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 Quantifying Microclimate Heterogeneity within a Contemporary Plant 

Growth Facility 

Evan Kutta 

Thesis Advisor: Dr. Jason Hubbart 

ABSTRACT 
 

 Three separate contemporary climate controlled greenhouse rooms in the Sears 

Plant Growth Facility located at the University of Missouri, Columbia, MO, USA were 

selected for microclimate analysis. Temperature, relative humidity, and incoming solar 

radiation data were logged hourly between 5/9/12 and 9/5/12 to test the efficacy of 

current management practices and to improve understanding of the spatial and temporal 

climate variability inside the greenhouse rooms. The average horizontal temperature 

gradient was 0.08 °C×m
-1

 and the maximum horizontal temperature gradient was 0.83 

ºC×m
-1

. The average vertical temperature gradient was 2.27 °C×m
-1

 and the maximum 

lapse rate was 11.65 °C×m
-1

. Vapor pressure deficit (VPD) calculations were made using 

data as a proxy to assess plant physiological response to internal conditions. The average 

horizontal VPD gradient was 0.025 kPam
-1

 and the maximum VPD gradient was 0.350 

kPa×m
-1

. Collectively, results indicate a heterogenous distribution of temperature and 

vapor pressure deficit created primarily by the active cooling system. Several 

recommendations are supplied to improve the homogeneity of the internal greenhouse 

climate, which will lead to increased productivity and profits for greenhouse managers. 
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CHAPTER I 

INTRODUCTION 
 

1.1 Value of Greenhouse Production 

 

Controlled environment agriculture serves an important role in the global 

production of fresh vegetables (Gruda 2005). This is because intensive production 

methods and longer cropping periods increase yield relative to field-grown produce. 

Many greenhouse facilities utilize adaptive climate control technology to optimize 

environmental parameters for plant growth (Pawlowski et al. 2009). Greenhouse-grown 

produce is protected from harsh environmental conditions, thus maintaining higher 

sensory and nutritional quality and often increased market value relative to field-grown 

products (Gruda 2005). The combination of increased yield, quality, and a longer 

production season often justifies additional costs associated with greenhouse structure 

and operation (Bot 2003). 

Plant communities in climate controlled greenhouses can be used to study 

physiological responses to variable temperature (Bakker and Uffelen 1988; De Koning 

1988; De Koning 2000; Gupta et al. 2012), humidity (Bakker 1985; Bakker et al. 1987; 

Bakker 1991), and light levels (Gupta et al. 2012). The potential experimental control, 

repeatability, and applicability to statistical analysis make the use of monocultures within 

greenhouse environments appealing to researchers (Hairston 1989). However, the 

managed greenhouse and plant community environment pose a significant challenge 

when attempting to connect monoculture study results to naturally complex plant 
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communities. Despite the inherent complexities, greenhouses allow researchers to 

manipulate internal conditions to observe plant physiological response (Dorais et al. 

2001).  

1.2 Challenges Facing the Greenhouse Industry  

 

A properly parameterized climate control system with a high degree of precision 

and low error is ideal for maximizing crop productivity and quality (Hu et al. 2009). 

However, accurate control and climate sensing equipment is expensive to purchase and 

operate, plus a high degree of precision reduces equipment efficiency and life-time 

(Villareal-Guerrero et al. 2012). Thus, the dynamic greenhouse environment creates 

constant conflict between minimizing operations costs and maximizing crop productivity 

and quality (Hu et al. 2009). Optimizing profit supplies an incentive to find a balance 

between maximizing productivity and minimizing operational costs (Aaslyng et al. 2003). 

Therefore greenhouse managers must determine an acceptable amount of error based on 

their production objectives. 

Castilla et al. (2004) suggested that improved produce quality through improved 

climate control strategies is necessary given increasing crop production in the global 

market. To maintain optimal environmental conditions for crop production that is 

economically feasible Hu et al. (2009) utilized multi-objective evolutionary algorithms 

(MOEA) to balance control precision with energy savings. A MOEA determines a range 

of acceptable values for each environmental parameter determined by the energy inputs 

and the external conditions. This is important because greenhouse managers must 

maintain environmental parameters within a range of acceptable values to optimize 

profitability (Gal et al. 1984).  
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Water scarcity (Campen 2012), fuel costs (Gilli and Camps 2012; Teitel et al. 

2012; Grisey et al. 2012), and increasing pressure to reduce CO2 emissions (Volkaerts et 

al. 2012) have created a need for sustainable production and energy saving in greenhouse 

horticulture (Montero et al. 2011; Dieleman and Hemming 2011). Recent advancements 

in greenhouse technologies have focused on low-energy operations with minimal to no 

reduction in growth, yield, or quality (Korner et al. 2004). A common approach used to 

quantify potential water or energy savings is through the use of computational fluid 

dynamics (CFD) validation studies (Boulard 2012). However, validation studies were 

frequently limited in temporal or spatial resolution and may insufficiently characterize 

internal greenhouse conditions (Hasni et al. 2011; Kittas et al. 2003; Sharma et al. 1997).  

 

1.3 In Pursuit of Optimum Greenhouse Conditions  

 

In recent years, rapidly evolving computing power allows the development of 

computational fluid dynamic (CFD) software packages that are capable of simulating 

greenhouse environments and their response to disturbance variables (Boulard 2012). 

This approach has been used to create various dynamic real-time climate control 

strategies for temperature (Aaslyng et al. 2003; Korner and Challa 2003a; Rijsdijk and 

Vogelezang 2000), humidity (Korner and Challa 2003b; Korner and Holst 2005), and 

solar radiation (Wang and Boulard 2000). Dynamic real-time climate control strategies 

use various energy and mass flow algorithms, such as the widely adopted and relatively 

simple proportional, integral, derivate (PID) control scheme (Zeng et al. 2012). An 

example of a more complex control scheme was proposed by De Gelder and Dieleman 

(2012) who validated the Next Generation Greenhouse Cultivation model that was 



  

4 
 

developed for commercial greenhouses to reduce energy use without reducing quality 

crop production. Their results showed that a 16.7% reduction in energy use without 

significant reductions in yield is a realistic possibility with contemporary climate control 

technology. The goal of each climate control scheme varies from increasing the efficacy 

of integrated pest management (IPM) techniques (Tantau and Lange 2003) to maximizing 

profits (Aaslyng et al. 2003). Despite progress, validation of climate control schemes is 

scarce due to poor spatial resolution of temperature, relative humidity, and irradiation 

observations (Pawlowski et al. 2009).  

 

1.4 Current State of Greenhouse Climate Control Technology 

 

To reduce fossil fuel use Grisey et al. (2012) investigated techniques to store 

excess solar energy collected over the summer in underground aquifers for heating during 

winter months. A more widely accepted method to reduce energy consumption has been 

through manipulation of shade screens (Aaslyng et al. 2003) and thermal screens (Bastien 

and Athienitis 2012; Gilli and Camps 2012) that are intended to prevent solar over-

heating during the day and to reduce heat lost overnight. New covering materials are 

being developed to prevent infrared radiation or heat energy from entering the 

greenhouse (Abdel-Ghany et al. 2012). Researchers are also developing advanced 

evaporative cooling technologies (Villarreal-Guerrero et al. 2012) and irrigation 

programs (Tuzel et al. 2012) to reduce water use and to expand the greenhouse 

horticulture industry into regions with fewer water resources (Campen 2012). 

Computational fluid dynamics (CFD) software has been used to analyze 

microclimate airflow patterns (Pouillard et al. 2012; Lopez et al. 2012), temperature and 
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humidity distributions (Kim et al. 2008; Volkaerts et al. 2012), and to model crop growth 

responses (Hemming et al. 2012; Limtrakarn et al. 2012; De Gelder and Dieleman 2012). 

Analyzing microclimate patterns using CFD software has advanced greenhouse design 

and orientation to improve natural ventilation and the homogeneity of solar radiation, 

temperature, or relative humidity. Despite recent advancements in climate control 

technologies many existing greenhouses do not implement them. Therefore additional 

work is necessary to quantify microclimate heterogeneity within existing climate 

controlled greenhouses to assess the need for the newly developed technologies. 

The greenhouse microclimate is governed by energy and mass balance transfers 

(Pawlowski et al. 2009). Hu et al. (2009) described the greenhouse climate as being 

controlled by state variables, control inputs, and disturbance variables. State variables 

describe the initial conditions such as the temperature and relative humidity of the 

internal greenhouse environment. Disturbance variables represent phenomena that cause 

internal conditions to change such as external temperature, relative humidity, or solar 

radiation. Control inputs represent ON/OFF switches made by a climate control system 

such as utilizing heating or cooling equipment to counteract the impacts of the 

disturbance variables. Poorter and Perez-Soba (2001) defined optimum environmental 

conditions as an environment that maximizes the ratio of total plant biomass created per 

unit of water used.  

Using contemporary technologies, optimum greenhouse climate conditions are 

often achieved through the manipulation of ON/OFF control of heating and cooling 

strategies to reach desired set-points (Fitz-Rodriguez et al. 2010). To overcome highly 

variable external climate conditions and to fulfill specific environmental needs of various 
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crops, greenhouses include climate conditioning equipment including heaters, exhaust 

fans, and evaporative pads (Fitz-Rodriguez et al. 2010). Temperature is the most 

important variable controlled in the greenhouse because it directly affects the rate of 

chemical reactions in plants (Gruda 2005). However, the optimum temperature for plant 

growth varies based on the crop being grown and, to a lesser degree, the stage of growth 

and ambient CO2 concentration (Gruda 2005). The next most important variable of the 

greenhouse climate is arguably relative humidity (Gruda 2005), which directly affects the 

concentration gradient driving leaf water vapor diffusion (Kramer and Boyer 1995). 

Bakker (1985) explained that energy-saving measures in greenhouse climate control 

generally restrict air exchange leading to increased levels of humidity thereby reducing 

the concentration gradient for vapor flux and plant productivity. Bakker (1987) concluded 

that growth, development, and quality of greenhouse grown fruits or vegetables are more 

strongly influenced by relative humidity than vegetative growth. Given the preceding 

discussion, it is obvious that the accuracy of environmental relative humidity control is 

directly related to the profitability of a given crop. Therefore additional research is 

required to assess the distribution of temperature and relative humidity within 

contemporary climate controlled greenhouses in order to maximize crop productivity. 

The energy source for a greenhouse system is the sun. Inasmuch as too little sun 

can require artificial lighting and heating, too much sun can result in too much heat for 

greenhouse production, especially during hot external conditions (Kittas et al. 2012). 

Methods used to reduce the greenhouse heat load created by solar radiation include the 

use of shade screens, whitewashes, natural ventilation, exhaust fans, and in extreme 

conditions evaporative cooling to convert sensible to latent heat (Kittas et al. 2012). Sethi 
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and Sharma (2007) showed that evaporative cooling is the most effective means of 

greenhouse cooling in regions where ambient temperatures approach 40°C annually. In 

those regions the ambient external climate is prohibitive to crop growth, which eliminates 

ventilation and shading as viable solutions and requires a method that can reduce air 

temperature significantly below ambient air. Therefore a combination of properly 

manipulated cooling strategies is necessary to effectively and accurately control a 

greenhouse climate on temporal and spatial scales.  

Sethi and Sharma (2007) showed that a pad-fan cooling system is capable of 

lowering greenhouse air temperature between 4-6 °C and up to 12 °C if used with 

shading. However, this method of cooling leads to uneven distribution of temperature 

resulting in large horizontal temperature gradients up to 10 °C between the pad and fans 

(Kittas et al. 2003). Kittas et al. (2003) described the heterogeneous distribution of 

relative humidity by showing how vapor pressure deficit steadily increased with distance 

from the evaporative pads. Shade screens have been shown to homogenize the 

temperature distribution by reducing horizontal temperature gradients (Lopez-Marin et al. 

2011; Lopez et al. 2012; Kittas et al. 2003) indicating that the magnitude of incoming 

solar radiation influences the temperature gradients. Sethi and Sharma (2007) suggested 

temperature and humidity gradients were created by a combination of factors including 

air leaks in the greenhouse’s glazing material, salts dissolved in tap water accumulating 

on the evaporative pads and reducing their efficiency, and the reemission of intercepted 

solar energy stored in the greenhouse. Lopez et al. (2012) observed vertical temperature 

and humidity gradients associated with a pad-fan cooling system, but cooler temperatures 

at 1 m relative to 2 m were beneficial to seedlings. However, when taller crops such as 
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maize or soybean were grown vertical temperature and humidity gradients could variably 

influence plant transpiration rates resulting in water stress. The use of internal black 

shade curtains confounds the problem by creating relatively stagnant air in the ridge of 

the greenhouse that accumulates heat and increases the vertical temperature and humidity 

gradient present between theoretically well-mixed and cooled air below. 

Despite the potential for heterogeneous distribution of temperature, humidity, and 

irradiation throughout a given greenhouse it is common to install only one sensor for each 

climatic variable at a fixed point that therefore represents the entire space (Pawlowski et 

al. 2009). The use of one sensor is common because additional sensors require additional 

power and data wires, which increase the complexity and expense associated with the 

climate controller’s software, equipment, and maintenance (Pawlowski et al. 2009). A 

study using many sensors to quantitatively characterize environmental heterogeneity in a 

contemporary greenhouse could provide valuable information to greenhouse managers 

wishing to improve current climate management practices. 

 

1.5 Effects of Extreme Relative Humidity Values 

 

Problems with excessively high humidity for prolonged periods can lead to 

harmful reductions in transpiration, increased susceptibility to air pollutants including 

Botrytis cinerea Pers. (Tantau and Lange 2003), and reduced rates of ion translocation 

(Bakker 1985). Harmful reductions in transpiration reduce the availability of inorganic 

salt ions necessary for growth (Kramer and Boyer, 1995). Relative humidity is the ratio 

of actual vapor pressure (Equation 2) to saturation vapor pressure (Equation 1) whereas 

vapor pressure deficit (Equation 3) is the difference between the saturation vapor pressure 
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(Equation 1) and the actual vapor pressure (Equation 2) (Campbell and Norman 1998). 

High VPD values are coupled to low relative humidity values and vice versa. Maintaining 

the VPD between 0.2 and 1.0 kPa was shown to have little effect on the growth and 

development of crops (Grange and Hand 1987). Hinckley et al. (1978) showed that 

stomatal conductance decreases linearly with increasing VPD meaning that growth and 

development of crops will be reduced at extreme VPD values. Yang et al. (2012) 

described maize plants’ transpirative response to increasing VPD values as a two-

segment linear response where the slope decreased by 50.5% indicating a substantial 

increase in resistance. Baille et al. (1994) identified the critical upper limit of VPD values 

in order to avoid stomatal closure was 2.0 kPa. Kittas et al. (2012) demonstrated that 

maintaining the VPD above a minimum threshold ensures adequate transpiration and 

reduces disease problems.  

 

1.6 Objectives 

 

 The overall objective of the following study was to quantitatively characterize 

temporal and spatial variation in greenhouse temperature, relative humidity, and solar 

radiation during the summer of 2012 in a contemporary climate controlled greenhouse 

located at the University of Missouri, Columbia (May 9
th

 through September 5
th

). Sub-

objectives included, a) compare the centralized climate monitoring sensor to the 

corresponding instantaneous average of sensors evenly distributed throughout the 

greenhouse room, b) quantify spatial variability in vapor pressure deficit as a proxy to 

infer plant evapotranspiration, c) provide recommendations to improve accuracy, energy 

efficiency, and plant productivity of contemporary greenhouse climate control systems. 
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CHAPTER II  

MATERIALS AND METHODS 

2.1 Study Design 

 

 Data were collected during the summer of 2012 in a multi-room glass greenhouse 

located in Columbia, Missouri (38°95’ latitude and 92°32’ longitude and at an altitude of 

237m above sea level) on the University of Missouri campus. The facility included 

twelve separate rooms that, at the time of this writing, were used for plant sciences 

research at the University of Missouri, Columbia. The contemporary research facility was 

built in 2001 with state of the art climate control technology. Each of the 12 rooms is 6 m 

wide in the east-west direction and 22 m long in the north-south direction (area = 132 

m
2
). Three of the twelve rooms were selected to investigate distribution of temperature, 

relative humidity, and solar radiation (Figure 1). The heights of the greenhouse’s gutter 

and ridge were 3 m and 5.3 m respectively creating a ridge volume of 151.8 m
3
. Rooms 

were separated by glass walls and did not have mechanisms to prevent light transmission 

between rooms.  
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Figure 1. Location of the greenhouse rooms studied within the Sears Plant Growth Facility 

located at the University of Missouri, Columbia, MO, USA. 

 

At the time of this work, each greenhouse room was controlled by an autonomous 

Growmaster Procom environmental computer control designed by Micro-Grow 

Greenhouse Systems Inc. The Growmaster Procom environmental control system 

manages ventilation, shading, heating, 4-stage cooling, and an artificial lighting system 

within each room. The active cooling system has four levels of cooling, which are 

separated by 1.11 °C with the final stage utilizing evaporative cooling. The first stage 

opens cooling pad louvers and sets one exhaust fan on low, the second stage turns the 

second exhaust fan on low, the third stage turns one fan on high, and the fourth stage 

wets the evaporative pads and turns both fans on high. For example, if stage 1 of active 

cooling begins when the room temperature increases to 24.44 °C then evaporative 

cooling (stage 4) will not begin until the room temperature increases to 27.78 °C.  
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2.2 Equipment and Instrumentation 

 

 Rooms at either end of the multi-room greenhouse were not used for this study to 

avoid exterior edge effects that may have altered solar radiation heating of the end-room 

relative to interior rooms. Room 102 was selected as a reference since it remained plant 

free throughout the entire study. Rooms 105 and 109 were selected to investigate how 

actively growing crops and crop type may influence the climate control system’s 

accuracy and ability to stabilize the internal climate. A climate control set point is a 

threshold value that determines when a given component of the climate conditioning 

equipment turns on or off. During the current investigation, each room’s climate control 

system had different set points for day temperature, night temperature, and each 

component of the climate conditioning equipment based on the crop grown within each 

room (Table 1). The climate in room 102 (Figure 1) was set for the growth of 

Arabidopsis thaliana, a small flowering plant commonly known as thale cress that is a 

member of the Brassicaceae family. The desired day and night temperature was 22°C to 

study the temperature-sensitive phytochrome control of flowering shown at 22 °C by 

Halliday et al. (2003). Heating was set to turn on at temperatures lower than 17.8 °C, 

cooling was set to turn on at temperatures greater than 21.7 °C, and the shade cloth was 

drawn at 25.6 °C. Room 102 had no growing plants between 5/9/12 and 9/5/12 and the 

climate control system was shut off on June 29
th

 by the facility staff to sterilize the room. 

Therefore room 102 became a control room containing no plants that had the climate 

control on or off for half of the study. Room 102 provided relevant information about the 

accuracy of the climate control system with different action temperatures when no plants 

were present. Room 105 (Figure 1) was set for the growth of Glycine max more 
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commonly known as soybeans of the Fabaceae family with a desired day and night 

temperature of 29 °C and 24 °C respectively. Heating was set to turn on at temperatures 

lower than 23.9 °C, cooling was set to turn on at temperatures greater than 29.4 °C, and 

the shade curtain was drawn at temperatures greater than 32.2 °C. Room 105 had a 

relatively consistent number of soybean plants (approximately 60 mature and 200 

seedlings; Figure 2) filling approximately half the room for the first 8 weeks of the study. 

The number of plants steadily decreased over the final 5 weeks of the study to one half of 

a bench of only seedlings. The climate control system was shut off on August 29
th 

with 

remaining plants still in the room. Room 109 (Figure 1) was set for the growth of Zea 

mays commonly known as maize of the Poaceae family with a desired day and night 

temperature of 25 °C and 20 °C respectively and the shade curtain was drawn at 43.3 °C. 

This room had day and night time temperature set points for heating (21.7, 20 °C) and 

cooling (26.1, 24.4 °C) respectively. The number of maize plants was the highest at the 

beginning of the study (n ~ 200; Figure 3) when about half of the room was being used 

and consistently decreased throughout the study until no plants remained and the climate 

control system was shut off on August 7
th

. 
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Figure 2. Plant load in room 105 during the second week of the study located at the Sears 

Plant Growth Facility located at the University of Missouri, Columbia, MO, USA. 

 

 

Table 1. Climate Control objectives and action temperature for each greenhouse room 

studied at the Sears Plant Growth Facility located at the University of Missouri, 

Columbia, MO, USA. (* indicates night time action temperature). 

  

Objective Climate Control Action Temperature 

Room Crop ODT ONT Heating RV AC DSC 

Greenhouse 102 Empty 22 22 17.78 20 21.67 25.56 

Greenhouse 105 Soybean 29 24 23.89 26.67 29.44 32.22 

Greenhouse 109 Corn 25 20 
21.67, 

20* 

23.89, 

22.22* 

26.11, 

24.44* 
43.33 

ODT = Optimal Daytime Temperature, ONT = Optimal Nighttime Temperature, RV = 

Ridge Vent, AC = Active Cooling, DSC = Draw Shade Curtain 
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Figure 3. Plant load in room 109 during the first week of the study located at the Sears 

Plant Growth Facility located at the University of Missouri, Columbia, MO, USA. 

 

Each greenhouse room was equipped with one centrally located aspirated 

temperature and relative humidity sensor. Incoming solar radiation data were collected 

using an externally mounted pyranometer recording data in lux. Each of the rooms 

studied were equipped with 21 IButton hygrochrons (Dallas Maxim Inc.; Hubbart et al. 

2005) with radiation shields (Hubbart, 2011) and three Apogee pyranometers (Decagon 

Devices Inc.). The 9 pyranometers were programmed to record incoming shortwave 

radiation at hourly intervals, on the hour. The Apogee pyranometers have a 180° field of 

view and an accuracy of +/- 5% between 0 and 1750 W×m
2
. The 63 iButton sensors were 
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programmed to record temperature and relative humidity at hourly intervals, on the hour. 

IButton sensors have temperature accuracy of +/- 0.5°C and are inexpensive and durable 

sensors that are well suited for obtaining quality spatially distributed climate data 

(Hubbart et al. 2005). Hygrochron sensors were used to observe the distribution of 

temperature and relative humidity and were deployed in a manner to obtain three cross 

section arrays throughout each room at distances of 4, 11, and 18 meters from the 

evaporative pads (Figure 4).  

 Each array (Figure 5) consisted of three sensor hangers with one hanger (Figure 

6) near each wall and the third hanging in the center of the room. Hangers near either 

wall had hygrochron sensors placed at 1 and 3 m above the floor, while the central hanger 

was equipped with a hygrochron installed 1, 2, and 3 m above the floor. Pyranometers 

were attached to each of the central hangers at 1 m above the floor or approximately 

bench height (n = 3/room, Figure 4). Hygrochron and pyranometer sensors 

simultaneously recorded hourly data between 5/9/12 and 9/5/12. The Growmaster 

Procom controller relies solely on one centrally located, bench-height naturally aspirated 

temperature and relative humidity sensor to monitor environmental conditions and trigger 

heating or cooling when the aforementioned set points are reached. External climate 

conditions including temperature, relative humidity, incoming solar radiation, wind speed 

and direction were recorded on the roof of the greenhouse and at Sanborn Field, a nearby 

climate monitoring station maintained by the University of Missouri. Incoming solar 

radiation incident on the exterior glass of the greenhouse is reflected, absorbed, or 

transmitted into the greenhouse. Shade cloths, supplemental lighting, and effectiveness of 
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the glazing material influence the amount of transmitted solar radiation, which is the 

primary influence of the greenhouse heat budget. 
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Figure 4. Top down view of the sensor distribution used in this study for each 

greenhouse room in the Sears Plant Growth Facility located at the University of Missouri, 

Columbia, MO, USA. The cross section # refers to the respective cross section array 

(room 102 is #1-3, room 105 is #4-6, and room 109 is #7-9). 
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Figure 5. Cross-section array design used for ambient temperature, relative humidity, and 

incoming solar radiation sensors in the Sears Plant Growth Facility located at the 

University of Missouri, Columbia, MO, USA. 

 

 

During the study an additional array of hygrochrons were added to room 105 to 

collect data at 6 minute intervals for the purpose of assessing impacts of each ON/OFF 

switch made by the climate control system. Room 105 was selected because it was 

consistently the warmest room at that time of the study and researchers were hoping to 

identify what was causing the extreme heating. Initially those sensors were added on July 

11
th

 to the final cross section, furthest from the cooling pads, but were moved to the 

nearest cross section on August 4
th

. This set of sensors were moved from the south end of 

the greenhouse to the north end to quantify the response time at each of the greenhouse 

for each ON/OFF switch made by the climate control system. Temperature and relative 

humidity data from the high resolution hygrochrons from August 4
th

 through August 10
th
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were lost because of insufficient internal data logger memory as the data loggers were 

missioned to overwrite old data. These data were collected to confirm the conclusions 

made about diurnal climatic variations found in the lower temporal resolution data.  

