (%) DP = Ddp/Dapp ×100

(15)

Cutoff ratio

XR

=
XR

=

Tco /Tadv if Tco > Tadv
Xadv /L otherwise

3.2. Calibration and validation of SWAP
Results of the SWAP model simulating water table depth during the
validation period correlated very well with the average of observed
values. The best correlation was found when the hydraulic conductivity
of the soil above and below the drain level were adjusted to 1.5 and
4.0 m/day respectively (Fig. 5a). This is statistically proven by the small
MAE of 6.12 cm and RMSE of 7.98 cm (Table 2). Results of SWAP model
performance in predicting water table depth during the validation
period also showed good agreement between the observed and simu
lated values, with the small MAE of 10.42 cm and RMSE of 24.41 cm
(Fig. 5b). The negative CRM values, being − 0.88 and − 1.11, respec
tively, during calibration and validation, showed a small tendency of
SWAP model to overestimate water table depths.

(16)

where Drz is root zone infiltration depth, Dapp is average depth of applied
water, Dmin is minimum infiltration depth, Dlq is the low quarter average
infiltration depth, Dreq is the required depth, Ddp is the average depth of
deep percolation, Tco is the cutoff time, Tadv is the advance time, Xadv is
the advance distance and L is the furrow length.

3.3. Ideal irrigation schedule

2.4.3. Optimization of furrow irrigation
Stream size and cutoff times for furrow irrigation were optimized
using the Operations Analysis World in WinSRFR. Optimization was
performed for uniform slopes in the range typically found in the study
area, i.e. 0.02–0.12%. Input data were the required irrigation depth,
geometry of the furrow (length, shape, slope), the soil infiltration
function, and the optimization ranges of stream size (1.0–4.0 l/s) and
cutoff time (0–20 hrs). The output was curves of optimized stream sizes
and cutoff times for application uniformity, distribution uniformity and
deep percolation when the minimum irrigation depth was equal to the

Irrigation at Farm L7–5 started in early March and ended in early
October 2020 (Table 3). During this seven-month period, 26 irrigation
applications were recorded, with the minimum irrigation interval being
five days in June and July. The applied depth of irrigation was estimated
at 162 mm based on the field experiment measurements with the cutoff
time of 8 hrs.
The ideal irrigation schedule was simulated in SWAP without
applying leaching requirements for the same irrigation period as
observed in the field, while also considering local experiences in sug
arcane cultivation in Khuzestan Province which suggest the need for
6
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Table 1
Soil layer characteristics and soil hydraulic functions as defined in SWAP.
Soil layer characteristics

Mualem-Van Genuchten parameters
3

Depth (m)

Sand (%)

Clay (%)

Silt (%)

Soil Texture

Bulk Density (g/cm )

θr (cm3/cm3)

θs (cm3/cm3)

α (1/cm)

n (-)

Ksat (cm/day)

λ (-)

0.0–0.4
0.4–1.0
1.0–1.2
1.2–1.6
1.6–2.1
2.1–3.4
3.4–4.0a

32.8
13.8
63.8
19.8
21.8
57.8
17.8

35
44.0
12.0
50.0
32.0
18.0
46.0

32.2
42.2
24.2
30.2
46.2
24.2
36.2

CLAY LOAM
SILTY CLAY
SANDY LOAM
CLAY
CLAY LOAM
SANDY LOAM
CLAY

1.61
1.54
1.76
1.53
1.69
1.76
1.56

0.0755
0.089
0.038
0.091
0.072
0.045
0.089

0.3875
0.427
0.317
0.431
0.368
0.324
0.420

0.01485
0.0126
0.0441
0.0161
0.0111
0.0338
0.0142

1.32
1.349
1.284
1.282
1.371
1.245
1.311

3.505
4.12
12.24
5.84
2.24
7.02
4.20

-1.089
-0.924
-0.315
-0.814
-0.840
-0.578
-0.854

θres is the residual water content, θsat is the saturated water content, α and n are empirical shape factors, Ksat is the saturated hydraulic conductivity and λ is the shape
parameter.
a
Impermeable layer observed at the depth of approximately 4 m.

Fig. 5. Observed and simulated water table depths: (a) during SWAP calibration period and (b) during SWAP validation period.

