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ABSTRACT 

 Deficit irrigation is becoming a trend in agricultural lands with reduced water. 

With the declining water resources comes renewed interest in deficit irrigation strategies 

and enhanced management capabilities to provide water when and where it is needed. 

However, in the past, plant-monitoring capabilities to assess water status of the plant 

were very costly and labor intensive.  The innovation in infrared thermometry systems 

has allowed for the technology to become smaller and more cost efficient. This 

investigation uses the established method of BIOTIC developed by research scientists at 

USDA/ARS. The BIOTIC method has been patented and licensed by a new technology 

startup company, Smartfield™, under the moniker Smartcrop™. The research conducted 

used the Smartcrop™ technology, which consists of wireless infrared sensors and base 

stations for recording data from sensors. 

 This thesis focused on the 2009 and 2010 cotton growing seasons in the Lubbock 

area. Water and yield data were discussed and analyzed in detail along with other 

environmental data relevant to plant growth and yield. Analysis and discussion of large 

temperature data sets were conducted. Canopy temperature comparisons were made using 

the BIOTIC method along with air vs. canopy temperature comparisons and treatment 

temperature comparisons. Vapor pressure deficits were also discussed in detail for 

selected treatments over the growing seasons. Finally, daytime average canopy 

temperature comparisons provided accurate estimates of water through the plant as a 

predictor of yield. 
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CHAPTER I 

INTRODUCTION 

 Texas is currently the leading cotton producer in the United States (Womach, 

2004). Thirty three percent of the U.S. cotton produced is grown on the High Plains of 

Texas. The High Plains of Texas environment is categorized as a semi arid environment 

with usual rainfall amounts ranging from 250 to 500 mm annually. The High Plains is a 

sub region of the Great Plains, in the U.S.  just east of the Rocky Mountains 

encompassing many states. The climate of this region produces a hot summer and cold 

winter, each accompanied with high speed prevailing winds.  

 The primary source of irrigation in the region is the Ogallala aquifer, which in 

recent years has received attention from federal, state, and local governments. The 

Ogallala aquifer is a relatively shallow aquifer that stretches from South Dakota to Texas. 

According to the United States Geological Survey (USGS), approximately 27% of the 

U.S. irrigated land is supplied by this aquifer, which uses approximately 30% of 

groundwater for irrigation in the U.S. (2010). In recent years, programs have been 

established to reduce and monitor the amount of water used. The aquifer is commonly 

seen as a non-recharging aquifer, because of the slow infiltration rates of water into the 

aquifer. However, farmers have adopted new crop varieties, water savings technology, 

and agronomic practices to alleviate the amount of water applied during irrigation. Many 

farmers are looking to industry to lead the way in water savings technology, while others 

are taking more practical approaches such as dryland farming. Many of these approaches 

have significant advantages, and equally significant disadvantages. The following will 
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focus on cotton and the stresses associated with this valuable cash crop. In addition, water 

problems in the Texas High Plains will also be discussed.  

Cotton is classified as an indeterminate plant, and in tropical climates it grows 

into a bush or tree. Most of the cotton grown in Texas and the U.S. is from the species 

Gossypium hirsutum, which is also referred to as Upland cotton. Upland cotton varieties 

provide cotton in staple lengths from 22 to 35 mm. Gossypium barbadense, primarily 

grown in California and some regions in South Texas, is another species grown in the 

U.S. G. barbadense is a species of longer staple length ranging from 32 to 40 mm in 

length. Only a small fraction of cotton grown in the U.S. is from the species G. 

barbadense, because of the cottons requirement for a longer growing season. 

The unique climate encountered on the High Plains of Texas provides many 

environmental extremes in terms of temperature and water. On the High Plains, it is not 

uncommon for daily wind speed to exceed 10-15 m/s on average. This provides a high 

evaporative demand on the plant and potentially deadly conditions for small seedlings. 

High wind speed results in sand particles being removed from the soil surface and placed 

in the atmosphere. This can cause extreme damage to the young seedlings emerging from 

the soil interface. In association with high wind speed, the atmospheric humidity is 

relatively low during the growing season. Low humidity levels increase transpiration 

rates from the leaf surface. There are many environmental factors affecting the growth of 

cotton and the production of fiber. Water limitations during fiber development can affect 

fiber length, strength, maturity, and fineness. 
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 Environmental components are very important in the development of cotton 

fibers. Environmental factors that plants are dependent on include water status and 

nutrient availability. Proper boll development requires adequate water and warm 

temperatures to produce premium staple lengths. In addition to these conditions, 

nighttime temperatures are also important for fiber development. Gipson and Joham 

(1968, 1969) determined fiber length develops optimally when nighttime temperatures 

are between 15 and 21°C. In addition, night temperatures below 15°C are shown to 

reduce micronaire (Gipson and Joham, 1968). Moisture also plays an important role in 

fiber development. Many properties such as fiber length, strength, maturity and fineness 

can be affected by moisture stress. Significant impact on fiber length can occur if 

moisture stress occurs after anthesis (Marani and Amirav, 1971). Prolonged moisture 

stress, drought, is another environmental condition affecting fiber properties through 

reduced plant performance (Eaton and Ergle, 1952; Marani and Amirav, 1971). Pettigrew 

reported that low light conditions affected fiber maturity, fineness, and strength (1995, 

1996). Producers need to carefully monitor the environmental status of crops to maintain 

optimal growth and production. 

 In recent years there have been many advances in the science and technology of 

monitoring the environment (Mahan et al., 2012; Pinter et al., 2003; Upchurch et al., 

1996; Wanjura and Mahan 1994; Wanjura et al., 1995). Many companies provide low 

cost solutions for monitoring the environment. One of these solutions includes handheld 

point and shoot infrared thermometers. These thermometers can be used to measure leaf 

and soil temperatures instantaneously. Some of the most commonly used tools are rain 
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gauges and thermometers. Many producers have rain gauges placed in one or more areas 

around fields to monitor local rain events. Many farmer co-ops also provide more 

accurate weather data through interlinked weather stations. These weather stations 

usually provide wind speed, humidity, rainfall, temperature and other more complex 

high-resolution data. A recent study by Baker et al. (2007) concluded that vapor pressure 

deficit readings in combination with ambient temperature and canopy temperature 

provided greater accuracy in quantifying drought stress in cotton rather than just ambient 

and canopy temperature comparisons. These tools provide producers with data that can 

be interpreted to manage irrigation and other tactics to produce a more economically and 

environmentally viable crop. 

Many farms on the High Plains region are supplied supplemental irrigation from 

the Ogallala aquifer. However, declining water tables have caused many wells to dry up 

throughout the Texas High Plains (McGuire, 2007). The Ogallala aquifer is responsible 

for much of the agriculture in the U.S. According to the USGS, 94% of the aquifer water 

usage is for irrigation (2010). Many issues have arisen in recent years with decline of the 

aquifer. Water quality has been affected by saline bedrock aquifers draining into the High 

Plains aquifer. With the decreasing water supply comes increasing concern from major 

population areas located in the Ogallala aquifer supply area. Interest from the local, state, 

and federal government is also increasing. The United States Department of Agriculture 

has established the Ogallala Aquifer Program, which is funded by the Agricultural 

Research Service. This program funds many research projects at major universities 

located throughout the region. Many of the studies include components of plant water use 
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efficiency or evapotranspiration because agricultural production is the primary loss of 

water.  

 Innovation and investment into more water savings technologies will ensure 

future crop development on the High Plains. Recent advances in sprinkler technology 

have increased water application and precision. Technologies such as low energy 

precision applications (LEPA) have increased precision water application to crops 

resulting in less water used than previous methods. Subsurface drip irrigation (SDI) 

systems have also greatly increased water application since water is applied directly to 

the roots. New, water efficient varieties also are being marketed by seed companies as 

being drought tolerant, or producing more yield with less water. In addition to new 

varieties new water saving technologies are also being released on the market. 

Capacitance probes, infrared thermometers, and granular matrix sensors are some of the 

technologies that provide insight into the plant and soil water status. Smartcrop™ is a 

commercial system being offered to help manage irrigation decisions, and assess plant 

water status. Smartcrop™ is scientifically backed by research conducted and developed 

into a patent by the United States Department of Agriculture (Upchurch et al., 1996). All 

of these tools offer insight into plant and environmental statuses from which producers 

can make informed decisions.  

With water becoming a limited resource on the Texas High Plains it is pertinent 

that everyone in the region adopt new technologies and practices to reduce water use. 

Water status determines plant performance and yield in many areas. Producers will also 

benefit from new technologies with better yields per unit of water applied. Also, local 
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residents on the Texas High Plains will benefit knowing that their source of water is 

being managed efficiently.  

Problem 

 The current problem in the Southern High Plains of Texas is the declining state of 

the Ogallala aquifer. The High Plains area heavily irrigates crops from this sole water 

source in many regions. Currently irrigation sources are becoming more expensive and 

less extensive. With the declining aquifer comes renewed interest in deficit irrigation 

strategies and enhanced management capabilities to provide water when and where it is 

needed precisely. However, in the past, plant-monitoring capabilities to assess water 

status of the plant were very costly and labor intensive.  The innovation in infrared 

thermometry systems has allowed for the technology to become smaller and more cost 

efficient. Adoption of this technology is currently in the early stages of acceptance. This 

investigation uses the established method of Biologically Identified Optimal Temperature 

Interactive Console (BIOTIC) developed by research scientist at USDA/ARS. The 

BIOTIC method has been patented and licensed by a new technology startup company, 

Smartfield™, under the moniker Smartcrop™. The research conducted used the 

Smartcrop™ technology, which consists of wireless infrared sensors and base stations for 

recording data from the sensors.  

Hypothesis 

Canopy temperatures are seen as a surrogate to the water status of the plant. 

Therefore, monitoring continuous canopy temperatures based on the BIOTIC method 

allows the user to correlate canopy temperature to water status of the plant. Using these 
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methods should allow for deficit irrigations and greater control of irrigation methods 

associated with crop growth. Canopy temperature monitoring should provide insight into 

the plant water status in production conditions. 

Research Objectives 

 The following study includes appropriate approaches for deficit irrigation for 

cotton producers on the Texas High Plains. An analysis of the seasonal canopy 

temperature data was conducted to determine the utility of the BIOTIC method used as a 

control for deficit irrigations.  Also, the impact of deficit irrigations on farms in the 

Ogallala region is discussed.  

 

 

Literature Review 

Irrigation 

 Currently the High Plains of Texas is responsible for the largest portion of cotton 

grown in the U.S. (USDA ERS, 2011). Recent data estimates the Texas cotton production 

in 2011 to be approximately 33% of the U.S. total (USDA ERS, 2011). Typically, Texas 

cotton production accounts for as much as 40-50% of all cotton production in the U.S. 