 

 

Figure 6. A: centrally located greenhouse temperature and relative humidity sensor, B: 

bench height (1m) thermochron IButton with radiation shield, C: Apogee Pyranometer, 

D: Data Logger, E: Thermochron IButton #5b (centrally located at 2m above the ground) 

with radiation shield. Example of a sensor hanger used in each greenhouse room of the 

Sears Plant Growth Facility located at the University of Missouri, Columbia, MO, USA. 
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 2.3 Data Analysis  

 

For data post processing, any erroneous or missing data were replaced with 

mathematically modeled values.  The high resolution data lost between 8/4/12 and 

8/10/12 was not replaced, because it was overwritten without enough surrounding sensors 

to mathematically model the missing data. Data gaps less than three hours in length were 

filled by interpolation (i.e. 3-point spline) (Akima 1978). Large data gaps exceeding three 

hours were caused by sensor failure and were filled by calculating values based on linear 

regression models created from data from one of the nearby sensors located in the same 

room at the same height for the ten days preceding and the ten days following the data 

gap. In room 102 there was only one large data gap from 5/9/12 through 5/19/12 on 

sensor #3cL, which was farthest from the evaporative pads and 3 meters off the ground 

on the east side of the room. There was one large data gap in room 105 from 6/16/12 

through 6/25/12 on sensor #6aL, which was farthest from the evaporative pads and at 

bench height on the east side of the room. There were three large data gaps in room 109 

for sensors #7c, #8cR, #9c from 5/27/12 through 6/11/12, 7/21/12 through 7/29/12, and 

5/27/12 through 6/11/12 respectively. See figures 4 and 5 for further clarification on 

sensor locations. 

The external climate during the study was analyzed to assess the impacts of 

external conditions on climate control accuracy. The average internal climate for each 

room was compared to the average ambient external climate. Room averages were 

compared against each other to assess the effects of different climate control action 

temperatures. Next, the horizontal distribution of temperature, relative humidity, and 

solar radiation were examined to assess the magnitude of horizontal climate 
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heterogeneity. Finally, the vertical distribution of temperature and relative humidity were 

examined to assess the magnitude of vertical climate heterogeneity.  

Ambient temperature, relative humidity, and shortwave radiation data were 

statistically analyzed by a one-way repeated measures analysis of variance (ANOVA) of 

hourly, daily, weekly, and monthly time series at the p ≤ 0.05 level of significance (Liu et 

al. 2006). One-way analyses of variance (ANOVA) on environmental parameters tested 

for significant differences between room means and independent cross section arrays (Zar 

1999, Blandford et al. 2008, Guichard et al. 2005, Leonardi et al. 1999, Lui et al. 2005, 

Lopez et al. 2012). One-way ANOVA was followed with Tukey’s post hoc multiple-

comparison test (where appropriate) to compare the different locations in each room and 

temperature, relative humidity, and incoming solar radiation in all possible combinations 

(Zar 1999). Vapor pressure deficit was calculated as a proxy to assess the potential 

evapotranspirative demand on the crops at various locations in each room. The empirical 

Tetens formula (Buck 1981) was used to calculate the saturation vapor pressure (es) in 

kPa where T is the observed ambient temperature in degrees Celsius: 

  ( )        
(        )

(        )                                                        (1.) 

To estimate actual vapor pressure (ea) the saturation vapor pressure must be 

multiplied by relative humidity (hr).  

        (  )                                                           (2.) 

To estimate the VPD (kPa) the actual vapor pressure is subtracted from the 

saturation vapor pressure (Campbell and Norman, 1998). 

       (  )                      (3.) 
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 The ambient lapse rate is calculated by the change of temperature with respect to 

height.  

   
  

  
 
     

     
         (4.) 
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CHAPTER III 

RESULTS 
 

3.1 General Climate during Study 

 

 The external climate between 5/9/12 and 9/5/12 was characterized by extreme 

(D3) to exceptional (D4) drought (USDM Drought Severity Classification; Svoboda et al. 

2002) accompanied by above average temperatures. USDM drought severity 

classifications use five key drought indicators and the scale ranges from D0 (abnormally 

dry) to D4 (exceptional drought) where D4 represents widespread crop/pasture losses. 

Using the local Columbia Regional Airport’s 123 year climate record the June-August 

period in 2012 ranked as the 9
th

 driest with only 5.84” of precipitation. This period was 

the 6
th

 hottest on record with average temperature of 26.83 °C. During this period a high 

temperature of at least 32.2°C was reported for 66 of the 92 days. This was the 3
rd

 

greatest number of occurrences of such high temperatures in the time-period on record. 

 

3.2 Hourly Averages Internal vs. External Climate (5/9/12 – 9/5/12) 

 

Descriptive statistics for temperature, relative humidity, and incoming solar 

radiation recorded in the greenhouses and at the nearby Sanborn Field climate station are 

provided in table 2. At Sanborn Field climate station the average temperature, relative 

humidity, and incoming solar radiation was 25.9 °C, 53.5%, and 259.3 W×m
-2

 

respectively. Averaging all data collected by the permanently installed greenhouse 

sensors located at bench height yielded a study average temperature and relative humidity 
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of 28.8°C and 51.3% respectively. Averaging all data collected by iButton sensors that 

were evenly distributed throughout each greenhouse room (Figures 4 and 5, n = 21) 

yielded a study average temperature and relative humidity of 32.5°C and 45.7% 

respectively. Standard deviation values of study averaged temperature data were 6.25 °C, 

4.58 °C, and 5.96 °C for iButton, greenhouse, and Sanborn Field data respectively. 

Standard deviation values of study averaged relative humidity data were 14.84%, 

13.06%, and 19.01% for iButton, greenhouse, and Sanborn Field data respectively. 

Comparing incoming solar radiation data between the greenhouse sensor and either 

Sanborn Field or study pyranometers was not possible due to lack of reputable method to 

convert English lux to metric W×m
-2

 unit. Statistical analyses of iButton, greenhouse, and 

Sanborn Field data sets indicated that significant differences (P < 0.001, CI = 0.05) 

existed between each set of sensors (Appendix A: Table 16).  

 

Table 2. Descriptive statistics of air temperature (°C), relative humidity (%), and 

incoming solar radiation (lux or W×m
-2

) data comparing greenhouse, iButton, and 

Sanborn Field sensors deployed at the Sears Plant Growth Facility located at the 

University of Missouri, Columbia, MO, USA. 

Variable Statistic iButton Greenhouse Sanborn Field 

Ta 

(°C) 

Mean 32.53 28.77 25.94 

Min 21.81 20.49 9.00 

Max 51.91 47.41 39.50 

Std Dev 6.25 4.58 5.96 

RH 

(%) 

Mean 45.67 51.30 53.52 

Min 9.72 13.56 16.00 

Max 86.63 87.56 96.00 

Std Dev 14.84 13.06 19.01 

ISR 

(lux [*] 

or 

W/m
2
) 

Mean 82.54 30.45* 259.33 

Min 0.00 0.00* 0.00 

Max 510.25 119.64* 1001.00 

Std Dev 97.57 36.63* 320.21 
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Ta = ambient temperature (°C), RH = relative humidity (%), ISR = incoming solar 

radiation (lux [*] or W×m
-2

) 

  

3.3 Hourly Averages between Rooms (5/9/12 – 9/5/12) 

 

Each greenhouse room had different climate control objectives (table 1) and 

different climate control shut-off dates. Descriptive statistics for each room are provided 

in table 3. Each set of three statistics mentioned in this paragraph correspond to rooms 

102, 105, and 109 respectively. The average optimal day and night temperatures were 

22.0, 26.5, and 22.5 °C for rooms 102, 105, and 109 respectively (table 1). Room average 

temperatures recorded by greenhouse sensors between 5/9/12 and 9/5/12 were 29.6, 28.6, 

and 28.1 °C for rooms 102, 105, and 109 respectively. Room average temperature 

recorded by iButton sensors between 5/9/12 and 9/5/12 were 32.0, 33.0, and 32.4 °C for 

rooms 102, 105, and 109 respectively. The greenhouse sensors provided study average 

relative humidity values of 50.8, 47.9, and 55.1% for rooms 102, 105, and 109 

respectively. IButton sensors provided study average relative humidity values of 45.8, 

44.0, and 47.2% for rooms 102, 105, and 109 respectively. Table 17 (appendix A) shows 

significant differences (P values < 0.028) were present between each internal ambient 

temperature data set except between iButton sensor data collected in rooms 102 and room 

109 (P value = 0.938). Statistically significant differences (P < 0.001) existed between 

greenhouse and iButton relative humidity data sets except between greenhouse and 

iButton sensor data collected in rooms 102 (P = 0.268) and 105 (P = 0.115). Therefore, 

ambient relative humidity was different between each room due to difference in action 

temperatures (Table 1) using either greenhouse or iButton sensors.  
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Table 3. Descriptive statistics of air temperature (°C), relative humidity (%), and 

incoming solar radiation (W×m
-2

) data collected by greenhouse (left) and iButton sensors 

(right) deployed at the Sears Plant Growth Facility located at the University of Missouri, 

Columbia, MO, USA. 

  

Greenhouse Sensors iButton Sensors 

Variable Statistic Room 102 Room 105 Room 109 Room 102 Room 105 Room 109 

Ta 

(°C) 

Mean 29.57 28.56 28.07 32.00 32.96 32.35 

Min 18.33 21.94 20.65 18.84 22.15 20.74 

Max 48.89 46.11 48.89 56.97 48.46 58.07 

Std Dev 7.79 2.85 4.42 8.18 4.96 6.65 

RH 

(%) 

Mean 50.79 47.87 55.05 45.83 44.02 47.16 

Min 12.00 14.00 12.00 5.73 12.75 6.55 

Max 95.83 85.00 91.67 90.71 86.50 90.66 

Std Dev 19.25 11.12 15.42 19.08 13.51 16.39 

ISR 

(lux [*] or 

W/m2) 

Mean 30.35* 30.38* 30.30* 52.86 71.51 122.73 

Min 0.00* 0.00* 0.00* 0.00 0.00 0.00 

Max 120.00* 119.67* 119.60* 220.95 690.92 711.06 

Std Dev 36.56* 36.59* 36.51* 64.62 90.43 149.61 

Ta = ambient temperature, RH = relative humidity, ISR = incoming solar radiation (lux 

[*] or W×m
-2

) 

 

 

3.4 Hourly Averages of Vapor Pressure between Rooms (5/9/12 – 9/5/12) 

 

Vapor pressures are partial atmospheric pressures that often represent the 

potential quantity of water vapor air at a given temperature can hold (saturation vapor 

pressure, SVP), the quantity of ambient water vapor (ambient vapor pressure, AVP), and 

the difference of SVP and AVP (vapor pressure deficit, VPD). Table 4 shows descriptive 

statistics for vapor pressure calculations estimated using centrally located greenhouse or 

iButton sensor data. Each set of three statistics mentioned in this paragraph correspond to 

rooms 102, 105, and 109 respectively. Average SVP values calculated using equation 1 

from study average of greenhouse sensor data were 4.6, 4.0, and 3.9 kPa for rooms 102, 
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105, and 109, respectively. Average SVP values calculated from study average of iButton 

sensor data were 5.3, 5.2, and 5.2 kPa for rooms 102, 105, and 109, respectively. Average 

AVP values calculated using equation 2 from study average of greenhouse sensor data 

were 2.0, 1.9, and 2.1 kPa for rooms 102, 105, and 109, respectively. Average AVP 

values calculated from study average of iButton sensor data were 2.0, 2.2, and 2.2 kPa for 

rooms 102, 105, and 109, respectively. Average VPD values calculated using equation 3 

from study average of greenhouse sensor data were 2.6, 2.1, and 1.9 kPa for rooms 102, 

105, and 109, respectively. Average VPD values calculated from study average of 

iButton sensor data were 3.3, 3.0, and 3.0 kPa for rooms 102, 105, and 109 respectively. 

Maximum VPD values calculated from study average of greenhouse sensor data were 

10.2, 8.0, and 10.3 kPa for rooms 102, 105, and 109 respectively. Maximum VPD values 

calculated from study average of iButton sensor data were 15.6, 10.0, and 16.5 kPa for 

rooms 102, 105, and 109 respectively. Table 18 (Appendix A) shows statistically 

significant differences (P < 0.001) existed between all combinations of room average 

SVP calulations made from greenhouse and ibutton data. SVP calculations were not 

significantly different for each combination of room averaged SVP calculations (iButton 

sensor data) with P values of 0.906, 0.580, and 0.992 respectively. All AVP calculations 

were statistically different (P values < 0.004) except for AVP calculations made from 

greenhouse and iButton data in room 102 (P = 0.104). Significant differences (P < 0.001) 

existed for all combinations of VPD calculations made from greenhouse and iButton data 

sets except for iButton data collected in rooms 105 and 109 (P = 0.618). Therefore, the 

driving gradient for vapor flux was significantly different based how sensors were 

distributed and what room the sensors were in. The exception to this is iButton data 
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collected in rooms 105 and 109, which were not significantly different due to similar 

durations of climate control operation in these rooms. 

 

Table 4. Descriptive statistics of saturated vapor pressure, ambient vapor pressure, and 

vapor pressure deficit calculations (kPa) using climate data collected by greenhouse and 

iButton sensors deployed at the Sears Plant Growth Facility located at the University of 

Missouri, Columbia, MO, USA. 

  

Greenhouse Sensors iButton Sensors 

Variable Statistic Room 102 Room 105 Room 109 Room 102 Room 105 Room 109 

SVP 

(kPa) 

Mean 4.55 3.95 3.92 5.25 5.19 5.16 

Min 2.11 2.63 2.43 2.17 2.67 2.45 

Max 11.70 10.16 11.70 17.36 11.45 18.28 

Std Dev 2.35 0.73 1.26 2.78 1.48 2.08 

AVP 

(kPa) 

Mean 1.96 1.86 2.05 1.99 2.15 2.20 

Min 0.90 0.80 0.92 0.65 0.90 0.75 

Max 2.96 2.80 3.05 3.54 3.43 3.48 

Std Dev 0.46 0.41 0.51 0.54 0.50 0.61 

VPD 

(kPa) 

Mean 2.59 2.09 1.87 3.25 3.04 2.96 

Min 0.11 0.46 0.25 0.27 0.45 0.28 

Max 10.20 8.02 10.25 15.58 9.99 16.52 

Std Dev 2.34 0.75 1.34 2.85 1.46 2.01 

SVP = Saturation Vapor Pressure, AVP = Ambient Vapor Pressure, VPD = Vapor 

Pressure Deficit 

  

3.5 Hourly Averages within Rooms (5/9/12 – 9/5/12) 

 

Table 6 shows descriptive statistics for VPD calculations based on temperature 

and relative humidity data collected by centrally located iButton and greenhouse sensors. 

These pairs of sensors were all located within 1m of each other as can be seen in figure 6 

with the A and B arrows. Even though the sensors recorded data at different intervals 

they sensed the same environment and should have similar hourly averaged temperature 

and relative humidity values. Each set of three statistics mentioned in this paragraph 
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correspond to rooms 102, 105, and 109 respectively. The study average of ambient 

temperature data using greenhouse sensors was 29.5, 28.5, and 28.1 °C for rooms 102, 

105, and 109 respectively. The study average of ambient temperature data using centrally 

located iButton sensors was 30.4, 31.7, and 30.1 °C for rooms 102, 105, and 109 

respectively. The study average of relative humidity data using centrally located 

greenhouse sensors was 50.9, 47.9, and 55.0% for rooms 102, 105, and 109 respectively. 

The study average of relative humidity data using the centrally located iButton sensors 

was 49.5, 46.8, and 52.8% for rooms 102, 105, and 109 respectively.  

Vapor Pressure Deficit (VPD) calculations were made as a proxy to assess the 

effect of these climatic differences on transpiration within each room using both sets of 

centrally located sensors. The study average of VPD calculations using the greenhouse 

sensors were 2.6, 2.1, and 1.9 kPa for rooms 102, 105, and 109 respectively. The study 

average of VPD calculations using the centrally located iButton sensors were 2.9, 2.6, 

and 2.3 kPa for rooms 102, 105, and 109 respectively. The maximum VPD values using 

the greenhouse sensors were 10.2, 8.0, and 10.3 kPa for rooms 102, 105, and 109 

respectively. The maximum VPD values using the centrally located iButton sensors were 

15.3, 10.1, and 17.5 kPa for rooms 102, 105, and 109 respectively. Table 20 (Appendix 

A) shows the only statistically insignificant temperature data sets (CI = 0.05) were 

collected by iButton sensors #2a and #8a (P = 0.997) from rooms 102 and 109 

respectively. All other combinations of centrally located iButton and greenhouse 

temperature data were significantly different from each other (P < 0.001). The only 

statistically insignificant relative humidity data set was collected by greenhouse sensors 

in rooms 105 and 109 (P = 0.729). Statistically insignificant differences in vapor pressure 
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deficit calculations were recorded between iButton #5a and the greenhouse sensor located 

in room 102 (P = 0.987). All other combinations of relative humidity data or vapor 

pressure deficit calculations were significantly different (P < 0.04, CI = 0.05). 

 

Table 5. Descriptive statistics of air temperature (°C) and relative humidity (%) and 

vapor pressure deficit calculations (kPa) collected by centrally located iButton and 

greenhouse sensors deployed at the Sears Plant Growth Facility located at the University 

of Missouri, Columbia, MO, USA.   

  

Greenhouse iButton 

 

Statistic 102 105 109 #2a #5a #8a 

Ta 

(°C) 

Mean 29.54 28.52 28.07 30.36 31.72 30.11 

Min 18.33 21.94 20.65 19.04 22.15 20.85 

Max 48.89 44.44 48.89 55.69 51.99 59.22 

Std Dev 7.78 2.78 4.43 8.64 3.92 5.72 

RH 

(%) 

Mean 50.86 47.92 54.99 49.54 46.81 52.81 

Min 12.00 14.00 12.00 3.74 12.52 5.20 

Max 95.83 85.00 91.67 92.32 86.56 89.32 

Std Dev 19.25 11.09 15.42 22.39 12.50 16.99 

VPD 

(kPa) 

Mean 2.59 2.09 1.87 2.92 2.62 2.32 

Min 0.11 0.46 0.25 0.23 0.46 0.31 

Max 10.20 8.02 10.25 15.27 10.07 17.52 

Std Dev 2.34 0.75 1.34 2.99 1.13 2.05 

Ta= Ambient Temperature (°C), RH = Relative Humidity (%), VPD = Vapor Pressure 

Deficit (kPa), #’s = sensor # (figures 2 and 3) 

 

 

Descriptive statistics for the study average of bench height (1m) and 3m iButton 

temperature data and lapse rate calculations averaged for each room are presented in table 

5. Each set of three statistics mentioned in this paragraph correspond to rooms 102, 105, 

and 109 respectively. The study average of bench height (1m) iButton temperature data 

were 30.6, 31.2, and 29.2 °C for rooms 102, 105, and 109 respectively. The study average 

of 3m iButton temperature data were 33.7, 35.2, and 35.6 °C for rooms 102, 105, and 109 

respectively. The study average of lapse rate calculations using iButton temperature data 
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were 1.6, 2.0, and 3.2 °C×m
-1

 for rooms 102, 105, and 109 respectively. The study 

average of all rooms for 1m and 3m temperature data were 30.3 and 34.8 °C with a study 

average lapse rate of 2.3 °C×m
-1

. Table 19 (Appendix A) shows statistically significant 

differences (P values < 0.001, CI = 0.05) exist between all 1m, 3m, and LR calculations 

except for 3m temperature data collected in rooms 105 and 109 (P = 0.124).  

 

Table 6. Descriptive statistics of air temperature (°C) at bench height (1m) and 3m, and 

Lapse Rate calculations (°C×m
-1

) using iButton sensors deployed at the Sears Plant 

Growth Facility located at the University of Missouri, Columbia, MO, USA. 

 

Room 102 Room 105 Room 109 

Statistic 1m 3m LR 1m 3m LR 1m 3m LR 

Mean 30.56 33.72 1.58 31.16 35.16 2.00 29.15 35.61 3.23 

Min 19.04 18.64 -1.22 22.03 22.18 -1.26 20.95 20.55 -0.88 

Max 55.00 60.78 11.64 48.30 53.23 9.71 56.01 59.89 11.65 

Std Dev 8.09 9.27 2.88 3.27 7.50 2.60 4.95 9.49 3.53 

1m = Bench height sensors, 3m = iButton sensors at 3 meters, LR = Lapse Rate (°C×m
-1

) 

 

3.6 Hourly Cross Section Averages between Rooms (5/9/12 – 9/5/12) 

 

Table 7 shows descriptive statistics for temperature, relative humidity, and 

incoming solar radiation data for each microclimate cross section (figure 5) average 

between 5/9 and 9/5. Each set of nine statistics mentioned in this paragraph correspond to 

cross sections (CS) 1, 2, 3, 4, 5, 6, 7, 8, and 9 respectively where each room contained 

three cross sections (102 = CS 1 to 3, 105 = CS 4 to 6, and 109 = CS 7 to 9). Cross 

section averages of ambient temperature data using iButton sensors between 5/9/12 and 

9/5/12 were [31.8, 32.0, 32.3], [31.7, 33.6, 33.6], [31.5, 33.0, and 32.6] °C for each 

respective room and cross section. Minimum cross section averages of ambient 

temperature data using iButton sensors were [18.8, 19.0, 18.7], [22.2, 22.1, 22.1], [20.7, 
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20.9, and 20.4] °C for each respective room and cross section. Cross section averages of 

relative humidity data using iButton sensors were [47.0, 45.3, 45.2], [47.3, 42.6, 42.2], 

[49.6, 46.0, and 45.9] % for each respective room and cross section. Cross section 

averages of incoming solar radiation data using pyranometer data were [51.1, 55.7, 51.8], 

[54.9, 66.7, 92.9], [142.1, 108.2, and 116.6] W×m
-1

 for each respective room and cross 

section. Maximum cross section averages of incoming solar radiation data using 

pyranometer data were [221.6, 261.8, 236.2], [825.8, 520.0, 952.2], [758.1, 532.8, and 

884.4] W×m
-1

 for each respective room and cross section. Statistically insignificant 

differences are presented in this section since there were many comparisons between 

cross sections and most were statistically significant. Table 21 (Appendix A) shows 

statistically insignificant differences (CI = 0.05) between all cross sections in room 102 

with P values of 0.935, 0.124, and 0.864 respectively. Statistically insignficant 

differences also existed between CS 1 and 4 (P = 1.0),  CS 2 and 4 (P = 0.760), CS 1 and 

7 (P = 0.750), and CS  2 and 7 (P = 0.070). Statistically insignificant differences also 

existed between CS 5 and 6 (P = 1.00), CS 8 and 9 (P = 0.603), CS 3 and 9 (P = 0.475), 

and CS 4 and 7 (P = 0.930). Statistically significant differences (P < 0.043) existed 

between all other combinations of cross section average temperature. Table 22 (Appendix 

A) shows statistically insignficant differences between CS 2 and 3 (P = 1.00), CS 5 and 6 

(P = 0.973), and CS 8 and 9 (P = 1.00). Statistically insignficant differences also existed 

between CS 1 and 8 (P = 0.317), CS 1 and 9 (P = 0.169), CS 2 and 8 (P = 0.815), CS 2 

and 9 (P = 0.937), CS 3 and 8 (P = 0.643), and CS 3 and 9 (P = 0.828). The remaining 

insignficant differences existed between CS 1 and 4 (P = 1.00)  and CS 4 and 8 (P = 

0.076) with all other combinations being significantly different (P < 0.032), CI = 0.05). 
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Table 23 (Appendix A) shows statistically insignficant differences in incoming solar 

radiation between all pyranometers in room 102 with P values of 0.85, 1.0, and 0.933 

respectively. Statistically insignficant differences also existed between pyranometers 1 

and 4 (P = 0.944), 2 and 4 (P = 1.00), 3 and 4 (P = 0.983), and 8 and 9 (P = 0.109). 

Statistically significant differences existed between all other combinations of 

pyranometer data (P < 0.003, CI = 0.05). 

 

Table 7. Descriptive statistics of each cross section’s average temperature (°C), relative 

humidity (%), and incoming solar radiation (W×m
-2

) using iButton sensors deployed at 

the Sears Plant Growth Facility at the University of Missouri, Columbia, MO, USA. 

  

Room 102 Room 105 Room 109 

 

Statistic CS #1 CS #2 CS #3 CS #4 CS #5 CS #6 CS #7 CS #8 CS #9 

Ta 

(°C) 

Mean 31.75 31.98 32.25 31.68 33.63 33.57 31.45 32.97 32.62 

Min 18.82 19.01 18.70 22.17 22.08 22.13 20.65 20.94 20.42 

Max 56.52 57.19 57.21 48.18 48.46 50.18 58.03 58.79 57.39 

Std Dev 8.03 8.20 8.35 3.91 5.55 5.58 6.31 7.07 6.69 

RH 

(%) 

Mean 47.01 45.29 45.17 47.28 42.64 42.15 49.63 45.99 45.85 

Min 5.50 5.23 6.05 15.53 11.60 9.67 6.97 6.66 6.02 

Max 91.47 91.29 89.91 87.44 85.98 86.18 92.85 90.74 92.66 

Std Dev 19.27 19.19 18.97 12.60 14.07 14.35 16.06 16.85 16.50 

ISR 
(W/m2) 

Mean 51.14 55.66 51.79 54.88 66.73 92.91 142.13 108.18 116.61 

Min 0 0 0 0 0 0 0 0 0 

Max 221.56 261.84 236.21 825.81 520.02 952.15 758.06 532.84 884.4 

Std Dev 61.70 70.07 63.67 84.97 87.99 120.87 178.46 132.02 151.29 

Ta = Ambient Temperature (°C), RH = Relative Humidity (%), ISR = Incoming Solar 

Radiation (W×m
-2

), CS # = cross section number  

 

3.7 Weekly Averages between Rooms (5/9/12 – 9/5/12) 

 

 Table 8 contains descriptive statistics for weekly averaged climate data collected 

by greenhouse and study sensors between 5/9/12 and 9/5/12. Each set of three statistics 

presented in the paragraph correspond to rooms 102, 105, and 109 respectively. Weekly 
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averaged temperature, relative humidity, and incoming solar radiation trends were very 

similar to hourly averaged data (table 3) over the entire study (as expected), but the 

analysis was performed to explore the data and provide less noisy figures. Weekly 

averages of ambient temperature data using greenhouse sensors were 29.7, 28.6, and 28.1 

°C for rooms 102, 105, and 109 respectively. Weekly averages of ambient temperature 

data using iButton sensors were 32.0, 33.0, and 32.4 °C for rooms 102, 105, and 109 

respectively. Weekly averages of relative humidity data using greenhouse sensors 

between 5/9 and 9/5 were 50.9, 48.1, and 55.4 % for rooms 102, 105, and 109 

respectively. Weekly averages of relative humidity data using iButton sensors between 

5/9 and 9/5 were 45.8, 43.9, and 47.1 % for rooms 102, 105, and 109 respectively. The 

weekly averaged incoming solar radiation data using the greenhouse sensor was 30.3 lux. 

