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Abstract Given the importance of achieving substantial
water and operation savings, automated irrigation manage-
ment has evolved toward integration of soil moisture meas-
urements with simulation models. The main objective of
this study was to develop a set of procedures to maximize
irrigation efficiencies in linear-move irrigation systems. A
system of field truth data collection and spatially distrib-
uted, physically based hydrological modeling was devel-
oped to evaluate the efficiencies of linear-move systems
considering various naturally occurring boundary condi-
tions and management options. Interactions among the
irrigation flow depth, the evaporation conditions, the net
infiltration depth and soil moisture uniformity, the irriga-
tion turn duration and runoff-runon production were con-
sidered. Environments were of the semiarid Patagonian
Monte at varying field slope and antecedent soil moisture.
Plot experiments on infiltration and overland flow were
used to calibrate a modified version of the CREST hydro-
logical model adapted to the simulation of linear-move irri-
gation. Modeling results show that irrigation efficiencies
can be improved by allowing runoff-runon to occur to an
extent compatible with adequate soil moisture uniform-
ity at the end of the irrigation turns. High efficiencies in
both attaining effective infiltration depths and minimizing
irrigation turn durations may be reached by adjusting the
irrigation flow depth through the advance velocity of the
irrigation system and/or inter-nozzle distances with due
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consideration to the antecedent soil moisture condition and
the field slope.

Abbreviations

BCMF Boundary conditions and management factors

CREST  Coupled routing and excess storage

DDM Drainage (flow) direction map (8-cell
convention)

DEM Digital elevation map

EM Evaporation flow map

FAM Flow accumulation factor (number of contrib-
uting upstream map cells)

GPS Global positioning system

M Irrigation intensity map

RRM Runoff-runon depth map

TDI Tension disk infiltrometer

List of symbols

0; Soil moisture depth at location i (mm)

O Soil moisture depth increase due to irrigation
(mm)

0, Soil moisture content (mm?*/mm?)

9_1,,4 Average antecedent soil moisture depth (mm)

6, Average volumetric soil moisture depth (mm?/
mm?)

9_1,end Average soil moisture depth at the end of irri-

gation turn (mm)
O irr Average soil moisture depth increase due to
irrigation (mm)

ORRF Standard deviation of runoff-runon factor

Op, Standard deviation of volumetric soil moisture
depth (mm3/mm3)

a b, c Coefficients of infiltration function (mm/min)

A, Irrigated area (mm?)

CU Coefficient of uniformity (%)
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DS Depressional storage area (%)

e, Irrigation application efficiency (mm/mm)

e, Irrigation turn duration efficiency (mm/min)

E, Evaporation flow (mm/min)

E, Average value of the EM (mm/min)

F Cumulative frequencies of 6, at various class
values

L, Infiltration flow fed from runoff—runon flow
and ponded water (mm/min)

L Infiltration flow fed from sprinklers (mm/min)

L, Cumulative irrigation flow depth (mm)

Irr Irrigation flow (mm/min)

ITD Irrigation turn duration (min)

K, Saturated hydraulic conductivity (mm/min)

ND Inter-nozzle distance (m)

NIC Number of irrigated cells in field digital map

NRR Number of cells where runoff—runon occur

pCoem Overland flow friction factor

pLeaOne  Coefficient of non-depressional storage
(100-DS)/100 (%)

RR Runoff-runon depth (mm)

RRF Runoff-runon factor

RR Average value of the RRM (mm)

RRF Average runoff-runon factor (all scenarios)

S Field main slope (%)

TWI Topographic Wetness Index

1% Velocity of the linear-move irrigation system
(m/min)

Introduction

Irrigation is an increasingly important practice for sus-
tainable agriculture in the arid and semiarid regions of the
world. The expansion of irrigated agriculture has greatly
increased crop productivity, stability and diversification in
semiarid areas (Causapé et al. 2004). Without appropriate
management, irrigated agriculture can be detrimental to the
environment and endanger sustainability (Ferndndez-Cire-
1li et al. 2009). In most countries, agricultural demand for
water ranges from 40 to 80 % of total consumption (Baz-
zani 2005), and efforts to maximize the efficiency of irri-
gation will have to increase to irrigate the same land area
with fewer resources. Automated irrigation systems have a
number of advantages, as compared with manual systems,
including greater precision and reduction in human error
(Castanon 1992) which leads to an increase in crop yields
and savings in water, energy and labor costs (Mulas 1986).

Sprinkler irrigation system can be easily automated
(Morvant et al. 1997; Uva et al. 1998) and can achieve high
application efficiencies (McLean et al. 2000). The flex-
ibility of present-day sprinkler equipment and its efficient
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control of water application make the method almost uni-
versally applicable. A common, worldwide used, irrigation
method is the linear-move sprinkler system. Their opera-
tion is usually synchronized in various ways to soil mois-
ture sensor nets in order to supply water in accordance with
specified target levels. Considerable sophistication involv-
ing the regulation of advance velocity and irrigation flow
according to soil and atmospheric physical conditions is
required to improve water use efficiency in these systems
(Gencoglan et al. 2005).

At the beginning of an irrigation turn, the irrigation flow
is usually lower than the infiltration rate and all the water
applied infiltrates into the soil (Gencoglan et al. 2005).
With time, the infiltration rate decreases and becomes
lower than the irrigation rate (Mao et al. 2008). When
irrigation continues after this point, superficial water flow
and runoff-runon (overland flow and infiltration thereof)
occur (James 1988; James and Larson 1976; Mein and
Larson 1973; Mao et al. 2008). The rate of overland flow
on a sloping field depends on the amount of water that can
accumulate on the rough soil surface or its depressions.
Runoff-runon and surface depression storages imply addi-
tional areas of water infiltration that remain active for some
time after the pass of the irrigation machine. Time is also
relevant to irrigation efficiency. If irrigation is completed
in a short time, operation and maintenance costs decrease
(Gencoglan et al. 2005) and water would be saved due to
the reduction in evaporation. Efficient irrigation planning
involves achieving maximum infiltration rates in minimum
operation times.

