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Introduction 

The motivation for the research-outreach project was based on the pressure that irrigated agriculture is 
under to be more efficient (more crop per drop) in saving water (consumptive use) for other uses (e.g., 
water transfer to municipal, industrial, recreational, etc.).  

The main objective was to evaluate the capability, in monitoring crop water stress (CWS) and crop 
consumptive use (CU) or evapotranspiration (ET), of some methods (e.g., infra-red 
thermometry/thermography (IRT) technology (ground-based remote sensing (RS), and/or airborne, 
satellite RS) for crops managed under limited/deficit irrigation (one alternative Ag water transfer 
method (ATM) as a mean to conserve CU). The second objective was to demonstrate the 
implementation of crop water stress monitoring through field days, workshop, and publications. 

Methods 

Below the different methods implemented, evaluated, demonstrated are listed. 

Crop coefficient (Kc): This approach is suitable to estimate crop water requirement at different stages of 
growth. Under crop water stress conditions, a crop water stress coefficient (Ks) is used to reduce the 
potential crop water consumptive use (ETc = ETref × Kc × Ks), computed from weather data, in proportion 
to the soil moisture deficit, where soil moisture deficit is modeled or measured. This method does not 
require complex modeling and the analysis can be performed in electronic spreadsheets. 

Dr. Allan Andales, a collaborator from the Soils and Crop Sciences Department (CSU), has developed an 
irrigation scheduling tool called WISE (Water Irrigation Scheduler for Efficient Application). The tool 
integrates crop coefficients (Kc), reference ET (ETref), modeling of soil water deficit to estimate the stress 
coefficient (Ks) to estimate actual crop water use or evapotranspiration (ETc). And through a simplified 
soil water balance, with use input of irrigation amounts and precipitation (if measured in the field), then 
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a type of check book/balance is implemented to estimate amounts of water needed and the timing of 
such. 

Details on the tool can be found at: http://wise.colostate.edu/ 

The tool was implemented for a corn field near Fort Collins (CSU ARDEC) and was evaluated with soil 
water content readings from neutron probe and decagon 5TE sensors buried at two depths. Appendix A 
presents details on WISE. Appendix B refers to soil moisture sensors accuracy. 

 

Canopy temperature (Tc): Previous studies have shown that canopy temperature is an effective 
indicator to determine crop water stress. Crop transpiration rate decreases as water becomes more 
limited in the root zone. Since transpiration is a major cooling process for plants, a decrease in the rate 
of this process translates into an increase in canopy temperature. By measuring canopy temperature, it 
is possible to quantify stress level, generate a crop water stress coefficient, and then calculate the 
transpiration rate using an estimate of reference evapotranspiration-ET (through weather data), all in a 
user-friendly spreadsheet format. This spreadsheet integrates the Tc data obtained with the IRT sensor 
as well as the weather data in an automated environment. Temperature measurements can be made 
using handheld Infra-red Thermometers (IRTs), which are now available at high accuracies and prices 
that are lower than most smart phones. In this demonstration project, two different handheld IRT 
models (varying in cost and sophistication) were used to measure Tc on a biweekly basis. These IRTs 
include mobile and stationary units. Sensor calibration procedures are presented in Appendix C. 

The detailed step by step implementation of canopy temperature measured with an IRT in the crop 
water stress index (CWSI) model is included in Appendix D. 

Crop Water Stress definitions 

• “Stress,” in the context of plants, is a broad term used to describe some type of adversity that, if 
prolonged, can result in economic yield loss (Jackson, 1982).  

• “Water stress” then describes a condition where the supply of water in plant leaves is 
insufficient to carry out photosynthesis and respiration using all available energy.  

• Under water stress conditions, a greater amount of available energy must be converted to 
sensible heat compared with what would have occurred for non-water-stressed conditions. The 
result is that the temperature of the plant canopy increases over the temperature that would 
have resulted for no shortages in water. 

How to monitor crop water stress? 

• By measuring or estimating crop water use and comparing resulting values to non-stress crop 
water use 

• Crop water use = crop evapotranspiration = E + T = ET 

http://wise.colostate.edu/
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 where: E = evaporation and T = transpiration 

• ET = (Kcb Ks + Ke) ETref 

• ET from a soil water balance (soil water sensors) 

• ET from remote sensing sensors 

• ET from micro-meteorological heat flux towers (e.g., EC) 

• ET from lysimeters 

• ET from plant heat balance or heat pulse techniques 

 

IRTs 

There is a variety of IRT technologies commercially available. From cheap ($75-100) handheld IRT 
guns/sensors to research grade ($750) stationary IRTs that provide point measurements to handheld 
thermal cameras (~$5,000-40,000) and specialized cameras for airborne platforms (~$50,000-90,000).  
Figure XX below depicts some of these thermal technologies. 

 

Figure 1. Infra-red thermometry/thermography technologies. 

 

In this study, several research grade IRTs (Apogee) were installed in a corn field near Greeley, CO. The 
data from these IRTs were used to calculate crop water stress/use and to evaluate and calibrate a cheap 
commercially available IRT gun (Ryobi). 
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The Crop Water Stress Index (CWSI; Jackson et al., 1981; Idso et al., 1981) has received the most 
attention of any water stress index. It is derived from the energy balance where, for a given set of 
meteorological conditions, a range of canopy minus air temperature differences exist that are bound 
by a lower limit (no water stress) and an upper limit (complete water stress where no ET is 
occurring). The measured canopy - air temperature difference should fall within these lower and 
upper limits, and is normalized as an index where zero indicates no water stress and one indicates 
complete water stress. It is to be used with an infrared “gun” sensor to monitor crop canopy 
temperature (Tc). Simultaneously measure air temperature (Ta) and vapor pressure deficit (VPD = es 
– ea), with thermometer and humidity sensor. When Tc – Ta deviates from a “baseline” of Tc – Ta vs. 
VPD the crop is stressed and it is time to irrigate. Tc increases due to stress, and Tc – Ta becomes 
more positive and the point rises above the baseline. This method should always be used between 
12:00 noon and 2:00 pm, and on sunny days, for consistency in measurements. 