Weekly averages of incoming solar radiation data using the iButton sensors were 52.8, 

71.8, and 122.6 W×m
-2

 for rooms 102, 105, and 109 respectively. Weekly averaged 

irradiation values were 24 hour averages and included nighttime data when street lights 

may have introduced a bias on the data. Any impact from street lights would presumably 

have been negligible in terms of altering total daily irradiation, and quantifying that effect 

was beyond the scope of this research.  

Table 25 (Appendix A) shows ANOVA results from comparing iButton to 

greenhouse data sets (CI = 0.05) for weekly room averaged temperature, relative 

humidity, and incoming solar radiation data sets. Statistically insignficant differences 

were presented in this section due to the large number of possible combinations of 

greenhouse and ibutton sensor data. Statistically insignficant differenes existed between 

all combinations of room averaged iButton temperature data with P values of 0.946, 



  

36 
 

0.999, and 0.993 respectively. Statistically insignficant differences also existed between 

all combinations of greenhouse temperature data with P values of 0.922, 0.706, and 0.998 

respectively. However, significant differences (P < 0.035) were present between all 

combinations of iButton and greenhouse temperature data except for iButton data 

collected in rooms 102 (P = 0.274) and 109 (P = 0.142) compared to greenhouse data 

collected in room 102. Statistically significant differences in relative humidity data only 

existed between iButton data collected in rooms 102 (P = 0.038) and 105 (P = 0.007) 

compared to greenhouse data collected in room 109. However, stronger statistically 

insignficant differences (CI = 0.05) existed between room averaged iButton data with P 

values of 0.992, 0.999, and 0.922 compared to greenhouse sensor data, which had P 

values of 0.948, 0.735, and 0.213 respectively. Significant differences (P < 0.011) in 

incoming solar radiation data existed between all combinations of study pyranometer and 

greenhouse sensor data.  
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Table 8. Descriptive statistics of weekly averaged air temperature, relative humidity, and 

incoming solar radiation data using greenhouse and iButton sensors deployed at the Sears 

Plant Growth Facility located at the University of Missouri, Columbia, MO, USA. 

  

Greenhouse Sensors Study Sensors 

Variable Statistic Room 102 Room 105 Room 109 Room 102 Room 105 Room 109 

Ta 

(°C) 

Mean 29.67 28.60 28.11 32.00 32.98 32.37 

Min 21.82 26.60 24.98 25.42 31.02 29.04 

Max 36.70 30.82 32.55 38.80 34.44 34.50 

Std Dev 5.47 1.16 1.99 4.64 0.99 1.63 

RH 

(%) 

Mean 50.93 48.09 55.36 45.76 43.92 47.06 

Min 28.07 34.04 28.91 28.01 34.44 29.95 

Max 76.59 56.36 68.26 63.95 52.53 55.99 

Std Dev 13.62 5.581 10.63 10.94 4.69 6.90 

ISR 

(lux or 

W×m
-2

) 

Mean 30.30* 30.34* 30.26* 52.81 71.80 122.62 

Min 19.45* 19.52* 19.50* 26.18 43.37 62.29 

Max 37.79* 37.77* 37.67* 69.85 141.03 163.33 

Std Dev 5.32* 5.31* 5.31* 11.12 23.47 28.28 

Ta = ambient temperature (°C), RH = relative humidity (%), ISR = incoming solar 

radiation (lux [*] or W×m
-2

) 

 

3.8 Weekly Averages within Rooms (5/9/12 – 9/5/12) 

 

 Table 9 presents the descriptive statistics for weekly averages of 1m and 3m 

temperature data collected by iButton sensors and lapse rate calculations, which describes 

how temperature changes with height using equation 4 between 5/9/12 and 9/5/12. Each 

set of three statistics presented in this paragraph correspond to rooms 102, 105, and 109 

respectively. Weekly averages of 1m iButton temperature data were 30.5, 31.2, and 29.2 

°C for rooms 102, 105, and 109 respectively. Maximum weekly averages of 1m iButton 

temperature data were 38.7, 32.6, and 34.5 °C for rooms 102, 105, and 109 respectively. 

Weekly averages of 3m iButton temperature data were 33.7, 35.2, and 35.6 °C for rooms 

102, 105, and 109 respectively. Weekly averages of lapse rate (i.e. change in temperature 

with height) calculations were 1.6, 2.0, and 3.2 °C×m
-1

 for rooms 102, 105, and 109 
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respectively. Minimum weekly averages of lapse rate calculations were -0.02, -0.04, and 

-0.10 °C×m
-1

 for rooms 102, 105, and 109 respectively. Maximum weekly averages of 

lapse rate calculations were 3.8, 2.6, and 4.9 °C×m
-1

 for rooms 102, 105, and 109 

respectively. Standard deviations of weekly averaged lapse rate calculations were 1.6, 

0.7, and 1.8 for rooms 102, 105, and 109 respectively. Table 26 (Appendix A) shows 

statistically insignficant differences (CI = 0.05) between all weekly room averages of 1m 

temperature data with P values of 0.876, 0.507, and 0.252 respectively. Statistically 

insignficant differences also existed between all weekly room averages of 3m 

temperature data with P values of 0.246, 0.096, and 0.871 respectively. Significant 

differences existed between lapse rate calculations made from data collected in rooms 

102 and 109 (P = 0.004) and rooms 105 and 109 (P = 0.042). 
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Table 9. Descriptive statistics of weekly averaged air temperature (°C) at bench height 

(1m) and 3m, and Lapse Rate calculations (°C×m
-1

) using iButton sensors deployed at the 

Sears Plant Growth Facility located at the University of Missouri, Columbia, MO, USA. 

Variable Statistic 

Room 

102 

Room 

105 

Room 

109 

1m Ta 

Mean 30.54 31.15 29.16 

Min 23.03 29.48 26.18 

Max 38.70 32.61 34.48 

Std Dev 5.73 0.84 2.34 

3m Ta 

Mean 33.71 35.17 35.62 

Min 28.06 32.46 31.85 

Max 39.92 37.11 39.17 

Std Dev 3.49 1.54 2.45 

LR 

(°C/m) 

Mean 1.59 2.01 3.23 

Min -0.02 -0.04 -0.10 

Max 3.76 2.59 4.90 

Std Dev 1.57 0.69 1.77 

1m Ta = bench height ambient temperature (°C), 3m Ta = 3 meter ambient temperature 

(°C), LR = lapse rate (°C×m
-1

) 

 

 

 

3.9 Hourly Averages between Rooms with Climate Control “ON” 

 

 Table 10 presents descriptive statistics for hourly averages of temperate and 

relative humidity data collected by greenhouse and iButton sensors while the climate 

control system was ON in each room. Climate control shut off dates were 6/29/12, 

8/29/12, and 8/7/12 for rooms 102, 105, and 109 respectively. This analysis was 

performed to remove any bias introduced to data while the climate control system was 

turned off. Each set of three statistics presented in this paragraph correspond to rooms 

102, 105, and 109 respectively. The room average temperatures using greenhouse sensors 

was 23.51, 28.40, and 27.14 °C for rooms 102, 105, and 109 respectively. The room 

average relative humidity using iButton sensors was 27.32, 32.99, and 32.20 °C for 
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rooms 102, 105, and 109 respectively. The room average relative humidity using 

greenhouse sensors was 64.14, 47.60, and 58.48 % for rooms 102, 105, and 109 

respectively. The room average relative humidity using iButton sensors were 56.0, 43.40, 

and 48.8% for rooms 102, 105, and 109 respectively. Table 27 (Appendix A) shows 

statistically significant differences (p < 0.007, CI = 0.05) between all room average 

greenhouse and iButton temperature and relative humidity data sets. The one exception 

was between iButton sensors in room 102 and the greenhouse sensor in room 109 (P = 

0.833). This indicates the uniform iButton sensor distribution (Figures 4 and 5) in shaded 

room 102 was similar to centralized conditions in unshaded room 109 where both rooms 

had similar optimal day and night temperatures (Table 1). 

 

Table 10. Descriptive statistics of air temperature (°C) and relative humidity (%) data 

collected by greenhouse and iButton sensors while the climate control system was ON at 

the Sears Plant Growth Facility located at the University of Missouri, Columbia, MO, 

USA. 

  

Greenhouse iButton 

 

Statistic 102 105 109 102 105 109 

Ta 

Mean 23.51 28.40 27.14 27.32 32.99 32.20 

Min 18.33 21.94 20.65 18.84 22.15 20.74 

Max 31.11 40.65 33.98 44.38 46.02 46.25 

Std Dev 2.68 2.43 2.71 5.42 4.86 6.18 

RH 

Mean 64.14 47.60 58.48 56.00 43.39 48.83 

Min 33.33 20.67 25.83 16.90 13.11 16.89 

Max 95.83 82.00 86.00 90.71 83.93 85.23 

Std Dev 12.37 10.27 11.52 13.99 12.71 13.86 

Ta = ambient temperature, RH = relative humidity 

 

 

 

 

 



  

41 
 

3.10 Hourly Averages between Cross Sections with Climate Control “ON” 

 

 Table 11 presents descriptive statistics for cross section averages of temperature, 

relative humidity, and incoming solar radiation data collected by temporary study sensors 

while the climate control system was on in each room. Each set of nine statistics 

mentioned in this paragraph correspond to cross sections 1, 2, 3, 4, 5, 6, 7, 8, and 9 

respectively where each room contained three cross sections (102 = CS 1 to 3, 105 = CS 

4 to 6, and 109 = CS 7 to 9). The cross section averages of temperature data were [27.05, 

27.46, 27.6], [31.63, 33.67, 33.65], [31.06, 32.94, and 32.58] °C for each respective cross 

section. The cross section averages of relative humidity data were [58.06, 54.97, 54.67], 

[46.8, 42.01, 41.35], [51.83, 47.4, and 47.28] % for each respective cross section. The 

cross section averages of incoming solar radiation data were [59.81, 64.40, 59.18], 

[55.89, 68.04, 96.37], [158.19, 120.10, and 124.88] W×m
-2

 for each respective cross 

section. Statistically insignificant differences were included in this section due to the 

large number of cross section comparisons and relatively large number of significant 

differences. Table 28 (Appendix A) shows statistically insignificant differences (CI = 

0.05) between cross section average temperature data collected by cross sections 1 

through 3 (P = 0.661, 0.247, and 0.999), CS 5 and CS 6 (P = 1.00), and CS 8 and CS 9 (P 

= 0.454). All other cross section comparisons were significantly different (P < 0.001, CI 

= 0.05). Table 29 (Appendix A) shows statistically insignificant differences (CI = 0.05) 

between relative humidity data collected by CS 2 and 3 (P = 1.0), CS 5 and 6 (P = 0.698), 

and CS 8 and 9 (P = 1.00). Additional statistically insignificant differences exist between 

CS 4 and 8 (P = 0.837) and CS 4 and 9 (P = 0.952). Table 30 (Appendix A) shows 

statistically insignificant differences (P > 0.447, CI = 0.05) for incoming solar radiation 
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data collected by pyranometers between CS 1 through 5 except between CS 4 and 5 (P = 

0.006). The only other statistically insignificant differences were between cross sections 

8 and 9 (P = 0.929). All other cross section comparisons were statistically significant (P < 

0.001, CI = 0.05). 

 

 

 

Table 11. Descriptive statistics of air temperature (°C), relative humidity (%), incoming 

solar radiation (W×m
-2

) collected by iButton and pyranometer sensors while the climate 

control was ON located at the Sears Plant Growth Facility located at the University of 

Missouri, Columbia, MO, USA. 

  

Room 102 Room 105 Room 109 

 

Statistic CS #1 CS #2 CS #3 CS #4 CS #5 CS #6 CS #7 CS #8 CS #9 

Ta 

Mean 27.05 27.46 27.60 31.63 33.67 33.65 31.06 32.94 32.58 

Min 18.82 18.86 18.70 22.17 22.08 22.13 20.65 20.94 20.64 

Max 44.50 44.31 44.11 42.09 46.66 50.18 43.86 47.68 47.20 

Std Dev 5.23 5.55 5.68 3.71 5.51 5.50 5.68 6.70 6.26 

RH 

Mean 58.06 54.97 54.67 46.80 42.01 41.35 51.83 47.40 47.28 

Min 17.32 16.69 17.37 15.66 11.61 9.67 19.75 15.47 15.44 

Max 91.47 90.41 89.91 84.84 83.60 83.35 88.42 83.81 83.47 

Std Dev 13.25 14.46 14.72 11.87 13.36 13.40 13.06 14.63 14.13 

ISR 

Mean 59.81 64.40 59.18 55.89 68.04 96.37 158.19 120.10 124.88 

Min 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Max 221.56 261.84 223.39 825.81 520.02 952.15 758.06 532.84 884.40 

Std Dev 64.81 73.24 62.78 85.86 89.43 122.39 183.05 134.85 152.88 

Ta = ambient temperature, RH = relative humidity, ISR = incoming solar radiation 

 

 

3.11 Hourly Averages within Rooms while Climate Control “ON” 

 

 Table 12 presents descriptive statistics for hourly averages of 1m and 3m 

temperature data and the lapse rate calculations collected by iButton sensors while the 

climate control system was ON. The hourly averages of 1m temperature data were 24.5, 

31.1, and 28.1 °C for rooms 102, 105, and 109 respectively. The hourly averages of 3m 
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temperature data were 30.9, 35.3, and 36.4 °C for rooms 102, 105, and 109 respectively. 

The hourly averages of lapse rate calculations were 3.2, 2.1, and 3.4 °C×m
-1

 for rooms 

102, 105, and 109 respectively. Table 32 (Appendix A) shows statistically significant 

differences (P < 0.001, CI = 0.05) between all room averaged 1m and 3m temperature 

data collected by iButton sensors when the climate control system was ON. The only 

statistically insignificant difference existed between lapse rate calculations between 

rooms 102 and 109 (P = 0.348). The other two room average lapse rate comparisons were 

significantly different (P < 0.001, CI = 0.05). 

 

Table 12. Descriptive statistics of air temperature (°C) at bench height (1m) and 3m, and 

lapse rate calculations (°C×m
-1

) using iButton sensors while the climate control system 

was ON at the Sears Plant Growth Facility located at the University of Missouri, 

Columbia, MO, USA. 

 

Room 102 Room 105 Room 109 

Statistic 1m 3m LR 1m 3m LR 1m 3m LR 

Mean 24.48 30.89 3.20 31.05 35.33 2.14 28.12 36.42 3.36 

Min 19.04 18.64 -1.22 22.03 22.18 -1.26 20.95 20.55 -0.52 

Max 41.30 54.29 11.64 42.44 53.23 9.71 36.71 56.99 11.65 

Std Dev 2.84 9.24 3.60 2.95 7.54 2.62 3.05 9.73 3.58 

 

 Table 13 presents hourly averaged temperature and relative humidity collected by 

centrally located greenhouse and iButton sensors while the climate control system was 

turned ON and subsequent vapor pressure deficit (VPD) calculations. The room average 

temperatures recorded by greenhouse sensors were 23.5, 28.4 and 27.1 °C for rooms 102, 

105, and 109 respectively. The room average temperatures recorded by iButton sensors 

were 23.4, 31.6, and 29.1 °C for rooms 102, 105, and 109 respectively. The room average 

relative humidity values recorded by greenhouse sensors were 64.1, 47.6, and 58.5% for 

rooms 102, 105, and 109 respectively. The room average relative humidity values 
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recorded by iButton sensors were 67.0, 46.4, and 56.6% for rooms 102, 105, and 109 

respectively. The VPD values calculated from greenhouse sensor data were 0.6, 0.9, and 

0.7 kPa for rooms 102, 105, and 109 respectively. The VPD values calculated from 

iButton sensor data were 0.6, 1.1, and 0.8 kPa for rooms 102, 105, and 109 respectively. 

Insignificant differences are presented in this section due to the large number of possible 

combinations and the large number of significant differences. Table 33 (Appendix A) 

shows a statistically insignificant difference between temperature data collected by the 

centrally located iButton and greenhouse sensors in room 102 (P = 0.967, CI = 0.05). 

Another statistically insignificant difference existed between VPD calculations made 

from data collected by the centrally located iButton and greenhouse sensors in room 102 

(P = 0.093). All other comparisons represented statistically significant differences (P < 

0.050, CI = 0.05) between rooms or iButton and greenhouse data sets. 
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Table 13. Descriptive statistics of temperature (°C), relative humidity (%), and vapor 

pressure deficit (kPa) calculations using centrally located iButton and greenhouse sensors 

while the climate control system was ON at the Sears Plant Growth Facility located at the 

University of Missouri, Columbia, MO, USA.   

  

Greenhouse iButton 

 

Statistic 102 105 109 #2a #5a #8a 

Ta 

Mean 23.51 28.40 27.14 23.41 31.62 29.08 

Min 18.33 21.94 20.65 19.04 22.15 20.85 

Max 31.11 40.65 33.98 40.39 45.53 40.45 

Std Dev 2.68 2.43 2.71 2.38 3.69 3.90 

RH 

Mean 64.14 47.60 58.48 66.95 46.44 56.56 

Min 33.33 20.67 25.83 19.15 15.82 18.22 

Max 95.83 82.00 86.00 92.32 83.76 86.82 

Std Dev 12.37 10.27 11.52 13.15 11.64 12.88 

VPD 

Mean 1.03 2.04 1.32 0.95 2.61 1.59 

Min 0.11 0.57 0.46 0.23 0.56 0.45 

Max 1.87 6.00 2.71 6.04 8.05 5.27 

Std Dev 0.37 0.58 0.57 0.45 1.02 0.88 

Ta = ambient temperature, RH = relative humidity, VPD = Vapor Pressure Deficit 

 

3.12 Hourly Averages between Cross Sections on Sunny Days (7/4/12 – 7/6/12) 

 

 July 4 to 6 were selected as the sunny days because the highest temperature 

recorded during the study of 78.98 °C was recorded on the 4
th

 in room 105. During this 

period climate control was off in room 102 and on in rooms 105 and 109. Descriptive 

statistics for cross section averages of temperature, relative humidity, and incoming solar 

radiation data collected during this time period are presented in table 10. Each set of nine 

statistics presented in this paragraph correspond to cross sections 1, 2, 3, 4, 5, 6, 7, 8, and 

9 respectively where each room contained three cross sections (102 = CS 1 to 3, 105 = 

CS 4 to 6, and 109 = CS 7 to 9). Cross section averages of temperature data using iButton 

sensors during this sunny period were [39.4, 40.5, 40.8], [33.8, 36.5, 37.1], [34.2, 35.8, 

and 35.5] °C for each respective room and cross section. Cross section averages of 



  

46 
 

relative humidity data using iButton sensors over this sunny period were [32.9, 30.7, 

30.8], [45.6, 39.9, 38.8], [53.1, 49.9, and 49.5] % for each respective room and cross 

section. Cross section averages of incoming solar radiation data using pyranometer 

sensors over this sunny period were [55.2, 62.9, 61.4], [38.2, 59.0, 125.8], [177.1, 126.8, 

and 139.5] W×m
-2

 for each respective room and cross section.  

Statistically insignificant differences are presented in this section due to the large 

number of possible combinations and the large number of significant differences. Table 

34 (Appendix A) shows statistically insignificant differences between many of the cross 

section averaged temperature data collected by iButton sensors between 7/4/12 and 

7/6/12. All cross section averages of temperature data within their respective rooms had 

statistically insignificant differences (CI = 0.05) for rooms 102 (P > 0.953), 105 (P > 

0.149), and 109 (P > 0.936). The only significant differences (P < 0.044) between data 

sets were between cross sections 1 to 3 in room 102 compared to CS 4, 5, 7, 8, and 9 in 

rooms 105 and 109. Table 35 (Appendix A) shows statistically insignificant differences 

between all cross section averages of relative humidity data between 7/4/12 and 7/6/12 in 

rooms 102 (P > 0.990), 105 (P > 0.107), and 109 (P > 0.859). Statistically insignificant 

differences existed between most cross section averages between the rooms except 

between CS 1 and 5 (P = 0.089), CS 1 and 6 (P = 0.259), CS 4 and 8 (P =0.689), and CS 

4 and 9 (P = 0.789). All other cross section averages were significantly different  (P < 

0.05, CI = 0.05). Table 36 (Appendix A) shows statistically insignificant differences 

between cross sections 1 through 5 (P > 0.944) and between cross sections 7 through 9 (P 

> 0.186, CI = 0.05). However, statistically significant differences existed between cross 
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sections 6 through 9 when compared with cross sections 1 through 5 (P < 0.039, CI = 

0.05).  

 

Table 14. Descriptive statistics of temperature (°C), relative humidity (%), and incoming 

solar radiation data (W×m
-2

) using iButton and pyranometer sensors collected between 

7/4 and 7/6 deployed at the Sears Plant Growth Facility located at the University of 

Missouri, Columbia, MO, USA. 

  

Room 102 Room 105 Room 109 

Variable Statistic CS #1 CS #2 CS #3 CS #4 CS #5 CS #6 CS #7 CS #8 CS #9 

Ta 

Mean 39.35 40.46 40.83 33.78 36.52 37.07 34.19 35.75 35.51 

Min 27.86 28.20 28.70 28.33 28.58 28.74 25.85 26.50 27.08 

Max 54.09 56.49 56.31 42.09 46.66 50.18 43.86 47.68 47.20 

Std Dev 8.97 9.71 9.51 3.71 5.37 5.62 6.23 7.34 6.93 

RH 

Mean 32.94 30.66 30.80 45.60 39.90 38.81 53.08 49.89 49.50 

Min 10.92 8.26 9.65 18.75 16.12 15.44 33.21 27.37 27.17 

Max 64.14 61.27 60.03 60.71 59.38 58.50 75.83 76.25 74.22 

Std Dev 16.54 16.60 15.83 11.05 11.41 11.19 13.98 15.92 15.30 

ISR 

Mean 55.24 62.89 61.39 38.22 58.98 125.83 177.13 126.80 139.49 

Min 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Max 197.75 228.88 214.23 214.23 250.85 538.33 618.90 461.43 672.00 

Std Dev 64.22 76.80 69.09 42.04 59.78 142.40 196.61 141.74 162.24 

Ta = Ambient Temperature (°C), RH = Relative Humidity (%), ISR = Incoming Solar 

Radiation (W×m
-2

), CS # = cross section number  

 

 

3.13 Hourly Averages between Cross Sections on Cloudy Days (9/1/12 – 9/3/12) 

 

 September 1-3 was the cloudiest period during the entire study and descriptive 

statistics for climate data using cross section averages during this period are presented in 

table 11. The climate control system was shut off in all rooms for this period, which 

created similar conditions in each room during this period. Each set of nine statistics 

presented in this paragraph correspond to cross sections 1, 2, 3, 4, 5, 6, 7, 8, and 9 

respectively where each room contained three cross sections (102 = CS 1 to 3, 105 = CS 
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4 to 6, and 109 = CS 7 to 9). Cross section averages of temperature data using iButton 

sensors over this cloudy period were [31.0, 31.0, 31.0], [31.6, 32.0, 30.9], [30.4, 30.4, and 

30.1] for each respective room and cross section. Cross section averages relative 

humidity data using iButton sensors over this cloudy period were [63.1, 63.2, 64.2], 

[60.9, 59.3, 63.1], [66.5, 66.6, and 67.4] for each respective room and cross section. 

Cross section averages of incoming solar radiation data using pyranometers over this 

cloudy period were [26.3, 27.8, 17.9], [34.6, 43.6, 32.5], [65.5, 53.4, and 72.6] W×m
-2

 for 

each respective room and cross section. Statistically insignificant differences are 

presented in this section due to the large number of possible comparisons and the general 

lack of significant differences. Table 41 (Appendix A) shows statistically insignificant 

differences (P > 0.765, CI = 0.05) between all cross section averages of temperature data 

collected by iButton sensors. Table 42 (Appendix A) shows statistically insignificant 

differences (P > 0.274, CI = 0.05) between all cross section averages of relative humidity 

data collected by iButton sensors. Table 43 (Appendix A) shows the only statistically 

significant differences (CI = 0.05) were between incoming solar radiation data collected 

by pyranometers 3 and 7 (P = 0.008), 1 and 9 (P = 0.011), 2 and 9 (P = 0.017), and 3 and 

9 (P = 0.001). All other differences between pyranometer data were statistically 

insignificant (P > 0.065, CI = 0.05) indicating similar light levels in each room between 

9/1/12 and 9/3/12. 
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Table 15. Descriptive statistics of air temperature (°C), relative humidity (%), and 

incoming solar radiation (W×m
-2

) data using iButton and pyranometer sensors between 

9/1/12 and 9/3/12 deployed at the Sears Plant Growth Facility located at the University of 

Missouri, Columbia, MO, USA. 