Ceballos et al. (2002) explain that in semiarid regions
with prevailing sandy soils, water infiltration is fast, and
overland flow is limited as a consequence of the macro-
porosity of the soils. However, complex interactions of
runoff generation, transmission and reinfiltration over
short temporal scales (Li et al. 2011; Reaney 2008) have
been observed in such soils, which add difficulties in the
estimation of infiltration and overland flows. In arid/semi-
arid areas, the soil surface can be predominantly flat and
gently sloped at extended spatial scales, and the superficial
water flow occurs in very shallow structures combining
small overland flow areas interspersed with finely ramified
fingering patterns of small channels. Composite patterns of
overland flow (Parsons and Wainwright 2006; Smith et al.
2011) can be expected to produce spatially heterogeneous
patterns of water infiltration in the upper soil (van Schaik
2009).

Superficial water flow or runoff-runon flow on a rough
surface is characterized by discontinuous puddle-to-pud-
dle filling, spilling—merging and splitting dynamics (Chu
et al. 2013), which involve a series of hydrodynamic, con-
nected and individual ponding (depression storage sensu
Antoine et al. 2011a) areas under the influence of surface
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micro-topography. During a rain or irrigation event, the
surface depressions can be filled gradually, resulting in
the formation or evolution of dynamically connected wet
areas. Usual procedures to study runoff-infiltration pro-
cesses involve the use of hydrological models based on
hydrograph records at a field scale. Although a large body
of literature has been devoted to the criteria used to inspect
hydrograph records (Ewen 2011), less attention has been
paid to the fact that many hydrological models that can
accurately reproduce hydrograph records, produce severely
biased estimates of overland flow velocities (Miigler et al.
2011; Legout et al. 2012) or Reynolds-Froude numbers
(Tatard et al. 2008) that characterize the friction character-
istics of overland water flow.

Several studies have been conducted to investigate the
hydrological connectivity of topographic surfaces and char-
acterize the dynamic behavior of overland flow generation
(Darboux et al. 2001; Antoine 2010; Antoine et al. 2009,
2011b; Appels et al. 2011). Other studies were conducted
to investigate the effect of topographic surfaces (and related
hydrological connectivity) on the infiltration flow. Leonard
et al. (1999), Weiler and Naef (2003) and Ohrstrom et al.
(2002), indicate that high terrain slope conditions usually
correspond to low infiltration capacities, and the excess of
available water that begins to puddle or move on the soil
surface participates in the runoff—runon flow (Hillel 1998;
Liu et al. 2011).

Rodriguez and Martos (2010) developed a software
tool for estimating field values of infiltration and rough-
ness parameters of a surface irrigation event. Their inverse
modeling technique identified Kostiakov’s and Manning’s
parameters and the inflow stabilization time. Less effort
has been conducted to investigate the effect of micro-top-
ographic surfaces and the related hydrological connectivity
on the spatial distribution of surface water and infiltration
flows.

Several parameters are usually considered in evaluat-
ing the performance of an irrigation program. A relevant
indicator to consider is the irrigation turn duration or time
taken by the linear-move machine to pass through a field.
At long irrigation turn durations (slow advance speed),
more water can be infiltrated into the soil profile. This also
means higher operational costs in terms of fuel used by the
self-propelled irrigation machine, labor costs and electric-
ity costs of the pumping equipment.

Irrigation uniformity is another central goal of the sprin-
kler irrigation system design (Keller and Bliesner 2000).
There are many factors that affect the uniformity of sprin-
kler irrigation, including the sprinkler system, climatic con-
ditions and field management practices (Zhang et al. 2013).
The spatial distribution of irrigation may affect the water
distribution in the root zone, with significant effects on
crop yield (Warrick and Gardner 1983). Extensive research

has been made on the surface distribution of water from
sprinklers (Christiansen 1941; Hart 1961; Elliot et al. 1980;
Warrick 1983; Zhang et al. 2013). However, little work has
been carried out to investigate the uniformity of the infil-
trated depth of water in the soil profile at the end of the
irrigation turn duration. Low values of coefficients of uni-
formity (CU) of infiltrated depth of water in the soil profile
at the end of the irrigation turn duration often indicate an
incorrect combination of the number, size and/or spacing of
sprinklers (Tarjuelo et al. 1992).

The selection of an appropriate irrigation flow rate is
also important in the irrigation scheduling to achieve high
application efficiencies. Appropriate flows depend on
boundary conditions such as antecedent soil moisture and
field slope. Armindo et al. (2011) indicated that the effi-
ciency of the irrigation systems can be increased by adjust-
ing the amount of water applied to specific field conditions
and developed a flow rate sprinkler to be used in center
pivots or linear-moving irrigation systems, with potential
for utilization in site-specific irrigation scheduling. The
authors claimed that the development of appropriate flow
rate sprinkler projects is becoming increasingly important
for precision irrigation, because it allows the optimization
of site-specific management and aims to either reduce the
use of water for production or increase the current levels
of production with the same levels of water consumption.
DeBoer et al. (2000) claim that it is difficult to predict the
impact of increased wetted areas on surface runoff since
each field situation is unique and must be considered on its
merit. They also claim that before irrigation industry pro-
fessionals can assess and make recommendations regarding
an appropriate sprinkler selection for a given crop and soil
scenario, an acceptable procedure based on reliable data
and field evaluations must be established.