3.4. Properties of the furrow irrigation system

Table 2
SWAP calibrated parameters and comparison of statistical analysis in calibration
and validation of water table depth.
Period

Calibration

Validation

Calibrated parameters

The basic infiltration rate of soil was measured in infiltrometers as
3 mm/hr on average after about six hours (Table 4). In addition, furrow
depth was 10–15 cm, with a bottom width of approximately 90 cm and a
top width of approximately 110 cm (Fig. 6a). The stable cross-sectional
geometry of the furrows was defined in WinSRFR as a power law func
tion, with the top width of flow (TW) being a function of the furrow
water depth (y):

Statistical parameters

Parameter

Measured

Calibrated

MAE
(cm)

RMSE
(cm)

CRM
(-)

K-Top (m/
day)
K-Bot (m/
day)
–

1.87

1.5

6.12

7.98

-0.88

3.39

4.0
10.42

24.41

-1.11

TW = 569⋅4 × y 0.1329

(17)

Furthermore, furrow slope was measured as 0.3% on average in the
first 40 m and 0.05% on average for the rest of the furrow lengths
(Fig. 6b).

K-Top and K-Bot are, respectively, the saturated hydraulic conductivity of soil
layers above and below the drain level.

irrigation intervals to be seven days or less in June and July to protect
crops from scorching summer winds. The leaching fraction (LF) was
obtained as 0.33 from Eq. (1) for the average irrigation water salinity of
2.1 dS/m, and the threshold of the saturated paste extract of 1.7 for no
sugarcane yield reduction (Maas, 1990). The leaching requirement (LR),
then, was calculated as 18 mm for the average prescribed irrigation
depth of 54 mm. Finally, the ideal irrigation schedule was determined
by adding the leaching requirement depth to prescribed irrigation
depths (Table 3). SWAP calculated 19 irrigation applications, with an
average and maximum required depth of 72 mm and 76 mm, respec
tively. The required depth of 75 mm was selected for evaluation and
optimization of irrigation practice.

3.5. Estimation of the soil infiltration function
The parameters k and a of the Modified Kostiakov formula were
estimated for all lengths of furrows F(− 1), F(− 2), F(− 3) and F(m), while
the estimation was done only for the first 180 m of the furrow length in F
(+3), F(+2) and F(+1) (Table 5). Shortly after completion of the water
advance phase in F(− 1), F(− 2), F(− 3) and F(m), water overflowed from
the downstream end of these furrows to F(+1), F(+2) and F(+3), one
after another. As a result, an inverse water front advance proceeded
from the downstream end to the upstream end of the latter furrows,
disrupting the advance phase to the 240 m wooden post. Surprisingly,
the water fronts from the upstream and downstream ends of F(+2) and F
(+3) reached the 180 m wooden post at almost the same time. The
7
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Table 3
Comparison of current irrigation schedule and ideal irrigation schedule as pre
scribed by SWAP.
Irrigation
events

Current irrigation schedule

Ideal irrigation schedule

Date

Depth
(mm)

Date

1

1 Mar
2020
20
Mar
2020
2 Apr
2020

162

3 May
2020
15
May
2020
25
May
2020
1 Jun
2020
7 Jun
2020
14 Jun
2020
20 Jun
2020
27 Jun
2020

2
3
4
5
6
7
8
9
10
11
12
13
14
15

10 Apr
2020
20 Apr
2020
28 Apr
2020
6 May
2020
13
May
2020
19
May
2020
26
May
2020
1 Jun
2020
6 Jun
2020
13 Jun
2020
18 Jun
2020
25 Jun
2020

Interval
(days)

19

162

13

162

8

162

10

162

8

162

8

162

7

162

6

162

7

10

69

7

76

6

72

7

72

6

72

7

74

4 Jul
2020

7

73

162

11 Jul
2020

7

72

6

162

7

75

5

162

7

75

7

162

7

71

5

162

7

71

7

162

18 Jul
2020
25 Jul
2020
1 Aug
2020
8 Aug
2020
15
Aug
2020
23
Aug
2020
1 Sep
2020
11 Sep
2020
22 Sep
2020

7

69

8

72

9

73

10

70

11

69

7

162

17

10 Jul
2020
15 Jul
2020
23 Jul
2020
29 Jul
2020
8 Aug
2020
16
Aug
2020
5 Sep
2020
16 Sep
2020
24 Sep
2020
3 Oct
2020

8

162

5

162

8

162

6

162

10

162

8

162

20

162

11

162

8

162

9

162

19
20
21
22
23
24
25
26
Sum
Ave

4212
162

1
2
5
10
20
30
45
60
90
120
180
240
300
360
420

68
69

2 Jul
2020

Time (min)