Cotton grown on the High Plains of Texas is irrigated from the Ogallala aquifer. Thirty 

percent of all groundwater used for irrigation in the U.S. comes from the Ogallala aquifer 

and approximately 20% of the High Plains region is irrigated farmland (Guru, 2000). The 

aquifer continues to decline with irrigation used for agricultural production. The aquifer 

once viewed as an unlimited resource is now closely monitored for declining levels each 
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year. Some areas have declined as much as 10-50 meters in recent years (McGuire, 

2007). With limited water available producers are now looking for technology to extend 

current water supplies.  

Tools and Approaches 

Irrigation began on the High Plains with the advent of prevalent drilling practices 

around the 1950s. Most of the land irrigated from wells was done by furrow irrigation. 

Furrow irrigation is commonly practiced today and accounts for much of total irrigation 

in Texas. Adoption of enhanced irrigation techniques, such as subsurface drip and 

overhead center pivots, is gaining ground with decreasing ground water and increasing 

fuel prices (Guru, 2000). 

Some of the most common technologies used today are enhanced irrigation 

techniques. Low energy precision applications (LEPA) allow for water to be applied 

closer to the soil surface and result in 95 to 98% application efficiency (Schneider, 2000). 

Subsurface drip irrigation (SDI) is slightly more efficient, being buried in the soil layer, 

and can approach 100% application efficiency (Ayars et al., 1999). Adoption of these 

enhanced techniques is slow and currently much of the land is still irrigated with furrow 

irrigation and overhead center pivots. In addition, knowing when and how much water to 

apply is another way to provide enhanced water use efficiency.  

Some current technologies that attempt to solve these problems include the 

BIOTIC irrigation protocols, granular matrix sensors, evapotranspiration models for 

cropping systems, the crop water stress index, and soil and water balances. These new 
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methods seek to harmonically balance the amount of water a plant needs through 

measuring environmental inputs and outputs.   

The “Biologically Identified Optimal Temperature Interactive Console (BIOTIC)” 

is an irrigation scheduling protocol based off of canopy temperature measurements from 

the plant (Upchurch et al., 1996). This method incorporates metabolic functions to 

determine a crops optimum thermal window (Burke et al. 1988; Mahan and Upchurch 

1988; Upchurch and Mahan 1988). These thermal windows provide optimal temperatures 

for metabolic processes occurring in the plant. A temperature threshold of 28°C was 

discovered for cotton and later tested and validated during field trials (Wanjura et al., 

1990, 1992). The 28°C temperature provided increased yield when compared to 

temperatures above or below the optimum (Wanjura et al., 1992). Later in the 

development of BIOTIC technology, a time threshold was developed in adjunct use with 

the temperature threshold. The time threshold accounts for minutes above the thermal 

optimum. Time threshold accumulations are usually based on data collection intervals of 

the equipment, but most commonly sampled every 15 minutes. The time threshold is 

different for various geographical areas and was implemented for production agriculture 

that did not have subsurface drip irrigation. The time threshold helps determine irrigation 

scheduling. When time accumulates over a set number of minutes for the crop, the crop 

can be viewed as stressed. However, if the canopy temperatures exceed the thermal 

optimum but do not exceed the time threshold, then the canopy is viewed as stressed but 

not requiring an irrigation decision. An irrigation decision would be executed based on 

multiple days in excess of the time threshold (Wanjura et al., 1992, 1995). The BIOTIC 
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method represents a method used for irrigation scheduling that is inherently and 

methodologically different from recent irrigation scheduling technologies. Using the 

plant as an indicator of water stress may provide insight into production that is currently 

not seen in other technologies. 

Another method for prediction of plant water use is the “Crop Water Stress Index 

(CWSI).” The CWSI method incorporates many environmental factors into prediction of 

water lost through the environment.  Some of the factors incorporated into the CWSI 

measurements are canopy temperature, net radiation, wind speed at 2 m, wet- and dry-

bulb temperatures, soil water content, and plant height (Jackson et al., 1981; Jackson, 

1981). The CWSI method is founded on the Penman-Monteith equation for predicting 

surface temperature through environmental measurements (Penman, 1948; Monteith and 

Szeicz, 1962). With some modification Jackson et al. (1981) were able to adapt these 

environmental data and energy balances to form the crop water stress index. The CWSI 

method relies on comparison with a well-watered crop to establish a baseline 

quantification of plant stress. The CWSI is an index from 0-1 that quantifies plant stress 

with a well-watered non-stressed plant having a value of zero.  

Some of the most common methods applied today are some of the oldest methods 

known in the agricultural sciences. These methods include soil-water balance equations, 

evapotranspiration models, and energy balance equations. Soil-water status methods 

include using tensiometers, lysimeters, gypsum blocks, neutron probes (Van Bavel et al., 

1963), granular matrix sensors and soil weight measurements. These soil-based methods 

are primarily focused on water holding capacity of the soil. Water holding capacity 
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requires knowing the soil type and makeup of the horizons to accurately predict soil 

hydrology. Field capacity and wilting point can be determined from these soil 

characteristics. This allows irrigation scheduling through soil-water status. Jackson et al. 

(1981) found that plant canopy response seems to decouple from soil-water response after 

an irrigation event.  

Using a tensiometer is another way to predict soil moisture. A tensiometer 

contains a tube of water with a porous tip on the bottom and a vacuum gauge on the top. 

Tensiometers are typically planted in the root zone, and as the root zone dries out the 

tension increases. This tension is actually soil matric potential and is measured in values 

of kilopascals. These values measured by the tensiometer provide insight into the soil 

water status. Tensiometer readings are limited in scope from 0 to 80 kPa and as altitude 

increases above 900 m they range from 0 to 60 kPa. Another limitation is soil types that 

are readable with the tensiometer. The tensiometer fails to adequately read in clay soil 

types, but is acceptable for course and medium textured soils. Another drawback is 

constant maintenance of these types of systems in the field (Henggeler et al., 2011). 

Another method of estimating soil moisture involves measuring electrical 

resistance. In this method typically a gypsum block is inserted into the soil at the depth 

where the measurements want to be taken, usually into the root zone. The block consists 

of two embedded wires attached to wire leads. Using on ohmmeter attached to leads a 

current is applied and then read through the device. The readings from the block are then 

correlated to some manufacturer’s number for water content or a soil tension value 

(Henggeler et al., 2011).  
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One of the most accurate measurements of soil moisture is accomplished with a 

neutron probe. Neutron probes provide accurate readings because of the large sphere of 

influence (Van Bavel, 1963). The neutron probe works by emitting neutrons into the soil 

layer. Once a neutron encounters a water molecule in the soil matrix it is deflected in a 

different direction or the original direction of emission. The reader then detects these 

neutrons and determines the soil water content in mm/m. The neutron probe has a few 

drawbacks including high initial cost, poor accuracy at low depth, and dealing with 

nuclear material (Henggeler et al., 2011). 
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CHAPTER II 

MATERIALS AND METHODS 

Location 

 This project was carried out on the Texas Tech University Research farm in 

Lubbock, TX in 2009 and 2010. The soil at the Texas Tech Research farm location is 

described as an Acuff sandy clay loam soil (Fine-loamy, mixed, superactive, thermic 

Aridic Paleustolls) (USDA-NRCS 2010). The Texas Tech location was equipped with a 

sub-surface drip irrigation system (SDI). The irrigation zones were approximately 0.20 

ha. Each zone was eight rows and the SDI tape was placed 0.20 m below the row.  

 

Cultural Practices 

 The detailed cultural methodology for the project was previously described by 

Stroud (2011). The following section summarizes the relevant information and the reader 

is referred to Stroud for a more detailed description. Beds were raised on 1 m centers. 

Plots consisted of four 1 m rows that were approximately 10 m in length. In both growing 

seasons trifluralin (2,6-dinitro-N,N-dipropyl-4-(trifluoromethyl)benzenamine) was 

applied and incorporated pre-plant at a rate of .84 kg ha
-1

.  Metolachlor (2-chloro-N-(2-

ethyl-6-methylphenyl)-N-[(1S)-2-methoxy-1-methylethyl]acetamide) was applied in a 

tank mixture with pendimethalin (N-(1-ethylpropyl)-3,4-dimethyl-2,6-

dinitrobenzenamine) immediately after planting, at rates of 1.41 kg ha
-1

 and .53 kg ha
-1

. 

In both years, aldicarb [2-methyl-2-(methylthio) propionaldehyde O-

(methylcarbamoyl)oxime] ) was applied at a rate of .67 kg ha
-1

 for insect and nematode 



Texas Tech University, Andrew W. Young, August 2012 

14 
 

control at the time of planting. Nitrogen fertilizer was injected at a rate of 67.2 kg ha
-1

 

after crop establishment in both years. Glyphosate (N-(phosphonomethyl)glycine) was 

applied at a rate of 2.12 kg ha
-1

 on 01-Jul 2009, 11-Aug 2009, 22-Jul 2010, and 15-Aug 

2010. Cotton was planted on 14-May in 2009 and on 19-May in 2010 with a John Deere 

1720 MaxEmerge planter at 12.8 seeds m
-1

 (Stroud, 2011). 

 

Plant Growth/Defoliation 

 Plant growth was regulated with cyclanilide and mepiquat(Stance®) at a rate of 

0.08 kg ha
-1

 on 13-Jul 2009 and 04-Aug 2009. In 2010 cyclanilide and mepiquat 

(Stance®) was applied at a rate of 0.11 kg ha
-1

 on 14-Jul 2010 and 23-Jul 2010. Harvest 

aid applications were made based on crop maturity. Ethephon and cyclanilide (Finish®) 

and thidiazuron and diuron (Ginstar®) were utilized in 2009 and 2010 at rates of 0.68 kg 

ha
-1

 and 0.20 kg ha
-1

 respectively on 25-Sep 2009 and 01-Oct 2010. Paraquat (1,1’-

dimethyl-4,4’-bipyridinium dichloride ) was used at a rate of 0.28 kg ha
-1

 on 12-Oct 

2009. Paraquat was not applied in 2010. 

 

Yield Data 

 The cultivars used in the data analysis were DP147RF for 2009 and DP0924B2RF 

in 2010. The 2009 plots were harvested on October 20
th

 and the 2010 plots were 

harvested on October 27
th

. Cotton samples were processed through a lint cleaner and 

ginned on a 20 saw gin stand. High volume instrument (HVI) measurements were 

conducted at the Fiber and Biopolymer Research Institute (FBRI) in Lubbock, TX.  
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Total Water 

 Cotton varieties were planted and water was applied through sub-surface drip 

irrigation (SDI). There were 13 target-irrigation treatments in both the 2009 and 2010. 