 

Landsat NDVI: Remote sensing images (multispectral) from satellites such as Landsat are processed by 
the USGS and made available to the public at no cost. Products such as the Normalized Difference 
Vegetation Index (NDVI) can be generated from these images by following a few simple steps. According 
to previous studies, NDVI can be directly related to crop coefficient. For example, Neale et al. (1989) 
conducted a comprehensive study between 1981 and 1986 at two sites near Greeley and Fruita, 
Colorado, and found that NDVI-based estimates can be used accurately to estimate corn Kc. The pixel 
size of NDVI images is less than 100 ft × 100 ft and temporal frequency of overpass is every 16 days, so 
they can be used to map water use over larger areas. The required analysis to generate NDVI maps and 
to convert them to distributed Kc is relatively simple and can be performed using open-source software 
packages that are available free of charge. A selected package will be made available to users (e.g., 
irrigation districts, water managers, etc.) along with a manual that describes the procedure and 
implementation steps. 

 

Landsat NDVI-surface temperature: NDVI images can be combined with Landsat surface radiometric 
temperature images to increase the accuracy of estimated water use. Compared to the NDVI method, 
the NDVI-surface temperature method requires a few more implementation steps. However, this 
method is still much simpler than other remote sensing methods and can be applied by a technician 
without the knowledge of solar radiation interaction with land surfaces. Landsat has a wide swath (115 
miles). Therefore, a single image provides maps of Kc and consumptive use over large irrigated areas. 
This extensive spatial coverage makes the last two techniques appropriate for ditch level analysis. CSU 
engineering in cooperation with Northern Water has developed the ReSET (Remote Sensed ET) method. 

A ground-based version of the NDVI product will be derived from data collected using a hand-held 
multispectral radiometer which has similar spectral bands as Landsat sensors. This product will serve as 
a verification of the quality of the Landsat product. Readings with the radiometer will be taken weekly to 
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bi-weekly concurrently with IRT readings and neutron probe soil moisture readings on all fields and 
treatments/plots involved in the project. 

 

Results 

Crop Coefficients (Kc) approach 

The WISE tool (on line) seems to be a feasible option to estimate crop water requirements (amounts 
needed) and schedule irrigations. The tool seems to work well for well managed/irrigated fields. The 
overall discrepancy, when compared to soil water content measurements, seems to be in the order of 
13-15% on a seasonal basis (amount-wise). However, for deficit/limited irrigation strategies the error 
may me larger due to some bias in the estimation of the crop stress coefficient (FAO method). Figure 2 
below shows a soil water deficit graph where WISE estimated less soil water deficit than the actual for 
the deficit irrigation plot (at CSU ARDEC). The Ks estimated with the FAO method in WISE is over-
estimated (larger values) which causes the resulting ETc to not be reduced enough to reflect actual field 
conditions and therefore the deficit is less than the actual. One possible source of error, in the soil water 
balance, that may have contributed to this result is the accuracy of irrigation and rainfall amounts that 
the user enters in WISE. For instance, for the deficit irrigation plot since in Figure 2, the field log book 
indicated two irrigations applied for that plot (303) when in reality no irrigation occurred (as shown by 
the buried soil water content sensors). However, the trend of deficit with WISE follows very well the 
trend when measured soil water content (neutron probe) was used. 
 

 
 
Figure 2. WISE tool soil water deficit graph for a deficit irrigated corn field near Fort Collins, CO in 2015. 
 
Thus, there seems to be a need of some calibration for the deficit/drought irrigation conditions. 
Specifically, adjustments need to be made on how the stress coefficient (Ks) is calculated. Future work 
will be directed to incorporating estimates of Ks using remote sensing techniques. 
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This is a promising tool to aid in the appropriate management of deficit/limited irrigation. 
Appendix A details step by step how to use WISE. 
 
Soil moisture sensors data to estimate CU 

Figure 3 below shows the typical behavior or response of a manufacturer’s laboratory calibrated sensor. 
There is an obvious over estimation of the true soil water content in addition to a diurnal variability of 
readings influenced by the diurnal pattern of soil temperature.  

 

Figure 3. Typical soil water content data pattern of sensors used in field operations without a field or in-
situ calibration. 

Therefore, using soil water content sensor data, in the soil water balance, to estimate crop actual ET 
(ETa) demands well calibrated and well installed sensors throughout the soil root zone. Estimates of ET 
and soil water deficit only represent a very small area of the field. The cost of one sensor varies from 
$120 to $300 depending on technology. Moreover, the cost increases when a datalogger cost is 
considered and the fact that more than one sensor per location (root zone), and more than one location 
per field, may be needed. Thus, this technology is very limited in its capability to assist in the efficient 
monitoring of deficit/limited irrigated field crops. It requires training of the user and a close data quality 
control and quality assurance. 
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Use of Infra-Red Thermometers (IRT) to monitor crop water stress 

Canopy temperature recorded with an IRT is related to water status of plant and soil. This is true 
because the ET process cools the plant. Therefore, a well-watered plant will present lower tissue 
temperature than a non-well watered plant. If the actual crop evapotranspiration (ETa) is less than the 
potential ET (ETp), of well watered conditions, then the plant heats up. This vegetation temperature can 
be measured by non-contact infrared thermometers. 

Below, Figure 4 shows the canopy temperature contrast between a well irrigated corn plot versus a 
deficit irrigated plot, near Greeley, CO, using FLIR infra-red thermography. 

 

 

Figure 4. Contrast of temperatures between well irrigated (right) and deficit irrigated (left) corn plots. 

The above figure shows that infra-red thermography (also thermometry) is capable of capturing canopy 
and soil temperature from different irrigation strategies (e.g., full to limited irrigation). The fully irrigated 
plot (right figure) had a corn temperature range of 28 to 31 °C (82.4 – 87.8 °F), while the stressed limited 
irrigated plot (left figure) had a corn temperature range of 32 to 34 °C (90 – 93.2 °F). 