Depth
(mm)

12

16

18

Interval
(days)

Table 4
Infiltration rate of soil.
Cumulative infiltration, Z (mm)

Infiltration rate I (mm/hr)

Ring 1

Ring 2

Ring 3

Avg

0.5
1
2.5
2.7
3
3.5
4.5
5
6
7
9
11
13
14.5
16

2
3
4.5
6
8
11
12
13.5
16.5
19.5
25.5
31.5
37.5
43
48.5

3
4
5
6.5
8
9
10
11
12
13
15
17
19
21
23

1.8
2.7
4.0
5.1
6.3
7.8
8.8
9.8
11.5
13.2
16.5
19.8
23.2
26.2
29.2

110.0
50.0
26.7
12.8
7.6
9.0
4.0
4.0
3.3
3.3
3.3
3.3
3.3
3.0
3.0

infiltration function was estimated for F(− 1), F(− 2), F(− 3) and F(m),
corresponding to NRCS intake family 0.2–0.35 and a clay loam soil type.
Since the topsoil (0–40 cm) was measured as clay loam in the field, we
derived the Modified Kostiakov equation only from the average infil
tration parameters of furrows with lower infiltration rates, as follows:
Z = 50⋅6t 0.194 + 3t

(18)

3.6. Evaluation of current irrigation practice
To evaluate the performance of current irrigation practice we used
the test furrows in which the advance phase reached the end of the
furrow intact. Water was found to have infiltrated much deeper
(162 mm) here than the required depth (75 mm) (Fig. 8 and Table 6).
Even at one quarter length of the furrows with lower infiltration depth,
1.8 times more water on average was received than needed. The effi
ciency of current irrigation practice was 47% on average, meaning that
more than half of the irrigation water was lost by deep percolation.
The crop transpiration simulation in SWAP, however, showed a
marked difference in yield values along the furrow lengths (Table 7). In
F(− 2) and F(− 3), for example, yield at the downstream end of the
furrow was 30% lower than at the upstream end.
3.7. Optimization of current irrigation practice
The curves of optimized stream sizes and cutoff times for three
performance indicators were obtained in WinSRFR for uniform slopes of
0.02–0.12% (Fig. 9). The results indicate that current blocked-end
furrow irrigation practice is optimized by larger stream size and
shorter cutoff times for milder furrow slopes, and smaller stream size
and longer cutoff times for steeper slopes. For example, a stream size of
around 3.0 l/s and a cutoff time of 3.2 hrs was found to be suitable for a
slope of 0.02%, while a 1.6 l/s stream size and 6.5 hrs cutoff time was
more optimum for a slope of 0.12%.
Moreover, in furrows with slopes less than 0.05% the minimum and
maximum infiltration depth occurred, respectively, at the downstream
end and the upstream end (Fig. 10). However, in furrows with slopes
greater than 0.05%, the maximum infiltration depth occurred at the
downstream end, with the position of minimum infiltration depth
shifting gradually from 0.5 L to 0.75 L as slope increased from 0.05% to
0.12%.
With milder slopes, the advance and recession phases were found to
be completed sooner, with higher application efficiency and distribution
uniformity (Table 8). Application efficiencies in the optimized irrigation
practice were found to be 95% and 88% for slopes of 0.02% and 0.12%,
respectively, and irrigation application should be stopped the same time

1362
72

advance phase was completed at around 5.6 hrs for all of the test fur
rows, and the experiment ended at 8 hrs.
The infiltration function of the Modified Kostiakov formula was
estimated in two categories for the test furrows. A higher infiltration
function was estimated for furrows F(+3), F(+2) and F(+1), corre
sponding to Natural Resources Conservation Service (NRCS) intake soil
family 0.5–0.7 and a silty loam soil type (Fig. 7). However, a lower
8
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Fig. 6. Properties of test furrows: (a) cross-sectional geometry of furrows and (b) longitudinal slope of test furrows.
Table 5
Estimation of k and a parameters of Modified Kostiakov equation in WinSRFR.
Furrow

Stream size (l/s)

Avg slope (m m− 1)

F(þ3)
F(þ2)
F(þ1)
F(m)
F(¡1)
F(¡2)
F(¡3)

1.78
2.08
2.06
2.67
2.07
2.50
2.61

0.0009
0.0009
0.0009
0.0005
0.0011
0.0011
0.0011

Measured time (hrs)

