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ABSTRACT 

 

Ojo, Emmanuel Rotimi.  M.Sc., The University of Manitoba, February, 2012.  

Modeling Soil Moisture from Real-Time Weather Data.  Major Professor; Paul R. 

Bullock. 

 

Extreme variability of rainfall during the growing season in the Prairies underlies 

the need to improve means of quantifying the amount of soil moisture available 

for plant growth in real time.  This study was conducted to modify and validate 

the Versatile Soil Moisture Budget (VSMB) for estimating volumetric soil water 

content.  A network of soil moisture hydra probes and weather stations were 

installed for continuous soil moisture monitoring and real-time weather data 

collection at 13 sites across Central and Western Manitoba during the 2009 and 

2010 growing seasons.  The data from the probes were validated and calibrated.  

Both the laboratory and field validations showed that the root mean square error 

of the default factory calibration increased with increasing clay content of the soil. 

Outputs from these probes were used to test the modified VSMB model.  The 

model was most effective at simulating soil water content at the surface layers. 
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1 INTRODUCTION 

Weather, Water and Agriculture 

Water plays a very significant role in nearly all earth processes and one of 

the most anthropogenically-significant aspects of the water cycle is soil moisture. 

The extreme variability of weather parameters especially rainfall is a major 

meteorological driver that influences soil water dynamics.  The occurrence of 

drought and flood are reflected in soil moisture variation.  The location and timing 

of extreme weather events such as hailstorms and tornadoes have even been 

linked to variability in soil moisture (Hanesiak et al. 2004). 

A major component of weather is precipitation.  The earth surface receives 

precipitation mainly in the form of rainfall or snowfall which then melts on the 

earth’s surface.  The water received on the earth’s surface must follow one of two 

pathways.  A portion of it is soaked up by the soil as infiltration with some of this 

infiltrated portion added to the groundwater system while that held in the 

rhizosphere (region of the soil that is directly influenced by plant root) can be 

used by plants to meet their physiological needs.  The surface water that does 

not infiltrate runs off the surface and into surface water bodies.  The water in 

rivers and other large water bodies as well as the pores of surface soil is 

transformed from liquid to water vapor in a process called evaporation while the 

water vapor transferred to the atmosphere via plant stomata is called 

transpiration.  Rising air currents transport the water vapour up into the 
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atmosphere where it cools, condenses and falls back to the earth’s surface as 

precipitation for a repeated cycle. 

Agrometeorology is the study of the influence of weather on agriculture 

with the main objective of using this knowledge to increase agricultural 

productivity.  Monteith (2000) noted that attempts to relate agricultural production 

to weather can be dated back to at least 2000 years ago.  Since crops were first 

cultivated, farmers have acknowledged the overriding importance of weather in 

setting both potential and achieved levels of production.  Monteith (2000) further 

noted that mainly qualitative studies in the 19th century were followed by 

statistical analyses, then by microclimatic measurement and most recently by 

modeling.  A survey was conducted on the distribution of papers in the 

Agricultural and Forest Meteorology journal between December 1964 to June 

1972; and from June 1996 to June 1998.  Each period covered about 190 papers 

that were divided into 18 sub-categories.  Of these sub-categories, both periods 

had the highest proportion of papers on water balance; 22.5% and 24.8% 

respectively.  However, in the span of 34 years, papers on modeling increased 

from 1.2% in the first period to 19.4% in the second period (Monteith, 2000).  This 

depicts the increasing interest in and number of agrometeorological models in the 

area of agrometeorology in the last half of the 20th century. 

To account for the impact of weather variability on crop production, 

agrometeorological variables are key inputs required for the operation of crop 

simulation models (Hoogenboom, 2000).  Excess or deficit of plant available 

water is one of the most important factors that determine crop growth and 
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development which ultimately limits crop yield.  The extreme variability of weather 

poses a challenge to agricultural production and to the science of 

agrometeorology.  The Canadian prairies (southern region of Alberta, 

Saskatchewan and Manitoba) are prone to extreme meteorological events such 

as droughts and floods.  Within the span of a decade, the Prairies have 

experienced one of the worst droughts on record from 1999 through 2005 

(Gervais, 2008) as well as extreme flooding in 2009 and 2010.  In 2010,  an 

estimated 8 million acres of land was not seeded in Saskatchewan (30% of the 

provincial farmland) and another 4 million acres of crop was lost to flooding after 

receiving 150 per cent of normal precipitation with many areas in the province 

getting well over 200 per cent of normal precipitation (Saskatchewan 

Government, 2010).  From 1971 to 2004, the Canadian Prairies had the lowest 

water yield and the highest variability in water yield when compared to other parts 

of the country.  This variability is of interest because lack of predictability in the 

flows of renewable water resources affects economic activities, including water 

for irrigation of agricultural land (Statistics Canada, 2010). 