IRTs need sensor body temperature and thermal emissivity corrections. Users of IRTs cannot use the 
temperature read by the sensor if the temperature value has not been corrected for sensor body 
temperature. This is, as the sensor heats up for exposure to solar radiation and ambient temperature 
then the recorded thermal readings are affected and therefore the error needs to be removed through a 
calibration developed by the manufacturer. Most professional IRTs do have a thermocouple measuring 
sensor body temperature. In addition, IRTs not only register the thermal signal from the target (e.g., 
crop canopies) but also from background (e.g., sky temperature) and need to be corrected for its effect 
as well as for surface thermal emissivity effects. In the Appendix C, a procedure to calibrate Apogee IRTs 
has been inserted. 
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Evaluation and calibration of a commercially available handheld IRT (gun) 

An inexpensive handheld IRT gun Ryobi TEK 4 Model RP4030 was evaluated using a research grade IRT 
model SI-111 from Apogee. Figure 5 shows the overall under-estimation of crop canopy temperature by 
the Ryobi IRT. Therefore, the sensor is not reliable and accurate for routine true canopy temperature 
readings. Thus, a good calibration for this type of tool is needed and strongly recommended. Potential 
reasons for the lack of accuracy of the Ryobi sensors (and variability in the readings) may include: a) 
sensor not correcting readings for sensor body temperature, b) surface thermal emissivity corrections 
not incorporated in sensor, c) readings affected by relative humidity and wind effects, etc. 

 

Figure 5. Ryobi IRT vs Apogee IRT corn canopy temperatures obtained near Greeley, CO. 

A calibration was attempted on the Ryobi IRT. Below the equation obtained is depicted. 

Tpred = 0.17TRyobi + 0.47u + 0.69Ta − 0.85VPD + 0.06Rs + 1.73 

Where, 

Tpred = predicted target temperature, ºC 

𝑻𝑻𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹= Ryobi IRT temperature measurement, ºC 

u = wind speed, m/s 

Ta = air temperature, ºC 

VPD = vapor pressure deficit, kPa (i.e., es-ea) 

Rs = solar shortwave radiation, kJ m-2 min-1 
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Thus, including the weather variables wind speed, air temperature, vapor pressure deficit and solar 
radiation helped improve the quality/accuracy of the Ryobi sensor target temperature readings. 

Independent data were used to evaluate (with Apogee IRT sensor data) the calibration equation shown 
above. Below Figure 6 shows the performance of the calibrated Ryobi corn canopy temperature data. 
The figure shows that the calibrated Ryobi temperatures much better matched true temperatures 
measured with the research grade Apogee IRT (SI-111). 

 

Figure 6. Calibrated Ryobi vs Apogee IRT corn temperatures. 

 

Crop Water Stress Index (CWSI) 

Evaluation: 

A land surface energy balance (SAT) algorithm (Chávez et al., 2005) was used to evaluate the CWSI 
performance for data collected on corn fields near Greeley, CO, managed under full and deficit 
irrigation. Results are shown in Figure 7 below. The CWSI method tends to under-estimate ETa by as 
much as 40% for stressed corn (limited/deficit irrigation). The mean bias error was -0.04 inches per day 
and the associated root mean square error was 0.03 inches per day. The possible reasons for the under 
performance of the CWSI could be: a) the calculation of the upper limit (stress boundary) for the dT 
(dTmax) that seems to be under-estimated resulting in a larger CWSI than the actual value; and b) the 
field of view (FOV) of the IRT (oblique looking) sensor reading/recording not only canopy temperature 
but also some soil background temperature which results in a larger target temperature than the true 
canopy temperature.  
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Figure 7. Comparison of estimated actual corn ET from CWSI vs ET from the SAT method. 

Below Figures 8 and 9, for data collected near Iliff, CO, depict similar results as the ones obtained from 
the Greeley area. In this study, the crop water use estimated with the CWSI method was 147 mm or 5.8 
inches (actual crop water transpiration) while the SAT method ETa was 174 mm or 6.85 inches (actual 
crop/soil evapotranspiration) for a period between August 5th and September 2nd. While the potential 
corn ET (ETp) was 200.9 mm (8 inches) for the same period. Results indicate that there was a good 
agreement between the CWSI and the SAT ETa calculations in early August and then some discrepancies 
later on due to some soil background effects (stress plots with less biomass) and difference between Ta 
and ETa. These results indicate the need to better discriminate canopy temperature from surface 
radiometric temperature obtained with the IRT sensor. 
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Figure 8. Corn CWSI calculations for four different periods in the day near Iliff, CO. 

 

Figure 9. Corn water use (CWSI and SAT or RSEB) calculations for four different periods in the day near 
Iliff, CO. 

Limitations: 

The accuracy of the CWSI can be limited when VPD is low. As VPD decreases, the range of temperature 
limits becomes smaller, and the distances between points X, Y, and Z in graph decrease. The result is 
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that small errors in (TC – TA)M, (TC – TA)LL, and (TC – TA)UL will lead to increasingly larger errors in CWSI, 
increasing the probability of out-of-bounds CWSI values; i.e., less than zero and greater than one.  
Colaizzi et al. (2012) 

Somewhat related is the influence of incoming solar irradiance, where overcast skies also reduce the 
range of temperature limits. Both conditions are more prevalent in humid climates, but in arid and 
semiarid climates, low VPD is common in the morning (especially over irrigated fields) and greater cloud 
cover occurs frequently in the afternoon during summer months. Consequently, the CWSI is less 
responsive to plant and soil water conditions in humid locations, and has been found to be most 
responsive during clear skies and within a few hours of solar noon. Colaizzi et al. (2012) 

Incomplete canopy cover is also a serious limitation of the CWSI, which exists during some (and perhaps 
all) of the irrigation season. The temperature of dry, sunlit soil is typically 30 °C greater than green, 
transpiring vegetation (Kustas and Norman, 1999).  