Variable Statistic CS #1 CS #2 CS #3 CS #4 CS #5 CS #6 CS #7 CS #8 CS #9 

T
em

p
er

at
u

re
 Mean 31.04 31.02 30.99 31.58 31.94 30.85 30.35 30.43 30.09 

Min 24.76 24.45 24.09 25.99 26.02 24.95 23.85 23.41 22.84 

Max 51.02 50.99 51.23 46.61 46.59 46.40 50.57 51.38 50.24 

Std Dev 6.92 6.99 7.14 5.55 5.59 5.72 7.08 7.30 7.14 

R
el

at
iv

e 

H
u

m
id

it
y
 Mean 63.13 63.18 64.15 60.94 59.34 63.08 66.47 66.57 67.37 

Min 17.57 16.44 17.66 24.67 22.50 22.83 18.51 18.14 18.37 

Max 85.97 85.39 87.18 87.43 85.98 86.18 92.85 90.74 92.66 

Std Dev 19.93 20.44 20.90 16.80 17.38 17.80 21.45 21.73 22.04 

In
co

m
in

g
 S

o
la

r 

R
ad

ia
ti

o
n
 Mean 26.30 27.80 17.93 34.61 43.61 32.53 65.46 53.35 72.61 

Min 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Max 170.29 184.94 190.43 184.94 151.98 205.08 549.32 443.12 692.14 

Std Dev 41.25 46.73 37.06 44.79 41.06 50.11 122.79 97.64 135.88 

Ta = ambient temperature, RH = relative humidity, ISR = incoming solar radiation 
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CHAPTER IV 

DISCUSSION 

4.1 Hourly Averages Internal vs. External Climate (5/9/12 – 9/5/12) 

 

Figure 7 illustrates hourly climate time series collected by iButton and 

pyranometer sensors between 5/9/2012 and 9/5/2012. For the first six weeks (5/9/2012 

through 6/20/2012) external ambient conditions were favorable for greenhouse climate 

control with temperatures ranging from 9 to 34 °C. The average of all greenhouse sensors 

indicated a stable internal climate during this period was characterized by internal 

temperatures between 20.5 and 31.6 °C, which includes optimal internal day and night 

temperatures (table 1). However, the average of all iButton sensors indicated a greater 

degree of variability between 5/9/12 and 6/20/12 where internal temperatures ranged 

from 21.8 to 41.9 °C. Sanborn Field temperature data indicated that July was the hottest 

month of the year with external temperatures ranging from 19.9 to 39.5 °C. Climate 

control in room 102 was shut off on June 29
th

, which caused the average temperature 

recorded by all greenhouse sensors to increase between 24.6 and 40.6 °C during the 

month of July. The average temperature recorded by all iButton sensors ranged between 

25.4 and 48.4 °C, which represents a 14.2 and 13.4% increase in minimum and maximum 

temperatures respectively relative to the first six weeks. IButton sensors recorded 

maximum temperatures 48.0, 47.5, and 55.1% warmer than minimum temperatures 

recorded between 5/9/12 and 6/20/12, the month of July, and the month of August 

respectively. Similar differences between minimum and maximum temperatures and 

similar increases in minimum and maximum temperatures suggest a maximum diurnal 
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temperature variation of 50.2%. Therefore, one possible solution to excessive heat 

buildup during hot and sunny days may be to manipulate the action temperatures 

(temperature thresholds used to manipulate ON/OFF actuators) until the desired 

maximum temperature is 50.2% warmer than the minimum temperature. For example the 

net photosynthetic rate of maize increases with temperature up to a maximum around 

35°C (Lizaso et al. 2005). Therefore, reducing the minimum temperature to 18.3°C 

(50.2% lower than 35 °C) will maximize photosynthesis and minimize stress.  

The relationship between the English lux unit and the metric W×m
-2

 unit is 

illustrated in the bottom row of figure 7. Between 5/9/12 and 7/4/12 average incoming 

solar radiation values sensed by iButton, greenhouse, and Sanborn Field sensors were 

96.3, 27.2 (lux), and 288.8 W×m
-2

 respectively. Between 7/5/12 and 9/5/12 average 

incoming solar radiation values sensed by iButton, greenhouse, and Sanborn Field 

sensors were 70.7, 33.2, and 234.0 W×m
-2

 respectively. The longest days with the highest 

sun angle were during the first half of the study when average incoming solar radiation 

values were 26.6, -22.1, and 19.0 % greater than the second half when day length and 

solar angle gradually decreased. This matches with trends in the Sanborn Field 

pyranometer data as well, but is inconsistent with the trend found in the interior 

greenhouse sensor data. The large difference in incoming solar radiation values between 

Sanborn Field and study sensors was presumably due to the transmittance of sunlight 

through the glazing material in addition to shadows caused by the lights, rafters, shade 

curtains and nearby plants. Table 16 (Appendix A) shows that statistically significant 

differences (CI = 0.05) exist between iButton, greenhouse, and Sanborn Field data sets (P 

< 0.001). Therefore, internal conditions were significantly different from external 
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ambient conditions, but table 2 indicates these differences were characterized by warmer 

and drier conditions. Additionally, significant differences existed between internal 

conditions depending on sensor location with iButtons sensing significantly warmer and 

drier conditions than conditions sensed by greenhouse sensors.   

. 

Figure 7. Hourly time series of air temperature (°C), relative humidity (%), and incoming 

solar radiation data collected between 5/9/12 and 9/5/12 at the Sears Plant Growth 

Facility located at the University of Missouri, Columbia, MO, USA.   
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4.2 Hourly Averages between Rooms (5/9/12 – 9/5/12) 

 

Figure 8 shows climate data collected by centrally located iButton and 

pyranometer sensors between 5/9/12 and 9/5/12. There was a substantial increase in 

variability for both temperature and relative humidity data that indicated when the 

climate control system was shut off, which can be seen on the 29
th

 of June, the 28
th

 of 

August, and the 7
th

 of August for rooms 102, 105, and 109 respectively. The room 

average air temperatures recorded by iButtons between 5/9/12 and 9/5/12 were 32.0, 

33.0, and 32.3 °C as seen in table 3. Baudoin et al. (1990) considered maximum 

temperatures greater than 32 °C to be excessive for greenhouse crops. The average 

temperature of each room in the current study was at or above 32°C. IButtons recorded 

room average temperatures 31.3, 19.7, and 30.3 % warmer than the average of optimal 

day and night conditions (table 1) for rooms 102, 105, and 109 respectively. Therefore, 

room average temperatures need to be reduced through more accurate climate monitoring 

and adjustments to the climate control action temperatures. Minimum temperatures 

recorded in each room were similar between iButton sensors and greenhouse sensors with 

a maximum difference of only 2.7%. However, the maximum temperatures recorded in 

each room were not similar between the greenhouse and iButton sensors, which had 

percent differences of 14.2, 4.8, and 15.8% for rooms 102, 105, and 109 respectively. The 

differences between minimum and maximum temperatures suggest that as each room 

cools overnight the temperature gradients within the room become less defined, which 

makes the centralized greenhouse sensor more representative of the entire room. 

Alternatively, incoming solar radiation on cloudless days combined with hot 

temperatures that require active cooling make the centralized greenhouse sensor 
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unrepresentative of the entire room. Therefore, additional internal climate monitoring 

sensors are necessary to accurately represent the internal greenhouse climate.  

The opposite trend is observed in the relative humidity data where the maximum 

percent difference between maximum relative humidity values was 5.3%. Whereas the 

minimum relative humidity values sensed by greenhouse sensors were 52.3, 9.0, and 

45.4% moister than iButton sensors for rooms 102, 105, and 109 respectively. The 

relatively smaller difference present in room 105 was likely due to the climate control 

system remaining on through August when the minimum relative humidity values were 

recorded in rooms 102 and 109. Average relative humidity values sensed by greenhouse 

sensors were 9.8, 8.0, and 14.3% higher than iButton sensors for rooms 102, 105, and 109 

respectively. The consistently cooler and moister conditions sensed by greenhouse 

sensors likely indicates the greenhouse sensors were positioned in a microclimate that is 

not representative of the entire greenhouse room (Figures 11 and 12). Room 102 had the 

greatest standard deviation for both temperature and relative humidity using both 

greenhouse and iButton sensors, which was likely attributable to the climate control 

system being shut off for the second half of the study. The substantially larger standard 

deviation can be partially explained by the homogenously hot and dry conditions present 

during the day when the climate control system is off followed by homogenously cool 

and moist conditions at night.  

Incoming solar radiation data were quite variable between rooms, which was 

presumably due to differences in the number and age of plants (i.e. plant canopy shading) 

and the action temperatures for the automated shade screens in each room. The number 

and age of plants being grown affects the leaf area index (LAI) in a greenhouse room, 
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which is the area of leaves per unit ground surface area (Campbell and Norman 1998). 

Abdel-Ghany and Al-Helal (2011) showed that the fraction of incoming solar radiation 

absorbed by plants increased with greater LAI values, which reduced the fraction of 

incoming solar radiation absorbed by the greenhouse floor. Room 102 constantly had the 

shade curtain drawn without any plants to shade the pyranometers, which prevented room 

average incoming solar radiation from increasing above 221.0 W×m
-2

 and produced the 

lowest standard deviation of 64.62 W×m
-2

 as seen in table 3. Room 105 was programmed 

to draw the shade curtain at 32.2 °C, which occurred regularly starting in July and 

prevented incoming solar radiation values larger than 400 W×m
-2

. Shade curtains were 

never drawn in room 109 because the climate control system never sensed the required 

action temperature of 43.3 °C even though maximum incoming solar radiation values 

were frequently greater than 500 W×m
-2

. Moller (2002), Monteith and Unsworth (1990) 

and Campbell and Norman (1998) found that light saturation occurs near 500 W×m
-2

 for 

sweet pepper and barley crops. Therefore, incoming solar radiation values greater than 

500 W×m
-2

 could add detrimental heat, which is not beneficial for plant growth and 

should be prevented through the use of shade curtains. Average incoming solar radiation 

values for rooms 105 and 109 were 71.5 W×m
-2

 and 122.7 W×m
-2

 respectively, which 

indicates room 109 intercepted 41.7% more solar radiation than room 105 between 5/9/12 

and 9/5/12 due variable use of shade curtains. However, room 109 was also 1.9% cooler 

and 7.1% moister based on average ambient temperature and relative humidity data found 

in table 3, which is likely due to increased usage of the active cooling system. 

Table 17 (Appendix A) shows ANOVA results for the room averaged 

temperature, relative humidity, or incoming solar radiation data collected by iButton and 
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greenhouse sensors between 5/9/12 and 9/5/12. Statistical analysis of the large data sets 

yielded numerous significant and insignificant differences. Depending on the data being 

analyzed statistically insignificant results are mentioned due to their relatively lower 

frequency and ease of presentation. Table 17 indicates the only statistically insignificant 

difference for temperature data exists between iButton sensors in rooms 102 and 109 (P = 

0.938). This could be explained by similarly low optimal average temperatures of 22 and 

22.5 °C for rooms 102 and 109 respectively. Additionally, there were only 6 of 17 weeks 

when the climate control system was off in room 102 and on in 109. Statistically 

significant differences (P < 0.027, CI = 0.05) existed between all other average room 

temperatures collected by iButton or greenhouse sensors. These significant differences 

further indicate the greater spatial distribution of iButton sensors (Figures 2 and 3) sensed 

different room average temperature than greenhouse sensors even when sensors were 

located in the same room. Statistically insignificant differences (CI = 0.05) existed 

between room averaged relative humidity data collected by greenhouse and iButton 

sensors for rooms 102 (P = 0.268) and 105 (P = 0.115). These similarities indicate 

relative humidity values sensed in these rooms by greenhouse and iButton sensors were 

similar despite differences in sensor distribution, which suggests greater spatial 

distribution of internal temperatures rather than relative humidity. However, these 

similarities occurred in the two rooms that utilized the active cooling system the least, 

which indicates use of the active cooling system significantly affects the distribution of 

relative humidity in each room. Statistically significant differences (P < 0.001, CI = 0.05) 

existed between all other combinations of greenhouse and iButton relative humidity data. 

These differences indicate room averaged relative humidity data varied significantly 
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based on differences in the climate control action temperatures. Incoming solar radiation 

data collected by the greenhouse sensor was perfectly correlated between each room 

because it was measured by the same external sensor. Statistically significant differences 

(P < 0.001, CI = 0.05) existed between all other combinations of room averaged 

incoming solar radiation data sets collected by either greenhouse or pyranometer sensors.  

 

 

Figure 8. Hourly time series of air temperature (°C), relative humidity (%), and incoming 

solar radiation data collected between 5/9/12 and 9/5/12 by iButton sensors deployed at 

the Sears Plant Growth Facility located at the University of Missouri, Columbia, MO, 

USA. 
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4.3 Hourly Averages of Vapor Pressures between Rooms (5/9/12 – 9/5/12) 

 

Saturation vapor pressure (SVP) represents the maximum potential quantity of 

water vapor an air parcel at a certain temperature could hold and is a function of the 

parcel’s temperature. SVP is required to calculate vapor pressure deficit, which has 

documented physiological and developmental impacts for plants, especially related to 

plant water use. SVP calculations mirror trends in the temperature data in figure 8, but 

values range from 2.17 to 18.28 kPa over the entire study (table 4). The SVP values 

indicate iButtons sensed conditions 13.3, 23.9, and 24.0% warmer than the greenhouse 

sensors for rooms 102, 105, and 109 respectively. The substantially warmer conditions 

sensed by iButton sensors were likely a result of greater spatial distribution of sensors 

(Figures 2 and 3, n = 21) throughout each room. Using both greenhouse and iButton 

sensors room 102 had the highest SVP of any room with values of 4.55 and 5.25 kPa 

respectively, which was likely due to the climate control system being shut off longer 

than any other room. Therefore, shutting off the active cooling system resulted in a 

homogenously hot room that was sensed and recorded by bench height sensors. However, 

turning on the active cooling system allowed for bulk flow of air through each 

greenhouse, which displaced more heat above bench height by increasing turbulent 

mixing in the room (Figures 11 and 27 [Appendix B]). The climate control system stayed 

on for at least six more weeks in the other two rooms, which partially explains the lower 

values sensed by greenhouse sensors in these rooms. SVP values varied much less 

between rooms using data collected by iButton sensors, which could be caused by these 

sensors not being aspirated, poorly calibrated greenhouse sensors, or other unknown 

factors.  
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AVP values represent the partial pressure exerted by water vapor in each room 

and figure 9 shows that variability in AVP calculations was not purely diurnal. Internal 

AVP calculations depend on the moisture content of external ambient air in addition to 

diurnal variation in moisture added to the room through transpiration and operation of the 

evaporative pad-fan cooling system. Table 4 indicates that iButtons sensed AVP values 

1.5, 13.5, and 6.8 % greater than greenhouse sensors for rooms 102, 105, and 109 

respectively. These differences between greenhouse and iButton sensors could be a result 

of the bench height (1m) microclimate created by the pad-fan cooling system, which were 

also located at 1m. Differences between each room were likely due to differences in 

operation of the evaporative pads and the number of plants in each room. These 

differences lead to different quantities of water vapor that was either evaporated from the 

media surface or transpired by the plants to create a more or less moist environment.  

The bottom row of figure 9 illustrates the VPD time series. VPD is the difference 

between SVP and AVP, which represents the driving gradient for vapor flux from leaves 

or the media surface into the air. Baille et al. (1994) identified the critical upper limit of 

VPD values in order to avoid stomatal closure as 2.0 kPa, implying VPD values less than 

2.0 kPa correspond to no-stress conditions. Average VPD values using the greenhouse 

sensors were 2.59, 2.09, and 1.87 kPa respectively whereas the average values using 

iButtons sensors were 3.25, 3.04, and 2.96 kPa respectively. On average the iButton 

sensors sensed VPD values 29.2% greater than greenhouse sensors, which represents a 

substantial increase in the driving gradient for vapor flux that could result in water stress 

for plants. Given the similar AVP values this difference was likely attributable to warmer 

temperatures sensed at 3m (table 5). VPD values appear to be stable while the climate 
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control system operated, and generally ranged from 0.5 to 4.5 kPa in room 102 and from 

1.0 to 7.5 kPa for rooms 105 and 109. Lui et al. (2006) and Guichard et al. (2005) 

demonstrated diurnal VPD variation between 0 and 2.5 kPa for their high VPD 

treatments. These studies were also performed during summer months suggesting that the 

plants in the greenhouse rooms in the current study were being subjected to detrimentally 

high VPD. However, the investigations of Lui et al. (2006) and Guichard et al. (2005) 

were performed in greenhouses with uniform plant densities of 7.5 rose plants×m
-2

 and 

2.1 tomato plants×m
-2

 respectively. Al-Helal and Abdel-Ghany (2011) showed that 

34.4% of the net radiation present above the canopy on a hot and sunny day is converted 

into latent heat by evapotranspiration in a greenhouse where the crop’s leaf area index 

(LAI) was 3. This suggests evapotranspiration is an important process when considering 

climate control of a greenhouse and indicates increasing the room average LAI will 

improve climate homogeneity and reduce diurnal variability within a greenhouse room. 

Lopez et al. (2010) found bench height temperatures about 4 °C warmer in an empty 

greenhouse room relative to a greenhouse room with a mature tomato crop. Therefore, 

consolidating experimental plants into a couple greenhouse rooms to increase the LAI 

over the summer could improve the accuracy of climate control equipment and reduce 

energy consumption of the entire facility. Maximum VPD values recorded by both 

greenhouse and iButton sensors were substantially greater than high VPD treatments in 

previous physiological studies of soybean (Fletcher et al. 2007) and maize (Yang et al. 

2012). The extreme VPD values could help explain the plants appearance and the number 

of desiccated leaves in figures 2, 3, 6, 13, and 14 and the kernel abortion (Otegui et al. 
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1995) visible on maize plants in figure 3. Figure 6 was taken in room 105 where the study 

average VPD values were 2.1 or 3.0 kPa for greenhouse and iButton sensors respectively.  

Descriptive statistics for VPD calculations made from iButton data indicate a 

hotter and drier environment with an average VPD 0.44 kPa or 16.7% greater than that 

sensed by the greenhouse sensors. These differences could be caused by the higher 

amplitude diurnal temperature and relative humidity curves, which were evidenced by 

standard deviation values being 28.3% higher using study sensors. Minimum VPD values 

sensed by the iButton sensors were 18% greater than the greenhouse sensors. The 

iButtons recorded average maximum VPD values that were 33.6% greater than average 

maximum VPD values sensed by greenhouse sensors. These findings combined with data 

in Table 6 suggest that calibration of the existing greenhouse sensors or installation of 

more accurate and precise sensors could improve the performance of the climate control 

system.   

Table 18 (Appendix A) shows ANOVA results using a CI of 0.05 for vapor 

pressure calculations made from temperature and relative humidity data collected by 

iButton and greenhouse sensors between 5/9/12 and 9/5/12. Statistically significant 

differences (P < 0.001) existed between all combinations of SVP calculations made from 

iButton or greenhouse sensor data. However, statistically significant similarities existed 

between all combinations of SVP calculations made from room averaged iButton sensor 

data with P values of 0.906, 0.580, and 0.992 respectively. Therefore, evenly distributed 

iButton sensors sensed different internal conditions than the centrally located greenhouse 

sensor in each room, but statistically significant differences were not present between 

combinations of room averaged conditions sensed by evenly distributed sensors. A 
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statistically significant similarity also existed between SVP calculations based on 

greenhouse sensor data collected in rooms 105 and 109 (P = 0.986, CI = 0.05). This 

similarity is likely caused by the climate control system being on for the longest time 

leading to similar room averaged SVP values (Table 4.). Statistically significant 

differences (P < 0.004, CI = 0.05) in AVP calculations existed between all combinations 

of iButton and greenhouse data sets. These statistically significant differences indicate 

that variable operation of the pad-fan cooling system and differing numbers of plants 

resulted in significant differences of moisture content within each room. The only 

exception was between AVP calculations made from iButton and greenhouse sensors in 

room 102 (P = 0.104), which could be explained by the climate control system being shut 

off for half of the study without any plants over the entire study. The only statistically 

significant similarity in VPD calculations was between rooms 105 and 109 (P = 0.618) 

when using iButton sensor data, which indicates that use of the climate control system 

influenced the room average VPD calculations. Additionally, statistically significant 

differences (P < 0.001, CI = 0.05) existed between all other combinations of VPD 

calculations made from greenhouse and iButton sensor data. Therefore, during the current 

study statistically significant (CI = 0.05) differences existed in the driving gradient 

responsible for vapor fluxes based on differences in sensor distribution and operation of 

the climate control system.  
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Figure 9. Hourly time series of saturation vapor pressure, ambient vapor pressure, and 

vapor pressure deficit calculations using data collected between 5/9/12 and 9/5/12 by 

iButton sensors deployed at the Sears Plant Growth Facility located at the University of 

Missouri, Columbia, MO, USA. 

 

4.4 Hourly Averages within Rooms (5/9/12 – 9/5/12)  

 

To analyze vertical temperature gradients in the greenhouse climate figure 10 

shows 1m and 3m temperature data and subsequent lapse rate calculations within each 

room between 5/9/12 and 9/5/12. The 1m or bench height data represent the microclimate 

short plants placed on the benches experienced, such as Arabadopsis or soybean 

seedlings (Figure 12). Taller plants such as mature soybean and corn plants were not 

confined to the relatively cooler climate below 1m, especially since the soybean plants 
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were grown on top of the 1m benches (Appendix B: Figure 29). The mature soybean and 

maize plants reached at least 2m off the greenhouse floor (Figures 13 and 14). The first 

two rows of figure 10 show stable 1m temperatures relative to 3m temperatures while the 

climate control system was on.  After the climate control system was turned off in each 

room the internal climate homogenized quickly. This was illustrated in the bottom row of 

figure 10 showing internal lapse rate calculations between 1m and 3m. When the climate 

control system was active strong vertical temperature gradients developed within each 

greenhouse room ranging from approximately 5 to 12.5 °C×m
-1

.  This finding is 

consistent with the findings of Lopez et al. (2012) who found a maximum lapse rate of 

6.7°C×m
-1

 using only 1m and 2m sensors.  

Room averaged lapse rate calculations were 1.58, 2.00, and 3.23 °C×m
-1

 for 

rooms 102, 105, and 109 respectively. Even though the climate control system remained 

on for an additional three weeks in room 105 the average lapse rate was higher in room 

109 due to cooler 1m temperatures while the climate control system was on. This 

confirms that room 109 utilized the active cooling system more than either other room 

and suggests that the operation of the active cooling system could influence the 

magnitude of lapse rate. Pepin et al. (1999) evaluated the relationships between lapse 

rates and incoming solar radiation, humidity, and wind speed and found lapse rates to be 

most closely related to the magnitude of incoming solar radiation outside of a 

greenhouse. However, elevated wind speeds caused the near surface lapse rate to 

converge toward the dry adiabatic lapse rate [-0.98 °C×(100 m)
-1

] and moist conditions 

caused the lapse rate to converge on the moist adiabatic lapse rate [-0.40 °C×(100 m)
-1

]. 

These previous study results correlate well with trends in lapse rates observed within a 
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greenhouse during this study because room 109 experienced the greatest amount of solar 

radiation and utilized the active cooling system most often. Maximum lapse rate values 

occurred during the afternoon hours while incoming solar radiation continued to heat the 

floor and the active cooling system remained on. Alternatively, minimum lapse rates 

observed during the study occurred each morning while the climate control system was 

shut off. Each night the internal lapse rate approached zero because incoming solar 

radiation was not heating the surface and the active cooling system eventually shut off 

allowing for the wind speed to become negligible. The minimum lapse rates were 

negative in each room and were observed just before sunrise when the active cooling 

system was off and ridge vents were opened, which allowed heat stored in the concrete 

floor from the previous day to induce a weak negative vertical temperature gradient. 

Therefore, the vertical temperature distribution could be characterized by decreasing 

temperatures up to bench height before increasing with height above the benches. 

However, no ground level sensors were installed for this study to determine if the vertical 

temperature gradient extended to the floor, which would be especially important in room 

109 where maize was grown on the floor.  

The coolest and most stable conditions sensed by iButton sensors were found at 

1m in each room (Table 5, Figures 13 and 14), which suggests 1m sensors were located 

in a microclimate characterized by reduced variability in temperature and relative 

humidity measurements. This microclimate could be caused by preferential air flow and 

built up momentum at 1m caused by the operation of exhaust fans and evaporative pads, 

which were both positioned at approximately 1m. Evidence of this microclimate was 

shown in table 5 by data recorded at 1m, which experienced less variable conditions that 
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were generally cooler and more humid than conditions sensed at 3m  in each room 

(Appendix B: Figures 27 and 29).   

