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ABSTRACT 
 

Three irrigation scheduling techniques based on a) crop coefficients, b) soil moisture content 
measured by soil sensors, and c) crop canopy temperature measured by infrared thermometers 
(IRTs) were implemented at the University of Nebraska-Lincoln West Central Research and Extension 
Center (UNL WCREC) in North Platte during the 2018 growing season. The methods were used twice 
weekly to make real time irrigation scheduling decisions for subsurface drip irrigated (SDI) corn. For 
the crop coefficient method, daily crop water use was estimated from weather data, and irrigation 
was triggered whenever soil water depletion was predicted to have exceeded a growth stage 
dependent threshold value. In the soil moisture method, soil moisture sensors were calibrated, and 
irrigation was triggered whenever soil water depletion was measured to have exceeded a growth 
stage dependent allowable depletion value. For the canopy temperature method, a non-stressed 
baseline was developed to represent canopy temperatures of water sufficient corn, and irrigation 
was triggered whenever measured canopy temperature exceeded the baseline by 1°C. The total 
amount of irrigation applied was 7.6, 4.0, and 6.4 inches for the crop coefficient, soil moisture, and 
canopy temperature methods, respectively. Additionally, the resulting yield values from the crop 
coefficient, soil moisture, and canopy temperature methods were 284, 274, and 240 bu/ac, 
respectively. Suggestions were made on how to better implement all three irrigation scheduling 
methods in subsequent seasons. 

 
INTRODUCTION 

 
Water is a primary input in irrigated agriculture in Nebraska. However, there are increasing concerns 
over its overall availability on farms, associated pumping costs as well as the negative impacts of 
excess irrigation on groundwater quality. In the midst of these important concerns, technologies are 
emerging to help growers improve the amount and timing of irrigation. Scientific irrigation scheduling 
describes the deliberate matching of irrigation applications with actual crop water requirements. If 
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done successful, scientific irrigation scheduling enables growers to consistently manage irrigation 
efficiently, ultimately enhancing farm profitability while reducing environmental impacts. 
 
A number of approaches can be taken to schedule irrigation. Among these are soil moisture 
monitoring whereby the soil moisture amounts are measured and the amount of water depleted 
from the soil due to crop water consumption is observed (Rudnick et al., 2016). These observed 
declines in the soil moisture are compared to permissible values of soil moisture depletion which 
depend on soil type, crop type and the crop growth stage. If the amount of water observed to be 
depleted is greater than the permissible value then irrigation is required. Soil moisture monitoring 
tends to be user friendly in handling but the irrigation decisions based on one sensor location may 
not be appropriate for the entire field if the soil properties of the sensor location are significantly 
different from the rest of the field.  Increasing the number of sensor locations will increase costs, 
which may not be feasible for growers (Lekshmi et al., 2014).  
 
Instead of measuring soil water depletion using sensors, soil water depletion can also be modeled 
using estimates of crop water use. The water use rate of a particular crop is mainly influenced by the 
evaporative demand of the weather and by the status of the crop (Allen et al., 1998). Reference 
evapotranspiration, which is calculated from weather data, generally serves as an accurate indicator 
of evaporative demand. By simultaneously measuring weather variables and the water use rate of a 
healthy crop, researchers can isolate the effect of crop development on water use. A common way 
of doing this is crop coefficients, which are ratios of actual water use over reference 
evapotranspiration (Irmak, 2017). Once the trend of the crop coefficient has been described 
throughout the growing season, users can use this trend and weather data to estimate crop water 
use at any growth stage. The crop coefficient method triggers irrigation whenever modeled soil water 
depletion exceeds a permissible allowable depletion value that depends on soil type, crop type and 
the crop growth stage. However, modeling soil water depletion requires not only estimates of crop 
water use but also estimates of runoff and deep percolation. Therefore, any errors in estimating each 
of these values will be passed onto the modeled amount of soil water depletion, ultimately 
culminating in errors in irrigation scheduling. 
  
Monitoring plants and observing their responses to water stress can also be used as the basis of 
making irrigation decisions. One crop characteristic indicative of crop water status is canopy 
temperature, which can be measured remotely using infrared thermometry (Hatfield, 1990). Plants 
that are subjected to water stress reduce their water use intentionally, so water stressed plants tend 
to be warmer than water-sufficient plants because evaporative cooling would be reduced (Lo et al., 
2018). The most straightforward way to schedule irrigation using canopy temperature is to trigger 
irrigation whenever target plants are measured to be warmer than water-sufficient plants by a value 
higher than a set threshold (Jones, 2004). However, this approach requires maintaining a water-
sufficient subarea against which the rest of the field is compared. An alternative approach is to 
compare the measured canopy temperature of target plants against an estimate of water-sufficient 
canopy temperature that is calculated from weather data (Payero and Irmak, 2006). Unfortunately, 
however, accurately estimating water-sufficient canopy temperature can be difficult. 
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MATERIALS AND METHODS 
 