Therefore, TC measurements can be greatly overestimated, resulting in overestimates of CWSI if soil 
appears in the radiometer field of view. The temperature of shaded soil is also usually different from 
vegetation, which may also introduce errors in CWSI calculations.  

The view of vegetation can be maximized and soil minimized by pointing a radiometer at an angle and 
perpendicular to crop rows (e.g., Colaizzi et al., 2003a), and the radiometer can be designed to have a 
smaller field of view (e.g., O’Shaughnessy et al., 2011b). However, the radiometer view still may not be 
completely free of soil, especially early in the season. Colaizzi et al. (2012) 

 

Ground-based NDVI approach 

Kullberg (2015) investigated different crop water stress methods in her Master of Science Thesis entitled 
“EVALUATION OF STRESS COEFFICIENT METHODS TO ESTIMATE CROP EVAPOTRANSPIRATION” using 
data from the Limited Irrigation Research Farm (LIRF) near Greeley, CO, managed by the USDA ARS. 

Below the ratios or coefficients evaluated are shown. Description on each method can be found in 
Kullberg, Emily (2015). “EVALUATION OF STRESS COEFFICIENT METHODS TO ESTIMATE CROP 
EVAPOTRANSPIRATION,” M.S. Thesis, Civil and Environmental Engineering Department, Colorado State 
University, Fort Collins, CO. Published on-line at: 
https://dspace.library.colostate.edu/handle/10217/167166 

 

https://dspace.library.colostate.edu/handle/10217/167166
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Considering all treatments and both years, optimized values for “x” and “y” used in this study were 29.1 
and 27.7, respectively.  

 

Evaluation (with neutron probe SWB ETa) of several temperature and reflectance based Ks and Kcb 
methods, as shown in Figures 10-13, indicated that the CWSI and DACT approaches were equivalent in 
estimating Ks and that a combination of Ks(CWSI) and Kcb(NDVI) estimates seems to contribute to a 
more accurate estimation of ETa. Therefore, based on ground measurements of corn canopy 
reflectance, the NDVI or reflectance based crop coefficient (Kc_refl) alone seems to not fully capture 
crop water stress but instead when it is combined with a crop water stress (Ks) derived from a CWSI 
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calculation then the estimation of corn consumptive (water) use is more accurate (including deficit 
irrigation plots). This result was based on comparisons of plant water use measured with a neutron 
probe volumetric water content values. 

 

Figure 10. Daily ETa estimate Root Mean Square Error or RMSE (mm/day) of each Ks and Kcb combination 
in 2013. 

 

 

Figure 11. Daily ETa estimate Mean Relative Error or MRE (%) of each Ks and Kcb combination in 2013. 

Figure 12 below shows the good agreement between CWSI derived corn water use (ETa) and measure 
ETa values derived from a soil water balance using measure volumetric soil water content values 
obtained with a neutron probe/gauge. 
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Figure 12. Scatterplot of CWSI ETa vs. Neutron Probe ETa (mm), R2 = 0.86. 

There seems to be evidence, in this study, that the crop stress coefficient (Ks) estimation can be 
improved when CWSI or DANS, DACT are used. Their use may help estimate better ETa. 

In Figure 13 below, green shaded cells depict lower root mean square errors (RMSE). This is, when a 
given crop stress coefficient performed better. For instance, for a deficit irrigation treatment like 
number 3 where 80% of ET was irrigated during the crop vegetative growth period and also 80% of ET 
was irrigated during the maturity growth stage, the most favorable combination of coefficients was the 
NDVI based Kcb (basal crop coefficient) with the CWSI derived crop stress coefficient (Ks) and closely 
followed by the other approached including the NDVI ratio for Ks estimation. 
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Figure 13. Average daily ETa RMSE (mm) by treatment. 

 

Landsat NDVI approach 

When ReSET was used to evaluate estimates of ETa using reflectance (NDVI or Normalized Difference 
Vegetation Index) based crop coefficients (Kcr), it was found that the Kcr method based on NDVI (and 
also SAVI) performed somewhat similar to ReSET starting around the mid vegetative growth stage and 
into the mid reproductive growth stage. 

Three different Landsat NDVI (and SAVI or soil adjusted vegetation index) were evaluated with ReSET: 

model 1: Reflectance-based crop coefficient (grass ref.), kcbo.  

Where: Kcbo =1.13 x fc+0.14, and fc = 1.22 x NDVI - 0.21. 
fc = fractional cover 
ETa = Kcbo x ETo; 
 
model 2: Reflectance-based crop coefficient (alfalfa ref.), Kcr1:  

Where: Kcr1 =1.184 x NDVI - 0.026 
ETa = Kcr1 x ETr 
 
model 3: Reflectance-based crop coefficient (alfalfa ref.), Kcr2:  

Where: Kcr2 =1.416 x SAVI + 0.017 
ETa = Kcr2 x ETr 

Figure 14 shows the typical result obtained near Greeley, CO for corn fields, in 2015. Where models 2 
and 3 (described above), purple and green lines respectively, agreed well with ETa from ReSET during 
the vegetative corn growth stage and beyond for a limited irrigated field. 

Figure 15 shows a similar graph for an alfalfa field near La Salle, CO, in 2010. Thus, further evidence that 
the reflectance based crop coefficients (e.g., based on NDVI) may be an alternative to complex surface 
land energy balance methods for routine monitoring of crop water use or ET under different irrigation 
management strategies. 
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Figure 14. Corn ETa derived from Landsat satellite imagery for thee reflectance based methods and one 
energy balance based method (ReSET).  

 

 

Figure 15. Alfalfa ETa near La Salle, CO, in 2010 derived using Landsat images and  three reflectance 
based methods and one  energy balance based method (ReSET).  