Mature maize and soybean plants reached approximately 2m off the ground 

(figures 11 and 12) with small portions of the taller plants reaching above 2m. Therefore 

the 3m sensors were all above the plant canopy, which on average were 4.54 °C warmer 

than the 1m study sensors. The greatest difference between 1m and 3m room averaged 

temperatures was 6.5 °C or 18.1% warmer, which occurred in room 109 and was 

coincident with the greatest room averaged lapse rate. Since room 109 did not draw the 

shade curtains until 43.33 °C and had lower ODT and ONT (table 1) than room 105 the 

active cooling system was run more frequently. The minimum average difference 

between 1m and 3m sensors occurred in room 102 where the climate control was shut off 

for half of the study, which suggests the active cooling system promotes stronger vertical 

temperature gradients. This is consistent with the findings of Lopez et al. (2012) that 

mechanical pad-fan ventilation promotes vertical temperature gradients around 25 times 

greater than naturally ventilated conditions. This indicates the need for increased vertical 

turbulence and mixing within the greenhouse when the pad-fan cooling system is 

operational, which could be provided by using the ceiling mounted circulation fans 

already present in each room. Descriptive statistics on 1m and 3m temperature data and 

lapse rate calculations can be found in table 7. The room average maximum lapse rate 

was 11.64, 9.71, and 11.65 °C×m
-1

 rooms 102, 105, and 109 respectively between 5/9/12 

and 9/5/12, which were substantially greater than the maximum lapse rate of 6.7 °C×m
-1

 

found by Lopez et al. (2012) using only 1m and 2m sensors. Therefore, these strong 

vertical temperature gradients need to be reduced through the use of ceiling mounted 
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circulation fans to more evenly distribute heat in each room or plants need to be located 

at a height so that their mature phase of growth occurs at the same height as the 

evaporative pads and exhaust fans.  

 

 

Figure 10. Hourly time series of air temperature (°C) at bench height (1m) and 3m, lapse 

rate calculations (°C×m
-1

) collected between 5/9/12 and 9/5/12 using iButton sensors 

deployed at the Sears Plant Growth Facility located at the University of Missouri, 

Columbia, MO, USA. 

 

Table 19 (Appendix A) shows ANOVA results using a CI of 0.05 for 1m and 3m 

temperature data and subsequent lapse rate calculations using iButton sensor data 

collected between 5/9/12 and 9/5/12. Statistically significant differences (P < 0.001, CI = 
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0.05) existed between all combinations of room averaged 1m temperature data. The only 

statistically significant similarity (CI = 0.05) was found between 3m temperature data 

collected in rooms 105 and 109 (P = 0.124). The presence of similarly high 3m 

temperatures in the two rooms where the climate control system remained ON for the 

longest period of time indicates the climate control system could be responsible for the 

higher 3m temperatures. Statistically significant differences (P < 0.001, CI = 0.05) 

existed between each set of room averaged lapse rate calculations, which was most likely 

caused by differences in shut off dates of the climate control system and differences in 

action temperatures for each room (Table 1).  
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Figure 11. Temperature (°C) data recorded at bench height (1m) averaged over the entire 

study (5/9/12 to 9/5/12) for each greenhouse room studied at the Sears Plant Growth 

Facility located at the University of Missouri, Columbia, MO, USA. Other similar figures 

of air temperature can be found in Appendix B. 
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Figure 12. Vapor pressure deficit (kPa) at bench height (1m) averaged over the entire 

study (5/9/12 to 9/5/12) for each greenhouse room studied at the Sears Plant Growth 

Facility located at the University of Missouri, Columbia, MO, USA. Other similar figures 

of vapor pressure deficit can be found in Appendix B. 
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Figure 13. Seedling and mature soybean plant height on 6/27/12 in room 105 of the Sears 

Plant Growth Facility at the University of Missouri, Columbia, MO, USA.   
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Figure 14. Maize plants at various developmental stages on 5/29/12 located in room 109 

of the Sears Plant Growth Facility at the University of Missouri, Columbia, MO, USA. 

 

4.5 Weekly Averages Internal vs. External Climate (5/9/12 – 9/5/12) 

 

Weekly averages of iButton, greenhouse, and Sanborn Field temperature, relative 

humidity, and incoming solar radiation data were provided in figure 15 to show 

differences between data sets more easily. Temperature and relative humidity curves 

were similar between iButton and greenhouse data sets, but on average the iButtons 

sensed a climate 11.3% warmer and a 12.9% drier than greenhouse sensors due to their 

uniform distribution throughout each room (figures 2 and 3, n = 21). Weekly averaged 

temperature and relative humidity data indicate iButtons sensed conditions 20.3% 
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warmer and 17.7% drier than external conditions sensed by the Sanborn Field climate 

station. These differences are caused by the greenhouse effect capturing heat within each 

greenhouse room. Aforementioned discrepancies between incoming solar radiation data 

sets were made more clear when using weekly averages. The weekly averaged internal 

incoming solar radiation values decreased 29.2% over the first four weeks of the study 

due to increased use of shade curtains. However, the weekly average incoming solar 

radiation data between weeks 3 and 8 only varied between 88.3 and 93.9 W×m
-2

 

indicating steady light levels. However, light levels decreased steadily after the solar 

solstice on June 21
st
 to 43.9 W×m

-2
 the final week of the study, which was due to 

particularly cloudy conditions. External incoming solar radiation data ranged from 260.0 

to 300.4 W×m
-2

 through the first 11 weeks of the study before gradually decreasing 

during the final six weeks of the study when day length decreased and cloud coverage 

increased. Internal light levels likely dropped off slightly sooner due to decreasing solar 

elevation angles, which Möller and Assouline (2007) found to reduce the transmission of 

direct shortwave radiation. Table 24 (Appendix A) shows ANOVA results (CI = 0.05) for 

weekly averaged temperature, relative humidity, or incoming solar radiation data 

collected by iButton, greenhouse, or Sanborn Field sensors between 5/9/12 and 9/5/12. 

Statistically significant differences (P < 0.014, CI = 0.05) existed between all 

combinations of internal and external temperature data sets. There was one statistically 

significant similarity between relative humidity data sets collected by Sanborn Field and 

greenhouse sensors (P = 0.622). This similarity was likely caused by relatively constant 

weekly averaged internal and external relative humidity values whereas iButton sensors 

sensed a significantly drier climate due to their more uniform spatial distribution. 
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Statistically significant differences (P < 0.001, CI = 0.05) in incoming solar radiation data 

existed between each data set. 

 

 

Figure 15. Weekly time series of air temperature (°C), relative humidity (%), and 

incoming solar radiation (W×m
-2

 or lux) collected between 5/9/12 and 9/5/12 at the Sears 

Plant Growth Facility located at the University of Missouri, Columbia, MO, USA. 

 

4.6 Weekly Averages between Rooms (5/9/12 – 9/5/12) 

 

  Figure 16 shows weekly averages of study sensor data for each room between 

5/9/12 and 9/5/12. The optimal day (ODT) and night (ONT) temperatures for each room 

can be found in table 1. Greenhouse sensors observed weekly average internal 
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temperatures 25.9, 7.3, and 20.0% warmer than the average ODT and ONT conditions 

(Table 1) between 5/9/12 and 9/5/12 for rooms 102, 105, and 109 respectively. The 

iButton sensors observed weekly average internal temperatures 31.3, 19.6, 30.5% warmer 

than the average of ODT and ONT conditions between 5/9/12 and 9/5/12 for rooms 102, 

105, and 109 respectively. Therefore, internal conditions were substantially different than 

the desired internal conditions regardless of the sensors selected. Using weekly averaged 

data presented in table 8 the iButtons sensed temperatures 3.66 °C or 11.3% warmer than 

greenhouse sensor data, which was likely due to the iButton sensors located 3m off the 

ground. IButtons recorded weekly averaged minimum temperatures 14.1% warmer than 

greenhouse sensors; whereas the iButtons recorded weekly averaged maximum 

temperatures 7.1% warmer than greenhouse sensors. Therefore, weekly averaged 

minimum temperatures were impacted more by a greater spatial iButton sensor 

distribution than maximum temperatures sensed by iButton and greenhouse sensors. The 

opposite trend is found when analyzing weekly averaged relative humidity data collected 

by iButton sensors, which were 12.9% drier than greenhouse sensor data. IButtons 

recorded minimum weekly averaged relative humidity values 1.5% moister than 

greenhouse sensors; whereas iButtons recorded weekly averaged maximum relative 

humidity values 16.7% drier than greenhouse sensors. Therefore, the substantially drier 

conditions sensed by iButton sensors were primarily influenced by substantially lower 

weekly averaged maximum relative humidity values. The final row in figure 16 shows 

incoming solar radiation data for each room using study pyranometer data, which had 

weekly averaged values of 52.8, 71.8, and 122.6 W×m
-2

 for rooms 102, 105, and 109 

respectively. The similar temperature and relative humidity curves of rooms 105 and 109 
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suggests the greater amount of solar radiation present in room 109 offset the impacts of 

warmer ODT/ONT and resultant action temperatures present in room 105. 

 

 

Figure 16. Weekly time series of air temperature (°C), relative humidity (%), and 

irradiation (W×m
-2

) data collected between 5/9/12 and 9/5/12 at the Sears Plant Growth 

Facility located at the University of Missouri, Columbia, MO, USA. 

 

 Table 24 (Appendix A) shows ANOVA results (CI = 0.05) for weekly averaged 

temperature, relative humidity, or incoming solar radiation data collected by greenhouse 

and iButton sensors. Statistically significant similarities existed between temperature data 

collected by either greenhouse (P > 0.706) or iButton (P > 0.946) sensor data. 

Statistically significant differences (P < 0.035) existed between all combinations of 
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greenhouse and iButton temperature data except for iButton data collected in rooms 102 

and 109 compared to greenhouse data in room 102 where P values were 0.274 and 0.142 

respectively. These similarities in temperature data were found between the two rooms 

which had their climate control system off for the longest periods, which indicates 

internal conditions homogenize without the climate control system. The only statistically 

significant differences between weekly averaged relative humidity data sets were 

between iButton sensors in rooms 102 and 109 compared to the greenhouse sensor in 

room 109 where P values were 0.038 and 0.007 respectively. These differences were 

likely due to the moistest room (109) sensed by greenhouse sensors being compared 

against the driest rooms (102) sensed by iButton sensors (Table 8). The weekly averaged 

incoming solar radiation data in each room sensed by study pyranometers were all 

statistically different (P < 0.011), which indicates that crops in each room experienced 

significantly different light levels.  

 

4.7 Weekly Averages within Rooms (5/9/12 – 9/5/12) 

 

 

Figure 17 shows a box and whisker plot of temperature data using weekly cross 

section averages to demonstrate horizontal variation within each room. The upper bound 

of each box represents the 75
th

 percentile and the lower bound represents the 25
th

 

percentile. The whiskers represent the 99
th

 percentile and the asterisks represent outlier 

values outside the 99
th

 percentile. The north cross section of each room (CS #1, #4, and 

#7) was closest to the evaporative pads and consistently had the coolest environment with 

the lowest standard deviation (Figure 11). The hourly average temperature for the north 
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cross sections were 31.75, 31.68, and 31.45°C for rooms 102, 105, and 109 respectively, 

which were 30.7, 16.4, 28.5% greater than the ODT and ONT values found in table 1 for 

each respective room. However, these values were below the 32 °C threshold Baudoin et 

al. (1990) considered excessive for greenhouse crops indicating the most favorable 

location for plant growth in each greenhouse was closest to the evaporative pads. The 

cross section hourly average temperature increased 0.50, 1.89, and 1.17 °C between north 

and south cross sections for rooms 102, 105, and 109 respectively. These values indicate 

horizontal temperature gradients of 0.04, 0.14, and 0.08 °C×m
-1

 for rooms 102, 105, and 

109 respectively, which imply substantial climate heterogeneity within each room. The 

average horizontal temperature gradient found in room 105 was greater than the 

maximum temperature gradient of 0.13 °C×m
-1

 found by Kittas et al. (2003), which 

indicates room 105 was characterized by a strongly heterogeneous climate. The weekly 

cross section averaged temperature increased 0.27 °C between the middle and south cross 

sections in room 102, but in rooms 105 and 109 the average temperature decreased by 

0.06 and 0.35 °C between the middle and south cross sections (table 7). This difference 

could be caused by relatively lower turbulence near the exhaust fans rather than in the 

middle of the room, which reduced the turbulent flux of sensible heat. The horizontal 

temperature gradient between the north and middle cross sections were 0.03, 0.28, and 

0.22 °C×m
-1

 for rooms 102, 105, and 109 respectively. The horizontal temperature 

gradient between the middle and south cross sections were 0.04, -0.01, and -0.05 °C×m
-1

 

for each respective room. This demonstrates that the north to south temperature gradient 

was not a uniform gradient as Kittas et al. (2003) suggested. Therefore, seedlings grown 

at one end of the greenhouse will experience substantially different ambient temperatures 
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than the mature plants grown at the northern end of the greenhouse or vice versa (Figures 

11 and 12). Therefore, results of experiments performed in these greenhouses could be 

skewed due to the environmental conditions each plant experienced based on its location 

in the room. 

Table 28 (Appendix A) shows ANOVA results (CI = 0.05) for weekly cross 

section averaged temperature data collected between 5/9/12 and 9/5/12. Statistically 

significant differences did not exist between any weekly cross section averages, which 

indicate significant climate variability within each room occurs over shorter time scales. 

Interestingly the strongest statistical similarities (P = 1.0) were found between middle and 

south cross sections within each room. Therefore, the middle and south cross sections 

were nearly identical, which indicates temperature gradients were strongest across the 

northern half of each greenhouse. The differences between north and middle cross 

sections were not statistically significant, but P values were reduced in rooms 105 (P = 

0.583) and 109 (P = 0.846). Strong statistical similarities (P = 1.0) also existed between 

cross sections 1-4, which indicates all cross sections in room 102 were very similar and 

the north half of room 105 was also similarly cool.  



  

80 
 

 

Figure 17. Box and whisker plot of weekly averaged cross section ambient temperature 

(°C) data collected between 5/9/12 and 9/5/12 by iButton sensors deployed at the Sears 

Plant Growth Facility located at the University of Missouri, Columbia, MO, USA. CS # 

refers to the respective cross section array (room 102 is #1-3, room 105 is #4-6, and room 

109 is #7-9). 

 

Relative humidity values decreased 1.84, 5.13, and 3.78 % from north to south 

cross sections for rooms 102, 105, and 109 respectively as can be seen in figure 18. The 

upper bound of each box in figure 16 represents the 75
th

 percentile and the lower bound 

represents the 25
th

 percentile. The whiskers represent the 99
th

 percentile and the asterisks 

represent outlier values outside the 99
th

 percentile. Horizontal relative humidity gradients 

of -0.13, -0.37, and -0.27 %×m
-1

 were found between the north and south cross sections 

for rooms 102, 105, and 109 respectively. Similarly to temperature data the greatest 
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change in relative humidity data was between the north and middle cross sections of 1.72, 

4.64, and 3.64 % for rooms 102, 105, and 109 respectively. These differences indicate 

horizontal relative humidity gradients of -0.25, -0.66, and -0.52 %×m
-1

 between north and 

middle cross sections for rooms 102, 105, and 109 respectively. The change between 

middle and south cross sections were 0.12, 0.49, and 0.14 %, which represent horizontal 

relative humidity gradients of -0.02, -0.07, and -0.02 %×m
-1

 for rooms 102, 105, and 109 

respectively. The substantially larger horizontal relative humidity gradient in the northern 

half of the room is consistent with the horizontal gradients found in temperature data. 

However, the temperature gradient became slightly negative over the second half of 

rooms 105 and 109 whereas the relative humidity gradients dropped approximately one 

order of magnitude but stayed negative.  These gradients indicate the air becomes slightly 

drier and cooler across the second half of the greenhouse, which could be caused by the 

general lack of plants in the southern half of each greenhouse. Therefore, plants grown 

within these rooms will experience differing magnitudes of evapotranspiration based on 

their position in the room due to gradients in temperature and relative humidity. This will 

expose plants to differing degrees of water stress based on their location within each 

room. Additionally, Mortensen (2000) showed that an increase in water demand at 

increased VPD values is not accompanied by a comparable increase in nutrient demand, 

which can lead to a harmful excess of salts in the soil media. Therefore, plants already 

stressed by hot and dry greenhouse conditions could experience additional stress due to 

reduced availability of nutrients required for growth. The maximum relative humidity at 

the north cross section was several percent lower in room 105 relative to other rooms, 

which could indicate reduced cooling efficiency due to the buildup of bicarbonates on the 
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evaporative pads. Therefore, greenhouse managers should clean and replace evaporative 

pads regularly to avoid this problem and maximize the cooling potential. Alternatively, 

the drier conditions in room 105 could be caused by the relatively warmer action 

temperatures for the climate control system, which caused the active cooling system to 

shut off before higher relative humidity values were realized. Therefore, greenhouse 

managers should collaborate with the scientists using each room to determine if 

adjustments to the climate control system’s action temperatures should be made. 

Experiments performed within these rooms assume stable internal climates near the 

desired optimal day and night temperatures for each room. Since experiments are 

performed year round in these greenhouses it makes sense to have two separate sets of 

climate control action temperatures based on whether heating or cooling is the primary 

objective.  

Table 29 (Appendix A) shows the ANOVA results (CI = 0.05) for weekly cross 

section averages of relative humidity data collected by iButton sensors between 5/9 and 

9/5. No statistically significant differences (P > 0.210) existed between cross section 

averaged relative humidity, which indicates significant variability within and between 

each room occurred at shorter time scales. The lowest p-values occurred between CS 6 

and 7 (P = 0.210) and CS 5 and 7 (P = 0.286) respectively, which indicates the least 

similar relative humidity values were between the middle and south cross sections in 

room 105 compared to the north cross section in room 109. This difference is likely due 

to the dry conditions sensed by CS 5 and 6 with average relative humidity values of 42.6 

and 42.2 % respectively compared to CS 7, which had average relative humidity values 

of 49.63% as seen in table 7. These differences are likely due to the location of each cross 
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section within the greenhouse because cross section 7 was next to the evaporative pads in 

in room 109 whereas CS 5 and 6 were middle and south cross sections in room 105 

respectively.  

 

Figure 18. Box and whisker plot of weekly averaged cross section relative humidity (%) 

data collected between 5/9/12 and 9/5/12 by iButton sensors deployed at the Sears Plant 

Growth Facility located at the University of Missouri, Columbia, MO, USA. CS # refers 

to the respective cross section array (room 102 is #1-3, room 105 is #4-6, and room 109 

is #7-9). 

 

 Figure 19 shows a box and whisker plot of weekly averaged incoming solar 

radiation data collected by pyranometers between 5/9/12 and 9/5/12. The upper bound of 

each box represents the 75
th

 percentile and the lower bound represents the 25
th

 percentile. 

The whiskers represent the 99
th

 percentile and the asterisks represent outlier values 
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outside the 99
th

 percentile. This shows that room 102 was characterized by the lowest, but 

most constant light levels whereas room 109 was characterized by the greater, but most 

variable light levels. The reduced light levels in room 102 were caused by the shade 

curtains often being drawn, which also caused the smallest maximum incoming solar 

radiation and standard deviation values (Table 8). However, rooms 105 and 109 had 

substantial north to south variability in incoming solar radiation data, which was mostly 

caused by differences in plant shading and shade cloth use in each room. Room 105 had 

the greatest number of plants and plants were placed on top of 1m tall benches, which 

allowed the mature plants to shade pyranometer 4 and at times during the study 

pyranometer 5 as well (Figure 4). Pyranometer 6 recorded the highest standard deviation 

and the maximum incoming solar radiation value of 952.2 W×m
-2

 (Table 7), which was 

effected by only seedlings being grown that did not shade the pyranometer. The climate 

control system was programmed to draw the shade curtain at 43.3 °C in room 109, which 

means this room was only shaded at the hottest part of the hottest days. Therefore, this 

room intercepted the greatest amount of incoming solar radiation, which is confirmed by 

the study pyranometer data in table 8 that indicates room 109 intercepted 56.9 and 41.4% 

more incoming solar radiation than rooms 102 and 105 respectively. Since this room is 

programmed to intercept more incoming solar radiation perhaps the action temperatures 

for each stage of the active cooling system should be reduced to offset the effects of 

greater solar heating. Temperature and relative humidity data indicates the northern half 

of each room is most favorable for plant growth, which the researchers utilizing each 

room have discovered. Room 105 had greater plant densities than rooms 102 or 109 

between 5/9/12 and 9/5/12 with most plants placed at the northern end of the room, which 
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produced the greatest amount of shading and resulted in the lowest weekly cross section 

average of incoming solar radiation data in room 105 of 38.22 W×m
-2

.  A similar plant 

arrangement occurred in room 109 with plants placed closest to the evaporative pads first, 

but since the plants were placed on the ground shading effects were reduced. Researchers 

using these rooms should continue filling each room from north to south to take 

advantage of the better conditions present in the northern half. However, plants should 

not be moved during their experiments to reduce the effects caused by increasingly 

extreme temperature and relative humidity conditions with southward extent. The 

greatest hourly cross section average of incoming solar radiation in room 109 was 142.13 

W×m
-2

 (Table 7), which was recorded at the north cross section. The lowest hourly cross 

section average of incoming solar radiation data in room 109 was 108.18 W×m
-2

 (Table 

7), which was recorded at the middle cross section. The maximum incoming solar 

radiation and standard deviation sensed by this pyranometer was substantially lower than 

the other two in the same room. The data recorded by this sensor appears to be skewed by 

unknown causes, which could include poor calibration or a faulty sensor.  

Table 30 (Appendix A) shows statistically significant similarities (P > 0.666) 

between all combinations of cross sections 1 through 5. Statistically significant 

differences (P < 0.002) existed between incoming solar radiation data collected by 

pyranometers 1-5 when compared to pyranometers 6-9 except between pyranometers 5 

and 6 (P = 0.067). This statistically significant similarity was likely caused by both 

pyranometers experiencing the same amount of shading from shade curtains, but 

pyranometer 5 experienced some shading from plants which explains the relatively lower 

P value. Statistically significant differences existed between pyranometers 6 and 7 (P = 
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0.000) and pyranometers 7 and 8 (P = 0.007). Differences between pyranometers 6 and 7 

were likely caused by differences in the utilization of the shade curtains between rooms 

105 and 109. Differences between pyranometers 7 and 8 were caused by unknown 

reasons, but could have been caused by pyranometer 8 malfunctioning. All other 

combinations of pyranometers 6 through 9 were statistically similar (P > 0.081).  

 

 

 

Figure 19. Box and whisker plot of weekly averaged incoming solar radiation (W×m
-2

) 

data collected between 5/9/12 and 9/5/12 by pyranometer sensors deployed at the Sears 

Plant Growth Facility located at the University of Missouri, Columbia, MO, USA. CS # 

refers to the respective cross section array (room 102 is #1-3, room 105 is #4-6, and room 

109 is #7-9). 
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Weekly averaged VPD calculations have been included in figure 20 to relate how 

the hot and dry conditions may relate to potential plant water stress in different locations 

of each room. The upper bound of each box in figure 18 represents the 75
th

 percentile and 

the lower bound represents the 25
th

 percentile. The whiskers represent the 99
th

 percentile 

and the asterisks represent outlier values outside the 99
th

 percentile. Although the 

differences were subtle, VPD values were slightly higher at cross sections 2 and 3 while 

the climate control system was on (table 7). Differences between north, middle, and south 

cross sections were more apparent in rooms 105 and 109 where VPD values increased 

approximately 0.50 kPa between the north and south cross sections (Figure 12). A 

combination of hotter and drier conditions increased the driving gradient for vapor flux 

between 16.7 and 20% from the north to south cross section in rooms 102 and 105 

respectively. Lui et al. (2006) described the impacts of increasing VPD on rose plants as 

increased transpiration rates, lower leaf water potential, and reduced leaf expansion rates. 

Water flow through rose stems of similar diameter was not affected by VPD, which 

suggests increasing ambient VPD reduces the proportion of water fixed by each plant for 

carbohydrate production. Therefore, plants located in the southern half of each room had 

increased transpiration demand and reduced carbohydrate production relative to plants 

located at the northern end of each room. Therefore, greenhouse managers need to make 

this limitation of the climate control equipment known to researchers. Additionally, 

managers should collaborate with researchers to hone an acceptable range of climate 

parameters that are achievable by manipulating action temperatures of the climate control 

system. Subsequently, researchers utilizing these rooms should implement irrigation 
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regimes that offset increased transpirational demand of plants located in the southern 

portion of their room.  

Table 31 (Appendix A) shows ANOVA results (CI= 0.05) for vapor pressure 

deficit calculations made from cross section averages of temperature and relative 

humidity data collected by iButton sensors between 5/9/12 and 9/5/12. Statistically 

significant similarities (P > 0.169) existed between all cross section averages, which 

means significant differences between cross section averages existed over shorter time 

periods. The lowest P value was found when comparing CS 6 to CS 7 (P= 0.169), which 

implies the most different weekly cross section averages were between the south cross 

section of room 105 and the north cross section of room 109. The next lowest P value 

was found when comparing CS 5 to CS 7 (P = 0.199), which implies the cross section 

closest to the evaporative pads in room 109 was substantially cooler than the middle and 

south cross sections in room 105.  