The treatment targets ranged from 0 to 6 mm in 0.5 mm increments. Irrigation was 

applied on a daily basis, for 76 d (Day of year (DOY) 188 to DOY 264) in 2009 and for 

41 d (DOY 215 to DOY 256) in 2010.  

Each treatment was monitored throughout the season with a single infrared 

thermometer (IRT).  The IRT was placed above the canopy approximately 20 cm at an 

angle of approximately 60°. The IRT has a 1:1 view ratio meaning a 20 cm diameter of 

plant material was measured. The IRT’s were adjusted to maintain the 20 cm viewing 

area along with crop growth. Each IRT measured the  canopy temperature on a one-

minute interval with an average  every fifteen minutes. The calculated average was then 

relayed wirelessly to the base station for collection. This resulted 96 data points per day. 

Approximately every two hours the base station sent a cellular transmission to a server 

with the newly acquired data. The server compiled and catalogued the data. The base 

station at approximately 2 m above ground level also measured air temperature and 

relative humidity. The air temperature and relative humidity were collected on the same 

interval as the IRT sensors.  
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Data Processing 

 The canopy temperature data collection produced large amounts of data for each 

sensor over the season. About one-half of the data collected is nighttime temperature. 

This may or may not prove to be useful in canopy temperature analysis. However, the 

BIOTIC method is used to irrigate crops to a biological thermal optimum, primarily 

focusing on daytime temperature data collection. The thermal optimum for cotton is 

28°C. For every 15-minute period over 28°C stress time is accumulated for that time 

period. Therefore, canopy temperatures are filtered for temperatures below 27°C and this 

data is then masked to produce a temperature signature. The temperature signature is a 

reflection of the irrigation treatments applied. With this reduction in the data temperature 

patterns and differences become more apparent than the non-filtered data.  

 

Vapor Pressure Deficit  

 Vapor pressure deficit (VPD) for each season was calculated using the simplified 

Murray (1967) equation.  The equation used for calculating saturation vapor pressure 

es(kPa) is: 

 

  es=.6108exp(17.27T/237.3+T) 

 

where T = air temperature(°C) 
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The vapor pressure of the atmosphere was calculated using the relative humidity (RH) 

measurements from the base station.  

 

 ea= (RH/100) es 

 

Once es, and ea are known the vapor pressure deficit, in kPa, can be determined by 

subtracting the values. 

 

 VPD= es- ea 

 

Since canopy temperatures were known values the es for the canopy could be calculated. 

This resulted in leaf to air VPD calculations. The leaf to air VPD was calculated for each 

temperature and relative humidity value reported on the data collection interval of 15 

minutes. This was done across all irrigation treatments. 

 

ETc Calculations 

 At the end of the season data analysis was done on the environmental data to 

determine the crop evapotranspiration (ETc). ETc values were calculated using the 

CROPWAT program from the United Nations Food and Agriculture Organization 

(FAO). The FAO provides CROPWAT as a free download on the FAO.org website. The 

CROPWAT system is based on the FAO paper 56 of the Penman-Monteith equation 

(Allen et al., 1998). The FAO-56 procedures for basal crop coefficients (Allen et al., 
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1998) were used to calculate the ETc of the crop. ETc was calculated on a monthly basis 

that provided daily estimates for comparative analysis with our irrigation treatments. 

Meteorological data was collected at the USDA ARS site in Lubbock, TX. The station 

was approximately 750m from the field, and provided solar radiation, wind speed, air 

temperature, and humidity data that were used to calculate the values for grass-reference 

evapotranspiration (ETo) using the FAO-56 standards (Allen et al., 1998). In the FAO-56 

dual crop coefficient procedure (Allen et al., 1998) ETc is calculated: 

 

 ETc = (KcbKs + Ke)ETo 

 

Kcb and Ke are basal crop and evaporation coefficients. Ks is the water stress component 

in the calculation. When Ks = 1 there is no soil water limiting factor, and Ks < 1 

represent insufficient soil water for full ETc (Allen et al., 1998; Hunsaker et al., 2005). 

CROPWAT standards for cotton Kcb and soil properties were used to provide a 

comparative value of ETc for the growing seasons (Allen et al., 1998; Smith, 1991). 
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Dew Point Calculations 

Dew point (Td ) was calculated using the Magnus-Tetens formula (Barenburg 1974, 

Murray 1967) and are valid for: 

 

 0 °C < T < 60 °C 

 1% < RH < 100% 

 0 °C < Td < 50 °C 

 

The variables are ambient temperature (T) in °C, dew point temperature (Td) in °C, and 

relative humidity (RH) in percent. Since that values of T and RH are known Td can be 

easily calculated from Magnus-Tetens formula: 

 

 Td = b γ (T,RH)/a- γ(T,RH) 

 

where 

 

 γ(T,RH) = (aT/b+T)+ln(RH/100) 

 

where the temperatures are in °C and “ln” refers to the natural logarithm. Constants are: 

 

 a = 17.271 

 b = 237.7 °C 
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Data for dew point calculations came from the Smartcrop™ base station RH sensor at a 

height of approximately 2m above the surface.  
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CHAPTER III 

RESULTS 

Water and Yield Relationships 

The relationship between yield and seasonal water for 2009 and 2010 is seen in 

figure 1. The seasonal watertotal ranged from 194 mm to 631 mm in 2009 and from 309 

mm to 504 mm in 2010. The lower amounts of watertotal in 2010 were a result of delayed 

irrigation initiation in response to rain events in July. The minimum yields were similar at 

~500 kg ha
-1

 while the maximum yields are different (2620 vs. 1850 kg ha
-1

). The slopes 

of the regression lines are similar and the x intercepts are different.  

 

Figure 1. Cotton yield versus watertotal for 2009 and 2010. 
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Comparisons of 2009 and 2010 Growing Seasons 

Yield and water relationships were different between the years suggesting that 

variation in the environmental factors that affect those relationships was responsible for 

the differences.  The following sections will present a series of comparisons of 

environmental and plant performance data from the two years in an effort to explore the 

causes of the yield and water differences seen in figure 1.  

The period of data analysis, which began at planting and ended at harvest, ranged 

from DOY 135 to DOY 304 (169 d) in 2009 and DOY 139 to DOY 304 (165 d) in 2010. 

Temperature and humidity data is presented for the periods when the plant canopy was of 

sufficient size for canopy temperature to monitored. In 2009 the period was DOY 202 to 

DOY 268 (66 d) and in 2010 the period was DOY 205 to DOY 269 (64 d).  

Two environmental variables that are generally considered to have a major effect on yield 

and water use are ambient air temperature and atmospheric humidity (expressed as dew 

point temperature). 

Figure 2 shows seasonal patterns of ambient and dew point temperatures for the 

2009 (a) and 2010 (b) growing seasons in Lubbock, TX. The upper solid line indicates 

40°C which is generally an upper limit for cotton metabolic function (Perry et al., 1983) 

while the lower solid line indicates 28°C which has been previously proposed to 

represent a thermal optimum for cotton metabolism (Upchurch and Mahan, 1988; Mahan 

and Upchurch, 1988; Wanjura and Mahan, 1994; Wanjura et al., 1995; Upchurch et al., 

1996). The ambient temperatures were generally lower in 2009 than in 2010 with mean 

ambient temperatures of 25°C and 27°C respectively. During the period from DOY 212 
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to DOY 248 in 2010 the maximum ambient temperatures routinely approached 40°C 

during the daytime, while the 2009 maximum temperatures were generally lower during 

the same period. 

 
Figure 2. Seasonal patterns of ambient and dew point temperatures for 2009 (a) and 2010 

(b) growing seasons in Lubbock, TX. The upper solid line indicates 40°C which is 

generally an upper limit for cotton metabolic function while the lower solid line indicates 

28°C which previously has been proposed to represent a thermal optimum for cotton 

metabolism. 

 

The differences in dew points (2009 dew point minus 2010 dew point) are shown 

for comparative purposes in figure 3. While the mean dew point in 2009 was greater than 

in 2010, the pattern of variation fluctuates around the 0 value indicating that 2009 dew 

points were not consistently greater than 2010 dew points. The 2009 dew points were 

greater from DOY 204-220. The dew point differences oscillated around the zero value 

from DOY 220-240, and then, after DOY 240, the 2010 growing season began to have 

greater dew points.  The pattern of dew point variation during the 2 years suggests that 

environmental demand, though different on average, was not consistently different over 

the season. 

b) a) 
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Figure 3. Dew point temperature difference calculated from the 2009 and 2010 growing 

seasons in Lubbock, TX. Dew point difference = dew point 2009 – dew point 2010. 

Values >0 indicate 2009 dew point greater than 2010. Negative values indicate 2010 dew 

point greater than 2009. 

 

   

Seasonal Environmental Demand (ETc) 

The driving force for crop water use is often characterized over the course of a 

season in terms of cumulative crop evapotranspiration (ETc) that is predicted (not 

measured) on the basis of radiation, air temperature and absolute humidity (Allen et al., 

1998; Smith, 1991). The daily crop evapotranspiration (ETc) for cotton was calculated 
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using the FAO 56 method using crop coefficients for well-watered cotton and local 

weather data (Allen et al., 1998; Smith, 1991).  

The cumulative ETc between the two years (fig. 4) differed by about 10% with 

2009 having the greater “environmental demand” of the two years (754 mm vs. 686 mm). 

The seasons were similar in terms of the accumulated ETc with the 2009 growing season 

environmental demand 68 mm greater than that for 2010.  

 

Figure 4. Crop evapotranspiration (ETc) across irrigation treatments during the 2009 and 

2010 growing seasons in Lubbock, Texas. 

 

Analysis of the derivative of ETc over time indicates that from DOY 134 to DOY 

171 ETc accumulation was the same for both years. From DOY 171 to DOY 207 ETc 
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accumulated faster in 2009 than in 2010 and from DOY 207 to DOY 269 while ETc 

accumulated faster in 2010 than in 2009. Thus in comparison to 2010, ETc accumulation 

was greater in 2009 for a period of 36 days and lower for a period of 62 days. Thus, while 

seasonal ETc in 2009 was greater than that for 2010, both the seasonal patterns and 

magnitude of the differences are not indicative of drastically different environments and 

would be expected to have a marginal effect on crop performance.   

In terms of comparisons among typical environmental indicators of the water 

demand in 2009 and 2010, the humidity was similar, the air temperatures in 2009 were on 

average 2°C cooler, and ETc was not consistently different. Thus, environmental 

conditions over the two years are similar and differences in yield and water relationships 

(fig. 1) are not easily explained in such terms. 

 

Seasonal Water  

Since, in the previous section, the environment was shown to be similar, the 

differences in yield and water relationships between the years may be a result of 

differences in the magnitude and pattern of the water supply over the two years.  In this 

analysis water received by the crop over the study interval is categorized as; rain, 

irrigation or “watertotal” (irrigation plus rain).   