The complexity of the interactions among effects dic-
tated by the underlying physics of the movement of water
in the soil, the engineering aspects of automated irrigation
and the economies of the operation prompted the use of
simulation models to seek adequate compromises of time,
costs, uniformity and efficient water use (Li and Kawano
1996; Silva 2007; Armindo et al. 2011). The use of simu-
lation models enables the reduction in water consump-
tion and increases the efficiency in the use of this resource
(Montero et al. 2001). Modeling approaches are required
to support improved use of linear-move sprinkler irrigation
systems including the consideration of different configura-
tions of inter-nozzle spacing, discharge rates and system
speed to select the most efficient one in terms of surface
soil moisture distribution and runoff-runon production in
semiarid regions where evaporation loses are important
(Wilmes et al. 1993; Molle and Legat 2000).

Simulation models of irrigation systems prove to be use-
ful for different systems. Connell et al. (1999) generated a
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predictive model for water and salt movement within irri-
gation bays in Australia; their objective was to provide a
framework to investigate questions of irrigation practice
and bay design for different site characteristics and to
determine the optimal management arrangements for flood
irrigation. Jorge and Pereira (2003) developed AVASPER
for sets of sprinkler systems. MIRRIG (Pedras and Pereira
2006) is aimed for use in micro-irrigation systems. Merot
and Bergez (2010) developed a model (IRRIGATE), based
on existing knowledge and adapted models and new mod-
ules based on experiments and survey data to help water
managers and agricultural advisors to manage water for
gravity irrigation of hay cropping systems.

The Coupled Routing and Excess STorage (CREST)
model is a distributed hydrologic model developed at the
University of Oklahoma (http://hydro.ou.edu) and NASA
SERVIR Project Team to simulate the spatiotemporal vari-
ation of atmospheric, land surface and subsurface water
fluxes and storages by field cell-to-cell simulation (Wang
et al. 2011). The grid cell resolution is defined by the user.
The CREST components are: rainfall (irrigation)-runoff
generation, evapotranspiration (or evaporation), sub-grid
cell routing, downstream routing and feedbacks between
the routing and rainfall (irrigation)—runoff modules. In each
cell, a variable infiltration curve is employed to separate
precipitation into runoff and infiltration. The model has
been previously calibrated at the spatial scale of a basin
and includes a subroutine to perform automated calibration
based on hydrogram data.

This work presents a system of field truth data collec-
tion and spatially explicit hydrological modeling based on
a modified CREST version adequate to evaluate the per-
formance of linear-move irrigation systems in terms of
the resulting soil moisture depth and uniformity, the irri-
gation efficiency and runoff-runon production in various
field slopes and soil antecedent moisture configurations in
semiarid regions. The results show that adequate combina-
tions of managing factors (flow rates and turn length) result
in improved water use efficiency depending on the terrain
characteristics (slope and antecedent soil moisture). Allow-
ing moderate amounts of runoff-runon improves irrigation
efficiency at acceptable levels of post-irrigation soil mois-
ture uniformity.

Materials and methods

Site descriptions

The micro-plot experiments used to estimate the input
parameters for the sprinkler irrigation system model were

performed at bare soil conditions in the Wildlife refuge
“La Esperanza” (42°12'17.66"S, 64°59'1.29"0). The
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hypothetical application of the sprinkler irrigation sys-
tem model was based on a Digital elevation map (DEM)
of a near field at “El Desempefio”, (42°30'46.81"S,
64°44'37.46"0). Both sites correspond to the biogeo-
graphic unit Patagonian Monte (Argentina) and share veg-
etation, climate and soil characteristics.

The Patagonian Monte is a temperate region with a
Mediterranean-like rainfall regime (Abraham et al. 2009).
The mean annual temperature is 13.4 °C, and the mean
annual precipitation is 235.9 mm (1982-2001). Soils are
a complex of Typic Petrocalcids—Typic Haplocalcids (Soil
Survey Staff 1999) with a fractured calcium carbonate
layer from 0.45 to 1 m below the soil surface (del Valle
1998). Upper soil texture types (USDA) are sandy or loamy
sand (Rossi and Ares 2012b), and volumetric soil moisture
at field capacity is c.a. 25 % (Bisigato and Bertiller 1999;
Rostagno et al. 1991). The average monthly evaporation
(1970-1990) varies from 30 mm in the month of June to
about 195 mm in January (Trelew, Instituto Nacional de
Tecnologia Agropecuaria).

There is a remarkable convergence between the semiarid
area where this study was performed and similar areas in
the northern hemisphere (Chihuahuan—Sonoran deserts).
These areas correspond to the same climate subtypes, simi-
lar dominant vegetation and combinations of biological
forms (Morello 1984 as quoted by Abraham et al., loc. cit.).
Also, similar conditions are extensively found in arid and
semiarid climates worldwide (Mares et al. 1985).

Field plot experiments and calibration of CREST model

Micro-plot (=280 x 80 cm) field experiments (n = 4) were
performed to calibrate the sprinkler irrigation system
model at the micro-plot scale and to estimate the model
input parameters.

A DEM with x—y resolution 8§ mm and z resolution
<2 mm of each plot was constructed through a stereo-pho-
togrammetry procedure (Rossi and Ares 2012a). Irrigation
was supplied during varying time intervals (11-19 min) at
rates 13.5-26.5 mm/min with a single nozzle on a small
area (2.5-12.2 cm?) of the plot. These rates were aimed to
create a range of as high as possible water inflows to the
soil that would encompass most usual irrigation rates used
in linear-move systems (DeBoer et al. 2000) while main-
taining laminar, subcritical hortonian runoff flow (Rossi
and Ares 2012b). The irrigation procedure generated two
subregions within each plot. One of them corresponded to
the area that directly received water from the sprinklers.
The second subregion corresponds to the area that did not
receive water directly from the sprinklers, but received the
excess of water (runoff-runon) from the first subregion.