Estimated parameters

Simulated advance time (hrs)

T60

T120

T180

T240

Completion time

k

a

b

0.52
0.68
0.35
0.57
0.27
0.63
0.6

1.68
1.93
1.42
1.68
1.35
1.5
1.38

5.27
5.52
3.4
3.1
2.3
2.5
2.3

4.9a
4.7a
4.2a
4.1
3.27
3.6
3.43

5.27
5.57
4.5
4.1
3.27
3.6
3.43

41.82
52.11
41.06
61.30
37.72
52.28
51.10

0.557
0.554
0.535
0.227
0.185
0.171
0.191

3
3
3
3
3
3
3

11.20
11.32
6.70
4.47
3.46
3.78
3.55

TX is the advance time of water front to the wooden post X m from the furrow upstream end.
a
The time at which water from adjacent furrows overflowed to the downstream end of furrow.

Fig. 7. Infiltration functions of NRCS intake families and resulting Modified
Kostiakov from EVALUE volume balance method.

and around 25 min after completion of the advance phase, respectively.
The SWAP crop growth simulation showed no significant difference in
yield along the furrows under optimized irrigation practice (Table 9).
4. Discussion
Fig. 8. Comparison of advance times, recession times and infiltration depths in
current irrigation for four test furrows in WinSRFR.

Three furrows, F(+3), F(+2) and F(+1), were omitted from the
9
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Table 6
Evaluation of current irrigation practice in WinSRFR.
Furrow

Irrigation parameters

Performance indicators

Stream size (l/
s)

Cutoff time
(hr)

Advance time
(hr)

Applied depth
(mm)

F(¡3)

2.6

8.0

3.5

171

F(¡2)

2.5

8.0

3.7

164

F(¡1)

2.1

8.0

4.6

136

F(m)

2.7

8.0

3.7

175

Avg

2.5

8.0

3.9

162

Application efficiency
(%)

Distribution
uniformity

Low
quarter
adequacy

Deep
percolation
(%)

44

0.58

1.82

56

46

0.61

1.78

54

55

0.73

1.49

45

43

0.79

2.11

57

47

0.68

1.80

53

Cutoff
ratio
2.27
2.16
1.74
2.19
2.1

Table 7
Evaluation of current irrigation practice in SWAP.
Infiltration depth (mm)

100

Transpiration components

Rate
(cm)

T/Tpot (%)

140
Rate
(cm)

T/Tpot
(%)

160
Rate
(cm)

T/Tpot
(%)

200
Rate
(cm)

T/Tpot
(%)

Tpot
Tact
Tr waterlogging
Tr drought
Tr salts
Relative crop yield (%)

105.7
89.1
13.4
1.7
1.4
84.3

–
84.3
12.7
1.6
1.3

105
80.4
22.8
1.4
0.5
76.5

–
76.5
21.7
1.3
0.5

104.1
74.3
28.2
1.2
0.4
71.4

–
71.4
27.1
1.1
0.4

102.4
60.4
40.8
0.9
0.3
59

–
59
39.9
0.8
0.3

Tpot is potential transpiration; Tact is actual transpiration; Tr is an indicator of transpiration reduction.

Fig. 9. Optimization of furrow irrigation for uniform slopes from 0.12% (a) to 0.02% (f).
10
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should be noted that seepage from the gated pipe which affects water
conveyance efficiency to furrows is not considered in application
efficiencies.
Markedly different advance phases observed between furrows in this
study points to the need for proper land levelling and frequent mainte
nance of furrow shapes to achieve high irrigation efficiencies and dis
tribution uniformities in furrow irrigation systems. Supervision and
maintenance of furrow ridges during irrigation applications and
ensuring that furrows receive the same individual stream size are crucial
to avoid overflow and achieve uniform advance phases across furrows.
However, changes in furrow shape, bed elevation and infiltration rate
are usually inevitable during cultivation, especially in mechanized
agriculture. As a result, some furrows may have a longer advance phase.
Our field observations of the water front during the advance phase
suggest that connecting the downstream end of irrigation furrows to a
ditch might promote greater irrigation efficiency in mildly sloping fur
rows. This strategy, especially in furrows with uneven beds and overflow
problems, would help the advance phase to complete sooner, thus
increasing application efficiency and distribution uniformity in practice
in the field.
The irrigation schedule currently practiced in the study area, having
26 applications and a combined water depth of 4212 mm, was optimized
in SWAP to an ideal irrigation schedule having 19 applications and a
combined water depth of 1362 mm (see Table 3). In other words, ac
cording to the SWAP simulations, the current irrigation frequencies were
37% more than needed, mostly because irrigation began two months
earlier and the quantity of water applied was 3.1 times greater than
needed. However, to be realistically applicable in the field, surface
irrigation application efficiencies need to be considered in the SWAPprescribed ideal irrigation schedule. The optimized stream sizes and
cutoff times for furrow irrigation in WinSRFR indicate that the applied
water depth in current irrigation practice (162 mm) could be reduced to
81 mm for a slope of 0.06% under field conditions (Table 8). Therefore,
the water applied in the current schedule was actually 2.7 times greater
than what a realistic water application would be (1539 mm) and thus
can be decreased by 63%.
We found that application efficiency for a particular slope was
especially affected by the combination of stream size and cutoff time,
while distribution uniformity was more affected by the uniformity of the
slope and the presence of rises and depressions in bed elevation along
the length of the furrows. Considering the 0.06% overall average slope