The experiment was designed around 13 irrigation levels in each year that were 

intended to provide a range of water deficits. The irrigation levels were designed to 

provide a range of water supply from rainfed with no in-season irrigation up to a full 

irrigation designed to fully meet the “environmental water demand” for the crop. The 
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target (intended) daily irrigation amounts ranged from 0 to 6mm day
-1

 in each year of the 

study. The irrigation interval in 2009 was 76 d and 41 d in 2010. The lower number of 

irrigation events in 2010, which resulted in less applied irrigation, resulted from a delay 

in the initiation of irrigation due to early season rain.  

The intent of the study was to irrigate cotton across at thirteen target irrigation 

rates in 2009 and 2010. Based on end-of-season flow meter readings all 13 targets were 

not achieved in all years. Table 1 shows the target irrigation rates that were achieved in 

each of the years. The achieved irrigation rate for each treatment was calculated by 

dividing the total amount of water passing through the flow meter by the number of days 

of irrigation and then adjusting for the plot size. The data for all regimes on table 1 was 

used as the irrigation component for the yield vs. watertotal analysis shown in figure 1 and 

all subsequent analysis. 
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Table 1. Irrigation regimes for 2009 and 2010. A “+” value indicates the daily irrigation 

target that was achieved. A “-” value indicates that the daily irrigation target was not 

achieved. 

 

Irrigation target (mm day
-1

) 2009 2010 

0 + + 

0.5 + + 

1 + + 

1.5 - + 

2 + + 

2.5 - + 

3 + + 

3.5 + + 

4 + + 

4.5 + + 

5 + + 

5.5 + - 

6 + - 

 

There was in season rain in both years ranging from DOY 121 to 302 (fig. 5). The 

rainfall totaled 194 mm in 2009 and 309 mm in 2010. In 2009 there were 49 rain events 

ranging from 0.1 to 22.7 mm. In 2010 there were 41 rain events ranging from 0.1 to 94.9 

mm. Effective rainfall events were considered to be more than 3 mm and from DOY 121 
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to 273. During the 2009 season there were 17 effective rainfall events compared to 15 

effective rainfall events for 2010.  

 
Figure 5. In season rainfall for the 2009 and 2010 growing seasons in Lubbock, Texas 

from DOY 121 to 302. 

 

At this juncture it has been demonstrated that the yield and water responses 

differed between the two years of the study with 2009 having greater yields and a wider 

range of irrigation and watertotal. The environmental analysis found that while seasonal 

averages were different between the years the patterns of variation in environment were 

not consistent. There were no clear environmental differences that could explain the 

differences in yield and watertotal responses. 
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Based on end-of season analysis of water meter readings, there were differences 

between target irrigation regimes and what was actually achieved. Even though there 

were errors in the irrigation management, the differences in yield and watertotal 

relationships seen in figure 1 used achieved versus target irrigation data. In the following 

sections the utility of canopy temperature, as a measure of crop water use will be 

evaluated. 

 

Seasonal Canopy Temperatures  

Canopy temperature previously has been proposed to be a sensitive indicator of 

plant water use that can be used to detect differences in water deficits (Mahan et al., 

2012; Pinter et al., 2003; Upchurch et al., 1996; Wanjura and Mahan 1994; Wanjura et 

al., 1995).  Canopy temperature was monitored on a 15-minute interval during the period 

from DOY 202 to DOY 268 (66 d) in 2009 and during the period from DOY 205 to DOY 

269 (64 d) in 2010. In 2009 (fig. 6) temperature data was collected from 16 IRT sensors 

that were deployed in 13 irrigation treatments with duplicate sensors in 4 of the 13 

treatments (4.5 mm, 2 mm, 1 mm, and 0 mm). In 2010 (fig. 7) temperature data was 

collected from 11 IRT sensors that were deployed in 11 irrigation treatments. In figures 6 

and 7 the air temperature measured at 2 meters above ground is included as a reference. 

The target rates of the irrigation treatments are listed on the left side of the figure while 

the values on the right indicate the irrigation rate that was achieved in each treatment 

based on the end of season meter readings.  
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The shaded horizontal “bar” on the ambient temperature signature provides a 

10°C temperature scale (20°C to 30°C).  This type of data graph was inspired by the 

Sparkline approach proposed by E. Tufte (2006). The term temperature signature is 

proposed for this type of presentation. Temperature signatures allow visual inspection of 

seasonal temperature data and the approach may be useful for comparisons among 

treatments. The temperature signatures provide a view of seasonal temperature variation 

and the continuity of the temperature monitoring (gaps indicate lost data). The signatures 

show all data collected over each 24-hour day.    
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Figure 6. Canopy temperature signatures from the 2009 growing season across 13 

irrigation treatments. The colored bar represents a 10°C interval from 20°C to 30°C. 

 

 



Texas Tech University, Andrew W. Young, August 2012 

33 
 

 
Figure 7. Canopy temperature signatures from the 2010 growing season across 11 

irrigation treatments. The colored bar represents a 10°C interval from 20 to 30°C. 

 

One of the drawbacks of canopy temperature signatures as a visualization 

approach (fig. 6 and 7) is the predominate pattern in the data is that of the diurnal 

oscillation in canopy temperature. In order to focus on the relationship between canopy 

temperature and crop water status, the temperature data was filtered. The use of canopy 

temperature variation associated with water limitations is most apparent under conditions 

when the combination of water supply and environmental demand is sufficient to result in 

limited transpiration and the resultant elevated canopy temperatures. The previously 

developed BIOTIC irrigation protocol uses 28°C as a biologically-based estimate of the 

thermal optimum for cotton metabolism (Upchurch and Mahan, 1988; Mahan and 



Texas Tech University, Andrew W. Young, August 2012 

34 
 

Upchurch, 1988; Wanjura and Mahan, 1994; Wanjura et al., 1995; Upchurch et al., 

1996). 

Figures 8 and 9 the canopy temperatures have been filtered to exclude canopy 

temperatures below 27°C. The 27°C filter was chosen to indicate that transition from 

optimal to non-optimal temperatures. The BIOTIC approach recognizes temperature 

above and below 28°C as “stressful” but it is temperatures above the optimum that are 

associated with water deficits.  Since the canopy temperatures have been filtered with 

respect to a stress indicator it is proposed that such figures represent “stress signatures”. 

The filtering process elucidates the relationships between irrigation and the canopy 

temperature. Stress signatures represent a “forest vs. trees” analysis of the canopy 

temperatures with the height and width of the peaks indicating the magnitude of the stress 

and its pattern over the season. It is important to note that “gaps” in the signatures 

indicate temperatures below 27°C as opposed to missing data.  

As in figures 6 and 7, the target rates of the irrigation treatments are noted on the 

left side of figures 8 and 9. On the right side of the figure the irrigation rate that was 

achieved (based on the end of season meter readings) is indicated. The stress signatures 

did not always agree with target rates. The target rates of the irrigation treatments 

indicate the intended irrigation and the stress signatures indicate the response of the 

plants to the irrigations. It is apparent from the stress signatures that target rates did not 

always agree with the stress patterns. In particular during 2009 it is evident that the 1.5 

mm target was indeed a 0 mm treatment as indicated by the stress signatures. The stress 

signatures also suggest that the 2.5 mm target resulted in 2 mm application, the 4 mm 
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targets resulted in 4.5 mm rates, and the 4.5 mm target achieved a 4 mm rate. During 

2010 the 5 mm and 5.5 mm targets achieved rates of 4.5 mm and 5 mm respectively. The 

4 mm achieved rate appears to have experienced less stress than the 4.5 mm or 5 mm 

treatments. The 4 mm yielded as well as the 5 mm and 5.5 mm treatments suggesting that 

the lower stress indicated in the stress signatures may indeed be real. It is important to 

note that in all analyses, the irrigation rate is a number that indicates water applied to the 

plant while the stress signatures indicate water that was used by the plant. It is entirely 

possible that differences in drip irrigation may be the result of the differences among 

irrigation treatments and stress signatures.  
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Figure 8. Seasonal canopy temperature stress signatures from the 2009 growing season 

across 16 targeted irrigation treatments (text on left of figure). Eleven irrigation rates 

were achieved (text on right of figure). Four treatments were duplicated as indicated by 

the text on the right (0, 1, 2, 4.5 mm). The colored bar represents a 10°C interval from 20 

to 30°C. Canopy temperatures below 27°C were masked. 

 

The presentation of canopy temperature data in the form of seasonal stress 

signatures facilitates the visual inspection of the seasonal data to identify trends and 

differences among treatments.  

In the 2009 stress signatures (fig.8) several points are notable. While there is a 

general pattern of decreasing stress with increasing irrigation over the entire season, the 

5.5 mm treatment appears in general to have experienced less stress than the 6 mm 
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treatment. This may be an indication of variability in the subsurface drip irrigation 

system. Canopy temperatures were elevated in the 4 mm treatment during the interval 

from DOY 210 to DOY 225 after which they returned to values congruent with the 

irrigation treatment. This period may indicate a temporary failure of the drip system or an 

aiming error for an IRT sensor that was corrected. There is evidence of a mid-season 

period of elevated canopy temperatures between DOY 232 and DOY 240 that is seen in 

all irrigation levels that is probably related to either a systematic error in irrigation or a 

weather event, though casual inspection of environmental and irrigation data does not 

indicate the source.  As previously noted, since the stress signatures are arranged in order 

of the targeted irrigation rate, the differences between target and achieved rates are 

apparent. The level of similarity among duplicate rates (e.g. 1 mm, 2 mm and 4.5 mm) is 

notable and attests to the sensitivity of canopy temperature to irrigation. 

In 2010 the stress signatures are indicative of irrigation treatments (fig. 9) with 

increasing thermal stress evident across irrigation treatments.  The signature of the 4 mm 

treatment indicates less stress across the season than would be expected relative to the 4.5 

mm and 5 mm signatures. In a similar manner the 2 mm treatment appears cooler than the 

2.5 mm, 3 mm or 3.5 mm treatments. 

The 2010 season primarily differed from the 2009 season in terms of rainfall and 

irrigations. The stress signatures from the 2009 and 2010 seasons differ primarily in the 

elevation of the canopy temperatures in 2010 relative to those in 2009.  When compared 

to the 2009 stress signatures it is apparent the canopy temperatures in 2010 were greater 

across all the irrigation levels for the entire measurement period.  Of the 2010 stress 
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signatures, only the 4mm treatment indicates temperatures that were in near the 28°C 

optimum which is in marked contrast to the 2009 results that showed several irrigation 

treatments with canopy temperatures in the 28°C range (4.5 mm, 5 mm, 5.5 mm,). 