 



  

89 
 

 

Figure 20. Box and whisker plot of weekly averaged vapor pressure deficit (kPa) 

calculations made from data collected between 5/9/12 and 9/5/12 by iButton sensors 

deployed at the Sears Plant Growth Facility located at the University of Missouri, 

Columbia, MO, USA. CS # refers to the respective cross section array (room 102 is #1-3, 

room 105 is #4-6, and room 109 is #7-9). 

 

4.8 Hourly Averages Internal vs. External Climate on Sunny Days (7/4/12 - 7/6/12) 

 

  Figure 21 shows three consecutive days of climate data that was collected by 

study, greenhouse, and Sanborn Field sensors between midnight on 7/4/12 and midnight 

on 7/7/12. These days were characterized by particularly hot and sunny conditions with 

average temperatures of 37.1, 32.6, and 32.5 °C for iButton, greenhouse, and Sanborn 

Field sensors respectively. Average relative humidity values during this period were 41.2, 
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48.3, and 41.7% for iButton, greenhouse, and Sanborn Field sensors respectively. 

Average incoming solar radiation values during this period were 94.0 and 306.6 W×m
-2

 

for pyranometer and Sanborn Field data respectively. During this period the climate 

control system was on for rooms 105 and 109, but off for room 102. Room averaged 

temperatures during this period were 40.2, 35.8, and 35.2 °C for rooms 102, 105, and 109 

respectively, which were 26.0 and 36.1% warmer than the desired optimal conditions in 

rooms 105 and 109 respectively. The active cooling system made rooms 105 and 109 

either 10.9 or 12.4% cooler than room 102 respectively when the climate control system 

was off. Since room 109 intercepted 49.7% more incoming solar radiation and 

maintained an average temperature 1.7% cooler than room 105 this is evidence that there 

is room for improvement in the management of this climate control system. The primary 

difference between the active cooling systems was the lower action temperatures present 

in room 109, which still provided conditions warmer than the 32°C threshold Baudoin et 

al. (1990) considered excessive for greenhouse crops. Room averaged relative humidity 

values during this period were 31.5, 41.4, and 50.8% for rooms 102, 105, and 109 

respectively. Therefore, the lower action temperatures in room 109 also promoted more 

humid conditions due to greater use of the evaporative pads, which would further reduce 

transpiration rates of plants in room 109 relative to room 105. Room averaged incoming 

solar radiation values during this period were 59.8, 74.3, and 147.8 W×m
-2

 for rooms 

102, 105, and 109 respectively. Greenhouse and Sanborn Field sensors did not experience 

the effects of the shade cloth being drawn during the middle of the day as evidenced by 

the smooth incoming solar radiation curves. However, study pyranometers located inside 

these greenhouse rooms recorded a relative minimum each day due to the shade curtains 
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being drawn and changes in the amount of direct incoming solar radiation. In addition to 

the effect of shade curtains the proportions of incoming solar radiation reflected or 

transmissed by the glazing material changes with the incidence angle of incoming solar 

radiation (Möller and Assouline 2007). Therefore, each greenhouse room had two solar 

maxima when the incoming solar radiation is closest to perpendicular with the east then 

west facing glazing material, which is not sensed by the externally mounted sensors.  

 The maximum temperature recorded during the study was 78.98 °C and was 

recorded by sensor #6c on July 4
th

, which is located at 3m on the south cross section of 

room 105 (figures 4 and 5). A reading of this magnitude suggests the climate control 

system was either improperly managed, wholly overwhelmed by the heat and intense 

incoming solar radiation, or both. The average north to south temperature gradients were 

0.15 and 0.06 °C×m
-1

 over these three days with active cooling operating for rooms 105 

and 109 respectively with the shade curtains closed between 11 AM and 4 PM in room 

105.  The other primary difference between the climate controllers was the lower action 

temperatures for room 109 kept the active cooling system one stage ahead of room 109, 

which shut off between 2 and 5 AM each morning with the ridge vent opening in room 

105.  Alternatively, the active cooling system in room 109 continued running at stages 1 

or 2 throughout the night with the ridge vent closed in room 109, which allowed the room 

to become cooler and moister than room 105. By 9 am on July 4
th

 the climate control 

system recorded a temperature and relative humidity of 32.2 °C and 39% for room 105 

and 28.3 °F and 63% for room 109. These data result in VPD values of 2.93 and 1.42 kPa 

for rooms 105 and 109 respectively, which indicates that room 105 is already 

experiencing stomatal closure and stress according to Baille et al. (1994). Therefore, 
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lowering action temperatures during the summer when hot external conditions and 

intense incoming solar radiation are anticipated would improve climate control accuracy 

and prevent water stress.  

 

 

Figure 21. Hourly time series of temperature (°C), relative humidity (%), and incoming 

solar radiation (W×m
-2

) data collected between 7/4/12 and 7/6/12 at the Sears Plant 

Growth Facility located at the University of Missouri, Columbia, MO, USA. 

 

 

 Table 37 (Appendix A) shows ANOVA results using a CI of 0.05 for temperature, 

relative humidity, or incoming solar radiation data collected by iButton, greenhouse, or 

Sanborn Field sensors between 7/4/12 and 7/6/12. Statistically significant similarities 

existed between greenhouse and Sanborn Field temperature data (P = 0.993), but not 
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between iButton and greenhouse or Sanborn Field data (P = 0.00). Therefore, centrally 

located greenhouse sensors sensed very similar ambient temperatures to external ambient 

temperatures, which were consistently above the 32 °C threshold Baudoin et al. (1990) 

established as excessive for greenhouse crops. Statistically significant similarities existed 

between relative humidity data collected by iButton and Sanborn Field sensors (P = 

0.977). Statistically significant differences (P < 0.007) existed between the other two 

combinations of iButton, greenhouse, and Sanborn Field data. Interestingly weekly 

averages of incoming solar radiation data collected by greenhouse and study 

pyranometers were statistically similar (P = 0.240). This similarity is merely a 

coincidence because incoming solar radiation data was recorded by these sensors were in 

different units. The other combinations of weekly averaged incoming solar radiation data 

were statistically significant (P < 0.001). 

 

4.9 Hourly Averages between Rooms on Sunny Days (7/4/12 - 7/6/12) 

 

 Figure 22 shows hourly room averages of temperature, relative humidity, and 

incoming solar radiation data between 7/4/12 and 7/6/12. The climate control in room 

102 was shut off with only the ridge vent open allowing for passive ventilation, which 

created a homogenously hot and environment. However, a north to south temperature 

gradient of 0.07 °C×m
-1

 developed within this room without the active cooling system, 

which suggests another mechanism contributed to the north-south temperature gradient. 

Incoming solar radiation data in room 102 had a relative minimum at solar noon despite 

the shade curtains being drawn the entire time. This trend is also present in rooms 105 

and 109, which indicates each room has two solar maxima due to the sloped roof 
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intercepting the greatest amount of direct incoming solar radiation when the radiation is 

perpendicular to the glazing in the morning and afternoon. The greenhouse climate 

control system relies on an externally mounted sensor that does not experience the effects 

of the glazing materials. Therefore, this system controlled the shade curtains as if there 

was only one peak, which likely resulted in expanding the curtains too late followed by 

retracting them too early. This could explain why the hottest temperature recorded during 

the study occurred after the shade curtain was retracted at 5 pm.  Lopez et al. (2010) 

found that the vertical temperature gradient increases at greater distances from the 

evaporative pad, which is consistent with this observation that occurred 18 m south of the 

evaporative pads and 3 m off the floor. The greater vertical temperature gradients could 

be caused by heat accumulating in the large volume of the ridge in each greenhouse 

(151.8 m
3
) when the shade curtains are drawn. When the shade curtains were retracted 

the heat built up in the ridge could be turbulently mixed into portions of the room biased 

by the direction of air flow. Therefore, greenhouse managers need to find a way to expel 

or distribute this heat, which could be accomplished through use of the circulation fans 

already present in each room. The influence of artificial lighting can be seen in both 

rooms 105 and 109 at the beginning and end of each day, which widens the base of the 

diurnal curve and adds additional heat to each room especially around 3m where the 

lights were hung.  

 Table 38 (Appendix A) shows ANOVA results (CI = 0.05) for room averaged 

temperature, relative humidity, or incoming solar radiation data collected by iButton or 

greenhouse sensors between 7/4/12 and 7/6/12. A statistically significant similarity 

existed between temperature data collected by greenhouse sensors in rooms 105 and 109 
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(P = 0.093). A statistically significant similarity existed between temperature data 

collected by iButton sensors in room 105 and 109 (P = 0.990). However, room averaged 

temperatures in rooms 105 and 109 were significantly different (P < 0.006) when 

comparing greenhouse to iButton temperature data. Therefore, the two rooms with their 

climate control systems ON were similar during this time frame, but were significantly 

different depending on the sensor distribution. The other statistically significant 

similarities between room averaged temperature data were found when comparing 

greenhouse data collected in room 102 to iButton data collected in rooms 102 (P = 

0.133), 105 (P = 0.491), and 109 (P = 0.168).  
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Figure 22. Hourly time series of ambient temperature (°C), relative humidity (%), and 

incoming solar radiation (W×m
-2

) data collected between 7/4/12 and 7/6/12 by iButton 

and pyranometer sensors deployed at the Sears Plant Growth Facility located at the 

University of Missouri, Columbia, MO, USA. CS # refers to the respective cross section 

array (room 102 is #1-3, room 105 is #4-6, and room 109 is #7-9). 

 

To further examine the impacts of greenhouse management decisions on plants 

cross section average VPD values have been presented in figure 23. Room 102 contained 

the harshest conditions with maximum VPD values exceeding 15 kPa each afternoon. 

This room’s climate control system was off without moisture being added by plants in the 

room or evaporative pads with only passive ventilation occurring through the ridge vent. 

At 5pm on 7/4/12 the VPD values increased from 6.8 kPa at CS#4 to 12.3 kPa at CS#6 

indicating a VPD gradient of 0.39 kPa×m
-1

. Fletcher et al. (2007) evaluated the 
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transpiration response to VPD for well watered soybean plants, but only subjected plants 

to VPD values between 1.1 and 3.7 kPa because maximum transpiration rates were 

commonly reached at a VPD of ~2.0 kPa (Turner et al. 1984). Therefore, extreme VPD 

values sensed at CS #4 or #6 represented detrimental driving gradients for vapor flux that 

resulted in stomatal closure and water stress. July 5
th

 had two distinct VPD maxima at the 

south cross section in room 105, which were 7.3 and 7.5 kPa at 11 am and 5 PM 

respectively and correlates with the timing of the shade curtain closing then reopening. 

July 6
th

 had a distinct VPD maximum of 7.4 kPa at 5pm that correlates with the shade 

curtains retracting similarly to the previous two days. Alternatively, room 109 recorded 

maximum VPD values of 9.6, 9.8, and 9.7 kPa at 3, 3, and 2 pm for July 4
th

, 5
th

, and 6
th

 

respectively. Additionally, these maximum values were recorded at the middle cross 

section each day, which could indicate turbulence is maximized in the middle of the room 

when shade curtains are not drawn. Differences in timing of the maximum VPD values 

indicates the influence of the shade curtains, which delayed and possibly exacerbated 

extreme VPD values sensed by iButton sensors.  

Table 39 (Appendix A) shows ANOVA results (CI = 0.05) for cross section 

averages of vapor pressure deficit calculations made from data collected by iButton 

sensors between 7/4/12 and 7/6/12. All combinations of cross sections 1 through 3 (room 

102) were statistically similar (P > 0.941). All combinations of cross sections 4 through 9 

(rooms 105 and 109) were also statistically similar (P > 0.330). However, all 

combinations of cross sections in room 102 were significantly different (P < 0.043) from 

cross sections in rooms 105 and 109 except when comparing cross sections 1 and 6 (P = 

0.112). Therefore, operation of the climate control system in rooms 105 and 109 created 
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significantly different internal conditions than room 102 where the climate control system 

was off. However, the statistical similarity between CS 1 and 6 indicates the operation of 

the climate control system created similarly hot and dry conditions in the southern 

portion of room 105 to the conditions in the northern portion of room 102 where the 

climate control system was off.  

 

Figure 23. Box and whiskers ploy of average vapor pressure deficit (kPa) calculations for 

each cross section collected between 7/4/12 and 7/6/12 by iButton sensors deployed at 

the Sears Plant Growth Facility of the University of Missouri, Columbia, MO, USA. CS # 

refers to the respective cross section array (room 102 is #1-3, room 105 is #4-6, and room 

109 is #7-9). 
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4.10 Hourly Averages Internal vs. External Climate on Cloudy Days (9/1/12 - 9/3/12) 

 

 Climate data for a period of two cloudy days followed by a sunny day were 

shown in figure 24. Climate control was shut off in all rooms during this period. Sanborn 

Field recorded minimum temperatures of 21.7, 19.9, and 20.7 °C for each respective 

night with maximum temperatures of 25.1, 28.2, and 33.4 °C for each respective day. 

Even with these relatively cool external conditions greenhouse sensors recorded 

minimum temperatures of 25.0, 23.9, and 24.6 °C each night and maximum temperatures 

of 32.5, 34.6, and 46.4 °C for each respective day. IButton sensors recorded minimum 

temperatures of 26.1, 25.0, and 25.4 °C and maximum temperatures of 34.4, 38.4, and 

49.4 °C for each respective day. Internal minimum temperatures sensed by iButton 

sensors were 16.9, 20.4, and 18.5% warmer than external conditions, which indicate the 

greenhouse prevented the same amount of heat from escaping at night. Maximum 

temperatures recorded by iButton sensors were 27.0, 26.6, 32.4% warmer than external 

conditions, which indicate the greenhouse also absorbed more heat during each day. The 

combination of more heat trapped in each greenhouse at night and more heat absorbed 

during the day even with passive ventilation demonstrates the necessity of an active 

cooling system even with cloudy conditions. Greenhouse sensors sensed average 

temperatures 5.6, 5.8, and 5.4 % cooler than the iButtons sensed for each respective day. 

This suggests that on average 5.6 % more heat is stored in each greenhouse that was not 

sensed by the bench height greenhouse sensor on cloudy days. IButtons sensed average 

temperatures 19.6, 19.7, and 23.3 % warmer than external conditions for each respective 

room, which indicates each greenhouse stores 19.7 % of the heat absorbed from incoming 

solar radiation on cloudy days. Percent difference in heat content was performed using °C 
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rather than K to amplify the differences and to provide easily discernible results to 

greenhouse managers. However, some of these differences can be attributed to the non-

aspirated iButton sensors compared to the naturally aspirated greenhouse sensors. 

Hubbart (2011) compared aspirated iButton sensors with iButtons in radiation shields 

used during this study and found that the non-aspirated iButton sensed temperatures 

13.5% warmer than the aspirated sensor, which was a statistically significant difference. 

Therefore, iButton sensors did have a warm bias based on their lack of aspiration, but 

differences between greenhouse and iButton sensors frequently exceeded the differences 

between sensors found by Hubbart (2011). Maximum incoming solar radiation values 

recorded at Sanborn Field were 242, 422, and 822 W×m
-2 

for each respective day. 

Maximum incoming solar radiation values recorded by internal study pyranometers were 

76.1, 131.8, and 296.6 W×m
-2

 for each respective day. On average this shows that the 

shade curtains, glazing materials, and other structural components block or reflect about 

67.1% of incoming solar radiation. September 3
rd

 had two distinct incoming solar 

radiation maxima using internal study pyranometers of 293.8 and 296.6 W×m
-2

 at 11 am 

and 2 pm respectively. The maximum value recorded at Sanborn Field was between these 

two values, which shows how internal direct incoming solar radiation values are affected 

by the angle of the glazing material.  

 Table 40 (Appendix A) shows ANOVA results (CI = 0.05) for climate data 

collected by iButton, greenhouse, and Sanborn Field sensors between 9/1/12 and 9/3/12. 

The only statistically significant differences (P < 0.001) were found when comparing 

internal iButton or greenhouse sensor data to external Sanborn Field data. However, 

statistically significant similarities existed between each combination of iButton and 
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greenhouse sensor data for temperature (P = 0.184), relative humidity (P = 0.971), and 

incoming solar radiation data (P = 0.745). Therefore, during cloudy days with the climate 

control system off internal and external conditions were still significantly different. 

However, internal conditions were not significantly different based on the distribution of 

climate monitoring sensors indicating the influence of the active cooling system.  

 

Figure 24. Hourly time series of air temperature (°C), relative humidity (%), and 

incoming solar radiation (W×m
-2

) data collected between 9/1/12 and 9/3/12 at the Sears 

Plant Growth Facility located at the University of Missouri, Columbia, MO, USA.   

  

4.11 Hourly Averages between Rooms (9/1/12 - 9/3/12) 

 

Figure 25 shows room averages of temperature, relative humidity, and incoming 

solar radiation data collected by iButton and pyranometer sensors between 9/1/12 and 
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9/3/12. At this time no plants remained in any room and the rooms were naturally 

ventilated at all times with the ridge vent. Therefore, differences in action temperatures 

between rooms did not affect the internal climate, which is evidenced by the similarity 

between curves. Rooms 102 and 105 remained shaded during this time and artificial 

lighting was on each morning and evening in rooms 105 and 109. Two maxima in 

incoming solar radiation data were readily apparent in each room on September 3
rd

, 

which demonstrates how the angle of the glazing material impacts the internal incoming 

solar radiation values. The impact of glazing material angle on internal incoming solar 

radiation values was reduced when the shade curtains were drawn. Even so each room 

recorded its maximum temperature and minimum relative humidity during the second 

incoming solar radiation maxima on 9/3. The relative minimum of incoming solar 

radiation does not concurrently create a minimum in temperature data, which indicates 

the reduced values were sufficiently strong to continue heating each room due to the lack 

of convective mixing. Therefore, shade curtains should remain closed until the internal 

temperature begins to decrease in the evening, which will reduce strain on the active 

cooling equipment.  

Table 44 (Appendix A) shows ANOVA results (CI = 0.05) for room averaged 

climate data collected by iButton and greenhouse sensors between 9/1/12 and 9/3/12. All 

room averaged temperature data were statistically similar (P > 0.151), but comparisons 

between either greenhouse or iButton sensor data yielded P values greater than 0.967 and 

0.879 respectively. All room averaged relative humidity data were statistically similar (P 

> 0.103), but all comparisons between greenhouse and iButton sensor data (P > 0.241) 

were not significantly different. Significant differences in incoming solar radiation data 
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collected by study pyranometers existed between room averaged data collected in rooms 

102 and 109 (P = 0.001). A weak statistical similarity existed between study pyranometer 

data collected in rooms105 and 109 (P = 0.074). Therefore, the manipulation of shade 

curtains successfully created significantly different light levels in rooms 102 and 109 

with a nearly significant difference between rooms 105 and 109.     

 

 

Figure 25. Hourly time series of air temperature (°C), relative humidity (%), and 

incoming solar radiation (W×m
-2

) data collected between 9/1/12 and 9/3/12 by iButton 

and pyranometer sensors deployed at the Sears Plant Growth Facility located at the 

University of Missouri, Columbia, MO, USA. 
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4.12 Synopsis of Recommendations for Greenhouse Managers 

 

Several recommendations for greenhouse managers to improve plant heat and 

productivity, reduce costs through improved efficiency of climate control equipment, and 

improve greenhouse climate homogeneity have been supplied throughout the preceding 

discussion, which will be summarized in this section. A possible solution to excessive 

heat buildup during hot and sunny days may be to manipulate the action temperatures 

until the desired maximum temperature is 50.2% warmer than the minimum temperature 

(p. 67). For example the net photosynthetic rate of maize increases with temperature up to 

a maximum around 35°C (Lizaso et al. 2005). Therefore, reducing the minimum 

temperature to 18.3°C (50.2% lower than 35 °C) could maximize photosynthesis and 

minimize stress. Differences between minimum and maximum temperatures (Table 3) 

suggest as each room cools overnight the temperature gradients within each room relax, 

which makes the centralized greenhouse sensor more representative of the entire room. 

Alternatively, incoming solar radiation on cloudless days combined with hot 

temperatures that require active cooling make the centralized greenhouse sensor 

unrepresentative of the entire room. Therefore, the additional expense of internal climate 

monitoring sensors is necessary to more accurately represent the internal greenhouse 

climate, which will lead to substantial long-term savings. Greenhouse managers need to 

make the limitations of the climate control system known to researchers so that the two 

parties can work together to determine an acceptable range of climate parameters that is 

achievable by the climate control system. Lower optimal night time temperatures were 

shown to remove more heat from each room overnight, which provided favorable 

conditions for plant growth the next morning (p. 105). Additionally, researchers should 
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implement irrigation strategies that offset greater driving gradients for vapor flux at the 

southern end of each room. Since experiments are performed year round in these 

greenhouses it makes sense to have separate action temperatures for during the warm and 

cool seasons based on whether heating or cooling is the primary climate control 

objective. 

Moller (2002), Monteith and Unsworth (1990) and Campbell and Norman (1998) 

found that light saturation occurs near 500 W×m
-2

 for sweet pepper and barley crops. 

Therefore, incoming solar radiation values greater than 500 W×m
-2

 (present in room 109, 

Table 3 and Figure 8) could add detrimental heat, which is not beneficial for plant growth 

and should be prevented through the use of shade curtains. In addition to the effect of 

shade curtains the proportions of incoming solar radiation reflected or transmitted by the 

glazing material changes with the incidence angle of incoming solar radiation (Möller 

and Assouline 2007). Therefore, each greenhouse room had two solar maxima when the 

incoming solar radiation is closest to perpendicular with the east then west facing glazing 

material, which is not sensed by the externally mounted sensors. Greenhouse managers 

should consider adding an incoming solar radiation sensor inside the facility so that this 

phenomenon can be accurately sensed, which will lead to long-term savings through 

improved crop health and productivity. Additionally, any new incoming solar radiation 

sensors should record data in W×m
-2

 to more accurately depict the quantity of incoming 

solar radiation and so that the archived data can either be used for calculations or 

compared to other data. The investigations of Lui et al. (2006), Guichard et al. (2005), 

and Al-Helal and Abdel-Ghany (2011) suggest evapotranspiration is an important process 

when considering climate control of a greenhouse and indicate that increasing the room 
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average LAI will improve climate homogeneity and reduce diurnal variability within a 

greenhouse room (p. 76). Greenhouse managers can increase the room average LAI by 

either consolidating plants from multiple ongoing experiments when possible or 

encouraging researchers to utilize all available planting space. Rooms that do not have 

homogenous plant densities should be filled from north to south to take advantage of 

more conducive conditions in the northern half of each room, but plants should not be 

rearranged after placement to avoid skewing results.  