The runoff flow areas were video-recorded. Video scenes
at selected time intervals (1-4 min) were ortho-rectified,
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and the instantaneous and successive flow areas were meas-
ured with image processing software (Idrisi v. 14.02, Clark
Labs, Worcester) and used to estimate the fraction of the
flow area occupied by depression storage (DS). This latter
was achieved by identifying the areas where the overland
flow front advance at each time interval occurred in the
direction of increasing slope (Rossi and Ares 2012b).

Antecedent and post-irrigation soil moisture were meas-
ured by means of a pin-probe (50 mm) TDR (Time-Domain
Reflect meter, TRIME®-FM, Ettlingen) at equidistant (30—
35 mm) grid points covering the whole overland flow area
and neighbor dry points.

Infiltration tests to obtain soil moisture-dependent infil-
tration curves to be used as input to the CREST model
were performed using a tension disk (diameter = 45 mm)
infiltrometer (TDI, Decagon Devices, Pullman, WA). Infil-
tration surfaces in the neighborhood of each plot were pre-
pared by adding a 3 mm layer of silica sand (0.1-0.5 mm
grain diameter) on the soil surface to improve hydraulic
contact between the soil and the infiltrometer disk. Expo-
nential equations were fitted (TableCurve 2D v.5.01, Systat
Software Inc., San Jose, California) to relate the infiltra-
tion flow to the accumulated soil moisture. The infiltration
estimates of the saturated hydraulic conductivity (K,)
obtained with the TDI and the Wooding’s (1968) model
were compared (R* = 0.46, P < 0.01) with K, pedo-
transfer estimates (Rosetta v. 1.2, US Salinity Laboratory,
Riverside) (Schaap and Leij 1998) based on textural data
from soil cores (n = 43) obtained at the micro-plots and
surrounding bare soil areas. Textural data of the upper
(0-100 mm) soil were obtained with Lamotte’s 1067 tex-
ture kit (LaMotte Co., Chestertown) calibrated with rep-
licate estimates obtained at two reference laboratories
(National Patagonic Centre, National University of the
South, Argentina) with the Robinson’s protocol (Gee and
Bauder 1986). The bulk density of the upper soil was esti-
mated through the excavation method (ISO #11272 1998).
The technique involves determining the volume of an exca-
vated hole using a plastic film inside the hole. The volume
of the cast is determined by water displacement.

The model source code was modified to allow infiltra-
tion (runon) to occur under the area occupied by the run-
off plume. An additional subroutine (CREST-IRRIGA-
TION) was created in order to generate adequate irrigation
depth data (at variable times, intensities and positions) for
input to the model in the form of text files. Interflow (lat-
eral movement of water in the vadose zone, Wang et al.
2011) was disregarded due to the short simulated dura-
tion of the experiments and the coarse textural character-
istics of the soil. The directional digital map (DDM) and
the flow accumulation map (FAM) were built based on the
DEM through an 8-cell algorithm (Jensen and Domingue
1988). Both grids were estimated with the modules FLOW

Table 1 Input data to the CREST model: parameters and grids

Type Name Units Meaning

P pCoem  — Overland flow friction factor

P pLeaOne % Coefficient of non-depression storage

P a, b, ¢ - Coefficients of infiltration function

G 01 mm Average antecedent soil moisture depth

G DEM - Digital elevation map (x—y resolution
0.08 m, z <2 mm)

G DDM - Drainage (flow) direction map (8-cell
convention)

G FAM - Flow accumulation map

G Irr mm/min Irrigation flow

G Ev mm/min Evaporation flow

P parameter, G Grid

and RUNOFF of the software Idrisi v. 14.02 (Clark Labs,
Worcester), respectively.

Moisture estimates obtained with the TDR probe before
application of water to the plots were used as input ante-
cedent soil moisture (6,,_,) to the CREST model. Post-irri-
gation TDR estimates were used to create upper soil mois-
ture maps of the overland plumes of each plot experiment,
based on a nearest neighbor interpolation algorithm (Rich-
ards 1986). CREST 6, estimates were updated at each run-
time step (10 s) by adding the corresponding infiltration
flow. Finally, TDR and CREST 6, plume output maps were
compared at the end of the irrigation period and checked
for the runoff-runon plume speeds measured at its main
axis (mm/s), the azimuth of its main axis (degrees), the
average (6,) and standard deviation (oy,) of the soil mois-
ture content at the end of the simulation time, the cumula-
tive frequency distribution of soil moisture depth over the
plot area and the fraction of the total area occupied by DS.

Input data used to calibrate the CREST model con-
sisted in various parameters and grid data (Table 1). The
automated option to calibrate CREST supplied within its
code was discarded. The model calibration was performed
by analyzing the characteristics of surface flow (average
speed, orientation and extent of the wet plume), the extent
of the DS area and soil moisture horizontal (6,, 0p,) and
vertical profiles. pCoem (the friction coefficient of over-
land flow) was obtained through inverse modeling. All
other input parameters were based on measured field data
(Table 1).