 
Figure 9. Seasonal canopy temperature patterns from the 2010 growing season across 11 

irrigation treatments. The colored bar represents a 10°C interval from 20 to 30°C. Canopy 

temperatures below 27°C were masked. 

 

 The experimental protocol resulted in a range of irrigation levels in cotton in 2009 

and 2010. Figure 1 demonstrated the relationship between yield and watertotal and 

indicated different yield and water responses between the 2 years. The analysis of the 

environment indicated that in-season rain was perhaps the major difference between the 2 

years. Other environmental factors (seasonal ETc, air temperature, humidity) were 
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generally similar. The initial survey of canopy temperature in the form of temperature 

and stress signatures detected differences between target irrigation rates and the achieved 

irrigation rates. Cursory analysis of stress time accumulation (table 2) suggests that 

canopy temperature followed the broad water and yield trends. 

Table 2. Accumulated stress time from the Quaker location from the 2009 and 2010 

growing seasons. Stress times occur when the canopy becomes elevated to a temperature 

above 28°C and causes plant stress. An interval of stress time is 15 minutes and the 

accumulated total is over the data collection period. 

 

Treatments in (mm 

day-1) 

Accumulated stress 

time 2009 (minutes) 

Accumulated stress 

time 2010 (minutes) 

0 36195 30960 

0.5 31470 30090 

1 33885 29865 

1.5 37050 29625 

2 29865 28740 

2.5 29115 28560 

3 26220 27285 

3.5 24540 26325 

4 25500 24135 

4.5 25530 N/A 

5 18465 28350 

5.5 15075 26400 

6 19800 N/A 

 

  Due to the complexity associated with analyzing a total of 22 irrigation regimes 

(11 from 2009 and 11 from 2010), it was decided to focus the remaining analysis 

primarily on four regimes from each year. Regimes chosen for additional analysis include 

0 mm, 1 mm, 3 mm and 5.5 mm from 2009 and 0 mm, 1 mm, 3 mm, and 5 mm from 

2010 (see table 1). 

 



Texas Tech University, Andrew W. Young, August 2012 

40 
 

 

Table 3 shows the water information for the four irrigation treatments in 2009 and 

2010. The environmental demand, in terms of ETc, was greater in 2009 (754 mm) than in 

2010 (686 mm). Rain was less in 2009 (194 mm) than in 2010 (309 mm). Thus, 2009 had 

a greater seasonal crop water demand and lower rain than 2010. Irrigation applied was 

lower in 2010 for all treatments as compared to 2009. In terms of watertotal, in 2009, the 

range of watertotal across the treatments was larger than in 2010. In 2009 minimum 

watertotal was 194 mm and the maximum was 631 mm, while in 2010 the minimum was 

309 mm and the maximum was 504 mm. The range of watertotal as a percentage of ETc 

across the four treatments was larger in 2009 (26% to 84%) than in 2010 (45% to 74%). 

Table 3. Irrigation treatments, rain, total irrigation, total water, seasonal ETc and total 

water as a fraction of ETc for four irrigation treatments in 2009 and 2010. 

 

Year Irrigation 

treatment 

(mm/day) 

Rain 

(mm) 

Total 

irrigation 

(mm) 

Total 

water 

(mm) 

ETc 

(mm) 

Total  

water vs. ETc  % 

2009  194   754  

 0mm  0 194  26 

 1mm  91 285  38 

 3mm  244 438  58 

 5.5mm  437 631  84 

2010  309   686  

 0mm  0 309  45 

 1mm  49 358  52 

 3mm  112 421  61 

 5mm  196 504  74 

 

While the seasonal water deficits are useful for broad comparisons, the temporal 

patterns of the development and alleviation of water deficits over the course of the season 

can offer additional insight into stress.  The patterns of cumulative crop 

evapotranspiration (ETc) and watertotal for the 2009 and 2010 growing seasons are shown 
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in figure 10a and 10b. Seasonal ETc in 2009 was 754 mm and in 2010 was 686 mm. 

These figures indicate that the relative differences between the two years were consistent. 

The compression of the 2010 treatments relative to those in 2009 is also evident.  

 
Figure 10. Crop evapotranspiration (ETc) across irrigation treatments during the 2009 (a) 

and 2010 (b) growing seasons and water to the crop for each of four irrigation treatments.  

Daily ETc was calculated and compared to the daily water to the crop for each irrigation 

treatment. 

 

Seasonal Pattern of Water Deficits 

Figure 11 shows the pattern of water balance in terms of watertotal (supply) versus 

the ETc (demand) for 2009 and 2010. In this figure the “0” value indicates when the water 

added matched estimated environmental water demand. Positive values indicate that 

water input has exceeded demand and negative values indicate that demand has exceeded 

the supply. The slope of the line indicates the trend in the balance. Thus a negative slope 

in the positive range of the figure indicates that water is declining relative to demand 

even though the balance may still be positive. A slope of 0 indicates that supply and 

demand are balanced at that time regardless of whether the net balance is positive or 

negative. 

b) a) 
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Figure 11. Seasonal water balance calculated for four irrigation regimes in 2009 (a) and 

2010 (b). Balance is expressed daily as the difference between water to the crop and the 

predicted daily crop ET.  

 

In 2009 water deficits continually accrued over the season with the net balance 

never becoming positive. Periodic rain events occasionally produced positive slopes 

resulting in water supply exceeding crop demand. The 5.5 mm irrigation treatment 

accumulated approximately half the seasonal deficit before irrigation was initiated and 

remained largely stable (slope ~ 0) throughout the irrigation period. The 3 mm irrigation 

treatment experienced a period of about 30 days from irrigation initiation (DOY 188) 

during which the water deficit was stable. After that the slope of the line remained 

essentially negative throughout the remainder of the season. The 1 mm and 0 mm 

irrigation treatments were in a state of constant decline even after the onset of irrigation 

with only minor deviations from the trend in response to rain events. 

In 2010 water balance was largely neutral until DOY 183 when rain caused the 

water balance to become positive. After the rainfall event on DOY 183 the water balance 

generally declined over the remainder of the season. Following irrigation initiation  

(DOY 215), the water balance was generally negative throughout the irrigation period. 

b) a) 
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The slope of the 5 mm treatment was shallow (neutral) between DOY 210 and DOY 260 

indicating that water lost was balanced by water added over this period.   

During 2009 the 5.5 mm, 3 mm, 1 mm, and 0 mm irrigation treatments 

experienced seasonal water deficits of 122 mm, 315 mm, 468 mm, and 561 mm. During 

2010, the 5 mm, 3 mm, 1 mm, and 0 mm irrigation treatments experienced seasonal water 

deficits of 177 mm, 263 mm, 326 mm, and 377 mm respectively.  

 

Summary of Environment, Seasonal Water Demand and Watertotal 

In the preceding sections the study was introduced, the environment during the 

study was characterized and the watertotal for the crop was defined. A range of water 

deficits was established in both years and yield varied accordingly with different linear 

relationships between watertotal and yield for the two seasons.  The environment during 

2009 and 2010 growing seasons was characterized in terms of air temperature, humidity, 

rain and evaporative demand. In terms of seasonal means, it was determined that the 

years varied mainly with respect to rain with 194 mm in 2009 versus 309 mm in 2010. 

The basis of the observed yield and water relationships was not clear from the 

environmental analysis.  

A range of water deficits was established in both years and yield varied 

accordingly. Seasonal canopy temperature was presented in terms of seasonal canopy 

temperature signatures (fig. 6 and 7) and seasonal stress signatures (fig. 8 and 9). The 

seasonal stress signatures demonstrated that canopy temperature was responsive to 
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irrigation rate and that mean canopy temperature and accumulated temperature stress 

time were correlated with crop performance. 

Four similar irrigation treatments across the two years were subjected to a more 

in-depth analysis with respect to water balance (water demand vs. watertotal). The crop 

water balance that was defined for the four treatments demonstrated that the temporal 

development of the water deficits differed between the two years. In an effort to further 

explore the relationship between canopy temperature and water deficits, the canopy 

temperatures from the four irrigation regimes in both years were subjected to additional 

analysis.  

Over the course of the study an extensive set of canopy temperature 

measurements was collected. With an approximately 250,000 measurements over the two 

seasons, this canopy temperature data set is perhaps one of the most extensive and 

detailed in existence. The following sections will focus on the analysis of the canopy 

temperature data from four irrigation treatments in an effort to identify useful approaches 

to the visualization and analysis of seasonal canopy temperature measurements. 

 

Canopy Temperature Comparisons 

 Due to the endothermic nature of the evaporation of water from the leaf, water 

cannot leave the leaf without the consumption of energy. Thus, for plant canopies at a 

single location at a moment in time, when air temperature, humidity and radiation are all 

fundamentally equal, the latent heat of vaporization results in a relatively mechanistic 

relationship between transpiration and canopy temperature. Under such conditions, 
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seasonal canopy temperature may provide a near-continuous surrogate for transpiration of 

the crop.  

The relationship between canopy temperature and transpiration and, by extension, 

plant water status, has been known for at least a century. Numerous investigations of this 

relationship have defined relationships that resulted in tools for monitoring plant water 

stress from canopy temperature measurements. 

The use of canopy temperature as a water stress indicator has largely been limited 

by two factors; 1) the cost and complexity of temperature monitoring equipment and 2) 

the interpretation of the canopy temperature with respect to water status. Over the last 

decade, advances in infrared thermometry, electronics, wireless data communication and 

computing power have resulted in a new generation of equipment for canopy temperature 

monitoring. The cost and complexity have been reduced to the point that canopy 

temperatures can be monitored accurately in research and production settings, and it is 

the interpretation of the temperature data that now needs to be improved. 

In its raw form (15-minute averages of canopy temperature in °C) the temperature 

data is a roughly quantitative indicator of transpiration (Upchurch et al., 1996).  Given 

that the canopy temperature in this study was collected from plants that were subject to 

different levels of water deficits, comparisons of canopy temperature over time and 

across irrigation treatments provides the opportunity for near continuous comparisons of 

canopy transpiration across a range of environmental conditions. Comparisons of canopy 

temperatures between seasons represent both water supply and environmental demands 
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and thus are potentially useful for understanding the relationships between supply and 

demand. 

The following section demonstrates the results of several comparisons of canopy 

temperature measurements among irrigation treatments during the two seasons in the 

study. 

 

Air and Canopy Temperature Comparisons 

Since air temperature has historically been relatively simple to measure, most 

analysis of canopy temperature has been focused on comparisons of air and canopy 

temperature. Figures 12 and 13 show the pattern of canopy temperature in comparison 

with air temperature in terms of "canopy temperature minus air temperature" differences. 

