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ARTICLE INFO ABSTRACT

Keywords: Modern irrigation scheduling methods are generally based on sensor-monitored soil moisture regimes rather
Irrigation scheduling than crop water stress. Crop water stress is difficult to measure in real-time, but can be computed using agri-
Water stress cultural system models. In this study, an irrigation scheduling method and its facilitate software based on
RZWQM2 RZWQM2 model (Root Zone Water Quality Model) predicted crop water stress were developed and evaluated.
;i;;:zd] The timing of irrigation was based on the occurrence of model-simulated water stress, while the depth of irri-

gation was based on the fraction of the soil moisture deficit (K) needed to replenish the soil water content (6) at
any given time to field capacity (6¢), i.e., from 6,, to 6,, + K (6;—6,,). The predicted water stress for different K
values was tested based on RZWQM2 scenarios calibrated against data collected in a drip-irrigated corn (Zea
mays L.) field near Greeley, Colorado, USA between 2008 and 2010, and in a sprinkler irrigated soybean [Glycine
max (L.) Merr.] field in Noxubee, Mississippi, USA in 2014. For the Colorado site, the simulated full irrigation
(K = 1) using this newly developed water stress-based irrigation approach saved 30.5%, 17.3% and 7.1% in total
irrigation depth in successive years, whereas higher frequency with 60-90% of full irrigation at each event
(0.6 < K =< 0.9) provided water savings of as much as 35%, 30%, and 16%, respectively. The water stress-based
irrigation scheme showed that crop yield was not affected, with a negligible change about 0.03-3.81% decrease.
These water savings were a result of the water stress-based irrigation regime maintaining sufficient water to
meet crop root water uptake requirements without constantly fully rehydrating the soil, thereby minimizing
evaporation from the soil surface and soil water storage after grain filling. For the Mississippi site, this newly
developed water stress-based irrigation software could improve crop yield by 291 kgha™' though consume
3.43 cm more water than field irrigation regime. Similarly, high frequency irrigation (lower K) under water
stress-based regime resulted in higher water use efficiency. This study suggested that the water stress-based
irrigation scheme could save water use and maintain crop yield in semi-arid region, while in humid region it
could increase crop yield while consume more water. Further work is needed to install this system in an irrigated
field and test its performance under different climate and soil conditions.

Soil water content

1. Introduction essential, as by applying the right amount of water at the right time one
avoids plant demand being either exceeded or not met, resulting in

Irrigation is particularly critical for agricultural production in arid reduced crop yield. If plant water demand is significantly exceeded by
and semi-arid agricultural areas where water resources are scarce. the quantity of water applied, the excessive water can carry pollutants
Smart irrigation is known as an important part of precision agriculture off-site through either percolation or runoff (Annandale et al., 2011;

nowadays, where a well-scheduled and well-dosed irrigation regime is English et al., 2002; Singh, 2010).
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Nomenclature

U, soil tension

0 soil water content

Ot 0 across the root zone at field capacity

Owp 0 across the root zone at permanent wilting point

OrL 0 across the root zone at lowest limit determined by
management allowable depletion (MAD)

61 0 across the root zone on the day of irrigation (cm®cm ™ 3)

K the proportion of the 6y —6;, deficit which is replenished

N the number of soil layer at the deepest simulated rooting
depth on the day of irrigation (t;) (cm®cm ™)

D; depth of ith layer (cm)

IR, required irrigation water supply calculated on the day of
irrigation (tp) under water stress based scheduling method
(cm)

Bytad cumulative precipitation expected for the day of irrigation
(to) and the four subsequent days (cm)

Dy deep seepage (cm)

ET, actual evapotranspiration (cm)

E, actual evaporation (cm)

T, actual transpiration (cm)

I cumulative depth of irrigation from onset to end (cm)

P cumulated precipitation from onset to end (cm)

R runoff (cm)

SWS, soil water storage at the onset of concerned crop growth
stage (cm)

SWS, soil water storage at the end of concerned crop growth
stage (cm)

SWS average soil water storage over the period from onset to
end (cm)

Al irrigation water savings percentage comparing to field ET-
WB treatments (%)

v Shuttleworth-Wallace potential transpiration (cm)

n numbers of irrigation events

The four main methods of irrigation scheduling rely on: (i) evapo-
transpiration (ET) and water balance (ET-WB), (ii) soil tension (3,,) or
soil moisture (8) across the rooting depth, (iii) measurements of plant
stress, and (iv) simulation models. In the first method, an estimate of ET
coupled with the water balance equation allows a calculation of the soil
water deficit, which is then compared with the readily available water
(RAW). Triggered when the water depletion exceeds the RAW, in-
dividual irrigation events commonly return 6 to field capacity (6¢).
When correctly applied, ET-based irrigation scheduling practices have a
long history of conserving water and maintaining crop yield and quality
(Davis et al., 2009; McCready and Dukes, 2011; McCready et al., 2009).
ET-based method is relatively easy to implement because of the easier
achieved parameters. For some crops, smartphone apps or tools for ET-
based irrigation scheduling have been developed and delivered equal or
better yields with significantly less water than some irrigation systems
(Bartlett et al., 2015; Migliaccio et al., 2016; Vellidis et al., 2014, 2015).
However, possible errors in estimating crop coefficients (K,), reference
ET, and field features (e.g., soil properties and site-specific rainfall) can
result in this irrigation scheduling method failing to provide water
savings (Devitt et al., 2008; McCready et al., 2009) or provide sufficient
irrigation (Davis and Dukes, 2010; Gowda et al., 2007).

Irrigation scheduling methods based on ,, or 6 are usually im-
plemented through automatic irrigation controllers or systems which
sense and maintain the soil’s moisture status at certain depths (Hedley
and Yule, 2009; Nemali and van Iersel, 2006). The determination of a
lower limit or threshold of ¢, or 0 for different crops is essential to
successfully apply this irrigation scheduling method and requires ad-
ditional field studies (Hoppula and Salo, 2006; Migliaccio et al., 2010;
Thompson et al., 2007a, b). Smart sensor arrays have been used to fa-
cilitate in-field spatial soil variability solutions (Dursun and Ozden,
2011; Gutierrez et al., 2014; Vellidis et al., 2008). With good man-
agement, 6-based methods are an effective way to schedule irrigation,
conserve water and maintain crop yield (Cardenas-Lailhacar and Dukes,
2010; Haley and Dukes, 2012; Zotarelli et al., 2010). However, both ET-
based and 6-based scheduling methods focus directly or indirectly on 6,
which is not a direct indicator of crop water stress. If crop demand is
very low due to high humidity, low radiation or cool temperatures, the
crop may not suffer from water stress under a low 6.