Analysis of scenarios of linear-move sprinkler irrigation
An altimetry survey of a near field (300 x 239 m) at “El
Desempefio” was conducted by means of a high preci-

sion geodetic GPS receiver (LT4000HS, CHC, Shangai).
Elevation was surveyed at 3,388 points spaced at
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Fig. 1 Examples of CREST inputs. a DEMs (x—y resolution = 1 m) with different slope conditions (see Table 2) in the study area “El Desem-
pefio” b Topographic Wetness Index (TWI) map used to generate antecedent soil moisture conditions

Table 2 Boundary conditions and management factors (BCMF) con-
figurations used to model the irrigation scenarios

Condition S (%) V (m/min) ND (m) 9-,,“ (mm)
1.79 1.0 3.0 2.5
4.73 2.0 4.0 4.2

3 7.04 3.0 5.0 7.7

S: field main slope. ;,: average antecedent soil moisture depth. V:
velocity of the linear-move irrigation system. ND: inter-nozzle dis-
tance

* In following, scenarios are identified with acronyms referring to the
various combinations of BCMF and their conditions. As an example,
S1V2ND30; ,3 correspond to low sloping terrain S, medium advance
velocity V, high inter-sprinkler spacing ND, and high antecedent soil
moisture 0_1,,1

0.52 £ 0.005 m. These data were processed (semi-vario-
gram and kriging interpolation) by geo-statistical modeling
tools (Surfer v. 7, Golden Software Inc., Colorado) to con-
struct a DEM of 1 m spatial resolution. A central subarea
of the DEM (100 x 100 m) was selected to reduce com-
puter load and was numerically processed to alter its origi-
nal main slope (1.79 %) to obtain additional versions of the
same with main slopes S = 4.74 % and S = 7.74 %, respec-
tively (Fig. 1a). The DDM and FAM grids were estimated
based on these as in the case of the plot experiments.

In order to specify the spatial distribution of antecedent
soil water depth for use as input to the CREST model, a
Topographic Wetness Index (TWI) was calculated using
the SAGA (System for Automated Geoscientific Analyses;
Olaya and Conrad 2009; Olaya 2004). This index indicates
how prone a site is to become saturated, and its value is
correlated with soil moisture. TWI is defined as the natural
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logarithm of the ratio of a specific catchment area divided
by the tangent of its main slope:

TWI = In | —2
=1n (m) )]

where A (m?) is the contributing area or local upslope area
draining through a certain point per unit contour length,
and tan « is the tangent of the local slope (Fig. 1b).

The TWI grid was rescaled to the range 0-1.00. The
rescaled grid was alternatively multiplied by the values 5,
10 and 20, in order to simulate three hypothetical condi-
tions of antecedent soil moisture depth (9_1,[,, mm) for input
to CREST.

Scenarios (n = 81) of linear-move surface irrigation cor-
responding to irrigation turns at hypothetical preplanting/
preemergence bare soil conditions were simulated through
the CREST model. The scenarios were generated by com-
bining possible boundary conditions (like soil slope and
antecedent soil moisture) and management factors (like
irrigation depth and turn duration) using the Latin hyper-
cube sampling procedure (Ye 1998). The boundary condi-
tions included three main slopes (S: 1.79, 4.73 and 7.04 %)
and three average antecedent soil moisture depths (9_1,0: 2.5,
4.2 and 7.7 mm). The management factors included three
inter-nozzle distances (ND: 1.0, 2.0 and 3.0 m) and three
velocities of the linear-move irrigation span (V: 1.0, 2.0 and
3.0 m/min) (Table 2). In what follows, scenarios will be
identified through acronyms referring to the level (/ = low;
2 = medium; 3 = high) of each combination of boundary
conditions and management factors (BCMF) to ease their
inter-comparison. As an example, S2VINDI10, ,3 identifies
a scenario where S = 4.73 %, V=1 m/min, ND = 3 m
él,a = 7.7 mm, etc.
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The irrigation system consisted in a 100 m span equipped
with 20-33 sprinklers. The simulated sprinklers were of
the SPINNER rotary type (Nelson Manufacturing Co. Inc.,
Washington, USA) at no-wind, 100 kPa water inflow pres-
sure, 10 m water reach and 2.5 m elevation above ground,
supplying an average irrigation depth of 8.2 mm/h at the wet-
ted area (DeBoer et al. 2000). The spatial distribution of irri-
gation depth data around such sprinklers as estimated by these
authors were fitted to a sixth degree polynomial equation:

y = 0.0003x° — 0.0066x> + 0.0576x* — 0.202x>

R% = 0.8646; P < 0.001
2

where y is an irrigation intensity factor (range 0-1), and x
is the water range (m) of the sprinkler. This equation was
used as input data in the CREST model in order to estimate
the wetting pattern generated by the sprinklers at varying
inter-nozzle distance (ND, m).

As in the plot experiments, an infiltration curve (infiltra-
tion variable with accumulated soil moisture depth) for use
in CREST was fitted to data of 12 TDI experiments per-
formed at “La Esperanza”:

y = 0.041 4 0.084 exp (—x/6.069);

+0.2383x2 + 0.0032x + 0.9814;

R% =0.36; P < 0.00001
3)

where y is the infiltration flow rate (mm/s), and x is the
accumulated antecedent moisture (mm).

An uniform evaporation flow (4.3 mm/day) from the
soil was simulated over the entire irrigated field. This is a
typical daytime evaporation flow at spring time in the study
area. DS was the average value of those at the plots used in
the CREST model calibration.

The following output variables were obtained from
CREST:

e Irrigation data: Number of irrigated cells (NIC), cumu-
lative irrigation flow depth (/,,, mm), irrigation intensity

(I,, mm/min) map (IIM), and irrigation turn duration
(ITD, min) or time it takes the linear-move irrigation
span to pass over the field plot.

e Soil data: the average soil moisture depth at the end of
irrigation turn (él,end, mm), the number of cells where
runoff-runon occurred during the irrigation turn (NRR),
the cumulative runoff-runon depth (mm) map (RRM)
and the (isotropic and uniform in space) evaporation
flow from the soil (E,, mm/min) map (EM).