In these comparisons a value of 0 indicates that air and canopy temperature are the same. 

A positive value indicates that canopy temperature is greater than air temperature with 

negative values indicating canopy temperature below air temperature.  
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Figure 12. Difference between canopy and air temperatures (difference = canopy 

temperature - air temperature) for the irrigation treatments during the 2009 growing 

season. 

  

 The seasonal pattern of canopy temperature relative to air temperature is shown in 

figure 12 for the four irrigation regimes of the 2009 growing season. A general trend of 

canopy temperatures below air temperatures with increasing irrigation is evident with the 

greatest and most consistent cooling of canopy seen in the 5.5 mm treatment. The canopy 

temperature of the 0 mm (rainfed) treatment was effectively equal to air temperature until 

DOY 220 with canopy temperature exceeding air temperature though the end of the 

season. The 1 mm treatment appears generally similar to the 0 mm treatment with canopy 
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temperature below the air temperature until DOY 220. Following DOY 220 the canopy 

temperature in the 1 mm regime is greater than air temperature though generally a bit 

cooler than the 0 mm treatment. The 3 mm is similar to the 5.5 mm treatment with 

canopy temperature below the air temperature during the majority of the season and 

exceeding air temperature only at the end of the season (after DOY 258). The canopy 

temperature in the 3 mm though consistently cooler than the air temperature, was greater 

than the 5.5 mm regime. 

 
Figure 13. Difference between canopy and air temperatures (difference = canopy 

temperature-air temperature) for the irrigation treatments during the 2010 growing 

season. 

 



Texas Tech University, Andrew W. Young, August 2012 

49 
 

The seasonal pattern of canopy temperature minus air temperature is shown in 

figure 13 for the four irrigation regimes of the 2010 growing season. A general trend of 

canopy temperature below air temperature with increasing irrigation is evident with the 

greatest and most consistent cooling of canopy seen in the 5 mm treatment. The canopy 

temperature of 0 mm (rainfed) treatment was effectively equal to air temperature until 

DOY 224 with canopy temperature exceeding air temperature though the end of the 

season. The 1 mm treatment canopy temperature was about equal to air temperature until 

DOY 232 when canopy temperature began to daily exceed the air temperature during 

periods of daily high temperature. The 0 mm canopy temperature exceeded the air 

temperature daily only coming back to air temperature during the night time, while the 1 

mm canopy temperature only exceeded air temperature solar noon. The 3 mm is similar 

to the 5 mm treatment with canopy temperature below the air temperature during the 

majority of the season and exceeding air temperature only at the end of the season (after 

DOY 248). The canopy temperature in the 3 mm though cooler than the air temperature 

was greater than the 5 mm regime.  

Within each year there is a clear relationship between canopy temperature and air 

temperature across the irrigation treatments. When compared between the two seasons, 

the canopy temperatures in the 2010 season were consistently cooler relative to air than 

those in 2009. If the depression of canopy temperatures relative to air temperatures is 

used as an estimate of water stress, then, 2010 should have experienced less stress than 

2009. This relationship is not in agreement with yield relationships shown in figure 1. 
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Another common analysis of canopy temperature uses comparison of canopy 

temperatures under irrigation deficits with canopy temperatures from a well-watered 

standard. In this analysis the canopy temperatures for the highest irrigation amount (5.5 

mm in 2009 and 5 mm in 2010) were subtracted from the lower irrigation amounts in 

each year. 

Figure 14 shows the seasonal pattern of canopy temperatures in three irrigation 

regimes in comparison to canopy temperatures for a 5.5 mm reference treatment in 2009. 

The 5.5 mm reference was the highest of the four regimes used in the 2009 comparisons. 

The canopy temperatures in the 0 mm exceeded those in the 5.5 mm over the entire 

season with a general trend of increasing temperatures until mid-season. The differences 

in the 1 mm regime followed a similar trend though the magnitude of differences was 

smaller. The canopy temperature differences in the 3 mm treatment were less consistent 

with periods of depression (generally at night), equivalence and elevation relative to the 

5.5 mm reference. This pattern suggests that, in terms of water used by the crop, the 3 

mm was generally and consistently more water stressed than the 5.5 mm treatment. 

Figure 15 shows the seasonal pattern of canopy temperatures in three irrigation 

regimes in comparison to canopy temperatures for a 5 mm reference treatment in 2010. 

The 5 mm reference was the highest of the four regimes used in 2010 comparisons. The 

canopy temperatures in the 0 mm exceeded those in the 5 mm over the entire season with 

a general trend of increasing temperatures until mid-season. The differences in the 1 mm 

regime followed a similar trend though the magnitude of differences was smaller. The 

canopy temperature differences in the 3 mm treatment were less consistent with periods 
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of depression (generally at night), equivalence and elevation relative to the 5 mm 

reference. This pattern suggests that in terms of water used by the crop, the 3 mm was 

generally but not consistently more water stressed than the 5 mm.  

The results of comparisons of canopy temperatures of irrigation treatments 

relative to a well-watered reference are similar to the comparisons of canopy and air 

temperatures previously shown in figures 12 and 13. There was a clear pattern of elevated 

canopy temperatures with decreasing irrigation in both years. Comparisons between the 

two seasons suggest lower water deficits in 2010 compared to 2009.  

It has been previously proposed, based on a number of sources and protocols 

(Upchurch and Mahan, 1988; Mahan and Upchurch, 1988; Wanjura and Mahan, 1994; 

Wanjura et al., 1995; Upchurch et al., 1996), that the optimal temperature for cotton 

metabolism is approximately 28°C. It has been proposed that comparisons of canopy 

temperature to a fixed reference temperature with a biological basis may provide valuable 

insight to the effects of environmental and water stress on crop performance. By 

subtracting a putative optimal temperature from canopy temperature the difference is an 

indication of the pattern and magnitude of metabolic limitations on the plant. 

 Figure 16 shows the seasonal pattern of canopy temperatures in four irrigation 

regimes in comparison to the 28°C optimal temperature during 2009. In the 0 mm and 1 

mm regimes the canopy temperature was at or below 28°C during the early part of the 

season (DOY 205 to DOY 214) and increased to consistently exceed that value until 

DOY 264 when values approach 28°C. The canopy temperature in the 1 mm treatment 

was generally closer to the 28°C threshold than that in the 0 mm regime. The canopy 
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temperature pattern in the 3 mm treatment shows temperatures below 28°C until DOY 

228 when elevated temperatures become apparent and continue to be elevated until DOY 

264. The canopy temperatures in the 5.5 mm regime were generally below 28°C with 

only sporadic and small forays above 28°C. 

Figure 17 shows the seasonal pattern of canopy temperatures in four irrigation 

regimes in comparison to the 28°C optimal temperature in 2010.  In all four irrigation 

regimes the canopy temperature is similar prior to DOY 210 with only minor elevation 

above 28°C.  Between DOY 210 and DOY 260 temperature routinely exceeded 28°c in 

all treatments with a general trend of greater temperatures with declining irrigation. After 

DOY 260 the treatment differences largely disappear.  

Much like the previously shown comparisons of canopy and air temperatures (fig. 

12 and 13) and full versus deficit irrigation (fig. 14 and 15) there is a clear pattern of 

increasing canopy temperatures above 28°C with decreasing irrigation in both years. 

However, unlike the previous canopy temperature comparisons which indicated 2010 as 

the “milder” of the two years, the comparisons of canopy temperature relative to 28°C 

indicate that the 5 mm and 3 mm irrigation treatments in 2010 experienced more thermal 

and water stress than the comparable treatments in 2009.  

 

 

 



Texas Tech University, Andrew W. Young, August 2012 

53 
 

 
Figure 14. Difference between canopy temperature for the various irrigation regimes and 

the canopy temperature for a 5.5 mm reference plot (difference = canopy temperature-

canopy temperature reference) for the three irrigation treatments during the 2009 growing 

season. 
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Figure 15. Difference between canopy temperature for the various irrigation regimes and 

the canopy temperature for a 5 mm reference plot (difference = canopy temperature-

canopy temperature reference) for the three irrigation treatments during the 2010 growing 

season. 
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Figure 16. Difference between canopy temperature for the various irrigation regimes and 

28°C, an estimate of the thermal optimum cotton, for the four irrigation treatments during 

the 2009 growing season. Values above 0 indicate CTs above 28°C those below indicate 

temperatures below the 28°C optimum. 
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Figure 17. Difference between canopy temperature for the various irrigation regimes and 

28°C, an estimate of the thermal optimum cotton, for the four irrigation treatments during 

the 2010 growing season. Values above 0 indicate CTs above 28°C those below indicate 

temperatures below the 28°C optimum. 

 

Temperature Comparisons 

The previous sections included comparisons of canopy temperature relative to air 

temperature (Tc-Ta), canopy temperature relative to a well-watered reference canopy (Tc 

(treatment) -Tc(reference)), and canopy temperature relative to a fixed optimal temperature value 

(Tc-T28).  Each canopy temperature comparison was responsive to irrigation within and 

across the two seasons. 

While instructive, the Tc-Ta comparisons become limited when used during 

periods of high ambient temperature and water (Baker et al., 2007). The Tc-Ta 
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comparisons work well in the 2009 season showing that the high water treatment rarely 

exceeds ambient temperature, while the lower irrigation treatments routinely exceed 

ambient temperature during the daytime. However, during the 2010 season the canopy 

temperature rarely exceeded the ambient temperature except in the 0 mm treatment where 

canopy temperatures were slightly elevated above ambient. High ambient temperatures 

rendered the canopy temperature comparison insensitive in the 2010 season.  

The Tc (treatment) -Tc(reference) comparisons offer insight into the irrigation treatments 

and environment of the season. A “well-watered” treatment was used as the reference 

temperature for comparison against the other treatments. However, making these 

comparisons are useful within years, but not across years.  

The Tc-T28 comparisons are the most instructive, and offer insight into water 

status and plant metabolic stress. Using 28°C for comparisons effectively demonstrates 

across years results that are absolute and not relative like the other comparisons. The 

2009 season in figure 15 shows a varying range of temperatures above and below the 

28°C optimal. Conversely, the 2010 season shows that all treatments routinely 

experienced stress above the 28°C optimal. 
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Vapor Pressure Deficits Over the Season 

The relative dryness of the atmosphere is often described in terms of vapor 

pressure deficit (VPD) of the air that is defined as the difference between the measured 

vapor pressure of the air at a point in time and the saturation vapor pressure of the air at 

the same point in time. Vapor pressure deficit can be calculated at any moment in time 

from the relative humidity and air temperature. The VPD is an indicator of the amount of 

water vapor that can be transferred from the plant to the air. At a given air temperature, 

the more moisture in the air (greater absolute humidity or greater dew point) the lower 

the VPD. The dryness of the air is considered important in that it indicates the gradient 

for water vapor movement from the leaf to the air. Inherent in the concept is the thought 

that the temperature of the leaf is near that of the air and that, inside the leaf, the air is 

saturated with water vapor. 