Alternatively, irrigation schedules can be developed by directly es-
timating plant water stress (e.g., dendrometry, fruit gauges, tissue water
content sensors, as well as measures of growth, sap flow and stomatal
conductance) (Jones, 2004; Steppe et al., 2008). Canopy temperature,
measured by infrared thermometry or thermography, is one of the most
widely used of such indicators (Bellvert et al., 2016; Emekli et al., 2007;
Moller et al., 2007; O'Shaughnessy et al., 2011). Irrigation is then
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triggered at either a threshold time (O'Shaughnessy and Evett, 2010;
O'Shaughnessy et al., 2012) or a canopy-temperature-derived crop
water stress index (Alderfasi and Nielsen, 2001; Gontia and Tiwari,
2008; Idso et al., 1981; Jackson et al., 1981; Yuan et al., 2004). How-
ever, this scheduling method is constrained by the high variation of
plant stress-related measurements due to the change in weather vari-
ables.

With a better understanding of the soil-plant-atmosphere continuum
and the interactions between plants and the environment, irrigation
scheduling has becoming more complex. Recently, models and tools
have been used to facilitate irrigation scheduling: e.g., CROPWAT
(Augustin et al., 2015), SWAT (Maier and Dietrich, 2016), SIMERAW#
(Mancosu et al., 2015), AquaCrop (Linker et al., 2016), DAISY (Seidel
et al., 2016), as well as simple mathematical models (Lopes et al.,
2016). However, with most of these irrigation scheduling methods it
may prove difficult to predict plant water stress under different weather
and soil conditions or select appropriate irrigation management re-
sponses. These methods except model-based method, mostly based on
single indicator (soil water content/potential, a certain crop response),
manage irrigations according to the thresholds of the indicator, without
considering the crop responses under variable managements, soil and
atmosphere conditions comprehensively. Model-based methods are
more dependable as they estimate the crop responses with multiple
factors. Some methods, in providing inaccurate irrigation timing and
quantity recommendations, may result in excessive water apply and/or
crop water stress during a growing season and therefore waste water
and/or reduce crop yield. For example, when water stress was esti-
mated later than the actual occurrence of water stress, the crop yield
may decrease; on the other hand, when the soil water deficit was
overestimated, more irrigation water could be applied than the soil
water holding capacity, and thus result deep seepage and runoff.

A model effective in simulating comprehensive crop responses to
atmospheric and soil conditions and managing crop water stress and
growth under variable managements (Ma et al, 2012a, 2012b;
Saseendran et al., 2015), Root Zone Water Quality Model (RZWQM2;
Ahuja et al., 2000) can provide, after calibration, a more accurate daily
assessment of crop growth status comparing to the models mentioned
above. In a recent study, Qi et al. (2016) showed that RZWQM2 model,
integrated with SHAW model (Simultaneous Heat and Water model;
Flerchinger and Saxton, 1989), was able to predict the response of corn
(Zea mays L.) yield to water stress satisfactorily according to widely
used statistics (e.g. NSE > 0.5, —15% < PBIAS < 15%, RSR < 0.7).
Above study provided an inspiration of developing an accurate irriga-
tion scheduling approach based on RZWQM2 predicted daily water
stresses in advance using the forecasted weather information at local
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area, by considering the comprehensive soil-plant- atmosphere con-
tinuum system and variable managements. Once effectively conducted,
this approach may inspire irrigation managers to derive better irriga-
tion schedules with concise and optimal daily decisions.

The objectives of the present study were: (1) to develop an irrigation
scheduling method and software based on RZWQM2 predicted crop
water stress (WS-based) and forecast weather data, and (2) to evaluate
whether this WS-based irrigation scheduling method could effectively
guide real-time irrigation scheduling, conserve water, and maintain
crop yield (vs. actual irrigation management regimes implemented in
the field over a 3-year study in Colorado and a one-year study in
Mississippi); (3) to evaluate the performance of water saving potential
at different replenishment levels using the proposed WS-based irriga-
tion scheduling method and furthermore to provide a recommended
replenishment level to 6. that is effective in improving water use effi-
ciency (WUE) at the field sites in Greeley Colorado, USA.
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2. Materials and methods
2.1. Crop water stress simulations in RZWQM2

Equipped with the DSSAT v4.0 (Decision Support System for
Agrotechnology Transfer) CSM model (Jones et al., 2003) and SHAW,
RZWQM2 v3.0 was used as the core executable program to determine
water stress and soil water content. The CERES and CROPGRO models
in DSSAT are adopted to simulate the growth of corn and soybean,
respectively, where crop development is mainly governed by thermal
time, or growing degree-days (GDD; Jones et al., 2003). RZWQM?2 in-
teracts with DSSAT by exchanging variables (Ma et al., 2005, 2006),
and DSSAT supplies RZWQM?2 with daily plant water uptake, nitrogen
uptake, and plant growth variables. RZWQM2 model generates two
water stress factors: the turgor factor (TURFAC) and the soil water
factor (SWFAC) (Fang et al., 2014; Ritchie, 1998; Saseendran et al.,
2014; Saseendran et al., 2015; Qi et al., 2016). While TURFAC is used to
describe the level of plant water stress as it relates to the expansion of
plant leaf cells, SWFAC is mainly related to photosynthesis and other
elements of the dry matter accumulation processes. They are calculated
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Irrigation managements

Get the weather database updated using the
data collected from weather websites and/
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v
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m
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-

RZWQMrelease.exe

\—’/'__\

Simulated water stress

Run calibrated RZWQM2 model from
planting to harvest

If water stress

(.ana file)

happens during the

Simulated crop growth stages

growing season?

the first daté

when WS happens exceeds

(OVERVIEW.OUT)
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filling?
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Fig. 1. Flow chart of the proposed WS-based irrigation
scheduling method. This chart shows the operational
process of the proposed WS-based method, and how
these steps interact with the parameters in the files
(listed in the left box) of RZWQM2 model. The arrows
between the RZWQM2 model box and the steps show
the directions of data flow. For Colorado corn scenario,
irrigation terminated after 30 days of the onset of grain
filling; for Mississippi soybean scenario, irrigation was
applied until maturity when water stress happened.
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as (Fang et al., 2014; Saseendran et al., 2014, 2015; Qi et al., 2016): where
PWU SW is the Shuttleworth-Wall ial iration (demand
SWFAC = —&7 T," is the Shuttleworth-Wallace potential transpiration (demand),
Ty (@] (cm)
PWU is the potential root water uptake calculated by DSSAT model
TURFAC = SWFAC (supply), (cm), and
RWUEP1 (2)
|l&] RZ_IrrSch v1.0 -
File
RZWQM Irrigation Scheduling
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|I Trrigation T+ Water Stress Root Depth|
+ | - Simulation | Show Process K [1.0 WST: |1.0 Yeild: (8713
Scheduled irrigation Daily main parameters Crop growth stages
Date Amount | Yield Date Water Stress Root Depth Rain Suggest Date Crop Growth Biomass
yyy-MM-dd | (cm) (kg/ha) (yyyy-MM-dd) (cm) (cm) Max Amount (yyyy-MM-dd) | Age Stage (kg/ha)
1 | 2010-06-04 | 215 2080 1| 2010-01-01 0.00 0.0 0.00 0.00 12| | 2010-05-11 0 Sowing 0 1~
2 | 2010-07-01 | 3563 2236 2 | 2010-01-02 0.00 0.0 0.00 0.00 | | 2010-08-12 1 Germinate 0
3 | 20100713 | 6.09 3114 3 | 2010-01-03 0.00 00 00249936 0.00 2010-05-23 12 Emergence a2
4 | 2010-07-26 | 517 5404 4 | 2010-01-04 0.00 0.0 0.00 0.00 2010-06-14 | 34 End Juveni 162 3
5 | 2010-08-18 | 8.01 7934 5 | 2010-01-05 0.00 00 0.00 0.00 2010-06-19 | 39 Floral Ini 326
6 | 2010-00-04 | 891 8713 6 | 2010-01-06 0.00 0.0 00249936 0.00 2010-08-01 82 75% Silkin 8375
7 | 2010-01-07 0.00 0.0 0.00 0.00 2010-08-12 | 93 Beg Gr Fil 1231 | | |
8 | 2010-01-08 0.00 0.0 0.00 0.00 2010-09-13 | 125 End Gr Fil 19273
Q 2010-01-09 nnn nn non nnn ud 2010-N9-15 127 IMaturity. 19273 i