Fig. 10. Comparison of advance times, recession times and infiltration depths
in optimized irrigation for four uniform furrow slopes in WinSRFR.

infiltration estimations using the Modified Kostiakov equation and from
the evaluation of current irrigation practice due to a too long advance
phase and irrigation water overflow. The higher infiltration rate simu
lated for these furrows compared to the expected rate can be explained
by water overflow during the advance phase in the first 180 m of the
furrow lengths. Considering the uneven bed elevation along these fur
rows (Fig. 6), it is highly likely that during the advance phase, the water
depth in some regions exceeded the furrow ridges and a fraction of
stream size overflowed out of the furrows. Since WinSRFR does not
consider overflow in simulations, the model estimated higher infiltra
tion rates to compensate for the longer measured advance times. A
longer advance phase was found especially for furrows F(+3) and F(+2),
indicating that application efficiency and distribution uniformity in the
field could be lower than the results found in the present study. Also, it
Table 8
Evaluation of optimized irrigation in WinSRFR.
Slope (m
m− 1)

Irrigation parameters
Stream size
(l/s)

Cutoff time
(hr)

Advance time
(hr)

Applied depth
(mm)

Application
efficiency (%)

Distribution
uniformity

Low quarter
adequacy

Deep percolation
(%)

Cutoff
ratio

0.0012
0.001
0.0008
0.0006
0.0004
0.0002

1.6
1.9
2
2.2
2.3
3

6.5
5.5
5
4.5
4.3
3.2

6.1
5.0
4.7
4.2
4.3
3.2

85
86
82
81
81
79

88
88
91
92
93
95

0.87
0.89
0.91
0.93
0.92
0.97

1.03
1.05
1.02
1.03
1.03
1.03

12
12
9
8
7
5

1.06
1.11
1.07
1.06
1.01
1.01

Performance indicators

Table 9
Evaluation of optimized irrigation in SWAP.
Infiltration depth (mm)

75

Transpiration components

Rate (cm)

T/Tpot (%)

85
Rate (cm)

T/Tpot (%)

90
Rate (cm)

T/Tpot (%)

Rate (cm)

T/Tpot (%)

Tpot
Tact
Tr waterlogging
Tr drought
Tr salts
Relative crop yield (%)