Vapor pressure deficit as a function of the ambient temperature is shown for the 

2009 and 2010 growing seasons (fig. 18).  

  
Figure 18.  Vapor pressure deficit of the air as a function of the air temperature. For 

reference the horizontal line indicates 28°C. 
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The VPD was affected by temperature and the ranges of values in the two years were 

similar. The maximum VPD values in 2010 were greater than in 2009 certainly to some 

extent as a result of the greater air temperatures.  

 Atmospheric VPD at each moment in time is a measure of the difference between 

the measured amount of water vapor in the air and the amount of water vapor that would 

be required for saturation at the current air temperature. Atmospheric VPD is a purely 

physical parameter of the air. Leaf:air VPD is a measure of the gradient for water vapor 

movement from the interior of the leaf to the atmosphere. Leaf:air VPD is dependent on 

the temperature of the plant, which is in turn dependent on the water status of the plant. 

Figures 19 and 20 indicate that as the irrigation amount increases, the resulting decrease 

in canopy temperature decreases the leaf:air VPD. Thus the seasonal range of leaf:air 

VPD decreases as irrigation increases. A well-watered cotton canopy experiences a 

smaller gradient for water vapor transfer than a canopy with less water. 

 The 2009 season had wide range of leaf:air VPD values throughout the season.  

The 0 and 1 mm treatments resulted in leaf:air VPD values in excess of 6 kPa. 

Conversely the 3 mm treatment seems limited to 4 kPa, and the 5.5 mm treatment is 

limited to 3 kPa. 

The 2010 Leaf:air VPD measurements are vastly different from the 2009 season. 

The highest irrigation shows values clustered from 0 to 3 kPa with occasionally greater 

values. The 0,1, and 3 mm treatments are very similar with VPD values from clustered in 

the 0-4 kPa range with occasional values reaching 6 kPa. As the treatments increase in 

irrigation the VPD values decrease. 
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Figure 19.  Leaf:air VPD for 2009 for four irrigation regimes in Lubbock, Texas. 
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Figure 20.  Leaf:air VPD for 2010 for four irrigation regimes in Lubbock, Texas. 

 

 

Yield and Water Relationships 

The following analysis explores and explains the yield and water comparisons 

shown in figure 1.  Figure 1 showed the relationship between yield and watertotal for the 

total of 22 irrigation treatments over the two years of the study. In each year the yield was 

correlated with watertotal and between the years the slopes of the lines were similar and 

the intercepts were different. The resulting parallel lines indicate that the plants 

responded linearly to watertotal across the irrigation treatments in each year. The different 

intercepts suggest that the relationships between yield and water differed in the irrigation 
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regimes in each year. This is perhaps not unexpected given the differences between the 

years in terms of yield, rain and irrigation patterns. 

If water use is correlated with VPD, then leaf to air vapor pressure deficits that are 

calculated from canopy temperatures, may provide an improved estimate of total water 

use by plants under differential irrigation. Figure 21 shows the relationship between the 

cumulative leaf:air vapor pressure deficit and yield for 2009 and 2010. The figure 

characterizes the relationship between yield and the environment in the context of a 

plant-based indicator of evaporative demand. The relationship between yield and 

cumulative leaf:air VPD is similar to that between yield and watertotal that is shown in 

figure 1. The regression lines are similar in slope, but staggered (different intercepts) in 

relation to cumulative vapor pressure deficit. This seasonal analysis provides insight into 

the environmental variability experienced during the two seasons. Thus yield is 

associated with both watertotal and cumulative leaf:air VPD across irrigation treatments 

and years but does not explain the yield reduction in terms of the 2010 growing season. 
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Figure 21. Cumulative leaf to air vapor pressure deficit and yield for 2009 and 2010. 

 

In an attempt to explain the variability figure 22 was made showing the average 

canopy temperature and yield relationship for the two years. When plotting average 

canopy temperature and yield for the two seasons the irrigation treatments and yields fall 

close to the same line. Figure 22 can be seen as the response of water through the plant. 

Water through the plant differs from water on the ground in that the water through the 

plant is a plant-based variable measurable through canopy temperature.  This plant-based 

variable represents environmental demand for the plant. With the average canopy 

temperature over the seasons representing an average transpiration rate through the plant 
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figure 22 suggests that average canopy temperature might be a useful indicator of plant 

water use over the course of a growing season.  

 

 
Figure 22. Average canopy temperature and yield for 2009 and 2010. 

 

In terms of the relationship between canopy temperature and plant water use it is 

notable that this relationship is most apparent during daylight hours. Canopy temperature 

differences among irrigation treatments become quite small during the nighttime. In 

figure 23 the relationship between average canopy temperature during the daytime    

(8:00 A.M. to 8:00 P.M.) and yield is shown. As expected, the daytime filtering of 

canopy temperature improves the agreement between the water and yield relationships 



Texas Tech University, Andrew W. Young, August 2012 

65 
 

between the years. The relationship across the two years of the study suggests that 

average daytime canopy temperature may provide a useful indicator of crop water use on 

a seasonal basis. Water limitations are strongly related to canopy temperatures during the 

periods of greatest plant water use; daylight hours.  

At any moment in time the canopy temperature is a result of the energy balance of 

the canopy and the latent exchanges in particular. Because the environment is 

continuously variable, the energy balance is incremental and water use is cumulative. In 

light of this incremental and cumulative character of water use, seasonal cumulative 

daytime canopy temperature provides another indicator of water stress on a seasonal 

basis. Figure 24 shows the relationship between cumulative canopy temperature and yield 

for 2009 and 2010.  As in the case with yield and average canopy temperature, the 

relationship between cumulative daytime temperature and yield in 2009 and 2010 are 

well defined by a single regression line. The fit of the regression line is somewhat better 

at 0.95 versus 0.92. One potential drawback of cumulative-as opposed to mean-based 

indicators of water stress is that the means of data sets are not sensitive to variation in the 

number of observations while cumulative indicators require either the same number of 

observations or if the observation numbers differ, the data must be normalized to account 

for such variation. 
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Figure 23. Average daytime canopy temperature and yield for 2009 and 2010. 
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Figure 24.Cumulative daytime canopy temperature and yield for 2009 and 2010. 

 

 

Discussion 

The goal of the study was to investigate the utility of continuously monitored 

canopy temperature as a tool for identifying and quantifying water deficits in cotton. 

Though the intent of the study was to repeat an irrigation experiment for two years, 

differences in rain during the two years coupled with differences in irrigation 

management resulted in two distinct sets of water and yield data as opposed to a single 

set replicated over time.  

Irrigation treatments resulted in the application of similar daily amounts of water 

though the pattern of rain in the two years coupled with a shorter irrigation period in 2010 
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resulted in differences in both the seasonal watertotal and the fraction of ETc received. 

These differences in watertotal contributed to yield differences between the two years. 

The canopy temperature measurements in the study provide a detailed view of the 

water relations of the crop over the course of two rather different years. With 

approximately 250,000 measurements of canopy temperature from a total of 22 irrigation 

treatments across the two years, the canopy temperature data is relatively extensive and 

detailed.  

The irrigation study was executed with the intent of producing 13 irrigation 

treatments during each year of the study from 0 mm day
-1

 to 6 mm day
-1

 in 0.5 mm 

increments. During the 2009 season, 11 irrigation treatments were achieved with 4 of the 

treatments being replicated. During the 2010 season, 11 irrigation treatments were 

achieved with no treatments being replicated.  

The extent of the differences in the two years is shown in figure 1 which shows 

the yield in both years as a function of the watertotal in the treatments. The yield and water 

relationships were linear in both years though the relationships appeared as a distinct line 

for each year. The slopes were similar with the intercepts differing between years.  

The two seasons were different in terms of yield and environment with 2009 

having greater yields (2620 kg ha
-1

) and lower rainfall (190 mm) while 2010 experienced 

lower yields (1850 kg ha
-1

) with greater rainfall (304 mm). The 2009 season had a mean 

ambient temperature of 25°C while the 2010 season had a mean temperature of 27°C. 

The perception of the 2009 season was that it was drier and hotter than 2010. However, 

based on the ambient temperature and the seasonal canopy temperature signatures, the 
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2009 season experienced lower ambient temperatures and less canopy temperature stress, 

while the 2010 season experienced greater ambient temperatures and more canopy 

temperature stress.  

Temperature data provides great insight into the water status of the crop and the 

environment. The study included approximately 65 days of canopy temperature data, but 

would have benefitted from an earlier deployment of IRT sensors. When looking at the 

raw seasonal data of canopy temperature signatures the data becomes convoluted in the 

noise of the daily diurnal temperature pattern. When the diurnal patterns are limited to 

temperatures above 27°C the noise is reduced and temperature gradients are established 

in varying irrigation treatment levels. Reducing the data effectively removes half of the 

data that is periods of nighttime temperature stabilization and periods of low canopy 

temperature. This allows a more accurate view of the seasonal canopy temperatures, 

which are established in causing plant stress (Upchurch et al., 1996). The 2009 season 

experienced a wide range of canopy temperature variations to water applied, while the 

2010 season experienced elevated canopy temperatures in all treatments with little 

variations to water applied.  

Another way of making within-season comparisons between the treatments is to 

look at variables such as ambient temperature, compare high to low irrigation treatments, 

and comparing canopy temperature to the 28°C temperature threshold. Ambient and 

canopy temperature comparisons are commonly made in research. The ambient and 

canopy temperature comparisons made are often looking at a specific day or series of 

days. Very few comparisons are made using continuous canopy and ambient temperature.  
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While the canopy and ambient temperature comparison provides some insight into 

the 2009 season, it provides no insight into the 2010 season. The 2009 season had 

noticeable differences in the canopy and ambient temperature comparisons with the high 

irrigation treatments tracking near ambient and below, while the lower treatments 

routinely tracked greater than ambient. The 2010 season had very few temperatures 

above ambient with the lowest water treatment showing slightly elevated canopy 

temperatures above ambient. All other treatments tracked below or very close to the 

ambient temperatures in 2010. The 2009 season was a drier season in terms of rainfall, 

but milder in terms of ambient temperatures. The 2010 season was the opposite with 

greater rainfall and ambient temperatures. The greater ambient temperatures negated the 

effects of canopy temperature increases during the 2010 season. However, with the 

milder ambient temperatures during the 2009 season canopy temperature differences 

were very apparent in all treatments. 