Differences in minimum and maximum VPD values sensed by either greenhouse 

or iButton sensors (Table 6) suggest that calibration of the existing greenhouse sensors or 

installation of more accurate and precise sensors could improve the performance of the 

climate control system. The greatest difference between 1m and 3m room averaged 

temperatures was 6.5 °C or 18.1% warmer, which occurred in room 109 where the active 

cooling system was used most often. The smallest difference between 1m and 3m sensors 

occurred in room 102 where the climate control was shut off for half of the study, which 

suggests the active cooling system promotes stronger vertical temperature gradients. This 

implies the need for increased vertical turbulence and mixing within the greenhouse when 

the pad-fan cooling system is operational, which could be provided by using the ceiling 

mounted circulation fans already present in each room (p. 82). The maximum relative 

humidity at the north cross section was several percent lower in room 105 relative to 

other rooms. Greenhouse managers should clean and replace evaporative pads regularly 

to maximize the cooling potential and avoid bicarbonate buildup that reduces cooling 

efficiency.  
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CHAPTER V 

CONCLUSION AND SYNTHESIS 

5.1 Conclusion and Synthesized Outcomes 

  

Due to intensive production methods and longer cropping periods controlled 

environment agriculture serves an important role in the global production of fresh 

produce (Gruda 2005). Climate controlled greenhouses also provide a means by which 

researchers can manipulate environmental conditions to observe physiological responses 

to different temperature, relative humidity, and light environments (Dorias et al. 2001). A 

properly parameterized climate control system with a high degree of precision and low 

error is ideal for maximizing crop productivity and quality (Hu et al. 2009). However, 

accurate climate controlling and sensing equipment is expensive to purchase and operate, 

plus a high degree of precision reduces equipment efficiency and life time (Villareal-

Guerrero et al. 2012). Therefore, greenhouse managers must choose between minimizing 

operations costs and maximizing crop productivity and quality based on their production 

objectives (Hu et al. 2009). Optimum greenhouse climate conditions are often achieved 

through the manipulation of ON/OFF control of several actuators to reach desired set-

points (Fitz-Rodriguez et al. 2010). However, the climate conditioning equipment used to 

cool these rooms has been shown to create large horizontal (Kittas et al. 2003) and 

vertical (Lopez et al. 2012) temperature and relative humidity gradients. Despite 

heterogeneous conditions created by the climate conditioning equipment many 

contemporary climate controlled greenhouses including the Sears Plant Growth Facility 

rely on a single centrally located climate monitoring sensor to represent the entire 

greenhouse (Pawlowski et al. 2009). 
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The primary goal of this study was to quantitatively characterize temporal and 

spatial variation in temperature, relative humidity, and incoming solar radiation in the 

Sears Plant Growth Facility located at the University of Missouri, Columbia, USA. This 

was accomplished by installing 63 thermochron iButton sensors with radiation shields 

and 9 pyranometers distributed evenly throughout three separate greenhouse rooms 

(Figures 1, 4, and 5). Each room had different optimal day temperature (ODT) and 

optimal night temperature (ONT) values designed for the crops within the rooms (Table 

1). The sensors were distributed in a manner to assess horizontal gradients in 

temperature, relative humidity, and incoming solar radiation and vertical gradients in 

temperature and relative humidity throughout each room. Each sensor was missioned to 

log data hourly between May 9
th

, 2012 and September 5
th

, 2012 and logged data was 

archived weekly. Small data gaps were filled by interpolation (Akima 1978) and large 

data gaps exceeding three hours in length were filled by substituting values estimated via 

linear regression from data recorded by other nearby sensors for the ten days preceding 

and following the data gap. Ambient temperature, relative humidity, and incoming solar 

radiation data were statistically analyzed by a one-way repeated measures analysis of 

variance of hourly, daily, and weekly time series at the p ≤ 0.05 level of significance (Lui 

et al. 2006). One-way ANOVA on environmental parameters tested for significant 

differences between room means and independent cross section arrays (Zar 1999). The 

one-way ANOVA was followed by Tukey’s post hoc multiple-comparison test 

comparing the nominal and measurement variables in all possible combinations (Zar 

1999). VPD values were calculated as a proxy to assess spatial variability in 

evapotranspirative demand throughout each room.  
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The uniformly distributed iButton sensors detected average internal greenhouse 

conditions 11.6% warmer and 11.0% drier than the centrally located greenhouse sensors 

between 5/9/12 and 9/5/12. Table 17 (Appendix A) shows that all comparisons of room 

averaged temperature and relative humidity data collected by greenhouse and iButton 

sensors were significantly different (P < 0.028, CI = 0.05). A direct comparison between 

centrally located sensors showed that iButton sensors were 6.6% warmer and 3.1% drier 

than greenhouse sensors when averaged between 5/9/12 and 9/5/12. Table 20 (Appendix 

A) shows that temperature and relative humidity data collected by these centrally located 

sensors were all significant different (P < 0.001, CI = 0.05). Ambient temperature and 

relative humidity data were used to calculate VPD values, which were used as a proxy to 

assess evapotranspirative demand of plants located in each room. The centrally located 

iButton sensors identified average VPD values 16.7% greater than the centrally located 

greenhouse sensors observed. Table 20 (Appendix A) showed that statistically significant 

differences (P < 0.001, CI = 0.05) existed between all combinations of VPD calculations 

made from centrally located sensor data except between iButton data collected in room 

105 compared to greenhouse data collected in room 102 (P = 0.987). The evenly 

distributed iButton sensors detected an average VPD value of 3.08 kPa, which was 29.2% 

greater than the average VPD value sensed by greenhouse sensors. Table 18 (Appendix 

A) showed statistically significant differences between all comparisons of room average 

VPD calculations except between calculations made from data collected by iButton 

sensors in rooms 105 and 109 (P = 0.618)  where the climate control system was ON 

most frequently. Therefore, plants in these greenhouses must either reduce water use by 
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29.2% by closing stomata or increase water uptake by 29.2% to cope with the desiccating 

conditions.  

Table 10 showed room average temperatures with the climate control ON were 

27.4, 33.3, and 32.2 °C for rooms 102, 105, and 109 respectively. Table 27 (Appendix A) 

shows these room averaged temperatures were significantly different (P < 0.008, CI = 

0.05) than greenhouse sensor data except between iButton data collected in room 102 

compared to greenhouse data collected in room 109 (P = 0.833). Therefore, rooms 105 

and 109 had average temperatures with the climate control system ON that were greater 

than the 32°C threshold Baudoin et al. (1990) established as being excessive for 

greenhouse crops. The maximum room average VPD with the climate control ON was 

8.05 kPa which was sensed in room 105 and is substantially greater than the critical upper 

limit of 2.0 kPa to prevent stomatal closure established by Baille et al. (1994). However, 

VPD values of this magnitude were not found in previous literature discussing 

physiological impacts on plant growth. The average 1m temperature sensed by iButtons 

when the climate control system was ON was 27.9 °C, which was 22.7% cooler than 

average 3m temperatures which were 34.2 °C. Therefore, the average vertical 

temperature gradient with the climate control system ON was 3.17 °C×m
-1

 with the 

greatest room average vertical temperature gradient found in room 109 of 11.65 °C×m
-1

. 

Table 32 (Appendix A) shows statistically significant differences (P < 0.001, CI = 0.05) 

exist between all combinations of room averaged 1m and 3m temperature data collected 

by iButton sensors with the climate control system ON. The maximum room averaged 

vertical temperature gradient of 11.65 °C×m
-1

 was substantially greater than the 

maximum value of 6.7 °C×m
-1

 found by Lopez et al. (2012). However, each night and 
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after the climate control system was shut off the lapse rate approached zero and in 

extreme cases became negative.  

Horizontal temperature and relative humidity gradients were assessed using cross 

section averages of iButton data (Table 7). The average horizontal temperature gradient 

between 5/9/12 and 9/5/12 was 0.08 °C×m
-1

 and the average relative humidity gradient 

was -0.26 %×m
-1

. The maximum horizontal temperature gradient detected with the 

climate control system ON was 0.83 °C/m on 6/6/12 and is substantially larger than the 

maximum gradient of 0.13 °C×m
-1

 detected by Kittas et al. (2003). Cross section 

averages of temperature and relative humidity data (Table 7) show how temperature 

gradients are much stronger across the northern half of each room, indicating that 

horizontal gradients were not uniform throughout the rooms as Kittas et al. (2003) 

suggests. These substantial temperature and relative humidity gradients yielded an 

average horizontal VPD gradient of 0.025 kPa×m
-1

 between 5/9/12 and 9/5/12. Tables 21 

and 22 (Appendix A) show that significant differences (CI = 0.05) exist between most 

cross section averages of temperature and relative humidity data except between middle 

and south cross sections indicating some degree of homogenization across the southern 

portion of each room. The maximum VPD gradient detected while the climate control 

system was ON was 0.35 kPa×m
-1

, which was sensed in room 105 and indicates 

substantially different driving gradients for vapor flux based on the plant’s location 

within the greenhouse.  

Horizontal variation in incoming solar radiation data (Tables 7 and 11) was shown 

to be heavily influenced by differences in the utilization of shade screens, the number of 

plants in each greenhouse, and the plant’s stage of maturity. The parameters were all 
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constant in room 102, which explains why Table 23 (Appendix A) shows statistically 

insignificant differences (P > 0.850, CI = 0.05) between cross sections 1 through 4. 

Similarities between cross sections in room 102 and CS 4 were likely due to most mature 

plants in room 105 being placed closer to the evaporative pads, which resulted in similar 

conditions to what was sensed in room 102 with the shade curtains drawn. ISR gradients 

in rooms 102 and 109 were inconclusive and differences between cross section averages 

were small due to the shade curtains being constantly drawn in room 102. However, 

comparison between internal pyranometers and external sensors showed that the glazing 

material created two separate incoming solar radiation maxima inside the greenhouses, 

which was not properly sensed by the externally mounted greenhouse sensor. A period 

from 7/4/12 through 7/7/12 was chosen to examine the effects of particularly sunny 

conditions on the greenhouse climate. Horizontal temperature gradients between 7/4/12 

and 7/7/12 were 0.07, 0.15, and 0.06 °C×m
-1

 for rooms 102, 105, and 109 respectively 

(Table 14). Relative humidity gradients were -0.10, -0.31, and -0.16 %×m
-1

 for rooms 

102, 105, and 109 respectively (Table 14). Table 34 (Appendix A) shows statistically 

insignificant differences (CI = 0.05) between all cross sections in room 102 (P > 0.953) 

and all cross sections in rooms 105 (P > 0.149) and 109 (P > 0.936). However, 

statistically significant differences existed between most comparisons of cross section 

averages in room 102 when compared to rooms 105 or 109. Therefore, significant 

differences in cross section average temperature data existed between rooms with the 

climate control on and room 102 where the climate control system was off. A period from 

9/1/12 through 9/3/12 was chosen to examine the effects of cloudy conditions on the 

greenhouse climate (Table 15). During this period the climate control system was off in 
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each room, which allowed the temperature and relative humidity gradients to relax and 

switch signs so that air at the southern end was cooler and moister than air at the north 

end. Table 41 and 42 (Appendix A) show no statistically significant differences (CI = 

0.05) in cross section average temperature (P > 0.765) or relative humidity data (P > 

0.274) collected by iButton sensors between 9/1/12 and 9/3/12.   

Managers could adjust action temperatures of the active cooling system when 

periods of particularly hot and sunny conditions are expected. Adjustments could include 

reducing the intervals between stages of the active cooling system or reducing optimal 

day and night temperatures. Utilizing the already present ceiling mounted circulation fans 

would induce mixing that will help to reduce the strong horizontal and vertical vapor 

pressure deficit gradients that affect growth and development of plants located in 

different portions of the same greenhouse. Climate monitoring sensors in each 

greenhouse should be recalibrated so that they can more accurately sense the internal 

climate. If funding is available replacing the externally mounted lux sensor with an 

internally mounted pyranometer will more accurately sense the quantity of incoming 

solar radiation heating each room. If funding is available adding additional climate 

monitoring sensors to each room would allow the climate control system to identify and 

respond to heterogeneous internal climates. If combining ongoing experiments is a 

possibility, consolidating plants from several rooms to increase the LAI in each room will 

simultaneously homogenize the greenhouse climate and conserve both water and energy. 

Arranging plants so that their mature phase of growth occurs at the same height as the 

pad-fan cooling system (~1m) would allow them to utilize the relatively cooler and 

moister microclimate (table 3).   
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 Further research is necessary to conclusively understand how horizontal 

temperature and relative humidity gradients in greenhouses respond to variable plant age 

and density. CFD analysis focusing on turbulence of air flow through evaporative pads 

and exhaust fans relative to air flow through the greenhouse could help identify the 

mechanisms creating climate heterogeneity. Identifying a critical LAI for optimum 

climate control for various crops could help researchers or managers plan their 

experiments or crop schedule to optimize climate homogeneity. Assessing vertical 

temperature gradients with higher spatial resolution from the floor to the roof could be 

useful in determining an optimum plant height and the influence of shade screens. 

Additionally, sensors located above the shade screens would help quantify the amount 

and distribution of heat accumulated in the ridge, which could help identify horizontal 

variation in the vertical temperature gradient. Determining an inexpensive way to 

increase the spatial resolution of internal greenhouse climate monitoring equipment 

would improve internal climate homogeneity and could reduce water and energy use.  
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APPENDIX A 
 

 

P-values from one-way repeated measures ANOVA results (CI = 0.05) for temperature 

(°C), relative humidity (%), and incoming solar radiation data (W×m
-2

) collected by 

iButton, greenhouse, and Sanborn Field sensors.  

 

 

Table 16. P-values from ANOVA results (CI = 0.05) for averaged temperature, relative 

humidity, and incoming solar radiation data collected by greenhouse, iButton, and 

Sanborn Field data collected between 5/9/12 and 9/5/12 at the Sears Plant Growth 

Facility located at the University of Missouri, Columbia, MO, USA. 

 

  iButton Greenhouse Sanborn Field 

Ta 

iButton --- 0.000* 0.000* 

Greenhouse 0.000* --- 0.000* 

Sanborn Field 0.000* 0.000* --- 

RH 

iButton --- 0.000* 0.000* 

Greenhouse 0.000* --- 0.000* 

Sanborn Field 0.000* 0.000* --- 

ISR 

iButton --- 0.000* 0.000* 

Greenhouse 0.000* --- 0.000* 

Sanborn Field 0.000* 0.000* --- 

Ta = ambient temperature (°C), RH = relative humidity (%), ISR = incoming solar 

radiation (lux or W×m
-2

), * indicates the difference of the means is significant at the 0.05 

level 
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Table 17. P-values from ANOVA results (CI = 0.05) for room averaged temperature, 

relative humidity, and incoming solar radiation data collected by greenhouse and study 

sensors between 5/9/12 and 9/5/12 at the Sears Plant Growth Facility located at the 

University of Missouri, Columbia, MO, USA. 

  
Greenhouse iButton 

  Room # 102 105 109 102 105 109 

Ta 

GH 102 --- 0.000* 0.000* 0.001* 0.000* 0.027* 

GH 105 0.000* --- 0.025* 0.000* 0.000* 0.000* 

GH 109 0.000* 0.025* --- 0.000* 0.000* 0.000* 

iB 102 0.001* 0.000* 0.000* --- 0.000* 0.938 

iB 105 0.000* 0.000* 0.000* 0.000* --- 0.000* 

iB 109 0.027* 0.000* 0.000* 0.938 0.000* --- 

RH 

GH 102 --- 0.000* 0.000* 0.268 0.000* 0.000* 

GH 105 0.000* --- 0.000* 0.000* 0.115 0.000* 

GH 109 0.000* 0.000* --- 0.000* 0.000* 0.000* 

iB 102 0.268 0.000* 0.000* --- 0.000* 0.000* 

iB 105 0.000* 0.115 0.000* 0.000* --- 0.000* 

iB 109 0.000* 0.000* 0.000* 0.000* 0.000* --- 

ISR 

GH 102 --- 1.000 1.000 0.000* 0.000* 0.000* 

GH 105 1.000 --- 1.000 0.000* 0.000* 0.000* 

GH 109 1.000 1.000 --- 0.000* 0.000* 0.000* 

iB 102 0.000* 0.000* 0.000* --- 0.000* 0.000* 

iB 105 0.000* 0.000* 0.000* 0.000* --- 0.000* 

iB 109 0.000* 0.000* 0.000* 0.000* 0.000* --- 

Ta = ambient temperature, RH = relative humidity, ISR = incoming solar radiation 

(W×m
-2

), * indicates the difference of the means is significant at the 0.05 level 
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Table 18. P-values from ANOVA results (CI = 0.05) for room averaged saturation vapor 

pressure, ambient vapor pressure, and vapor pressure deficit calculations collected by 

greenhouse and iButton sensors between 5/9/12 and 9/5/12 at the Sears Plant Growth 

Facility located at the University of Missouri, Columbia, MO, USA. 

  

Greenhouse iButton 

  Room # 102 105 109 102 105 109 

SVP 

GH 102 --- 0.000* 0.000* 0.000* 0.000* 0.000* 

GH 105 0.000* --- 0.986 0.000* 0.000* 0.000* 

GH 109 0.000* 0.986 --- 0.000* 0.000* 0.000* 

iB 102 0.000* 0.000* 0.000* --- 0.906 0.58 

iB 105 0.000* 0.000* 0.000* 0.906 --- 0.992 

iB 109 0.000* 0.000* 0.000* 0.58 0.992 --- 

AVP 

GH 102 --- 0.000* 0.000* 0.104 0.000* 0.000* 

GH 105 0.000* --- 0.000* 0.000* 0.000* 0.000* 

GH 109 0.000* 0.000* --- 0.001* 0.000* 0.000* 

iB 102 0.104 0.000* 0.001* --- 0.000* 0.000* 

iB 105 0.000* 0.000* 0.000* 0.000* --- 0.003* 

iB 109 0.000* 0.000* 0.000* 0.000* 0.003* --- 

VPD 

GH 102 --- 0.000* 0.000* 0.000* 0.000* 0.000* 

GH 105 0.000* --- 0.000* 0.000* 0.000* 0.000* 

GH 109 0.000* 0.000* --- 0.000* 0.000* 0.000* 

iB 102 0.000* 0.000* 0.000* --- 0.000* 0.000* 

iB 105 0.000* 0.000* 0.000* 0.000* --- 0.618 

iB 109 0.000* 0.000* 0.000* 0.000* 0.618 --- 

SVP = Saturation Vapor Pressure, AVP = Ambient Vapor Pressure, VPD = Vapor 

Pressure Deficit, * indicates the difference of the means is significant at the 0.05 level 

 

Table 19. P-values from ANOVA results (CI = 0.05) of room averaged temperature (°C) 

at bench height (1m) and 3m, lapse rate calculations (°C×m
-1

) collected by iButton 

sensors between 5/9/12 and 9/5/12 at the Sears Plant Growth Facility located at the 

University of Missouri, Columbia, MO, USA. 

 

102 105 109 102 105 109 102 105 109 

Statistic 1m 1m 1m 3m 3m 3m LR LR LR 

102 --- 0.000* 0.000* --- 0.000* 0.000* --- 0.000* 0.000* 

105 0.000* --- 0.000* 0.000* --- 0.124 0.000* --- 0.000* 

109 0.000* 0.000* --- 0.000* 0.124 --- 0.000* 0.000* --- 

* indicates the difference of the means is significant at the 0.05 level 
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Table 20. P-values from ANOVA results (CI = 0.05) for temperature (°C) and relative 

humidity (%) data, vapor pressure deficit calculations (kPa) collected by centrally located 

iButton and greenhouse sensors between 5/9/12 and 9/5/12 in the Sears Plant Growth 

Facility located at the University of Missouri, Columbia, MO, USA. 

  

iButton Greenhouse 

  Sensor #2a #5a #8a 102 105 109 

Ta 

#2a --- 0.000* 0.997 0.000* 0.000* 0.000* 

#5a 0.000* --- 0.000* 0.000* 0.000* 0.000* 

#8a 0.997 0.000* --- 0.000* 0.000* 0.000* 

GH 102 0.000* 0.000* 0.000* --- 0.000* 0.000* 

GH 105 0.000* 0.000* 0.000* 0.000* --- 0.000* 

GH 109 0.000* 0.000* 0.000* 0.000* 0.000* --- 

RH 

#2a --- 0.000* 0.000* 0.000* 0.000* 0.000* 

#5a 0.000* ---   0.000* 0.000* 0.000* 

#8a 0.000* 0.000* --- 0.000* 0.000* 0.000* 

GH 102 0.000* 0.000* 0.000* --- 0.040* 0.000* 

GH 105 0.000* 0.000* 0.000* 0.040* --- 0.729 

GH 109 0.000* 0.000* 0.000* 0.000* 0.729 --- 

VPD 

#2a --- 0.000* 0.000* 0.000* 0.000* 0.000* 

#5a 0.000* --- 0.000* 0.987 0.000* 0.000* 

#8a 0.000* 0.000* --- 0.000* 0.000* 0.000* 

GH 102 0.000* 0.987 0.000* --- 0.000* 0.000* 

GH 105 0.000* 0.000* 0.000* 0.000* --- 0.000* 

GH 109 0.000* 0.000* 0.000* 0.000* 0.000* --- 

Ta= Ambient Temperature (°C), RH = Relative Humidity (%), VPD = Vapor Pressure 

Deficit (kPa), #’s = sensor # (figures 2 and 3), * indicates the difference of the means is 

significant at the 0.05 level 
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Table 21. P-values from ANOVA results (CI = 0.05) for cross section averages of 

temperature (°C) data collected by iButton sensors between 5/9/12 and 9/5/12 at the Sears 

Plant Growth Facility located at the University of Missouri, Columbia, MO, USA. 

 

Temperature 

Cross Section # 1 2 3 4 5 6 7 8 9 

1 --- 0.935 0.124 1.000 0.000* 0.000* 0.750 0.000* 0.000* 

2 0.935 --- 0.864 0.760 0.000* 0.000* 0.070 0.000* 0.010* 

3 0.124 0.864 --- 0.042* 0.000* 0.000* 0.000* 0.002* 0.475 

4 1.000 0.760 0.042* --- 0.000* 0.000* 0.930 0.000* 0.000* 

5 0.000* 0.000* 0.000* 0.000* --- 1.000 0.000* 0.006* 0.000* 

6 0.000* 0.000* 0.000* 0.000* 1.000 --- 0.000* 0.020* 0.000* 

7 0.750 0.070 0.000* 0.930 0.000* 0.000* --- 0.000* 0.000* 

8 0.000* 0.000* 0.002* 0.000* 0.006* 0.020* 0.000* --- 0.603 

9 0.000* 0.010* 0.475 0.000* 0.000* 0.000* 0.000* 0.603 --- 

* indicates the difference of the means is significant at the 0.05 level 

 
 

Table 22. P-values from ANOVA results (CI = 0.05) for cross section averages of 

relative humidity (%) data collected by iButton sensors between 5/9/12 and 9/5/12 at the 

Sears Plant Growth Facility located at the University of Missouri, Columbia, MO, USA. 

 

Relative Humidity 

Cross Section # 1 2 3 4 5 6 7 8 9 

1 --- 0.003* 0.001* 1.000 0.000* 0.000* 0.000* 0.317 0.169 

2 0.003* --- 1.000 0.000* 0.000* 0.000* 0.000* 0.815 0.937 

3 0.001* 1.000 --- 0.000* 0.000* 0.000* 0.000* 0.643 0.828 

4 1.000 0.000* 0.000* --- 0.000* 0.000* 0.000* 0.076 0.031* 

5 0.000* 0.000* 0.000* 0.000* --- 0.973 0.000* 0.000* 0.000* 

6 0.000* 0.000* 0.000* 0.000* 0.973 --- 0.000* 0.000* 0.000* 

7 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* --- 0.000* 0.000* 

8 0.317 0.815 0.643 0.076 0.000* 0.000* 0.000* --- 1.000 

9 0.169 0.937 0.828 0.031* 0.000* 0.000* 0.000* 1.000 --- 

* indicates the difference of the means is significant at the 0.05 level 
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Table 23. P-values from ANOVA results (CI = 0.05) for incoming solar radiation data 

(W×m
-2

) collected by pyranometers between 5/9/12 and 9/5/12 at the Sears Plant Growth 

Facility located at the University of Missouri, Columbia, MO, USA. 

 

Incoming Solar Radiation 

Pyranometer # 1 2 3 4 5 6 7 8 9 

1 --- 0.850 1.000 0.944 0.000* 0.000* 0.000* 0.000* 0.000* 

2 0.850 --- 0.933 1.000 0.007* 0.000* 0.000* 0.000* 0.000* 

3 1.000 0.933 --- 0.983 0.000* 0.000* 0.000* 0.000* 0.000* 

4 0.944 1.000 0.983 --- 0.002* 0.000* 0.000* 0.000* 0.000* 

5 0.000* 0.007* 0.000* 0.002* --- 0.000* 0.000* 0.000* 0.000* 

6 0.000* 0.000* 0.000* 0.000* 0.000* --- 0.000* 0.000* 0.000* 

7 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* --- 0.000* 0.000* 

8 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* --- 0.109 

9 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.109 --- 

* indicates the difference of the means is significant at the 0.05 level 

 

 

Table 24. P-values from ANOVA results (CI = 0.05) for weekly averaged temperature, 

relative humidity, and incoming solar radiation data collected by greenhouse, iButton, 

and Sanborn Field sensors between 5/9/12 and 9/5/12 at the Sears Plant Growth Facility 

located at the University of Missouri, Columbia, MO, USA. 

 

  iButton Greenhouse Sanborn Field 

Ta 

iButton --- 0.002* 0.000* 

Greenhouse 0.002* --- 0.014* 

Sanborn Field 0.000* 0.014* --- 

RH 

iButton --- 0.048* 0.004* 

Greenhouse 0.048* --- 0.622 

Sanborn Field 0.004* 0.622 --- 

ISR 

iButton --- 0.000* 0.000* 

Greenhouse 0.000* --- 0.000* 

Sanborn Field 0.000* 0.000* --- 

Ta = ambient temperature (°C), RH = relative humidity (%), ISR = incoming solar 

radiation (lux or W×m
-2

), * indicates the difference of the means is significant at the 0.05 

level 
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Table 25. P-values from ANOVA results (CI = 0.05) for weekly averaged temperature, 

relative humidity, and incoming solar radiation data collected by iButton and greenhouse 

sensors between 5/9/12 and 9/5/12 at the Sears Plant Growth Facility located at the 

University of Missouri, Columbia, MO, USA. 

  

iButton Greenhouse 

  Sensor 102 105 109 102 105 109 

Ta 

iB 102 --- 0.946 0.999 0.274 0.027* 0.007* 

iB 105 0.946 --- 0.993 0.035* 0.002* 0.000* 

iB 109 0.999 0.993 --- 0.142 0.010* 0.002* 

GH 102 0.274 0.035* 0.142 --- 0.922 0.706 

GH 105 0.027* 0.002* 0.010* 0.922 --- 0.998 

GH 109 0.007* 0.000* 0.002* 0.706 0.998 --- 

RH 

iB 102 --- 0.992 0.999 0.586 0.978 0.038* 

iB 105 0.992 --- 0.922 0.248 0.781 0.007* 

iB 109 0.999 0.922 --- 0.829 1.000 0.107 

GH 102 0.586 0.248 0.829 --- 0.948 0.735 

GH 105 0.978 0.781 1.000 0.948 --- 0.213 

GH 109 0.038* 0.007* 0.107 0.735 0.213 --- 

ISR 

iB 102 --- 0.011* 0.000* 0.001* 0.001* 0.001* 

iB 105 0.011* --- 0.000* 0.000* 0.000* 0.000* 

iB 109 0.000* 0.000* --- 0.000* 0.000* 0.000* 

GH 102 0.001* 0.000* 0.000* --- 1.000 1.000 

GH 105 0.001* 0.000* 0.000* 1.000 --- 1.000 

GH 109 0.001* 0.000* 0.000* 1.000 1.000 --- 

Ta = ambient temperature, RH = relative humidity, ISR = incoming solar radiation, * 

indicates the difference of the means is significant at the 0.05 level 

 

Table 26. P-values from ANOVA results (CI = 0.05) for weekly room averages of 

temperature data (°C) at bench height (1m) and 3m, lapse rate calculations (°C×m
-1

) 

collected by iButton sensors between 5/9/12 and 9/5/12 at the Sears Plant Growth Facility 

located at the University of Missouri, Columbia, MO, USA. 