107.2
92.2
10.8
1.2
3.0
86.0

–
86.0
10.1
1.1
2.8

107.1
92.1
11.2
1.2
2.5
86.0

–
86.0
10.5
1.2
2.4

106.6
92.0
11.5
1.3
1.9
86.2

–
86.2
10.8
1.2
1.8

106.5
92.1
11.5
1.3
1.6
86.5

–
86.5
10.8
1.2
1.5

Tpot is potential transpiration; Tact is actual transpiration; Tr is an indicator of transpiration reduction.
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of the tested furrows, the current practice application efficiency (47%)
was found to be much lower than optimized practice (92%), mostly
because the cutoff time was 78% greater than optimized practice. The
lower distribution uniformity found for current irrigation practice,
especially in F(− 2) and F(− 3) (0.61 and 0.58, respectively), compared
to optimized practice (0.93), was due mainly to a steeper furrow slope
(0.3%) in the first 40 m, compared to the rest of the furrows (0.05%),
and accumulation of extra water in the downstream region of the fur
rows. This lower distribution uniformity resulted in 30% lower yield at
the downstream end of the furrows compared to the upstream end.
Regarding yield, the SWAP simulations suggest that an optimized
irrigation schedule could increase actual yield by 22%, compared to the
current schedule (Fig. 11). Our results, furthermore, indicate that the
lower actual yield observed under current practice was due mainly to a
2.7 times greater waterlogging stress on crops during irrigation appli
cations. While the water depths prescribed in the ideal schedule would
sufficiently leach salts away from the root zone, application of greater
irrigation depths would not further decrease salt stress significantly,
though it would increase waterlogging and may therefore diminish
yield. These results reveal the fallacy of the common conception in the
study area that overirrigation will better leach salts away from the root
zone and lead to higher sugarcane yield.
SWAP, however, is likely to simulate slightly lower yields than those
which might be observed in the field under actual conditions of a furrow
irrigation system. This is because SWAP is a one-dimensional model
which assumes irrigation applications in a flat basin. However, in furrow
irrigation systems only part of the soil becomes fully saturated. Thus,
only part of the crop roots may be affected by waterlogging. Therefore,
no yield reduction, or lesser yield reductions than predicted by the
SWAP simulations, can be expected under real furrow irrigation field
conditions.
The suggested optimized stream sizes in this study for furrow slopes
of 0.02–0.12% correspond to the maximum non-erosive stream size of
3 l/s recommended by FAO for furrow slopes of 0.1% or less (FAO,
2021).
The results of the present study differ from those of Mazarei et al.
(2020), who used WinSRFR to optimize sugarcane irrigation practice for
a blocked-end furrow irrigation system in the same study area with the
same soil type (clay loam) and the same furrow shape. They recom
mended the optimal stream size of 3 l/s and a cutoff time of 6.3 hrs for a
furrow length of 200 m and slope of 0.05%. Their recommended optimal
irrigation practice had an application efficiency of 78% and irrigation
depth of 186 mm. However, our results suggest the lower optimal
stream size and cutoff time of 2.2 l/s and 4.5 hrs, respectively, for the
same slope and a longer furrow length of 240 m. We would suggest that

their overestimation of required depth (100 mm) as the key input
parameter to WinSRFR resulted in an overestimation of stream size and
cutoff time in their optimization.
5. Conclusions
The present study adopts two one-dimensional simulation models –
WinSRFR and SWAP – in an effort to optimize surface irrigation practice
and overcome some limitations of the simulation models currently used
for surface irrigation optimization. The results of this study demonstrate
the value of combining a surface flow simulation model and a subsurface
crop model to derive an optimized irrigation schedule and optimized
irrigation applications.
The optimized irrigation schedule suggests that the number of irri
gation applications and the volume of applied water in current practice
can be reduced by 27% and 63%, respectively. Our results also indicate
that the optimized irrigation schedule can efficiently leach salts away
from the root zone. Furthermore, the crop growth simulation in SWAP
indicates that the optimized irrigation schedule could produce a sugar
cane yield 22% higher than current practice, with no significant varia
tion in yield along the furrows. We attribute the lower yields obtained
under current practice to high waterlogging stress due to overirrigation.
Our optimization of blocked-end furrow irrigation in WinSRFR for
the required depth of 75 mm suggests that the stream size and cutoff
time of 2.5 l/s and 8 hrs in current practice should be reduced to 2.2 l/s
and 4.5 hrs, respectively. Application efficiency and distribution uni
formity would then increase from 47% and 0.68–92% and 0.93,
respectively. Our results also indicate that as furrow slope increases
from 0.02–0.12%, optimized stream size decreases from 3.0 to 1.6 l/s,
while cutoff times increase from 3.2 to 6.5 hrs.
Our study points to the importance of land levelling and furrow
shapes to achieve high irrigation efficiency and distribution uniformity.
To compensate for the inevitably poor land leveling and furrow main
tenance, we recommend connecting the downstream end of furrows to a
ditch.
Further study is needed to better determine crop root properties and
the soil infiltration function, as these are key factors affecting irrigation
schedule and application. The root depth and distribution pattern and
soil water pressure heads during water uptake by crop roots particularly
merit closer investigation. Determination of the soil infiltration func
tion, however, is perhaps still the most challenging step in surface irri
gation optimization. Future studies could therefore focus on spatial and
temporal changes in soil infiltration caused by soil compaction during
the cultivation period, especially in mechanized cultivation of perennial
crops.

Fig. 11. Comparison of different irrigation schedules simulated in SWAP.
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