Since an important objective of irrigation is to incor-
porate to the soil profile a maximum of water depth in the
shortest possible time, some terms specifically aimed to
evaluate this performance aspect were defined. The average
soil moisture depth increase due to irrigation (éz,irr, mm) or
net infiltrated water depth was calculated as:

él,irr = él,end - él,a (4)

where 6, is the average antecedent soil moisture depth at
the beginning of the simulation (mm).

An irrigation application efficiency (e,) was calculated
as the ratio of the net infiltrated water depth to the cumula-

tive components of water consumption (/,,, and E,):
9_1 irr
e = —"— 5
“ThatE ©

where E|, is the cumulative water flow depth evaporated at
the end of the irrigation turn (mm).

Also, an irrigation turn duration efficiency (e,, mm/min)
or ratio of net infiltrated water depth per unit of irrigation
time was defined as:

_ él,irr
T ITD

(6)

et

A runoff-runon flow factor (RRF) was also calculated as:

RRF = NRR 7
" NIC )

A coefficient of uniformity (CU) of él,irr maps at the end of
the irrigation turn was calculated as in Christiansen (1941):

Z;n=1 ’91' - él,end‘ %
mOj end

CU=|[1- 100 8)

where 6; is the soil moisture depth at location map cell i,
and 6; = (Z:": 1 9;) /m is the average soil moisture over all
m map cells.

Stepwise regression models (SPSS, SPSS Inc., Chicago,
IL) were performed in order to identify significant statisti-
cal associations among selected (normalized) CREST out-
put variables.

Results and discussion
CREST: calibration with field plot experiments

The CREST model is a spatial explicit code that can be oper-
ated at user-defined spatial scales. The original version of the
model was calibrated at 1 km grid size through the in-built
automatic procedure supplied with the model code (Wang
et al. 2011). In this work, the CREST model was calibrated
at 1 m grid size through ground-truth data from micro-plots
at a similar scale (0.8 m). The hydraulic properties of the
runoff flows (laminar, subcritical) resulting from the experi-
mental irrigation depths correspond to those expected from
the operation of real sprinkler irrigation. Simulated runoff
paths seldom exceeded 2-3 grid cells. These considerations
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Table 3 CREST model

calibration results through Plots Parameters, units Field data CREST model
hydrological parameters P01 Runoff—runon velocity, mm/s 0.42 0.34
obtained in field experiments 3, at the end of irrigation, i 0.075 0.090
o4, at the end of irrigation, mm?/mm? 0.039 0.048
Main flow azimuth, degrees 335 349
DS (% of the total area) 1.5 1.5
P02 Runoff-runon velocity, mm/s 0.21 0.22
6, at the end of irrigation, mm>/mm? 0.138 0.123
o4, at the end of irrigation, mm*/mm® 0.105 0.065
Main flow azimuth, degrees 188 173
DS (% of the total area) 4.73 473
P03 Runoff-runon velocity, mm/s 0.23 0.22
9y at the end of irrigation, mm>/mm?> 0.160 0.170
oy, at the end of irrigation, mm>/mm? 0.083 0.099
Main flow azimuth, ° 203 215
DS (% of the total area) 6.4 6.4
P04 Runoff-runon velocity, mm/s 0.21 0.18
6, at the end of irrigation, mm>/mm? 0.09 0.096
o,, at the end of irrigation, mm*/mm? 0.066 0.099
Main flow azimuth, degrees 229 211
DS (% of the total area) 14.7 14.7

support the assumption that both spatial and hydraulic scale
conditions were similar both in the field experiments used to
calibrate the model and in its simulated scenarios.

The calibration of hydrology models is usually per-
formed by comparison of the model behavior and meas-
ured hydrographs (Darboux et al. 2001; Antoine et al.
2009; Antoine 2010; Appels et al. 2011). However, it has
been indicated (Darboux et al. 2002) that hydrographs not
necessarily represent the spatio-temporal variations in the
generation and evolution of surface flow processes on a
surface. Many models that can accurately reproduce the
hydrograph records produce biased estimates of surface
flow rates (Miigler et al. 2011) or the flow friction param-
eters (Tatard et al. 2008). Additionally, not every system of
hydrological interest can be instrumented with hydrograph
support, and this is usually absent in irrigation situations.

In this study, the calibration of the CREST model at 1 m
grid scale was based both on the surface flow properties
and its relationship with the infiltration flow. Table 3 and
Fig. 2 summarize the comparisons between field data and
the model output. Figure 2 shows the soil moisture distribu-
tion at the four micro-plot experiments as at the end of the
period of application of water and its comparison with the
maps of distribution of soil moisture depth estimated with
the CREST model.

Efficiencies in linear-move sprinkler irrigation systems
under simulated scenarios of boundary conditions and
management factors (BCMF).

@ Springer

Figure 3 shows an example of the spatial pattern of irri-
gation depth as generated by the subroutine CREST-IRRI-
GATION at variable run times (6, 23, 41 min) after the start
of the irrigation turn. The example shown corresponds to
an advance velocity of the linear-move system (V: 3.0 m/
min) and SPINNER rotary sprinklers spaced at ND: 5.0 m.

Figure 4 presents examples of output maps obtainable
from CREST by simulating two irrigation scenarios. Insets
a—b are runoff-runon depth maps expected at mid-turn irri-
gation under two BCMF scenarios, and insets c—d show the
corresponding soil moisture depth maps at the end of the
irrigation turn. These output examples illustrate the effect
of the slope, nozzle distance and antecedent soil moisture
depth on the RR, él,irr and e,. The scenario S/ V3ND39_1,a
1 (a—c) is of lower 9_1,[,, and higher ND than the scenario
S2V3ND16; .3 (b—d), which results in lower RR, lower 6 i,
and a more uniform distribution of soil moisture depth in c)
than in d).