(b) Calculation

Fig. 2. Interface of RZ_IrrSch using the Colorado corn scenario for 2010. (a) the parameters input interface, site-specific parameters including crop, soil and management information are
automatically imported from the scenario for any modification if necessary; (b) the calculation interface, where the irrigation scheduling process will be automatically conducted
according to the proposed WS-based method (Section 2.2) and provide suggestions for present day’s irrigation decision. The plot on the top of the calculation interface shows the water
stress and root growth responses to a scheduled irrigation treatment during the season, while the three tables at the bottom show the scheduled irrigation events, daily main parameters
(water stress, root depth, rain and suggest irrigation), and crop growth stages, respectively, from left to right.
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RWUEPL1 is a species-specific parameter used for evaluating water
stress impact on expansion growth of cells (set at 1.5 for corn and
soybean).

In general, PWU is determined by the root length density, and the
lower limit of plant-available water (i.e., the soil’s permanent wilting
point, 6,,), while T5Y is dominated by weather conditions (Fang et al.,
2014; Saseendran et al., 2014, 2015; Qi et al., 2016). Both SWFAC (Eq.
(1)) and TURFAC (Eq. (2)) range from 0.0 (zero) for fully water stressed
conditions, to 1.0 for stress-free conditions. As the value of SWFAC
determined by the RZWQM2 model represents the daily crop water
stress, namely the extent to which 6 across the rooting depth cannot
meet the crop’s transpiration demand, it provides a good indication of
water deficit; accordingly, for crop water stress-based (WS-based) irri-
gation regime, irrigation was triggered when SWFAC dropped below
1.0.

2.2. Crop water stress based irrigation method

The WS-based irrigation scheduling drew on a calibrated RZWQM2
model was used to simulate the occurrence of water stress and then
determine the quantity of water to be supplied through irrigation in
order to return the current 9 to 6. across the crop’s full rooting depth.
Weather forecasts were downloaded from a meteorological website,
allowing future precipitation to be accounted for, and thereby avoiding
runoff or deep percolation arising from a full irrigation on a heavy
precipitation day. The method is detailed below (Fig. 1):

(a) Retrieving weather data.

For real-time irrigation scheduling, historical and 4-day-ahead
weather forecast data, obtained from weather websites and/or on-site
weather stations, were converted to RZWQM2 weather input format.
Weather data (air temperature, humidity, wind speed, precipitation and
radiation) provided by CoAgMet (Ma et al., 2012b) was employed in
the present study. For other applications, radiation can be calculated
using the empirical equation developed by Hargreaves and Samani
(1982) if it’s not provided from weather websites or on-site weather
stations.

(b) Determining irrigation timing and quantity based on RZWQM2 si-
mulation.

For a given day, the calibrated RZWQM2 model, drawing on readily
available weather data (from step a, both historical and forecast), de-
termined the value of SWFAC and if it was inferior to 1.0, irrigation was
triggered. The quantity of water to apply was then calculated using Eq.
(3). A minimum irrigation amount was required to remove the water
stress on an irrigation day, in case Eq. (3) derived a small or even ne-
gative value. A minimum amount was set to 1.0 cm in this study.

IR () = KA{Z{_1) Oge—Btt0y)-Dii}—Prtg+ad) 3)

where

i is the number of soil layer,

N is the number of soil layer at the deepest simulated rooting depth
on day ty (cm® ecm ™ 2), where the root depth was derived from the
crop biomass.

Oy is the volumetric 6 at field capacity of ith layer of the root zone
(cm®cm™3),

610i is the volumetric 6 of ith layer of the root zone on the day of
irrigation (cm®cm ™ 3),

K is the proportion of the deficit which is replenished,

IR,, is irrigation water supply required on the day of irrigation (t,)
(cm),
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Py,4q is the cumulative precipitation expected for the day of irri-
gation and the four subsequent days (cm),
D; is the depth of ith layer (cm).

It should be noted that the coefficient K differs in two ways from the
management allowable depletion (MAD) used in ET-WB-based irriga-
tion scheduling methods: (i) MAD defines the proportion of 8z —6y,
replaced, whereas K defines the proportion of 6;.—6;, replaced, (ii) MAD
acts as both the lower limit of 6 at which irrigation should be triggered,
and serves in computing the depth of irrigation required to restore the
soil to B¢, whereas K, whose value varies just above and below 1.0,
serves only to calculate the quantity of irrigation.

(c) Add the irrigation event into RZWQM2 model and repeat the pro-
cess daily

The water input through irrigation is added to RZWQM2's irrigation
management module, then step (b) is repeated daily until a full 30 days
after the onset of grain filling. Historical irrigation events of the crop
season are recorded in RZWQM.DAT file which serves as an input file of
RZWQM2. For corn (Zea mays L.) in RZWQM2, simulated crop yield and
water stress do not response to the environment after the day of “End of
grain filling” and they remain the values as those simulated on that day.
In the field experiment, 43, 41, and 32 days occurred between the onset
and end of grain filling in 2008, 2009 and 2010, respectively. In the
field, a single irrigation event resulted in 6 remaining sufficient for crop
demand for about 10 days, hence simulated irrigations did not exceed
30 days after the onset of grain filling (30 days + 10 days = 40 days).
If irrigation were only to end at the end of the grain filling phase, the
large quantity of water then applied would likely lead to an excessively
high 6, without increasing simulated crop yield. Given atmospheric
conditions and soil properties at the field site, simulations on the basis
of water stress, with K=1, showed irrigation water applications to rise
over the season as rooting depth increased (Fig. 2b).

2.3. Developing the RZ IrrSch software

To facilitate the application of the proposed method, the RZ_IrrSch
software was developed using Java language under the Eclipse plat-
form. Composed of two main parts, one drawing on a weather database
and another responsible for scheduling irrigation through its interaction
with RZWQM2, RZ IrrSch features a user-friendly interface created
using Swing components in Java.