 

Therefore, this results could be in indication that a simple reflectance based linear equation (combined 
with weather station data based reference ET)  may be as effective as a full land surface energy balance 
approach/algorithm (as ReSET, METRIC, SEBAL) in estimating actual crop water use (ETa) for full and 
deficit irrigation regimes.  
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ReSET approach 

In an independent study, Geli et al. (2014) evaluated several remote sensing based methods to estimate 
crop water use, including ReSET, METRIC, SEBS, DisALEXI/TSM, and SSEBop.  

As shown in Figure 16 and Table 1 below, ReSET performed well as compared to actual ET measured 
with a Bowen Ratio energy balance flux station. The main crop was alfalfa (for the CA dataset). 

 

Figure 16. Scatter plots of estimated ETa using different remote sensing models vs. measured ETa with a 
Bowen ratio energy balance flux tower. 

 

In Table 1, METRIC resulted with the lowest error in estimating ETa. However, ReSET was the second 
method more accurate. This result seems to validate the use of the approach to estimate and monitor 
crop water use under different irrigation regimes. Although, one has to consider that ReSET uses 
METRIC with the difference that instead of using a single weather station data and a “dT” function for 
most of the Landsat imagery, ReSET uses grids of weather data generated from a network of weather 
stations and produces a set of “dT” function. In theory ReSET should have resulted with less error than 
METRIC. One potential reason why METRIC and ReSET did not yield similar ETa values could be the way 
the extreme cold and hot pixels are selected. Thus, one potential limitation to this method is the 
existence (or not) of the extreme pixels in the Landsat imagery and the skills/abilities of the user (or 
system) to select such pixels. 
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Table 1. Summary of errors on ETa estimation from several remote sensing methods. 

 

 

Conclusion 

Some lessons learned include: 

The infra-red thermometer (IRT) sensor should be reading only canopy temperature and avoid sampling 
the soil background in order to more appropriately apply the Crop Water Stress Index (CWSI), for 
instance. Users of IRTs have to make sure that the sensor is reading canopy temperature only. If that is 
not the case, then a model is needed to remove the bias/contamination of soil background 
temperature. 

A commercially available IRT (Ryobi) was evaluated. Inexpensive handheld IRTs are not accurate and 
need a thorough calibration. The sensor underestimated true target temperature as they are affected by 
sensor body heating, air temperature, etc. A calibration equation was developed for this particular 
sensor. 

IRTs need sensor body temperature and thermal emissivity corrections. IRT sensors should be reading 
only canopy temperature and avoid sampling the soil background. 

Estimates of ETa with the surface aerodynamic temperature (SAT energy balance) model was found to 
be equivalent to ETa estimates with the remote sensing method METRIC for corn (which is a well-
established method). Therefore, the SAT method is one energy balance – remote sensing method that 
has potential to monitor corn water use under different irrigation regimes. 

When the CWSI was used to estimate ETa and was evaluated with ETa from the SAT method, it was 
found that some underestimation of ETa by the CWSI method occurred.  Since the stress was 
overestimated due to soil temperature in the field of view (FOV) of the IRT sensor then canopy 
temperature or Tc modeling is needed. Furthermore, the user of the CWSI method in several occasions 
had to adjust the upper limit of dT (non- transpiring boundary) to contain values in the range 0-1. Other 
potential impediments to the application of this method include: taking readings under windy 
conditions, cloud cover conditions prevent the use of the method, restricted to a period of the day 
between noon and 2 to 3 pm local time, requires proximity to the plant (within 1-2 feet), requires in-situ 
air temperature and relative humidity readings. Thus, results indicate that further work is needed on the 
method before routine operations for monitoring deficit irrigation effectively. 
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Using soil water content sensor data in the soil water balance, to estimate crop actual ET (ETa), demands 
well calibrated and well installed sensors throughout the soil root zone. Estimates of ET and soil water 
deficit only represent a very small area of the field because the sensor only samples a small soil volume. 

Evaluation (with neutron probe SWB ETa) of several temperature and reflectance based Ks and Kcb 
methods indicated that the CWSI and DACT approaches were equivalent in estimating Ks and that a 
combination of Ks(CWSI) and Kcb(NDVI) estimates seems to contribute to a more accurate estimation of 
ETa. This suggests that the inclusion of remote sensing vegetation indices may improve the estimation of 
crop water stress and thus be a valid tool to monitor reduced CU under limited irrigation regimes. 

Regarding estimating ETa using remote sensing images from Landsat (both reflectance and thermal), it 
has been shown that the ReSET algorithm performed well in estimating ETa. However, a limitation (as it 
is for all methods that use extreme pixels in satellite imagery) is the existence (or lack of) true Ag 
extreme pixels (hot/cold) in the satellite scene and the ability of the user or system/code to select those 
pixels. The method seems accurate but it is resourceful intensive (both, in regards to data input and user 
interaction). 

A simpler approach may be the reflectance based crop coefficient (Kc_refl) to estimate ETa. When ReSET 
was used to evaluate estimates of ETa using reflectance based crop coefficients, it was found that the 
Kc_refl method based on NDVI (and also SAVI) performed somewhat similar to ReSET starting around 
the mid vegetative growth stage and into the mid reproductive growth stage. This method is a straight 
forward method and has shown potential for practical implementation of remote sensing to monitor 
(document) deficit/limited irrigation over a crop growth season. 

 

Field Days, Workshop and related Publications 

During this project, two field days were held at the LIRF USDA ARS farm near Greeley, CO, to show field 
data (results) and  the different instrumentation needed to monitor crop water stress under different 
irrigation strategies (full, low frequency deficit irrigation, and high frequency deficit irrigation). Figures 
17 and 18 show a portion of the activities held during both field days in 2014 and 2015, respectively. 
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Figure 17. Field day on August 8 of 2014 near Greeley, CO. 
 

  

  
Figure 18. Field day on August 21 of 2016 near Greeley, CO. 
 

Below is the Field day brochure indicating activities and poster presentations. 
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Samples of posters can be found in Appendix E. 

 

Material presented at the Workshop held on April 21st, 2016. 

Brochure developed with assistance from the Fort Morgan CSU County Extension office. 
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Individual presentations can be found in the Appendix F. 