When comparing the treatments within the seasons, by comparing all other 

treatments against a well-watered treatment, some differences in the canopy temperatures 

begin to emerge. Comparing values in the 2009 season against the 5.5 mm treatment a 

canopy temperature difference between the treatments begins to emerge. The canopy 

temperatures in the 0 mm and 1 mm reach canopy temperature differences in excess of 

10°C when compared against the 5.5 mm treatment. The 3 mm treatment experiences 

elevated canopy temperatures compared against the 5.5 mm but does not experience the 

10°C plus temperatures evident in the 0 and 1 mm treatments. When the 2010 season 

treatments are compared against the well-watered 5 mm treatment there are some canopy 
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temperature differences in the lower treatments. The 0, 1, and 3 mm treatments all 

experienced elevated canopy temperatures. The 1 and 3 mm canopy temperature 

differences were very similar and tracked the same most of the seasons. This suggests the 

treatments had very similar water statuses when compared against the 5 mm treatment. 

The 0 mm treatment also tracked similar to the 1 and 3 mm treatments but with slightly 

elevated canopy temperatures. The well-watered comparisons provide some insight into 

the status of how the irrigation treatments are comparing during the growing season. 

However, the 2010 season again shows very small differences between the treatments 

when using this comparison. This method compares other treatments to a reference 

treatment canopy temperature within the season. This comparison is flawed in that it is a 

relative comparison within seasons and is not useful comparing between seasons.  

The canopy temperature comparisons need to be anchored in plant physiology and 

biology to provide relevant comparisons across seasons. The treatments are compared to 

the 28°C standard for temperature threshold in well-watered cotton (Upchurch et al., 

1996). This then makes the comparisons relevant across the seasons. The 2009 season 

showed the 5.5 mm treatments tracking closely to the 28°C maximum for a well-watered 

crop. The 3 mm treatment exceeded the 28°C threshold but did not exceed the 10°C 

shaded bar during the 2009 season. The 0 and 1 mm treatments routinely exceeded the 

28°C threshold and the 10°C shaded bar, with the 0 mm exceeding these limits the most. 

This data suggest that the 5.5 and 3 mm treatments were relatively well-watered when 

compared to the 0 and 1 mm treatments. The 0 and 1 mm treatments were not receiving 

enough water to drive the temperature below the 28°C temperatures during the daytime 
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periods of high water stress. The 2010 season shows all of the irrigation treatments 

tracking greater than the 28°C temperature threshold. The 5 mm treatment rarely 

exceeded the 10°C shaded bar while all other treatments exceeded it routinely. This 

shows all the irrigation treatments during the 2010 season experiencing significant water 

stresses when compared against the 28°C temperature threshold for cotton. Using the 

28°C threshold temperature provides absolute comparisons between seasons through 

biologically based methods. 

 When making any kind of temperature comparisons with different irrigation 

treatments across seasons an end of season water analysis should be completed. In 

research treatments are often labeled by amounts of water applied or percentages of 

evapotranspiration. However, simply labeling a treatment does not make it that treatment. 

An end of season water analysis will show labeled treatments achieving the desired 

treatment or greater or lower than desired. Sometimes treatments are never achieved due 

to various errors human or system related. During the 2009 season there were four 

irrigation problems that resulted in treatments getting more or less water than the 

treatments were labeled. These treatment problems were evident in the canopy 

temperature signatures (fig. 8) and the accumulated stress time (table 2). During the 2010 

season there were two irrigation treatment problems that resulted in under applications of 

water. The end of season water analysis is essential to an irrigation study. In addition an 

end of season water analysis, an end of season ETc analysis should be conducted on the 

irrigation treatments. This end of season ETc analysis provides insight into the water 

status of the different irrigation treatments. During the 2009 season the ETc ranged from 
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26 to 84% of total ETc, while the 2010 season ranged from 45 to 74% of total ETc. The 

2009 season had a wider range of ETc while the 2010 season had a lower range of ETc. 

Based on the ETc data the 2010 season seems to have more available water than in the 

2009 season. However, 2009 had a greater yield than 2010. One of the possible reasons 

for the greater yield in 2009 could be that the irrigation interval lasted longer than in 

2010. Figure 11b shows the 2010 season in a state of constant decline in water status. In 

2010 irrigation initiation was delayed until a perceived deficit was noticed, but by this 

time it was already too late. The 2010 irrigation treatments after irrigation initiation were 

in a state of constant decline with applied water never reaching water being used.  

Vapor pressure deficit comparisons provide insight into how the plant is 

performing in the environment. The two years were compared (fig. 18) by the ambient 

vapor pressure deficits. Figure 18 showed two similar years in terms of VPD with the 

2010 season experiencing some elevated ambient temperatures. The next comparison 

made between the two years was the leaf:air VPD comparison between the treatments 

and years. Leaf:air VPD comparisons are dependent on the plant temperature, which in 

turn is dependent on the plant water status. The leaf:air VPD comparisons offer insight 

into the plant water status and environment and how the plant is responding to the 

environment. The 2009 season (fig. 19) shows elevated leaf:air VPD in the 0 and 1 mm 

treatments, but as the water increases in the 3 and 5 mm treatments there is a reduced 

leaf:air VPD gradient. The 0 and 1 mm treatments experienced values in excess of 6 mm. 

The 3 mm treatment was limited to 4 kPa while the 5.5 mm treatments was limited to 3 

kPa. The response of leaf:air VPD in the 2009 season decreased as the amount of water 
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applied increased. The 2010 season (fig. 20) shows leaf:air VPD values decreasing as the 

water increases. The 0,1, and 3 mm treatments experienced values from 0-4 kPa with 

occasional values in excess of 6 kPa. The 5 mm irrigation treatments seemed to be 

limited from 0-3 kPa with occasionally greater values. These leaf:air VPD measurements 

show the 2009 season experiencing lower water stress as water amounts are increased. 

The 2010 season shows similar data, but the treatment responses were limited when 

compared to 2009. The 2010 leaf:air VPD shows problems with water status in the plants 

as evidenced by the greater leaf:air VPD and elevated canopy temperatures. Without 

canopy temperature measurements none of this data could have been collected. When 

using vapor pressure deficit in an analysis canopy temperature should always be used in 

conjunction. Canopy temperature measurements enhance the leaf:air VPD measurements 

and should always be used together. 

 Water on the ground and water through the plants are two very different concepts. 

The water on the ground is represented in figure 1 with yield and watertotal applied shows 

two very different results from two very different years. The 2009 season produced more 

yield per mm of water, while the 2010 season produced less. Figure 24 represents water 

through the plant. When each year is compared using average daytime canopy 

temperatures and yield they fall on the same regression line. Suggesting the average 

daytime canopy temperature is the best predictor of yield and water through the plant. 

Water through the plant is dependent on canopy temperature while water on the ground is 

not. Plants grow incrementally and seasonally. With the 2010 season high ambient 

temperatures and high canopy temperatures produced lower yields. These yields were 
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lower because of the elevated daytime canopy temperatures (fig. 24). The 2010 seasonal 

range of daytime average canopy temperature was limited from 27.5 to 32.5°C with a 

high yield of 1850 kg ha
-1

. The 2009 seasonal range of daytime canopy temperatures 

ranged from 25.5 to 32.5°C with a high yield of 2620 kg ha
-1

. The low yields were 

similar in both years with approximately 400 kg ha
-1

. Often water on the ground is seen 

as the absolute value of how much water was used in that season. However, this is not the 

case, water through the plant based on daytime average canopy temperature is the 

absolute value of water used during the season.  
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CHAPTER 4 

CONCLUSION 

 This study underscores the value of continuous canopy temperature measurements 

in studies of plant responses to irrigation.  In this work canopy temperature was collected 

at a short time interval and though it could be viewed and/or analyzed in near real time, it 

was used in a post-hoc analysis of the performance of the plants and in this manner 

provided significant insight into the plant responses to irrigation and the environment 

over the course of two field seasons. One of the fundamental aspects of temperature as a 

tool is that temperature in and of itself has very little value. The value of temperature lies 

in comparisons. Without context canopy temperature brings limited insight. Comparisons 

of canopy temperature to air, while quite common (Baker et al., 2007), are of limited 

value. Since air temperature varies continuously, any measure of canopy to air will be 

continuously variable as well, even if canopy temperature is relatively stable.  

Comparisons of canopy temperatures to canopies of known water status are common as 

well, but provide limited insight. Comparisons made to “well-watered” crops provide 

insight into seasonal and yearly variations for that year. These comparisons are useful 

within years, but not across years. Canopy temperature comparisons to a 28°C thermal 

optimum are the most instructive, and offer insight into water status and plant metabolic 

stress. Using 28°C for comparisons effectively demonstrates across years results that are 

absolute and not relative like the other comparisons.  

Canopy temperature was able to detect problems in the irrigation management 

that resulted in over and under applications of water. The results from this study contain 
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some important items that should be emphasized for importance when using canopy 

temperature in an irrigation study. Canopy temperature was able to detect problems in 

irrigation by comparing canopy temperature values and calculating cumulative stress 

time. Ambient temperature and canopy temperature comparisons should not be used 

solely to evaluate canopy temperature. Vapor pressure deficit comparisons should 

incorporate canopy temperature to make accurate comparisons. The leaf:air VPD 

provides insight into plant water status within seasons and across treatments when 

calculated using canopy temperature. Targeted irrigation treatments can be obtained 

through deficit irrigation and IRT monitoring. When comparing canopy temperatures 

across two very different years the average daytime canopy temperature provides an 

estimate of water through the plant.  

So what is learned from the inclusion of canopy temperature in a study of plant 

responses to water deficits? The traditional approach in water studies is to associate yield 

with the amount of water added to the soil around crop from rainfall and irrigation. This 

“water on the ground” is related to plant performance to the extent that the plant uses it.  

Of course the relationship between yield and water on the ground is a result of the linkage 

between water on the ground and the water that goes through the plant. Water through the 

plant is physiological water that is used to support its growth and development. Thus, the 

stronger the correlations between water on the ground and water through the plant, the 

stronger the correlation between water on the ground and yield. There are conditions that 

weaken the correlation between water on the ground and water through the plant.  
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In terms of water on the ground in the form of rain, it is well established that rain 

use efficiency is an important consideration in determining the contribution of rain to 

plant performance. Rain intensity is a major factor in estimating rain use efficiency. 

Topography, soil characteristics and surface residue have all been shown to affect rain 

use efficiency. Irrigation efficiency affects the relationship between water on the ground 

and water through the plant as well. Irrigation use efficiency is subject to many of the 

factors that affect rain use efficiency with the added effects of the irrigation devices 

themselves. Furrow, sprinkler, and drip irrigation (both surface and sub surface) practices 

all affect the irrigation use efficiency.  Thus the relationship between water on the ground 

and water through the plant can vary significantly in research and production systems.  
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