The weather data inputs required by RZWQM2 included minimum
and maximum temperature, relative humidity, wind speed, rainfall and
shortwave radiation. The weather database was generated and updated
by Java codes through an interaction with MySQL, a free database
software provided by Oracle. For real-time scheduling the calculation of
water stress requires the users to press the “Update weather” button.
Upon doing so, the software reads weather data files from the on-site
weather station, if available, or draws on websites for missing historical
data (https://www.wunderground.com) and forecast data (http://
www.openweathermap.org). Uploaded weather data were auto-
matically transformed to a model-specific daily format and stored in the
weather database. However, in this study, the weather data being
readily available, the upload and transformation steps were skipped
and the original weather inputs were used instead (hmt and brk files in
RZWQM2). The weather database was filled using the on-site recorded
data, and the 4 days forecast precipitation was obtained from the actual
historical data assuming that the 4 days’ data after the current date
constituted the forecast.

RZ_IrrSch provides both a parameter input interface and a calcula-
tion interface to/from the RZWQM2 model (Fig. 2). Site-specific para-
meters (such as crop, soil and management parameters) of user-selected
RZWQM2 scenario (calibrated) were initially read by the input inter-
face, and the scenarios named after the city nearest the field location.


https://www.wunderground.com
http://www.openweathermap.org
http://www.openweathermap.org
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Table 1
Simulated and observed soybean yield under three field irrigation treatments.

Treatments Irrigation (cm)  Observed yield Simulated yield
(kgha™1) (kgha™")

‘SM’ 2.54 6300 6303

‘halfSM’ 1.27 6130 6116

‘RF’ 0 5930 5788

Note: ‘SM’ treatment means to irrigate when measured root zone soil moisture is 50% of
total plant available water and then replenish the soil to field capacity; ‘halfSM’ treatment
applied irrigation with the same timing as ‘SM’ but only provide half the amount of ‘SM’
treatment; ‘RF’ represents the rainfed treatment, no irrigation was applied.

The user next sets the crop planting date, and keeps parameters in-
cluding crop, soil, and management information the same as the cali-
brated RZWQM2 model. Using the same interface, the irrigation man-
agement regime is then set to “WS-based”. The calculation interface
provides users with a visual representation of changing rooting depth
and water stress under the scheduled irrigation treatment. Values for
water stress, irrigation quantity and timing, as well as rooting depth
and rainfall, are presented in the tables below Fig. 2b.

The irrigation scheduling process is initiated by clicking the
“Simulation” button, the software then following the above-mentioned
steps to generate a proposed regime of irrigation timing and quantity,
as well as provide crop growth information (Fig. 2b).

The proposed WS-based irrigation method can also be integrated in
RZWQM2 model by the developers as another option for automatic
irrigation scheduling like “Root Zone Depletion” and “ET Deficit”,
which are already provided in RZWQM2 v3.0, however, here the de-
veloped software is additionally able to automatically convert weather
data achieved from online or onsite weather stations to RZWQM2
format and visualize the scheduling process with least clicks in real time
irrigation management, which is benefit for the farmers who have
limited understanding of irrigation scheduling process and professional
knowledge of the model.

2.4. The testing scenarios

Data from two experimental sites were employed in the evaluation
of the proposed WS-based irrigation scheduling method, a Colorado
corn field from Ma et al. (2012b) and a Mississippi soybean field based
on data from Zhang et al. (2016a, 2016b). The Colorado corn scenario,
where a full ET-WB-based irrigation schedule was applied, was cali-
brated and validated using data from field experiments conducted from
2008 to 2010 near Greeley, Colorado (40.45°N, 104.64°W) (Trout and
Bausch, 2017; Trout and DeJonge, 2017), while the Mississippi soybean
scenario was calibrated and validated using data from field experiments
conducted in 2014 in Noxubee County, Mississippi in Vaiden (VA) soil
type with three irrigation treatments. Both scenarios served as the basis
of comparison for the present WS-based irrigation scheduling scenario.
All the parameters and managements were kept unchanged when ap-
plying the calibrated scenarios, except irrigation management.

For the Colorado corn scenario, weather data were recorded at a
standard Colorado Agricultural Meteorological Network (http://ccc.
atmos.colostate.edu/~coagmet/) weather station (GLY04).
Precipitation during the growing season (from planting to harvest) was
259 mm in 2008, 244 mm in 2009 and 222 mm in 2010, which were
slightly higher than the 18-year average for the location (1992-2010)
from May to October (191mm). Corn (‘Dekalb 52-59’) was planted on
May 12 in 2008 and May 11 in 2009 and 2010, and harvested on
November 6 in 2008, November 12 in 2009 and October 19 in 2010.
The mean planting density was 81000 seeds per hectare, at a row
spacing of 0.76 m. Based on measured ET and water balance analysis,
irrigation was applied every 3-7 days and met 100% of potential crop
ET requirements (Allen et al., 1998). Water was supplied by a drip ir-
rigation system. Soil hydraulic parameters including field capacity and
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permanent wilting point were calibrated individually in each soil layer,
which can be found in Ma et al. (2012b) in detail.

For the Mississippi soybean scenario, weather data including pre-
cipitation, air temperature, solar radiation, wind speed and relative
humidity were obtained at Macon weather station located in Noxubee
county, USA (http://ext.msstate.edu/anr/drec/stations.cgi). Noxubee
county is under a humid climate with annual rainfall approximately
1400 mm, and precipitation during soybean growing season about 379
mm (Zhang et al., 2016a, 2016b). A soybean group IV cultivar was
planted at 296,525 seeds per hectare on May 8, 2014 and harvested on
September 10, 2014 with three irrigation treatments, which were de-
fined as (i), ‘SM’, irrigation when measured root zone soil moisture is
50% of total plant available water and then replenish the soil to field
capacity; (ii), ‘halfSM’, same irrigation timing as ‘SM’ but only provide
half the amount of ‘SM’ treatment; (iii), ‘RF’, rainfed treatment without
any irrigation. Soil hydraulic parameters were estimated separately in
different layers according to the field experiment data. For more in-
formation about the field experiment and managements, please refer to
Zhang et al. (2016a, 2016b). The simulated soybean yield of the Mis-
sissippi soybean scenario under RZWQM2 is listed in Table 1. Relative
root mean square error of yield, leaf area index and soil water content
are 1.35%, 13.43% and 8.86%, respectively, which is satisfactory for
model calibration.

Based on the above two calibrated RZWQM2 scenarios, comparisons
were made between the field irrigation treatments and derived WS-
based irrigation treatments from the proposed WS-based method, in-
cluding simulated crop yield, soil water content and ET. The well ca-
librated Colorado corn scenario, which has been used in Ma et al.
(2012b), was used to investigate the water saving potential, while the
Mississippi soybean scenario was used to revalidate the efficiency of the
proposed WS-based method. Field observed data were not used in the
comparisons.