Published material: 

Chávez, J.L. and E. Kullberg, 2015, Handheld Infra-Red Thermometry Calibration: Monitoring Crop Water 
Stress. In Proceedings of the 2015 ASCE EWRI World Congress, May 17-21, Austin, TX, pp. 2024-2034.  

Chávez, J.L., 2015, “Using canopy temperature as an indicator of plant stress.” In Proceedings of the 26th 
Annual Central Plains Irrigation Conference (CPIC), Colby, KS, February 17-18, 2015, CPIA, 760 N. 
Thompson, Colby, KS. 

Chávez, J.L.; E. Kullberg, and B. Mefford. 2014. Using a handheld IRT to determine crop water stress and 
use. In Proceedings of the 25th Annual Central Plains Irrigation Conference, Burlington, CO, February 25-
26, 2014, pp. 115-125. Available on line at: https://www.ksre.ksu.edu/irrigate/OOW/P14/Chavez14.pdf. 

DeJonge K., Mefford*, B.S., and J.L. Chávez. 2016. “Assessing corn water stress using spectral 
reflectance,” International Journal of Remote Sensing. Submitted on 02 Feb 2015, re-submitted on 11 
Feb 2016. Accepted on 16 March 2016. In Press. 

https://www.ksre.ksu.edu/irrigate/OOW/P14/Chavez14.pdf
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DeJonge, K.C., Kullberg, E.G. and J.L. Chávez. “Evaluation of stress coefficient methods to estimate crop 
evapotranspiration.” Agricultural Water Management. Submitted on 15 Feb 2016. In Review. 

Kullberg, E. (2015). “EVALUATION OF STRESS COEFFICIENT METHODS TO ESTIMATE CROP 
EVAPOTRANSPIRATION,” M.S. Thesis, Civil and Environmental Engineering Department, Colorado State 
University, Fort Collins, CO. Published on-line at: 
https://dspace.library.colostate.edu/handle/10217/167166 

Mefford, B. (2014). Assessing corn water stress using spectral reflectance. M.S. Thesis. Retrieved from 
Colorado State University Libraries Digital Collections.  , Civil and Environmental Engineering 
Department, Colorado State University, Fort Collins, CO. Published on-line at: 
https://dspace.library.colostate.edu/bitstream/handle/10217/84002/Mefford_colostate_0053N_12586.
pdf?sequence=1 
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Appendices 

APPENDIX A. Water Irrigation Scheduler for Efficient Application (WISE): Instructions 

 Instructions using a Web Browser (Firefox preferred)  

Homepage  

1. Navigate to http://wise.colostate.edu and click on the “eRAMS Platform” link near the bottom of the 
page. Alternately, you can navigate directly to https://erams.com/  

Create a New User  

1. Click on the “Sign Up” link at the upper right corner of the Home screen.  

2. Enter your required and optional user information and click “Create Account.”  

3. Open a new browser window. Login to the email account associated with the email address provided 
in the previous step, and open the email confirmation message sent to you by eRAMS. (Note: It may 
take a short time for the email to arrive, and it’s possible that this message could be placed in your spam 
folder. Be sure to check this folder if the email confirmation doesn’t appear in your inbox.)  

4. Click on the link provided in the email confirmation message. You’ll be logged into eRAMS after 
clicking on this link.  

 

Add Irrigation Project  

1. On the left hand side of the page, click on the “Projects” box.  

2. When the Projects page opens, click on “Create Project.”  

a. Enter a name for your project, such as “My Irrigation Project.”  
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b. Under “Project Type,” select “Irrigation Scheduler.”  

c. Click “Okay.” The newly-created project should appear in the Projects list. Click on the project name to 
open the project in the WISE user interface.  

Create a Crop Field  

1. On the left side of the screen, you will see two tabs: “Map” and “Fields.” A Google map will also be 
visible on the right side of the screen.  

2. Use your mouse wheel or the zoom tool above the map to zoom to a particular location or field on 
the map. If you know the coordinates of your field, enter it in the “Zoom to:” box at the upper left 
corner of the map (example: 40.6525, -105.000). Note that locations in Colorado should have a negative 
(-) longitude value.  

a. To use the zoom tool, click on the zoom tool button then click and drag your mouse across the map. 
Once you let go of your mouse, the map will zoom to the extent of the box that was previously drawn.  

b. To pan through the map, click on the Pan tool, click and hold while panning the map.  

3. Hover over the “Draw” button which is located below the “Select Field” dropdown box.  

a. Select “Draw Circle,” “Draw Polygon,” or “Import.”  

b. For a polygon, draw your crop field by making successive clicks on the map at each corner of your 
crop field. Double click to complete. To draw a circle, click and hold your mouse in the center of the 
circle you wish to draw, then drag your mouse to the perimeter of the circle. Release your mouse to 
complete.  

4. Provide a name for your crop field in the dialog box that appears, such as “My Alfalfa Field,” and click 
OK. WISE will take a moment to extract soil properties and locate the weather stations closest to your 
field.  

View Weather Stations  

Weather stations may have already been collected for your crop field, but if not you can use the 
following steps to find weather stations nearest your crop field.  

1. Click on the “Weather Stations” panel below the “Fields” tab on the left side of the screen, if the 
panel has not already been opened.  

2. Click on the “Collect Closest Weather Stations” icon (open magnifying glass) to find closest applicable 
weather stations for your crop field. (Note: Currently only CoAgMet and Northern Water weather 
stations are available.) If more than one station is selected, WISE will perform an inverse distance-
weighted average calculation of crop evapotranspiration (ETc) and rain.  

3. Click on a weather station to see it on the map.  
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4. Click on the “View All Weather Stations” button to see all of the weather stations displayed on the 
map. Hover your mouse over a weather station marker on the map to see details about the weather 
station.  

Activate or Deactivate Weather Stations  

1. Activate or deactivate a weather station in the left column by clicking on the power button that 
appears next to a weather station name when you hover your mouse over the station. Inactive weather 
stations are grayed and crossed out and will not be used for estimating ETc and rainfall on your field.  