 

1m Ta 3m Ta  LR 

Room # 102 105 109 102 105 109 102 105 109 

102 --- 0.876 0.507 --- 0.246 0.096 --- 0.662 0.004* 

105 0.876 --- 0.252 0.246 --- 0.871 0.662 --- 0.042* 

109 0.507 0.252 --- 0.096 0.871 --- 0.004* 0.042* --- 

* indicates the difference of the means is significant at the 0.05 level 
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Table 27. P-values from ANOVA results (CI = 0.05) for weekly averaged temperature 

(°C) and relative humidity data (%) collected by greenhouse and iButton sensors with the 

climate control system ON at the Sears Plant Growth Facility located at the University of 

Missouri, Columbia, MO, USA. 

  

Greenhouse iButton 

  Room # 102 105 109 102 105 109 

Ta 

GH 102 --- 0.000* 0.000* 0.000* 0.000* 0.000* 

GH 105 0.000* --- 0.000* 0.000* 0.000* 0.000* 

GH 109 0.000* 0.000* --- 0.833 0.000* 0.000* 

iB 102 0.000* 0.000* 0.833 --- 0.000* 0.000* 

iB 105 0.000* 0.000* 0.000* 0.000* --- 0.000* 

iB 109 0.000* 0.000* 0.000* 0.000* 0.000* --- 

RH 

GH 102 --- 0.000* 0.000* 0.000* 0.000* 0.000* 

GH 105 0.000* --- 0.000* 0.000* 0.000* 0.007* 

GH 109 0.000* 0.000* --- 0.000* 0.000* 0.000* 

iB 102 0.000* 0.000* 0.000* --- 0.000* 0.000* 

iB 105 0.000* 0.000* 0.000* 0.000* --- 0.000* 

iB 109 0.000* 0.007* 0.000* 0.000* 0.000* --- 

Ta = ambient temperature, RH = relative humidity, * indicates the difference of the 

means is significant at the 0.05 level 

 

 

Table 28. P-values from ANOVA results (CI = 0.05) for weekly cross section averages 

of temperature (°C) data collected by iButton sensors while the climate control system 

was ON at the Sears Plant Growth Facility located at the University of Missouri, 

Columbia, MO, USA. 

Cross 

Section 

# 

Temperature 

1 2 3 4 5 6 7 8 9 

1 --- 0.661 0.247 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 

2 0.661 --- 0.999 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 

3 0.247 0.999 --- 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 

4 0.000* 0.000* 0.000* --- 0.000* 0.000* 0.011 0.000* 0.000* 

5 0.000* 0.000* 0.000* 0.000* --- 1.000 0.000* 0.000* 0.000* 

6 0.000* 0.000* 0.000* 0.000* 1.000 --- 0.000* 0.000* 0.000* 

7 0.000* 0.000* 0.000* 0.011 0.000* 0.000* --- 0.000* 0.000* 

8 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* --- 0.454 

9 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.454 --- 

* indicates the difference of the means is significant at the 0.05 level 
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Table 29. P-values from ANOVA results (CI = 0.05) for weekly cross section averages 

of relative humidity (%) data collected by iButton sensors while the climate control 

system was ON at the Sears Plant Growth Facility located at the University of Missouri, 

Columbia, MO, USA. 

Cross 

Section 

# 

Relative Humidity 

1 2 3 4 5 6 7 8 9 

1 --- 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 

2 0.000* --- 1.000 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 

3 0.000* 1.000 --- 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 

4 0.000* 0.000* 0.000* --- 0.000* 0.000* 0.000* 0.837 0.952 

5 0.000* 0.000* 0.000* 0.000* --- 0.698 0.000* 0.000* 0.000* 

6 0.000* 0.000* 0.000* 0.000* 0.698 --- 0.000* 0.000* 0.000* 

7 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* --- 0.000* 0.000* 

8 0.000* 0.000* 0.000* 0.837 0.000* 0.000* 0.000* --- 1.000 

9 0.000* 0.000* 0.000* 0.952 0.000* 0.000* 0.000* 1.000 --- 

* indicates the difference of the means is significant at the 0.05 level 

 

 

 

Table 30. P-values from ANOVA results (CI = 0.05) for weekly cross section averages 

of incoming solar radiation (W×m
-2

) data collected by pyranometers while the climate 

control system was ON at the Sears Plant Growth Facility located at the University of 

Missouri, Columbia, MO, USA. 

Cross 

Section 

# 

Incoming Solar Radiation 

1 2 3 4 5 6 7 8 9 

1 --- 0.990 1.000 0.990 0.554 0.000* 0.000* 0.000* 0.000* 

2 0.990 --- 0.978 0.506 0.994 0.000* 0.000* 0.000* 0.000* 

3 1.000 0.978 --- 0.997 0.447 0.000* 0.000* 0.000* 0.000* 

4 0.990 0.506 0.997 --- 0.006* 0.000* 0.000* 0.000* 0.000* 

5 0.554 0.994 0.447 0.006* --- 0.000* 0.000* 0.000* 0.000* 

6 0.000* 0.000* 0.000* 0.000* 0.000* --- 0.000* 0.000* 0.000* 

7 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* --- 0.000* 0.000* 

8 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* --- 0.929 

9 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.929 --- 

* indicates the difference of the means is significant at the 0.05 level 
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Table 31. P-values from ANOVA results (CI = 0.05) for weekly cross section averages 

of vapor pressure deficit calculations (kPa) made from data collected by iButton sensors 

between 5/9/12 and 9/5/12 at the Sears Plant Growth Facility located at the University of 

Missouri, Columbia, MO, USA. 

 

Vapor Pressure Deficit 

Cross Section 

# 1 2 3 4 5 6 7 8 9 

1 --- 1.000 1.000 0.997 0.928 0.904 0.933 1.000 1.000 

2 1.000 --- 1.000 0.947 0.994 0.990 0.733 1.000 1.000 

3 1.000 1.000 --- 0.893 0.999 0.997 0.620 1.000 1.000 

4 0.997 0.947 0.893 --- 0.472 0.423 1.000 0.985 0.996 

5 0.928 0.994 0.999 0.472 --- 1.000 0.199 0.974 0.935 

6 0.904 0.990 0.997 0.423 1.000 --- 0.169 0.961 0.912 

7 0.933 0.733 0.620 1.000 0.199 0.169 --- 0.857 0.927 

8 1.000 1.000 1.000 0.985 0.974 0.961 0.857 --- 1.000 

9 1.000 1.000 1.000 0.996 0.935 0.912 0.927 1.000 --- 

* indicates the difference of the means is significant at the 0.05 level 
 

Table 32. P-values from ANOVA results (CI = 0.05) for weekly room averaged 

temperature data at bench height (1m) and 3m, lapse rate calculations (°C×m
-1

) collected 

by iButton sensors while the climate control system was ON at the Sears Plant Growth 

Facility located at the University of Missouri, Columbia, MO, USA. 

 

1m Ta 3m Ta  LR 

Room # 102 105 109 102 105 109 102 105 109 

102 --- 0.000* 0.000* --- 0.000* 0.000* --- 0.000* 0.348 

105 0.000* --- 0.000* 0.000* --- 0.000* 0.000* --- 0.000* 

109 0.000* 0.000* --- 0.000* 0.000* --- 0.348 0.000* --- 

* indicates the difference of the means is significant at the 0.05 level 
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Table 33. P-values from ANOVA results (CI = 0.05) for weekly averaged temperature 

(°C) and relative humidity data (%), vapor pressure deficit calculations (kPa) collected by 

centrally located iButton and greenhouse sensors while the climate control system was 

ON in the Sears Plant Growth Facility located at the University of Missouri, Columbia, 

MO, USA. 

  

Greenhouse iButton 

  Room # GH 102 GH 105 GH 109 #2a #5a #8a 

Ta 

GH 102 --- 0.000* 0.000* 0.967 0.000* 0.000* 

GH 105 0.000* --- 0.000* 0.000* 0.000* 0.000* 

GH 109 0.000* 0.000* --- 0.000* 0.000* 0.000* 

iB #2a 0.967 0.000* 0.000* --- 0.000* 0.000* 

iB #5a 0.000* 0.000* 0.000* 0.000* --- 0.000* 

iB #8a 0.000* 0.000* 0.000* 0.000* 0.000* --- 

RH 

GH 102 --- 0.000* 0.000* 0.000* 0.000* 0.000* 

GH 105 0.000* --- 0.000* 0.000* 0.005* 0.000* 

GH 109 0.000* 0.000* --- 0.000* 0.000* 0.000* 

iB #2a 0.000* 0.000* 0.000* --- 0.000* 0.000* 

iB #5a 0.000* 0.005* 0.000* 0.000* --- 0.000* 

iB #8a 0.000* 0.000* 0.000* 0.000* 0.000* --- 

VPD 

GH 102 --- 0.000* 0.000* 0.093 0.000* 0.000* 

GH 105 0.000* --- 0.000* 0.000* 0.000* 0.000* 

GH 109 0.000* 0.000* --- 0.000* 0.000* 0.000* 

iB #2a 0.093 0.000* 0.000* --- 0.000* 0.000* 

iB #5a 0.000* 0.000* 0.000* 0.000* --- 0.000* 

iB #8a 0.000* 0.000* 0.000* 0.000* 0.000* --- 

Ta = ambient temperature, RH = relative humidity, ISR = incoming solar radiation, * 

indicates the difference of the means is significant at the 0.05 level 
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Table 34. P-values from ANOVA results (CI = 0.05) for cross section averages of 

temperature data (°C) collected by iButton sensors between 7/4/12 and 7/6/12 at the Sears 

Plant Growth Facility located at the University of Missouri, Columbia, MO, USA. 

 

Temperature 

Cross Section # 1 2 3 4 5 6 7 8 9 

1 --- 0.993 0.953 0.000* 0.327 0.630 0.001* 0.077 0.044* 

2 0.993 --- 1.000 0.000* 0.035* 0.122 0.000* 0.004* 0.002* 

3 0.953 1.000 --- 0.000* 0.013* 0.053 0.000* 0.001* 0.000* 

4 0.000* 0.000* 0.000* --- 0.373 0.149 1.000 0.793 0.888 

5 0.327 0.035* 0.013* 0.373 --- 1.000 0.604 0.999 0.996 

6 0.630 0.122 0.053 0.149 1.000 --- 0.305 0.977 0.938 

7 0.001* 0.000* 0.000* 1.000 0.604 0.305 --- 0.936 0.976 

8 0.077 0.004* 0.001* 0.793 0.999 0.977 0.936 --- 1.000 

9 0.044* 0.002* 0.000* 0.888 0.996 0.938 0.976 1.000 --- 

* indicates the difference of the means is significant at the 0.05 level 

 

 

Table 35. P-values from ANOVA results (CI = 0.05) for cross section averages of 

relative humidity data (%) collected by iButton sensors between 7/4/12 and 7/6/12 at the 

Sears Plant Growth Facility located at the University of Missouri, Columbia, MO, USA. 

 

Relative Humidity 

Cross Section # 1 2 3 4 5 6 7 8 9 

1 --- 0.990 0.993 0.000* 0.089 0.259 0.000* 0.000* 0.000* 

2 0.990 --- 1.000 0.000* 0.004* 0.021* 0.000* 0.000* 0.000* 

3 0.993 1.000 --- 0.000* 0.005* 0.025* 0.000* 0.000* 0.000* 

4 0.000* 0.000* 0.000* --- 0.297 0.107 0.049* 0.689 0.789 

5 0.089 0.004* 0.005* 0.297 --- 1.000 0.000* 0.001* 0.002* 

6 0.259 0.021* 0.025* 0.107 1.000 --- 0.000* 0.000* 0.000* 

7 0.000* 0.000* 0.000* 0.049* 0.000* 0.000* --- 0.922 0.859 

8 0.000* 0.000* 0.000* 0.689 0.001* 0.000* 0.922 --- 1.000 

9 0.000* 0.000* 0.000* 0.789 0.002* 0.000* 0.859 1.000 --- 

* indicates the difference of the means is significant at the 0.05 level 
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Table 36. P-values from ANOVA results (CI = 0.05) for cross section averages of 

incoming solar radiation data (W×m
-2

) collected by pyranometers between 7/4/12 and 

7/6/12 deployed at the Sears Plant Growth Facility located at the University of Missouri, 

Columbia, MO, USA. 

 

Incoming Solar Radiation 

Cross Section # 1 2 3 4 5 6 7 8 9 

1 --- 1.000 1.000 0.995 1.000 0.011* 0.000* 0.009* 0.001* 

2 1.000 --- 1.000 0.944 1.000 0.039* 0.000* 0.033* 0.003* 

3 1.000 1.000 --- 0.961 1.000 0.031* 0.000* 0.026* 0.003* 

4 0.995 0.944 0.961 --- 0.980 0.000* 0.000* 0.000* 0.000* 

5 1.000 1.000 1.000 0.980 --- 0.021* 0.000* 0.017* 0.002* 

6 0.011* 0.039* 0.031* 0.000* 0.021* --- 0.186 1.000 0.999 

7 0.000* 0.000* 0.000* 0.000* 0.000* 0.186 --- 0.207 0.605 

8 0.009* 0.033* 0.026* 0.000* 0.017* 1.000 0.207 --- 0.999 

9 0.001* 0.003* 0.003* 0.000* 0.002* 0.999 0.605 0.999 --- 

* indicates the difference of the means is significant at the 0.05 level 
 

 

Table 37. P-values from ANOVA results (CI = 0.05) for average temperature (°C), 

relative humidity (%), and incoming solar radiation data (W×m
-2

) collected by 

greenhouse, iButton, and Sanborn Field sensors between 7/4/12 and 7/6/12 at the Sears 

Plant Growth Facility located at the University of Missouri, Columbia, MO, USA. 

 

  iButton Greenhouse Sanborn Field 

Ta 

iButton --- 0.000* 0.000* 

Greenhouse 0.000* --- 0.993 

Sanborn Field 0.000* 0.993 --- 

RH 

iButton --- 0.003* 0.977 

Greenhouse 0.003* --- 0.006* 

Sanborn Field 0.977 0.006* --- 

ISR 

iButton --- 0.240 0.000* 

Greenhouse 0.240 --- 0.000* 

Sanborn Field 0.000* 0.000* --- 

* indicates the difference of the means is significant at the 0.05 level 
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Table 38. P-values from ANOVA results (CI = 0.05) for weekly averaged temperature 

(°C), relative humidity (%), and incoming solar radiation data (W×m
-2

) collected by 

iButton and greenhouse sensors between 7/4/12 and 7/6/12 at the Sears Plant Growth 

Facility located at the University of Missouri, Columbia, MO, USA. 

  
Greenhouse iButton 

  Room # 102 105 109 102 105 109 

Ta 

GH 102 --- 0.000* 0.000* 0.133 0.491 0.168 

GH 105 0.000* --- 0.093 0.000* 0.001* 0.006* 

GH 109 0.000* 0.093 --- 0.000* 0.000* 0.000* 

iB 102 0.133 0.000* 0.000* --- 0.000* 0.000* 

iB 105 0.491 0.001* 0.000* 0.000* --- 0.99 

iB 109 0.168 0.006* 0.000* 0.000* 0.99 --- 

RH 

GH 102 --- 0.000* 0.000* 0.487 0.048* 0.000* 

GH 105 0.000* --- 0.000* 0.000* 0.386 0.142 

GH 109 0.000* 0.000* --- 0.000* 0.000* 0.000* 

iB 102 0.487 0.000* 0.000* --- 0.000* 0.000* 

iB 105 0.048* 0.386 0.000* 0.000* --- 0.000* 

iB 109 0.000* 0.142 0.000* 0.000* 0.000* --- 

ISR 

GH 102 --- 1.000 1.000 0.583 0.084 0.000* 

GH 105 1.000 --- 1.000 0.584 0.084 0.000* 

GH 109 1.000 1.000 --- 0.581 0.084 0.000* 

iB 102 0.583 0.584 0.581 --- 0.905 0.000* 

iB 105 0.084 0.084 0.084 0.905 --- 0.000* 

iB 109 0.000* 0.000* 0.000* 0.000* 0.000* --- 

Ta = ambient temperature, RH = relative humidity, ISR = incoming solar radiation,  

* indicates the difference of the means is significant at the 0.05 level 
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Table 39. P-values from ANOVA results (CI = 0.05) for cross section averages of vapor 

pressure deficit calculations (kPa) made from data collected by iButton sensors between 

7/4/12 and 7/6/12 at the Sears Plant Growth Facility located at the University of 

Missouri, Columbia, MO, USA. 

 

Vapor Pressure Deficit 

Cross Section 

# 1 2 3 4 5 6 7 8 9 

1 --- 0.947 0.941 0.000* 0.042* 0.112 0.001* 0.037* 0.005* 

2 0.947 --- 1.000 0.000* 0.000* 0.002* 0.000* 0.000* 0.000* 

3 0.941 1.000 --- 0.000* 0.000* 0.002* 0.000* 0.000* 0.000* 

4 0.000* 0.000* 0.000* --- 0.567 0.330 0.996 0.595 0.916 

5 0.042* 0.000* 0.000* 0.567 --- 1.000 0.970 1.000 1.000 

6 0.112 0.002* 0.002* 0.330 1.000 --- 0.862 1.000 0.988 

7 0.001* 0.000* 0.000* 0.996 0.970 0.862 --- 0.976 1.000 

8 0.037* 0.000* 0.000* 0.595 1.000 1.000 0.976 --- 1.000 

9 0.005* 0.000* 0.000* 0.916 1.000 0.988 1.000 1.000 --- 

* indicates the difference of the means is significant at the 0.05 level 

 

 

Table 40. P-values from ANOVA results (CI = 0.05) for average temperature (°C), 

relative humidity (%), and incoming solar radiation data (W×m
-2

) collected by 

greenhouse, iButton, and Sanborn Field sensors between 9/1/12 and 9/3/12 at the Sears 

Plant Growth Facility located at the University of Missouri, Columbia, MO, USA. 

 

  iButton Greenhouse Sanborn Field 

Ta 

iButton --- 0.184 0.000* 

Greenhouse 0.184 --- 0.000* 

Sanborn Field 0.000* 0.000* --- 

RH 

iButton --- 0.971 0.000* 

Greenhouse 0.971 --- 0.000* 

Sanborn Field 0.000* 0.000* --- 

ISR 

iButton --- 0.745 0.000* 

Greenhouse 0.745 --- 0.000* 

Sanborn Field 0.000* 0.000* --- 

Ta = ambient temperature, RH = relative humidity, ISR = incoming solar radiation,         

* indicates the difference of the means is significant at the 0.05 level 
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Table 41. P-values from ANOVA results (CI = 0.05) for cross section averages of 

temperature data (°C) collected by iButton sensors between 9/1/12 and 9/3/12 at the Sears 

Plant Growth Facility located at the University of Missouri, Columbia, MO, USA. 

 

Temperature 

Cross Section 

# 1 2 3 4 5 6 7 8 9 

1 --- 1.000 1.000 1.000 0.997 1.000 0.999 1.000 0.995 

2 1.000 --- 1.000 1.000 0.996 1.000 1.000 1.000 0.996 

3 1.000 1.000 --- 1.000 0.995 1.000 1.000 1.000 0.997 

4 1.000 1.000 1.000 --- 1.000 0.999 0.971 0.982 0.916 

5 0.997 0.996 0.995 1.000 --- 0.987 0.883 0.911 0.765 

6 1.000 1.000 1.000 0.999 0.987 --- 1.000 1.000 0.999 

7 0.999 1.000 1.000 0.971 0.883 1.000 --- 1.000 1.000 

8 1.000 1.000 1.000 0.982 0.911 1.000 1.000 --- 1.000 

9 0.995 0.996 0.997 0.916 0.765 0.999 1.000 1.000 --- 

* indicates the difference of the means is significant at the 0.05 level 

 

 

Table 42. P-values from ANOVA results (CI = 0.05) for cross section averages of 

relative humidity data (%) collected by iButton sensors between 9/1/12 and 9/3/12 at the 

Sears Plant Growth Facility located at the University of Missouri, Columbia, MO, USA. 

 

Relative Humidity 

Cross Section 

# 1 2 3 4 5 6 7 8 9 

1 --- 1.000 1.000 0.999 0.967 1.000 0.985 0.982 0.937 

2 1.000 --- 1.000 0.999 0.965 1.000 0.987 0.984 0.942 

3 1.000 1.000 --- 0.989 0.878 1.000 0.999 0.998 0.988 

4 0.999 0.999 0.989 --- 1.000 0.999 0.769 0.751 0.589 

5 0.967 0.965 0.878 1.000 --- 0.970 0.442 0.422 0.274 

6 1.000 1.000 1.000 0.999 0.970 --- 0.984 0.981 0.933 

7 0.985 0.987 0.999 0.769 0.442 0.984 --- 1.000 1.000 

8 0.982 0.984 0.998 0.751 0.422 0.981 1.000 --- 1.000 

9 0.937 0.942 0.988 0.589 0.274 0.933 1.000 1.000 --- 

* indicates the difference of the means is significant at the 0.05 level 
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Table 43. P-values from ANOVA results (CI = 0.05) for cross section averages of 

incoming solar radiation data (W×m
-2

) collected by iButton sensors between 9/1/12 and 

9/3/12 at the Sears Plant Growth Facility located at the University of Missouri, Columbia, 

MO, USA. 

 

Incoming Solar Radiation 

Cross Section 

# 1 2 3 4 5 6 7 8 9 

1 --- 1.000 0.999 0.999 0.921 1.000 0.065 0.484 0.011* 

2 1.000 --- 0.998 1.000 0.952 1.000 0.090 0.565 0.017* 

3 0.999 0.998 --- 0.935 0.558 0.970 0.008* 0.139 0.001* 

4 0.999 1.000 0.935 --- 0.999 1.000 0.298 0.880 0.084 

5 0.921 0.952 0.558 0.999 --- 0.995 0.756 0.998 0.384 

6 1.000 1.000 0.970 1.000 0.995 --- 0.216 0.802 0.054 

7 0.065 0.090 0.008* 0.298 0.756 0.216 --- 0.991 1.000 

8 0.484 0.565 0.139 0.880 0.998 0.802 0.991 --- 0.863 

9 0.011* 0.017* 0.001* 0.084 0.384 0.054 1.000 0.863 --- 

* indicates the difference of the means is significant at the 0.05 level 
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Table 44. P-values from ANOVA results using CI of 0.05 for weekly averaged 

temperature, relative humidity, and incoming solar radiation data collected by iButton 

and greenhouse sensors between 9/1 and 9/3 at the Sears Plant Growth Facility located at 

the University of Missouri, Columbia, MO, USA. 

  

Greenhouse iButton 

  Room # 102 105 109 102 105 109 

Ta 

GH 102 --- 0.997 0.967 0.839 0.589 0.996 

GH 105 0.997 --- 1.000 0.544 0.288 0.919 

GH 109 0.967 1.000 --- 0.345 0.152 0.779 

iB 102 0.839 0.544 0.345 --- 0.998 0.983 

iB 105 0.589 0.288 0.152 0.998 --- 0.879 

iB 109 0.996 0.919 0.779 0.983 0.879 --- 

RH 

GH 102 --- 0.508 0.958 0.99 0.759 0.998 

GH 105 0.508 --- 0.103 0.871 0.999 0.262 

GH 109 0.958 0.103 --- 0.69 0.242 0.998 

iB 102 0.99 0.871 0.69 --- 0.978 0.909 

iB 105 0.759 0.999 0.242 0.978 --- 0.492 

iB 109 0.998 0.262 0.998 0.909 0.492 --- 

ISR 

GH 102 --- 1.000 1.000 1.000 0.841 0.002* 

GH 105 1.000 --- 1.000 1.000 0.843 0.002* 

GH 109 1.000 1.000 --- 1.000 0.84 0.001* 

iB 102 1.000 1.000 1.000 --- 0.782 0.001* 

iB 105 0.841 0.843 0.84 0.782 --- 0.074 

iB 109 0.002* 0.002* 0.001* 0.001* 0.074 --- 

Ta = ambient temperature, RH = relative humidity, ISR = incoming solar radiation,  

* indicates the difference of the means is significant at the 0.05 level 
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APPENDIX B 
 

 

Figure 26. Temperature (°C) data recorded at 3m averaged over the entire study (5/9/12 

to 9/5/12) for each greenhouse room studied at the Sears Plant Growth Facility located at 

the University of Missouri, Columbia, MO, USA. 
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Figure 27. Vertically averaged temperature (°C) data averaged over the entire study 

(5/9/12 to 9/5/12) for each greenhouse room studied at the Sears Plant Growth Facility 

located at the University of Missouri, Columbia, MO, USA. 
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Figure 28. Vapor pressure deficit (kPa) at 3m averaged over the entire study (5/9/12 to 

9/5/12) for each greenhouse room studied at the Sears Plant Growth Facility located at 

the University of Missouri, Columbia, MO, USA. 

 



  

143 
 

 

Figure 29. Vertically averaged vapor pressure deficit (kPa) averaged over the entire 

study (5/9/12 to 9/5/12) for each greenhouse room studied at the Sears Plant Growth 

Facility located at the University of Missouri, Columbia, MO, USA 

 