2.5. Soil water balance equation

The soil water balance equation was as follows:

P+ 1+ SWS,=SWS,+ ET, + D; + R (€))

where

Dy is deep seepage (cm),

ET, is actual evapotranspiration (cm),

I is the cumulative depth of irrigation from onset to end (cm),

P is the cumulated precipitation from onset to end (cm),

R is run off (cm),

SWS,, SWS, are the soil water storage at the onset and end of crop
production, respectively (cm)

2.6. Irrigation water savings

The water savings percentage was calculated as follows:

where
A[ is irrigation water savings percentage (%),
Ir is irrigation under field conditions (cm),
Iys is irrigation managed under the WS-based method (cm).
3. Results and discussion
3.1. Water savings with K = 1 for Colorado corn scenarios
Using a K value of 1.0, simulated crop yield under the newly de-

veloped WS-based method was similar to that the yield achieved si-
mulated under the ET-WB-based irrigation regime (Colorado corn
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http://ccc.atmos.colostate.edu/~coagmet/
http://ext.msstate.edu/anr/drec/stations.cgi

Z. Guetal

scenario), where crop ET requirements were fully met. However, the
WS-based irrigation regime consumed 30.5%, 17.3% and 7.1% less
water than the ET-WB-based method in 2008, 2009, and 2010, re-
spectively (Table 2). In any given year under both WS- and ET-WB-
based irrigation regimes, the SWS, and P were the same, with Dy and R
being relatively insignificant compared to ET or SWS. The decrease in
irrigation water use under the WS-based irrigation regime (vs. the ET-
WB-based regime) is therefore attributable to a decrease in either ET or
SWS.. In the first two years, the water savings were attributable to a
decrease in both SWS, and evaporation from the soil, while in 2010
only soil evaporation showed a decrease.

Plant water stress occurs when, on a daily scale, PWU < TPSW (Eq.
(1)). Since when using the WS-based method for irrigation regime de-
velopment, irrigation is only provided on days when PWU < TPSW, one
can lower the average 6 (SWS) over the growing season (Table 2). Since
the seasonal average 6 decreased, E, was lowered as well, therefore,
with an irrigation regime that reduces 6 after the “End of grain filling,”
both T, and SWS, could be reduced, as neither would contribute to
enhancing yield. The less frequency of irrigation events under WS-based
regime (Table 2), which reduced the wetting frequency of the soil
surface, also contributed to the decrease of E,. The RZWQM2 model’s
output showed that the lower T, under the WS irrigation regime with
K = 1 was the result of lower transpiration after “End of grain filling”
than occurred under the ET-WB regime (Table 3). Reduced E, during
the growing season, together with reducing T, and SWS after “End of
grain filling” contributes to the water saving achieved by the WS-based
irrigation scheduling method here proposed. A comparison of changes
in 0 under the ET-WB-based irrigation regime and those under the WS-
based regime (K = 1) over three years (Fig. 3), shows that the overall 6
under the WS-based scheduling method was lower than that under the
ET-WB-based method. The WS-based irrigation scheduling regime
maintained 6y, < 6 < 6, while the ET-WB- based regime could result
in 0 > 6g. The extra water applied under the ET-WB-based treatment
was eventually stored in the soil, thereby increasing SWS, (Table 2), or
wasted as excessive evaporation during the growing season or as
transpiration after “End of grain filling” (Table 3). The proposed WS-
based method even increased T, during the period from planting to
“End of grain filling,” thereby guaranteeing crop growth.

Fereres and Soriano (2007) pointed out that when irrigation was
applied at rates below ET, the crop can extract water from the soil when
the historically stored soil water was sufficient to compensate the def-
icit and therefore the plant transpiration would not be affected, which
indicates the water saving potential superior to ET-WB method. The
proposed method in this study, therefore, made a full use of the soil
water storage to satisfy the crop transpiration. Another study by
Panigrahi et al. (2014) revealed that irrigation at 50% ET. during the
early fruit growth period of ‘Kinnow’ mandarin tree would improve
their water use efficiency without significantly affecting the fruit yield.
Making the full use of the crop tolerance to water stress (Panigrahi
et al., 2014), as well as the soil water storage (Fereres and Soriano,
2007), therefore in this work, contributed to the water-savings and

Table 2
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Table 3

Actual evaporation (E,) and transpiration (T,) before and after “End of grain filling”
under ET/water balance- and water stress- (K = 1) based irrigation scheduling regimes
(Colorado corn scenario).

Irrigation regime  From planting to “End of grain  From “End of grain filling” to

filling” harvest

E, (cm) T, (cm) E, (cm) T, (cm)
2008ET-WB 20.1 38.8 3.6 9.0
2008WS K = 1 18.8 40.4 1.0 4.0
2009ET-WB 235 39.7 2.6 3.1
2009WS K =1 19.9 39.7 2.1 3.1
2010ET-WB 23.0 36.1 1.0 7.0
2010WSK =1 21.1 36.5 1.1 5.8

Note: E,: actual evaporation; T,: actual transpiration; ET-WB: field irrigation regime
based on ET and water balance; WS_K = 1: WS-based model-driven irrigation regime,
where O is fully restored at each irrigation (K = 1).

yield maintaining.

During the period from planting to harvest, T, < TpSW, whereas from
planting to “end of Grain Filling” T, = TpSW (Table 4), indicating the
occurrence of water stress only after grain filling, and therefore not
affecting simulated yield. Over the three years, under the WS-based
irrigation scheduling regime (K=1), irrigation met crop transpiration
needs before “End of grain filling,” and decreased transpiration after-
wards, thereby not affecting simulated crop yield (Tables 3 and 4).

An irrigation regime showing a poor potential for water savings due
to timing and quantity issues would likely lead to a wide range of 6 over
the growing season, with 6 sometimes lower than the 6;; and some-
times in excess of 6 (Fig. 3). This would affect crop growth and waste
irrigation water. For 2008 and 2010, a slight water stress occurred at
the vegetative stage under the ET-WB-based irrigation regime, when the
0 exceeded 011 (defined by MAD), and 6 even exceeded on occasion
since August of the three years. As the ET-WB-based irrigation regime
was based on applying water to replenish a certain percentage of the
previous few days’ crop ET requirements, it could fail to promptly
maintain 6 at an appropriate level, resulting in excessive soil water
storage and increased ET after crop maturity, without, however, en-
hancing yield.

In general, the WS-based irrigation scheduling regime saved water
compared to the ET-WB-based irrigation regime by decreasing 6 to such
an extent that daily SWFAC or TURFAC remained above 1 over the
growing season, and additionally decreasing irrigation frequency (de-
crease E,), ensuring crop growth and reducing ET. As a result, irrigation
demand could be decreased.

3.2. Potential water saving with K < 1 under Colorado corn scenarios

Frequent irrigation treatments can decrease ET, increase WUE
(Sensoy et al., 2007), and then save irrigation water (Sepaskhah and
Kamgar-Haghighi, 1997). A lower compared to 6; may also benefit

Simulated results of the ET-WB- and WS- based methods for 2008, 2009 and 2010 (from planting to harvest) under Colorado corn scenario.