View Weather Data for a Weather Station  

1. Click on a weather station in the list of search results  

2. From the popup box displayed on the map that represents this weather station, click “See Current 
Weather”  

Set Crop Field Attributes  

1. Click on the “Set Up/Modify” button (gear icon) in the “Fields” tab on the left hand side of the screen.  

2. Enter a Crop Type, Planting Date, and Emergence Date for your crop field in the dialog that is 
displayed. Est. Harvest Date can be left blank, unless available.  

3. Enter Irrigation system information. The efficiency will be used to estimate the applied water that is 
effectively stored in the soil root zone. You can move the slider button on the Efficiency bar to change 
the irrigation system efficiency.  

4. If known, enter an “Initial Soil Water Deficit (%)” in the root zone.  

5. Click on the “Update” button to save any changes.  

6. Click “Done” on the bottom right corner of the dialog box.  

View Irrigation Schedule  

1. Click on the “View Your Crop Irrigation Schedule” button (calendar icon) in the “Fields” tab on the left 
hand side of the screen. WISE will take a moment to calculate a daily water balance for your field.  

2. A summary of your crop field’s irrigation needs, as well as a table and graph of irrigation scheduling 
results can be viewed by clicking on their corresponding tabs.  

Enter your actual Irrigation, Rain, or Deficit  

1. Click on the “Table” tab in “Crop Irrigation Schedule” dialog box.  

2. Double click on one of the gray boxes under the Gross Irrigation, Rain, or Observed Soil Deficit 
columns. A text box will appear allowing you to enter a value. Type in your actual value and hit “Enter” 
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on your keyboard. At a minimum, you should enter your actual Gross Irrigation each time that you apply 
irrigation water. WISE will use rain amounts from the selected weather stations, if you do not enter your 
own values.  

3. Click on the “Update” button to save this updated value to your irrigation schedule.  

View Graphs  

1. Click on the “Graph” tab in “Crop Irrigation Schedule” dialog box. A graph of plant available water 
(PAW) will appear to display a time series of PAW up to the current date.  

2. Click on the “Select Graph” dropdown box on the right hand side of the “Crop Irrigation Schedule” 
dropdown box. Select the “Water Deficit” graph to see the estimated net irrigation requirement (Root 
Zone Deficit). Irrigation is advised when the deficit (blue line) approaches or falls below the 
Management Allowed Depletion (red line).  

Export  

1. Click on the “Export” button. Select print or export format to print or display the report of your crop 
irrigation schedule for the current field.  

APPENDIX B. Soil moisture sensors 

Soil moisture sensors are used to take volumetric soil water content and water potential measurements.  
The use of such instruments to schedule irrigation dates back over 80 years.  Figure A1 below shows 
graphically some sensor technologies available nowadays. 

 

Figure A1. Different technologies (sensors) to infer on soil water content/potential. 
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Tensiometers are the only Direct means of measuring Soil Water Tension.  All other methods are 
Indirect, in that they actually measure something other than soil water and then are converted to a soil 
water characteristic via some method of calibration. Irrometer’s Watermark granular matrix sensor, 
measures electrical resistance and equate that to soil water tension with a calibration of ohms of 
resistance to centibars of tension. Other sensors relate their measurement to soil water content, as 
opposed to tension, which tells how much water is in the soil by volume. Capacitance or Frequency 
Domain Reflectometry (FDR) sensors detect changes in soil dielectric properties and convert these 
readings to soil water content. Time Domain Reflectometry (TDR) sensors measure the time it takes for 
an electromagnetic wave to be transmitted through the soil. The presence of water in the medium 
affects the speed of the electromagnetic wave.  This is then calibrated to a soil water content. Neutron 
probes measure the speed of neutron travel, which is slowed by hydrogen.  Since hydrogen is a part of 
water, this can be related to water content. 

http://www-pub.iaea.org/mtcd/publications/PubDetails.asp?pubId=7801 

All sensors measure a surrogate property that is then related to the soil volumetric water content (θv) 
through a calibration. The major surrogate properties are:  

a) Capacitance – variable resonant frequency 

b) Phase delay – constant frequency 

c) Transmission time 

d) Water content reflectometer, e.g., CS616 

e) Quasi travel time, e.g. Trime 

f) Time domain reflectometry (TDR), waveform interpretation 

g) Thermal neutron count – neutron probe 

 

APPEDIX C. Procedure to calibrate IRTs (Apogee) 

Ts calibration for surface emissivity and background temperature follows. 

 

http://www-pub.iaea.org/mtcd/publications/PubDetails.asp?pubId=7801
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Sensor calibration sheet provided by the manufacturer 
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Calibration procedure 
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Sensor body temperature calibration example 
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IRT surface thermal emissivity and background correction 
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Note: Ttarget = true target temperature, Tsensor = target temperature uncorrected for emissivity effects. 

 

 

Note: For computing the sky temperature in the emissivity correction the following equation can give an 
approximation: Tsky = Tair + 50*fc - 60  
 
where Tsky and Tair are in degrees Celsius and fc is the fraction of cloud cover.  

Please see the video in the following link by Mark Blonquist of Apogee Instruments 
(http://www.decagon.com/en/education/virtual-seminars/virtual-seminars/infrared-thermometer-
plant-science/) for more information.  

http://www.decagon.com/en/education/virtual-seminars/virtual-seminars/infrared-thermometer-plant-science/
http://www.decagon.com/en/education/virtual-seminars/virtual-seminars/infrared-thermometer-plant-science/
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The introduction of the equation above is at around 9:00 in the video. 

The REF-ET calculator can be used in order to estimate the fraction of cloud cover. REF-ET can be found 
at: http://extension.uidaho.edu/kimberly/2015/06/ref-et-reference-evapotranspiration-calculator/ 

Surface thermal emissivity calculation can be obtained by following Brunsell and Gillies procedure.  