Site details 
 
A study was conducted to develop, apply, and evaluate three irrigation scheduling procedures—one 
based on crop coefficients, the other based on soil moisture monitoring, and another based on 
canopy temperature. Pioneer P1197AMT corn variety was grown at the University of Nebraska 
Lincoln West Central Research and Extension Center (UNL WCREC) in North Platte, NE. The soil at the 
experiment site is classified as Cozad silt loam with a permanent wilting point and field capacity value 
of 0.11 and 0.29 in3/in3, respectively, which is 2.25 inches per foot of available water (Payero et al. 
2006; Klocke et al. 1999). The site’s irrigation was supplied by a subsurface drip irrigation (SDI) system 
and the experimental site was a randomized complete block design, consisting of four blocks each 
divided into nine 30 ft × 230 ft plots with 12 corn plant rows. Planting density was 34,000 seeds/acre. 
The drip tape type was T-Tape TSX 515-12-340 which was placed in every other row at 5 ft spacing 
and at a 16 inches depth. The nominal flow rate of the drip emitters was 0.2 gph and the operating 
pressure was 8 psi. 
 
Crop coefficient method 
 
Energy flux data from a LI-COR eddy covariance system at the UNL WCREC in 2017, was used to 
determine actual corn evapotranspiration. This—coupled with the daily reference 
evapotranspiration values, computed from the weather data from the North Platte 3SW Beta AWDN 
station (Nebraska State Climate Office, personal communication, 2018), were used to estimate the 
daily single crop coefficient (Kcr) values for corn. Thereafter, these Kcr values were correlated to 
growing degree days and corn growth stages and used to infer values of Kcr in the 2018 growing 
season (figure 1). 

 
Figure 1. Estimated 2018 single crop coefficient (Kcr) values for corn. 

 
Subsequently the estimated 2018 daily Kcr values were multiplied by the computed 2018 reference 
evapotranspiration values to get the daily crop water use of the corn plants. In addition to this, other 
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parameters of the soil water balance (equation 1), including runoff and the deep percolation were 
estimated. Runoff was estimated according to the curve number method using a curve number of 
75. Any soil water above field capacity for two days was assumed to deep percolate out of the 
managed root zone. Scheduling irrigation was done by computing of the soil moisture storage value 
from the soil moisture balance. If the storage value was lower than the allowable depletion, on an 
irrigation decision day, irrigation water was applied. The allowable depletion for each growth stage 
was loosely based on extension guidelines (Kranz et al., 2008).  
 

∆s = I + P − ETc − RO − DP                                   (1) 
 
where ∆s is the change in soil moisture storage (in.), I is the irrigation water applied (in.), P is the 
amount of precipitation received (in.), ETc is crop water use (in.), RO is the runoff (in.), and DP is the 
deep percolation (in.).  
 
Soil moisture sensors to schedule irrigation 
 
METER Group’s TEROS 12 sensors which have the ability to measure volumetric soil moisture 
content, electrical conductivity and temperature sensors were installed in the 2018 SDI corn study 
and used to monitor soil moisture content so as to inform the irrigation scheduling decision. The 
sensors operate on a capacitance based technique whereby the sensor needles acts as a capacitor 
and the soil acts as a dielectric. In order to install the sensors, a borehole installation tool (METER 
Group, Inc. USA) was used to drill a 4 inch hole between two corn plants and the sensors were 
inserted along the sides of the drilled hole at depths of 6, 18, and 30 inches. The sensor needles were 
oriented horizontally towards the plant row. Back filling was done carefully with the aim of achieving 
as much of the original soil compaction as possible. The sensors were connected to METER group’s 
EM60 loggers and data was either downloaded directly from the data logger or from the ZENTRA 
cloud online website. The sensors were calibrated against readings from a neutron gauge following 
Singh et al. (2018). 
  
On the irrigation decision dates, the soil moisture depletion values were computed for each depth 
from each plot. This was done by subtracting the field capacity reading from the 5 AM TEROS 12 
reading for each depth. The value was then converted to the equivalent neutron volumetric soil 
moisture reading using the developed calibration equation. This value was compared with the 
allowable depletion. If the average depletion from the three plots was greater than the allowable 
depletion, irrigation was triggered. The allowable depletion values used for comparison were same 
as those used in the crop coefficient method since the crop, growth stages, and field were similar. 
  