Irrigation Regime SWS, (cm)

SWS, (cm) P (cm) I/n (cm)/(times) E,(cm) T,(cm) ET,(cm) D, (cm) TEW (cm) Total PWU (em) (cm)

Yield (kgha™) (%)

2008ET-WB 32.6 31.9 25.9 45.9/16 23.6 47.8
2008WS_ K=1 25.8 31.9/7 19.8 44.3
2009ET-WB 34.1 30.7 24.4 41.7/15 26.1 42.8
2009WS K=1 27.7 34.5/5 21.9 42.8
2010ET-WB 34.9 26.1 22.2 36.6/12 24.0 43.1
2010WS K=1 26.1 34.0/6 22.2 42.3

71.4 1.1 48.6 864.8 37.4 10331 -
64.1 0.5 49.4 592.6 32.3 10325 30.5
68.9 0.5 42.8 1014.9 36.3 10359 -
64.8 0.5 42.9 613.6 33.0 10355 17.3
67.1 0.5 48.4 627.6 347 8724 -
64.5 0.5 48.8 426.4 33.0 8713 7.1

Note: Runoff (R) was O for all simulations. SWS,, SWS, and : soil water storage at planting (onset) and harvest (end) and averaged over the period from onset to end; P: precipitation; I:
irrigation; n: numbers of irrigation events; E,: actual evaporation; T,: actual transpiration; ET,: actual evapotranspiration; Ds: deep seepage; TgW: Shuttleworth-Wallace potential

transpiration; PWU: potential root water uptake; Al: irrigation water savings percentage (%) given by Eq. (5); ET-WB: field irrigation regime based on ET and water balance; WS K = 1:
WS-based model-driven irrigation regime, where 6y is fully restored at each irrigation (K = 1); values in bold are the same for each treatment in that year.
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Fig. 3. Comparison of simulated soil water content (6) under the Colorado field irrigation management regime based on ET and water balance (ET-WB) and an irrigation regime based on
proposed water stress approach and full replenishment of soil field capacity (Or.) (WS_K = 1) in 2008(I), 2009(1) and 2010(III). Oy, soil moisture content at permanent wilting point;

OLL, soil water content at lowest limit determined by management allowable depletion (MAD), MAD was set at 0.6. The 6, 6. and 6y, were weighted averages of the layers across root

zone on that day (dynamic). The three vertical dashed lines from left to right marked the date of the onset of grain filling, 30 days of the onset of grain filling, and “End of Grain Filling”,

respectively.

plant root growth and yield (Hu et al., 2009). Here with WS-based
scheduling method, a lower 8 to replenish to when irrigation was
triggered, yet still met daily TPSW, would make it possible to use less
irrigation water but maintain the yield. Were one able to maintain daily
0 just above Oy, (based on either SWFAC or TURFAC) throughout the
growing season, then water demand for photosynthesis and dry matter
accumulation would be guaranteed, and a minimum irrigation water
input achieved. However, while this would be ideal, it would be diffi-
cult to implement in practice as: (i) rainfall would alter the balance
between 6,, and, raising the former over the latter; (ii) practical irri-
gation management normally allows limited irrigation times and

quantities of water applied at each irrigation are generally much
greater than daily ET; and (iii) a tiny quantity of irrigation water ap-
plied on any given occasion would result in a moist shallow soil layer
but drier deep soil layers, which would not prove beneficial for crop
root elongation and decreasing of E,.

Even given the possible disadvantages under more frequent but
smaller individual irrigations, it is still an interesting exercise to model
such regimes to assess, in terms of water savings, how close to 6y, the 6
can be maintained without adverse effects on the crop. This can be
investigated thanks to the RZWQM2 model by varying the K factor
through an incremental decline from 1.0 to 0.3 (at 0.1 intervals). This
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Fig. 3. (continued)

would generate regimes gradually approaching the ideal condition of 6
being just slight higher than 6y;.

Since water stress would not alter simulated crop yield after the end
of the grain filling stage, the season’s last irrigation as scheduled by WS-
based methods likely applies more water than is needed to exactly meet
crop requirement before the “End of Grain Filling.” However, with
limited weather forecast data the reality of real-time irrigation sche-
duling is that it would be hard to make the quantity of the last irrigation
application exactly meet the requirement of 6 > 6;; before “End of
grain filling” and 6 < 6, after grain filling. Therefore, running the
model and generating WS-based irrigation regimes over a range of K
values could address the question of what regime best addressed these
issues. A further constraint would be that, regardless of the calculated
irrigation volume, to reflect common practice the lowest quantity of
water to apply must equal or exceed 1.0 cm (drip irrigation system).

216

Table 5 shows that over the years 2008, 2009, and 2010, varying K had
little effect on simulated yield, decreasing it by only 0.5%, 1.7%, and
0.6% on average, respectively. Consistently over the three years, the
water savings percentage (AI) increases as K progressively decreased
below 1.0. Given the fluctuation in the curves (Fig. 4), it is not entirely
clear at what K value the AI peaks; therefore, a safe, conservative
practice to save water and maintain yield would be to lower the
quantity of irrigation at each application. However, a small value of K
would increase the number/frequency of irrigations over the growing
season (Table 5), and thereby risk lowering yields (explained after-
wards), benefiting neither crop growth or the management of irrigation
operations, therefore, a proper K value should be selected by weighing
the water saving potential against the labor of irrigation management
and the risk of crop yield loss. Water balance parameters are presented
in Table 5.
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Fig. 3. (continued)

The WS-based irrigation regimes where K < 1 showed a greater
water saving potential (vs. the ET-WB-based irrigation regime) than a
WS-based regime with K = 1, which is consistent with the finding in
Popova and Kercheva (2004) that irrigations scheduled at 75-80% of
the required irrigation depth (K < 1) would save water and reduce
drainage while insignificantly affect the yield. The percent savings in
2008, 2009 and 2010 were about 35%, 30%, and 16%, respectively, for
0.6 < K = 0.9, compared to 30.5%, 17.3% and 7.1% for K = 1. Si-
mulated crop yield was not affected, with a negligible change about
0.03-3.81% decrease when K < 1, likely due to water stress towards
the end of the reproductive stage, since such regimes supplied no water
in the 30 days after the onset of grain filling (6 after the last irrigation
event is not sufficient for crop demand extending to the “End of Grain
Filling”). Another possible reason for the negligible yield decrease is the
more frequent occurrence of TURFAC stress likely to occur with the
increase of irrigation frequency when K < 1. As RWUEP1 in Eq. (2)

was set to 1.5 for corn, TURFAC stress would occur under a lesser de-
gree of water depletion than the SWFAC stress used in this study. The
greater TURFAC stress under the WS-based irrigation regimes where
K < 1, would adversely affect the expansion of plant leaf cells, and in
so doing reduce crop yield. A further modification of the proposed WS-
based irrigation scheduling method based on TURFAC should be in-
vestigated. One supposes that a higher yield might be achieved with a
similar amount of water by making, throughout the growing season, the
daily potential root water uptake (PWU) greater than 1.5 times (for
maize) the TlfW. Some ET based irrigation management practices
(Sensoy et al., 2007; Wang et al., 2006) applied the same total amount
of water under various irrigation frequencies, and found that the higher
frequency irrigation would enhance the crop yield, which might be-
cause of the higher possibilities of removing the crop water stress under
more frequent irrigation.
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Table 4
Comparison of actual transpiration (T,) and potential transpiration (TgW) for the period
from plant to “End of Grain Filling” (Colorado corn scenario).