Low NDs (as in scenarios b—d of Fig. 4) imply high irri-
gation intensity and therefore high RR flows. Hillel (1998)
and Liu et al. (2011) explain that when the irrigation inten-
sity is greater than the soil infiltration rate, excess irrigation
water begins to puddle or flow into the soil surface to form
part of the surface flow. Under these conditions, runoff
areas and/or DS areas are places where infiltration occurs
even after the passage of the irrigation machine. The infil-
tration flow fed from runoff and DS areas is referred here

as I, ,, as different from /, , the infiltration flow directly
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Fig. 2 Ortho-rectified photomaps of the experimental plots 01-04
(also see Table 3) used to calibrate CREST and spatial distribution
of soil moisture content (6,) at the end of the irrigation interval, as
measured with a TDR probe. Contour lines are at (01): 5 mm, (02):
10 mm, (03): 20 mm and (04): 5 mm spacing. Yellow circles indicate
the irrigated areas. Red lines indicate the main azimuth flow direction

fed from sprinkler flow (Fig. 3). This implies that those
scenarios with high irrigation intensities (low ND or low
advance velocities V) generate more RR, which in turn
results in an additional contribution to the total infiltration
flow (1, + 1, ,) and él,irr-

Liu et al. (2011) observed in their simulated rain experi-
ments that low rainfall intensities resulted in high infil-
tration rates and increased cumulative infiltration. Also,
high infiltration rates are often observed at high rainfall or

0 0.03 0.06 0.09 0.12

)

v

o wn o
o Te] ~— ~ N

01,ena (Mm)

measured from the center of water inflow areas. Upper right insets
are the maps of soil moisture depth corresponding to the same plots
obtained with the CREST model. Lower x—y graphs are the 6, cumu-
lative frequency (f) graphs corresponding to CREST (white dots) val-
ues and field data (black dots) (color figure online)

irrigation intensity, but it appears to be no consensus in the
literature on the explanation of this behavior (Foley and Sil-
burn 2002). The results of this study contribute to explain
these apparent differences since water in the RR flow and
in ponded areas (resulting from high irrigation intensity)
contribute to the total infiltration flow.

An increment on the antecedent soil moisture depth Q_I,a
(Fig. 4) resulted in high RR flows. DeBoer et al. (2000)
claim that it is difficult to predict the impact of the increase
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Fig. 3 Maps of the intensity of irrigation generated by the subroutine CREST-IRRIGATION. Scenarios are S1V3ND30; 43 (see also Table 2) at a
6 min, b 23 min, ¢ 41 min after the start of the irrigation turn
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Fig. 4 a-b CREST model maps estimates of runoff-runon depth (RR, mm) at mid irrigation turn duration and soil moisture depth increase due
to irrigation (6 irr, mm) at the end of irrigation turn duration in scenarios (see Table 2): a—c¢ S1V3ND39, .1, b—d S2V3ND16; ,3

in wet areas on surface runoff generation, because each  infiltration capacity of a clay loam soil of a cultivated
field situation is unique and must be considered inde-  field in China using a rainfall simulator under three levels
pendently. In this regard, Liu et al. (2011) measured the  of 6;, The authors observed that the infiltration capacity
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Fig. 5 CREST model outputs:
irrigation application efficiency
(e,), average soil moisture depth
increase due to irrigation (9_1,m),
irrigation turn length efficiency
(e,) and runoff-runon factor
(RRF) at all (n = 81) simulated
scenarios. Scenario legends in
x-axis as indicated in Table 2

VIND2 6,3

VIND3 0,1

VIND1 8,1

VIND1 6,,2

VIND1 6,,3

VIND2 8, .1

VIND2 6,,2

decreased with increasing initial water content of the soil,
due to the low hydraulic gradient at the wetting front
(Blackburn 1975).

Figure 5 shows main output results of CREST corre-
sponding to all (n = 81) irrigation scenarios (see identify-
ing acronyms along the x-axis) simulated in this study. The
main ordering trend of the scenarios from left to right in the
x-axis corresponds to increasing advance velocity (VI, V2
and V3). Each group of scenarios at a velocity level is sec-
ondary ordered by increasing sprinkler spacing along the
linear-move span (ND1, ND2 and ND3) (which correspond
to decreasing irrigation depth), and these latter groups are
in turn subordinated along increasing antecedent soil mois-
ture at irrigation start (9_1,6,1, 9_1,42, 9_1,6,3). The increasing gray
levels in the bars correspond to increasing terrain slope.

The irrigation turn duration (ITD) decreases with
increasing advance velocity (V) and consequently the

et (mm/min)

N M -~ N MO -~ N M -~ N MO -~ N M - N M
8§ ¥ 8 ¥ %8 8% 3 3% 8 8 B 83 8 83 3% 8 B B
S IS IS IF IS IS IS B IF SIS IS SIS SIS IS
M M - = = N N N O OO O -~ - - N N N ™
Qo Qo Qo Qo QQQQQaQQaQQaQaaq
$2555885858888838¢8¢
>S5 333353333333 >S>S3>3S3>S>S3>S>>
S 81.79% ®4.73% m7.04%

cumulative irrigation flow depth (/,,) or total amount of
water spent during the irrigation turn. At high irrigation
flows (VI and some V2 groups, Fig. 5a, left side), the effi-
ciency of irrigation application (e,) does not vary with
either ND or the terrain slope S. At low irrigation flows
(some V2 and V3 groups, Fig. 5a, right side), e, increases
because of diminishing /,, or increasing antecedent mois-
ture 0, (see Eq. 5). Slope S has a minor effect on e,,.