Scheduling irrigation based on canopy temperature 
 
Apogee instruments’ SI-100 and SI-400 series infrared radiometer sensors were installed and used in 
the study. In two of the four plots irrigated according to the IRT model, a sensor was hoisted at 12 ft 
above the ground on a steel pipe that was clamped to a T-post driven into the ground. Each sensor 
was attached to its steel pipe using a mounting bracket that pointed the sensor downward at a 45o 
angle from the vertical and towards the northeast direction to view the canopy of the plants inside 
its plot. The data was downloaded from data loggers at least twice a week prior to an irrigation 
decision. In the 2018 growing season irrigation scheduling was done using the data sets from two 
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infrared thermometers each of which was used to compute the daily target canopy temperatures for 
the time period of 2:45pm to 4:44pm. 
  
Following Payero and Irmak (2006), a multiple linear regression model of water-sufficient canopy 
temperature was built so that measured canopy temperatures can be compared to this non-stressed 
baseline. For non-stressed baseline development, IRT data sets from the SDI 1 corn study in 2017 at 
UNL WCREC were used in conjunction with weather station measurements of air temperature, vapor 
pressure deficit, and solar radiation. There was also need to establish how many degrees above this 
non-stressed crop (DANS) corn plants in 2018 could be before an irrigation decision was triggered. 
Early in the 2018 growing season a DANS threshold value of 2°C was selected for triggering irrigation 
scheduling but this was reduced to 1.5°C and eventually to 1°C. A plot of the 2017 DANS that were 
used to establish the 1°C threshold value is shown in figure 2. When this 1°C threshold was equaled 
or exceeded, an irrigation decision was made if the number of days since the last decision date was 
greater than or equal to the days after the last stress was experienced and also if the accumulated 
rainfall since the last stress was less than 0.8 inches which is the gross irrigation depth per irrigation 
cycle. 

 
Figure 2. A plot of the 2017 seasonal degrees above the non-stressed (DANS) baseline indicating the   

threshold at 1°C. 
 

RESULTS AND DISCUSSION 
 

Canopy temperature irrigation scheduling 
 
Early in the season the canopy temperature based irrigation scheduling model did not trigger 
irrigation events. Figure 3 illustrates the DANS across the 2018 growing season. It indicates that the 
DANS above the originally set 2°C thresholds were not attainable and this is probably because the 
modeled baseline was over estimating the canopy temperature (Tc) values resulting in smaller 
differences between the modeled Tc and the actually measured Tc. These computed values of DANS 
did not surpass or equal high thresholds of 2 or 1.5°C to trigger irrigation. Physical examination of 
the plants as well as soil moisture values computed from neutron gauge readings suggested that the 
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plants were indeed experiencing water stress and as a result the threshold was therefore lowered to 
1°C during the course of the season to facilitate the triggering of a few irrigation events. 
 
In the later part of the season, although the 1°C was attained, irrigation water was not applied 
because as a result of crop senescence, the measured temperatures include both canopy and soil 
temperatures, raising the Tc values. Therefore since these Tc values could not be wholly attributed to 
plant canopies, they were not considered to trigger irrigation. The same observation is made early 
on in the season before the crop canopy fully covers the soil surface. 
 
It is also possible that the fully watered treatment could have experienced water stress on some days, 
hence making it unrepresentative of a crop that was receiving the full amount of irrigation water and 
this resulted in errors in the developed baseline. In order to improve on the computation of the non-
stressed baseline, a collection of Tc data from both 2017 and 2018 IRTs installed in fully irrigated and 
deficit irrigated plots, can be pooled and compared. The Tc values that are similar across both the 
stressed and non-stressed irrigation treatments will be considered to develop a new baseline as these 
values ideally represent conditions of absolutely no stress. Furthermore the temperature threshold 
can be lowered to a value between 0.5 and 1°C in order to better capture the plant stress experienced 
by the corn plants. However a threshold below 0.5°C is not recommended as it may result in over 
irrigation and beat the primary purpose of optimized water application achievable by irrigation 
scheduling. 
 
It is also proposed that in addition to monitoring the baseline, the DANS temperature trend be 
observed. Rises in the DANS (figure 3) do indicate that the plant is experiencing water stress and 
there is need to further study how this trend can be incorporated in to the IRT scheduling model. The 
DANS trend can also be observed alongside the soil moisture depletion such that depletion values 
are associated with particular DANS values. 

 
Figure 3. DANS trends across the 2018 growing season with the 1°C threshold indicated. 
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 Soil moisture sensors based scheduling 
 
Figure 4 illustrates the soil moisture depletions as computed from the three replications of TEROS 12 
sensors. Early in the season all three sensors are seen to detect soil moisture variation due to 
irrigation wetting events but in the course of the season, the TEROS 12 sensors in replication 2 were 
noted to not detect the irrigation wetting events. This resulted in elevated depletion values as shown 
in figure 4 and false irrigation triggers. This is possibly due to sensor placement relative to the drip 
tape in the plots. It is hypothesized that the sensors were placed away from the drip tap and as a 
result could not detect wetting events by irrigation. Their readings were therefore not representative 
of the actual soil moisture conditions and their use for scheduling was halted mid-season. The 
neutron gauge readings were used for the rest of the season to compute soil moisture depletion and 
schedule irrigation. 
 