From Planting to Harvest From Planting to “End of Grain

Filling”
T, (cm) TlfW (cm) Ta (cm) Tlfw (cm)
2008ET-WB 47.8 48.6 38.8 39.6
2008WS K =1 443 49.4 40.4 40.4
2009ET-WB 42.8 42.8 39.7 39.7
2009WSK =1 428 42.9 39.7 39.7
2010ET-WB 43.1 48.4 36.1 36.1
2010WSK =1 423 48.8 36.5 36.5

Note: T,: actual transpiration;: Shuttleworth-Wallace potential transpiration; ET-WB: field
irrigation regime based on ET and water balance; WS_K = 1: WS-based model-driven
irrigation regime, where 6. is fully restored at each irrigation (K = 1).

3.3. WS-based irrigation method for Mississippi soybean scenario

The derived WS-based irrigation treatments under varied K
(0.3-1.0) were listed in Table 6. Even though the WS-based method
failed to get water saving compared to field ‘SM’ treatment, this method
improved soybean yield by 291 kgha™! (4.6% vs. ‘SM’ treatment) on
average when K varied from 0.3 to 1.0, while consumed 3.43 cm more
water on average. With the decrease of K value, irrigation was applied
more frequently but with less total amount of water during the growing
season, and simulated yield was slightly increased by 4-5%. As the
Mississippi site is located in a humid area without irrigation water
scarcity, a total amount of up to 8.12 cm water supply may be worthy to
obtain a higher yield. Similar to the simulated result under Colorado
corn scenario, a lower K value was suggested in the irrigation man-
agement for the Mississippi site when using the proposed WS-based
method to reduce water application and maintain the yield.

3.4. Strengths and weaknesses

Water savings were achieved under a WS-based (vs. ET-WB-based)
irrigation scheduling regime, while maintaining the yield (with minor
decreases of 0.5%, 1.7% and 0.6% on average, under varying K for the
three years, respectively) at the Colorado corn site, whereas at the
Mississippi site, higher yield was achieved by consuming slightly more
water. However, to make this WS-based method effective, the RZWQM2

Table 5
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Fig. 4. Irrigation water savings for the three years with changing coefficient K under
Colorado corn scenario. K varied from 0.3 to 1.0 with an interval of 0.1. For the tested
three years in Colorado, water savings percentage showed an increase trend with the
decrease of the proportion K, even with some fluctuation. Yield decrease was minor under
varying K.

model must be satisfactorily calibrated according to widely used sta-
tistics (for example, with relative root mean square error less than 30%,
PBIAS less than 15%), requiring accessibility to site-specific crop pro-
duction data with various responses to water deficits across seasons,
and accurate site-specific meteorological data (from an on-site weather
station or website API). The proposed scheduling method is also seemed
to be less applicable for flood or furrow irrigation than drip or sub-
surface irrigation. These constraints limit the agricultural regions
within which this irrigation scheduling method can be applied, and the
irrigated crops are limited to those in the DSSAT model integrated in
RZWQM2. Furthermore, model outputs of irrigation timing and quan-
tity do not consider the spatial variability of 6 in the field. Moreover,
different irrigation scheduling methods reflect different costs. The ET-
WB-based method needs input variables like soil type, meteorological
data, phenological stage of the crop and calibration of K. curves, along
with identification of soil types (Vellidis et al., 2014, 2015). Methods
based on 6 or plant stress measurements are implemented through the
installation of various sensors, whose measurements must also be ca-
librated (Cardenas-Lailhacar and Dukes, 2010; Gontia and Tiwari,

Parameters under WS-based irrigation treatments with variable K for 2008, 2009 and 2010 (from plant to harvest) under Colorado corn scenario.

WS-based Irrigation  SWS, (cm) SWS, (cm) P (cm) I/n (cm) E,(cm) T,(cm) ET,(cm) D (cm) TPSW (cm) Total (cm) Yield (%)  Yield
Regime /(times) PWU (cm) (kgha™) decrease (%)
2008 K =1 32.6 25.8 25.9 31.9/7 19.8 44.3 64.1 0.5 49.4 592.6 32.3 10325 30.5 0.06
2008 K = 0.9 25.8 28.7/7 18.6 42.3 60.9 0.5 49.3 443.3 31.4 10280 37.5 0.49
2008 K = 0.8 25.8 29.1/8 18.8 4255 61.3 0.5 49.4 441.4 31.4 10287 36.6 0.43
2008 K = 0.7 25.8 30.5/9 19.3 43.5 62.7 0.5 49.4 508.4 31.7 10316 33.6 0.15
2008 K = 0.6 25.8 29.5/10 18.8 42.9 61.7 0.5 49.4 456.5 31.5 10324 35.7 0.07
2009K =1 34.1 27.7 24.4 34.5/5 21.9 42.8 64.8 0.5 429 613.6 33.0 10355 17.3 0.04
2009 K = 0.9 25.9 29.7/5 19.7 42.1 61.8 0.5 42.9 452.7 31.9 10340 28.8 0.18
2009 K = 0.8 25.8 29.1/6 19.7 41.5 61.2 0.5 42.9 431.8 31.7 10356 30.2 0.03
2009 K = 0.7 25.7 27.0/6 19.1 40.1 59.2 0.5 42.8 366.2 31.3 9964 35.3 3381
2009 K = 0.6 25.8 30.0/8 20.1 42.0 62.1 0.5 42.9 366.3 31.5 10353 28.1 0.06
2010K =1 34.9 26.1 22,2 34.0/6 22.2 42.3 64.5 0.5 48.8 426.4 33.0 8713 71 013
2010K = 0.9 26.1 32.4/6 21.8 41.2 63.0 0.5 48.8 398.6 32.7 8706 11.5 0.21
2010 K = 0.8 26.0 31.8/7 21.5 40.9 62.4 0.5 48.9 364.4 32.5 8688 13.1 041
2010K = 0.7 26.0 31.1/7 21.0 40.7 61.7 0.5 48.9 335.9 32.3 8695 15.0 0.33
2010K = 0.6 26.0 27.6/8 20.0 38.3 58.3 0.5 48.8 291.8 32.0 8636 24.6 1.01

Note: K = 1-0.6: WS-based model-driven irrigation regime, where K times of the (6t.—6,) deficit was restored at each irrigation. Runoff (R) was 0 for all simulations. SWS,, SWS, and :

soil water storage at planting (onset) and harvest (end) and averaged over the period from onset to end; P: precipitation; I: irrigation; n: numbers of irrigation events; E,: actual
evaporation; T,: actual transpiration; ET,: actual evapotranspiration; D;: deep seepage; T[fW: Shuttleworth-Wallace potential transpiration; PWU: potential root water uptake; AI:

irrigation water savings percentage (%) given by Eq. (5); yield decrease was expressed as a percentage compared to the yield under ET/water balance based field irrigation regime

(Colorado corn scenario); values in bold are the same for each treatment in that year.
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Table 6
Comparison between simulated results of the field ‘SM’ and WS-based irrigation treat-
ments (from planting to harvest) under Mississippi soybean scenario.