Details can be found at: 
https://www.researchgate.net/publication/225090720_Incorporating_Surface_Emissivity_into_a_Ther
mal_Atmospheric_Correction 

Assume NDVImax = 0.89, NDVImin = 0.15. Assume Emissivity of vegetation Ev = 0.98 and of soil Es = 
0.92. 

 

APPENDIX D. CWSI Method 

The CWSI method relies on the temperature difference (dT, °C) between the vegetation canopy and the 
air (Tc – Ta), and on minimum and maximum differences in these “Tc – Ta” temperatures, as indicated in 
Equation 1. Air temperature measured at a height of 2.0 – 3.0 m above the ground and in the crop field. 

CWSI = (dT – dTmin)/(dTmax – dTmin) (B1)  

where: subscripts “min” and “max” are the minimum and maximum dT (or Tc – Ta), respectively.  These 
dT boundaries can be estimated following the methodology developed by Idso et al. (1981). The dTmin 
and air water vapor pressure deficit (VPD, kPa) have a linear relationship for a fully irrigated (no water 
stress) crop under a given environmental condition.  The dTmax has a linear relationship with the so 
called water vapor pressure gradient (VPG), when the crop is experiencing maximum water stress (dry 
soil to a soil water tension of about 15 bars): 

dTmin = a (VPD) + b (B2)  

dTmax = a (VPG) + b (B3)  

where: the “a” and “b” coefficients are the slope and the intercept of the linear relationship between 
dTmin and VPD. The VPG is estimated as the difference between saturated air vapor pressure at air 
temperature and saturated air vapor pressure at air temperature plus the coefficient “b.” The value of 
dTmax has also been found to be relatively constant around 4 to 5 ºC for corn fields. 

The minimum dT occurs when the vegetation is not experiencing water stress. Under this condition the 
crop has sufficient water available in the soil root zone and the transpiration process is only limited by 
weather conditions. Appropriate coefficients for dTmin, for several crops, can be found in Idso et al. 
(1982). For this study, coefficients “a” and “b” were developed from in-situ field data (i.e., air 
temperature, vapor pressure, canopy temperature) collected one to two days after irrigation events (no 
water stress conditions) after corn had reach effective full cover. A linear regression was performed 

http://extension.uidaho.edu/kimberly/2015/06/ref-et-reference-evapotranspiration-calculator/
https://www.researchgate.net/publication/225090720_Incorporating_Surface_Emissivity_into_a_Thermal_Atmospheric_Correction
https://www.researchgate.net/publication/225090720_Incorporating_Surface_Emissivity_into_a_Thermal_Atmospheric_Correction
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between dTmin and VPD (VPD calculation explained below). The resulting coefficients were slope “a = -
1.99” and intercept “b = 3.04”. These coefficients were very close to those found by Idso (1981) for corn 
in Arizona; which were “a = -1.97” and “b = 3.11”. 

In the case of dTmax, it occurs when the vegetation is not transpiring because the soil is very dry (soil 
water tension of about 15 bars) and the plant can’t exert so much tension (negative pressure) to remove 
any more water from the soil. 

To compute the vapor pressure deficit one needs readings of air temperature (Ta, ºC) and relative 
humidity (RH, %) obtained just above the canopy (i.e., in field or in-situ measurements); preferentially 
from the middle of the field. In the case of our application of the CWSI method, each irrigation level 
(plot) was equipped with a Vaisala HMP45C sensor, installed at a height of approximately 2.7 m (8.9 ft) 
above the ground, to measure air temperature and relative humidity. Canopy temperature was 
measured with a research grade Apogee (Logan, UT) SI-121 infra-red thermometer. These IRTs were 
installed two per treatment, at a height of 2.8 (9.2 ft), oblique at 45 º below hypothetical horizontal line 
and one looking south east (SE) and the other south west (SW) at corn canopies. Average canopy 
temperature values of these SE and SW IRT sensors were used as representative of the ensemble or 
overall canopy temperature. 

Canopy temperature, air temperature and relative humidity data were sampled every three seconds and 
five minute averages were recorded by an on-site datalogger (CR1000, Campbell Scientific, Inc., Logan, 
Utah). In this study the five minute averages were further averaged over a one-hour period to report 
hourly values of these variables. 

Vapor Pressure Deficit (VPD) Calculation 

Vapor pressure deficit (VPD, in units of kilo-Pascals, kPa) was computed as follows: 

VPD = es – ea           (B4) 

where, “es” is saturation vapor pressure (kPa) and “ea” is actual vapor pressure (kPa), both computed as 
show below (where Ta is air temperature in ºC). 

 ×
= ×  + 

17.270.6108 exp
237.3

a
s

a

Te
T

       (B5)  

ea = (RH/100) × es          (B6) 

 where, RH is relative humidity in percent (%). 

Vapor Pressure Gradient (VPG) Calculation 

The VPG is the difference between saturated air vapor pressure at air temperature and saturated air 
vapor pressure at air temperature plus the coefficient “b.” Thus: 
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a a

T bTVPG
T T b

  (B7)  

Once the corn CWSI was computed, the next step is to compute an actual crop water use or 
evapotranspiration (ETa). Which can be used to monitor deficit/limited irrigation fields seasonal water 
consumption by accumulating daily estimates of ETa throughout the crop growing season. 

ETa = (1 – CWSI) ETp           (B8) 

ETp = Kc x ETref           (B9) 

The term (1-CWSI) is similar to the crop stress coefficient (Ks) discussed before. The variable ETref is the 
reference ET. ETp is referred as to the potential crop ET or ETc. 

Note: computation of the CWSI has been implemented in a Excel Spreadsheet. 

 

Appendix E 

Sample of field days’ posters presented: 
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Appendix F 

Workshop presentations 

Joel Schneekloth’s presentation: 
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Dr. Allan Andales’ presentation/poster: 

 

Dr. José L. Chávez’s presentation: 
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Dr. Aymn ElHaddad’s presentation: 
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