The challenges faced with using the soil moisture sensors could be due their small measurement 
volume as well as their inability to capture the soil moisture content amount both the vertical and 
horizontal dimensions of the soil. Additionally the placement of the sensors might not have been 
optimally in relation to the drip tape and this optimal placement might also vary with time depending 
on plant root growth in order to capture the water uptake by the plants. Furthermore soil physical 
properties can be investigated to see if they have an effect on the sensor’s reading. The calibration 
data for the TEROS 12 to neutron gauge was limited with a coefficient of 0.4. It is imperative to 
recalibrate the sensors with a wider range of data in order to better use them for soil moisture 
sensing and irrigation scheduling in west central Nebraska. Given that the experiment was carried 
out in a SDI system set up, the distribution of soil moisture with in the soil to the 6, 18, and 30 inch 
depths may vary considerably compared to that under surface water application systems such as 
sprinkler. This in turn could be affecting the soil moisture sensor readings as well.  
 

 
Figure 4. Soil moisture depletion computed from TEROS 12 sensors. 
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The crop coefficient based irrigation scheduling model fared well. The method was able to capture 
the soil moisture variation and related crop water stress well and thereafter trigger irrigation. Figure 
5 shows the variation between the allowable and modeled depletions with lower values from 
beginning to middle of the growing season when the crop was most sensitive to water stress and an 
increase in depletion values towards the end of the season. The method is however solely tied to the 
accuracy and reliability of input weather data sets. Additionally given the wide range of weather 
parameters required as well as their measurement techniques and ultimate computation and 
analysis it is questionable on whether this method is user friendly and applicable for growers directly. 
Development of software tools to automate these computations will go a long way in assisting 
growers to schedule irrigation using crop coefficient methods. Furthermore more reliable scheduling 
method can be a combination of any two methods in order to eliminate any errors and biases. The 
combined methods need to be calibrated against each other such that the results from one can be 
representative of another. 
 

 
Figure 5. Simulated depletion in comparison with the allowable depletion depths. 

 
 
Yield and irrigation water applied 
 
Figure 6 summarizes the cumulative irrigation depths as applied by the three scheduling techniques. 
It is observed that the crop coefficient model triggered more irrigation events in comparison to the 
canopy temperature based and the soil moisture monitoring based scheduling methods. A total of 
7.6, 6.4, and 4.0 inches of water were applied when using the crop coefficient, soil moisture sensors, 
and canopy temperature scheduling methods, respectively. Early in the season both the crop 
coefficient and the soil moisture sensor methods triggered more irrigation events because the plant 
roots were relatively shallow and took water from upper soil layers which then required frequent 
replenishing. As the season progressed plant root growth became more pronounced and plants were 
able to mine water from the deeper layers of the soil. This was a result of increased allowable 
depletion values. The crop coefficient method applied 1.2 inches more of irrigation water than the 
soil moisture sensor method probably because of the challenges faced with using the sensors as the 
season progressed. The canopy temperature method had less frequent early season irrigation events 
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because it is intended to allow the crop to develop water stress before triggering irrigation and also 
because the baseline and threshold values still needed to be refined. 
 
The resulting grain yield from the crop coefficient, soil moisture and canopy temperature scheduling 
methods in 2018 were 284, 274, and 240 bu/ac, respectively. These yield results are in agreement 
with data from adjacent plots suggesting that the full irrigation requirement was about 7.2 inches. 
The implementation of the canopy temperature method in this study urgently needs to be improved 
for future years to avoid under irrigation and the consequent yield loss. 

 
Figure 6. Cumulative irrigation water as applied by the three scheduling methods. 

 
CONCLUSIONS 

 
Three irrigation scheduling techniques were tested under subsurface drip irrigated corn in west 
central Nebraska. The results indicate that although crop coefficients can reliably be used to make 
irrigation scheduling decisions, they require many data inputs and processing which makes the 
method subject to error. The soil moisture sensors were easy to use but were limited by 
measurement volume and also required proper placement in the soil as well as calibration to give 
accurate soil moisture values. The accuracy of canopy temperatures in scheduling irrigation was 
sensitive to the appropriateness of the developed baseline and the selected threshold value. All three 
methods have the potential to be applied in irrigation scheduling and further research is required to 
better understand their implementation methodologies for successful water management amongst 
growers in West Central Nebraska. 
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