The soil moisture depth attained through irrigation (i
, Fig. 5b) diminishes with increasing V as a consequence of
a reduction in the cumulative irrigation flow I, .. At the low
V range, the time efficiency (e,, Eq. 6) is indifferent to 9_1,(1
(Fig. 5c, left side) but increases with increasing antecedent
moisture at high V scenarios (Fig. 5c, right side). This latter
can be explained by considering the similar trends occurring
in the runoff factor RRF (Fig. 5d). In scenarios of high ante-
cedent moisture Q_I,a corresponding to situations where the
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Table 4 ise li i 1 of CREST input—
(@) ¥ =076-0.27 exp (0.50((x- 0.07)0.04) ) e o <eemrion atth high (RRF > 0.107) svoup.
R“=0.41; P < 0.00001
Predictor variables  Coefficients ¢ P R? df
s 0.141 2272 0.039 0947 13
14 0.824 13.327  0.000
01 0.425 6.840  0.000
@
(0]

0.4 T T T T

(b) 100 ¥=93.74-43.24x R*=0.82;
P < 0.00001

CU (%)

(c) 0147y =006 +0.95x" R*=0.58;
P < 0.00001

T T T
0 0.08 0.16 0.24
RRF

Fig. 6 Relations of a irrigation application efficiency (e,) ~ runoff—
runon factor (RRF), b coefficient of uniformity (CU) ~ RRF and ¢
irrigation turn duration efficiency (e,) ~ RRF

irrigation turn starts at relatively humid field conditions, run-
off occurs relatively soon after irrigation start, and additional
infiltration occurs under the runoff plumes, which increases
é[,irr (Eq. 6). The runoff—runon factor (RRF) is relatively
independent from V but shows wide variations depending on
the antecedent soil moisture depth (él’a. The field slope (S)
modifies the RRF particularly at high V conditions.

@ Springer

Model: e, = aS + bV + ¢,

It is of interest to inspect the role of runoff-runon in
relation to irrigation efficiencies as defined in Eqgs. (5-6)
and CU (Eq. 8) through their binary interactions with RRF
(Fig. 6).

The relation e, ~ RRF (Fig. 6a) shows a trend (inverted
normal) that can be significantly fitted to the e, values. The
gray areas in Fig. 6a, at RRF < 0.036 and RRF > 0.107,
where these values correspond to the standard deviations of
the normal function fitting e,, identify the ranges of RRF
where high application efficiencies occur.

CU ~ RRF (Fig. 6b) shows that the uniformity of soil
moisture at the end of the irrigation turn steadily diminishes
with increasing RRF. These results are consistent with stud-
ies indicating that the runoff—runon flow occurs as shallow
sheets of water with threads of deeper, faster flow diverging
and converging around surface protuberances interspersed
with patterns of finely branched small channels following
the heterogeneous soil surface in the x—y plane (Abrahams
et al. 1990).

The relation ¢, ~ RRF (Fig. 6¢) was significantly fitted to
an exponential equation where high values of e, correspond
to high values of RRF. In the irrigation practice, the turn
duration implies related costs associated with it (labor, fuel,
depreciation of equipment and maintenance costs) that usu-
ally are the subject of management for minimization.

Figure 6 summarizes the major compromise involved in
adjusting the irrigation flow in order to maximize both e,
and e,. According to Fig. 6a, c, this can only be achieved
at RRF > 0.107, where CU would drop to 80-95 (Fig. 6b),
which is still an acceptable uniformity for linear-move irri-
gation systems (Hanson 2005).

At scenarios with prevailing low runoff-runon con-
ditions (RRF < 0.036), ¢, and CU can be high, but at the
expense of low e, These scenarios correspond to opera-
tions on nearly flat terrain, with a fast irrigation machine
and relatively wide spaced sprinklers, resulting in low
water application rates. Under these conditions, I, , =~ Irr

and 7, , = 0. Operations with prevailing high runoff-runon
(RRF > 0.107) can attain both high e, and e,, provided run-
off—runon is controlled to an extent that would not produce
undesirably low CU levels. These scenarios can be devel-
oped under relatively high irrigation flows, eventually on

sloping terrain where (1, ; + I, ,) = Irr and 7, , > 0. In these
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latter cases; however, RR and e, may depend on antecedent
terrain characteristics or the boundary conditions (slope,
moisture content) and management factors modifying the
irrigation flow. Stepwise regression models (Table 4) sepa-
rately performed on the high RRF group of Fig. 6 identified
S, V and 6, , as major controllers of e,,.

Conclusions

A modified CREST model was developed to simulate
linear-move irrigation systems. The model was calibrated
based on ad hoc micro-plot experiments to obtain estimates
of infiltration and runoff-runon rates in semiarid areas rep-
resentative of the Patagonian Monte.

Model simulations of irrigation scenarios supply hypoth-
eses to be tested in applied irrigation studies. In a model,
variables are handled consistently based on hydrological
principles. A simulation model summarizes the interrela-
tions among the many hydrological and management vari-
ables involved in irrigation and helps constructing analysis
and observation of field situations.

The results obtained in this study indicate that under
circumstances, both the application efficiency and the turn
duration efficiency of linear-move sprinkler systems can be
simultaneously maximized by considering terrain and man-
agement circumstances that would result in controlled (not
null) runoff-runon flows on the irrigated terrain. Circum-
stances to be considered are the prevailing terrain slope and
antecedent soil moisture, and the characteristics of the irri-
gation equipment controlling the irrigation flow (advance
velocities and sprinkler spacing).
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