Irrigation I/n (cm)/ Yield (kg ha™") (%) Yield increase
regime (times) (%)
‘SM’ 2.54/1 6303 - -
WSK=1 8.12/2 6595 -219.7% 4.63%
WSK =09 7.05/2 6591 —177.6% 4.57%
WSK = 0.8 5.99/2 6594 —135.8% 4.62%
WSK = 0.7 5.92/3 6587 -133.1% 4.51%
WSK = 0.6 5.86/4 6591 -130.7% 4.57%
WSK =05 4.79/4 6607 —88.6%  4.82%
WSK = 0.4 5.00/5 6594 -96.9%  4.62%
WSK =03 5.00/5 6594 -96.9%  4.62%

Note: ‘SM’ represents the treatment to irrigate when measured root zone soil moisture is
50% of total plant available water and then replenish the soil to field capacity; K = 1-0.3:
WS-based model-driven irrigation regime, where K times of the (6x—6;,) deficit was re-
stored at each irrigation. I irrigation; n: numbers of irrigation events; Al irrigation water
savings percentage (%) given by Eq. (5); yield increase was expressed as a percentage
compared to the yield under ‘SM’ field irrigation regime (Mississippi soybean scenario).

2008). The costs can be high when many sensors are installed in order
to take into account for field variability.

The corn grain yield in Weld County, Colorado (where the experi-
ment field is located) was obtained from the website of USDA-National
Agricultural Statistics Service Colorado Field Office (2017). The ob-
served yield of the Colorado site was 11,071 kg ha™?, 10,225 kg ha ™!,
and 9436 kg ha™! in year 2008, 2009 and 2010, respectively. In 2008
and 2009, the yield of the field experiment yield was similar to the
mean value in Weld County, but in 2010 it was about 3000 kg-ha™
lower, while the reason is unknown. However, the observed weather
data showed that during the main growing season (From May to Oc-
tober), the average air temperature was 16.4 °C, 15.2 °C, and 17.3 °C for
2008, 2009 and 2010, respectively. We speculated that the lower yield
in 2010 was attributed to the higher air temperature which resulted in a
much shorter grain filling duration (43, 41, and 32 days in 2008, 2009
and 2010, respectively).

However, by applying the proposed WS-based irrigation scheduling
method using RZWQM2 and the developed tool, we can derive a rela-
tively reliable and accurate irrigation schedule with significant water
saving while maintaining yield. No sensors are required in the field and
implementation is easy thanks to a user-friendly software. Moreover,
drawing on weather forecasts, this method can potentially predict the
future irrigation timing and quantity, allowing farmers to prepare well
in advance.

In the presented simulation study, 4-day forecast precipitation was
obtained from the actual historical data. However, in a real case, the
weather forecast and actual weather data are not necessarily the same.
No matter how much the forecasted precipitation is, the water amount
applied would always range from the minimum value (set as 1.0 cm in
this study) to the amount replenishing the soil layer in root zone to field
capacity. When rainfall in the following 4 days is more than the forecast
precipitation, deep seepage or runoff might happen due to less storage
space reserved in the soil profile. However, the irrigation water supply
was still reduced by subtracting the forecasted precipitation, con-
tributing to water-saving comparing to other methods without taking
future rainfall into account. When the actual rainfall is less than the
forecasted precipitation, then we might apply less water on the day
when water stress happened, but at least the water stress could be re-
moved by applying even the minimum water supply (1.0 cm). And
afterwards when less precipitation happened, water stress would be
simulated earlier and another irrigation would be triggered. How the
uncertainty of forecast weather data would affect the performance of
proposed WS-based irrigation scheduling method could be addressed in
future field experiments.
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4. Conclusions

Based on the RZWQM2 model, a water stress based method and an
equipped software were developed to facilitate irrigation scheduling.
This was then used for corn and soybean irrigation scheduling. The
software can automatically retrieve and manage weather data (site-
specific measured or online) for use in the RZWQM2 model, and de-
termine irrigation timing and quantity in a real-time way by detecting
simulated water stress after executing the RZWQM2 model and the ir-
rigation amount is adjusted by the forecast rainfall in the following 4
days to avoid deep seepage or runoff. Interfaces were provided by the
software to help users better visualize the simulated results and more
easily modify irrigation-related parameters, if necessary.

The simulated water savings and yield maintenance of the proposed
WS-based irrigation scheduling regime were compared to a well oper-
ated ET-WB-based regime in Colorado field (Ma et al., 2012b). The
newly developed WS-based irrigation approach (under full replenish-
ment to field capacity, i.e. K = 1) saved 30.5%, 17.3% and 7.1% in
total irrigation depth in 2008, 2009 and 2010, respectively. The water
savings provided by the WS-based (vs. the ET-WB-based) regime was
likely attributable to a decrease in root zone 6 over the growing season,
which, in turn, reduced soil evaporation and soil water storage.

Under the WS-based regime for Colorado scenario, higher frequency
with 60% to 90% of full irrigation at each event (0.6 <= K < 0.9)
provided water savings of as much as 35%, 30%, and 16%, respectively,
while negligibly decreased crop yield by 0.03-3.81%. This minor drop
in yield could be attributed to the greater frequency of TURFAC (vs.
SWFAC) stress triggering events, their different influence on soil water
distribution in the profiles and water stress towards the end of the re-
productive stage. A proper value of K should be selected in order to
guarantee yield and meet practical limitations with expected water
saving in the field. For the Mississippi soybean site, on average crop
yield increased 291kgha™! though with 3.43cm more water con-
suming when K varied from 0.3 to 1.0, compared to field irrigation
treatments. The decreased K values resulted in less water consumption
and more efficient use of the water stored in soil profile intermittently
replenished by precipitation.

This study revealed that the water stress-based irrigation scheme
could reduce water use and maintain crop yield in semi-arid region like
Colorado, whereas in humid region like Mississippi, it could increase
crop yield though consume slightly more water. In general, the novelty
of this proposed water stress-based irrigation scheduling approach lies
on the facts that irrigation event is triggered by crop water stress index
as computed using an agricultural system model and forecast rainfall is
taken into consideration when determine irrigation amount. Future
work is to install this system in a field and test its effectiveness in a real
world scenario or setting.
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