 

Soil Moisture Monitoring and Versatile Soil Moisture Budget 

Despite the critical role of soil moisture for agriculture, flood risk and 

severe weather, efforts to establish a continuous soil moisture monitoring 

network have been limited.  Soil water sensors that provide continuous real time 

data are expensive and often require soil-specific calibration which is labour 
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intensive.  Calibration or the verification of sensor output using known 

standardized methods is vital in ensuring that the sensor measurements 

accurately depict real world observations.  The dynamic and variable nature of 

soil moisture content requires a dense network of sensors in order to provide a 

reasonable level of accuracy in the estimation of soil moisture conditions across 

any given area.  Thus, most of the soil moisture sensor networks in the Prairies 

are for research purposes. 

Since 2005, there has been a dramatic increase in the number of 

automated weather stations on the Prairies that report weather data in real time.   

There is a great potential to use models to estimate soil moisture content from 

the information provided by these weather stations as well as the soil information 

of the area. One such model is the Versatile Soil Moisture Budget or VSMB 

(Baier and Robertson, 1966).  VSMB was selected for this study because of its 

robust, physically-based nature and its ability to simulate soil moisture content 

throughout the root-zone with several user-defined soil horizons and differing soil 

water characteristics, which is a condition that is typical in many Prairie soils.    

Since the time of its development, various components of the VSMB have been 

modified and validated under several conditions (Baier et al 1979; De Jong 1988; 

Boisvert et al 1992; Hayhoe et al 1993) and adapted for various uses like 

irrigation scheduling (Boisvert et al 1990), estimation of field workdays in Canada 

(Baier, 1973) and spring wheat yield prediction (Akinremi and McGinn 1996).  

Akinremi and McGinn (1996) used the VSMB to improve the accuracy of water 
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balance estimates of the Palmer Drought Index (PDI); a model used to predict 

wheat yield reductions associated with drought in the Canadian prairies. 

 

Objectives 

Although the cost of establishing a network of in situ soil moisture sensors 

is prohibitive, it is still necessary to measure soil moisture content at some 

locations to ensure that accurate data is available to validate estimates 

generated from models.  Thus, the first objective of this study was to determine 

the accuracy of the output from a specific type of soil moisture sensor (the 

Stevens’ hydra probe) compared to measured volumetric (gravimetrically 

derived) soil moisture in different soil textures.  The purpose was to ensure that 

the hydra probes were providing acceptable accuracy so that they could be used 

to test the soil moisture output from the VSMB. 

The second objective was to modify the evapotranspiration component of 

the current version of VSMB (Akinremi et al. 1996) by replacing the Priestley-

Taylor derived ETo with the Penman-Monteith (PM) ETo.  The PM ETo has been 

widely used and found to give a better estimate of reference evapotranspiration 

than the PT (Suleiman and Hoogenboom 2007, Droogers and Allen 2002).  The 

ability to utilize the VSMB with a PM ETo was made possible with the increase in 

the number of weather stations that report additional weather parameters like 

wind speed, humidity and solar radiation rather than just air temperature as was 

most common in the past. 
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The third objective was to validate the modified VSMB model by 

comparing the modeled soil moisture output to that from the field calibrated soil 

moisture sensors.  

Monitoring soil water and providing real-time estimates is vital to 

understanding drought, floods as well as weather forecasting on a county, 

provincial and national basis.  Thus, results from this study can be used to 

improve flood forecasting and to enhance agricultural management decisions 

affected by soil moisture such as irrigation scheduling and timing of various 

farming operations like planting, fertilizer application, pest and disease control. 
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2. Calibration of Frequency Domain Reflectometry Probes 

2.1 Abstract 

The value of soil moisture content for a broad range of applications has 

led to the development of many different soil moisture sensors.  Frequency 

domain reflectometers (FDR) are instruments that can be deployed for in situ soil 

moisture measurements and tracked with a data logger. These probes measure 

the dielectric permittivity of the soil, a parameter that depends mainly on the soil 

moisture content. This provides high frequency updates on soil moisture status, 

which are critical for the development and testing of other methods for soil 

moisture determination, such as models and remote sensing.  

A total of 13 soil moisture monitoring site-years were established using 

FDR sensors (Steven’s hydra probes) in central and eastern Manitoba in 2009 

and 2010 for the purpose of testing soil moisture models.  Prior to their 

deployment in the field, each hydra probe was tested using a laboratory 

validation technique to ensure that they performed uniformly under controlled 

conditions based on the default factory calibration. Four soil types were tested in 

the laboratory with varying percent clay content and the default factory calibration 

performed very well in medium textured soils (20-40% clay content) with a Root 

Mean Square Error (RMSE) of 0.006m3 m-3 and Mean Bias Error (MBE) of 0.002 

when compared to the volumetric water content. However, soils with 40-60% and 

> 60% clay content had higher RMSE of 0.030m3 m-3 and 0.054m3 m-3 

respectively.  Thereafter, the probes were deployed to the field. At each of the 
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monitoring sites, four hydra probes were installed to monitor moisture levels at 4 

depths (5, 20, 50 and 100 cm) for a total of 52 site-depths. The real dielectric 

permittivities of the soil were fitted to volumetric soil moisture content to generate 

field based calibration equations and were compared to the default factory 

calibration. The site-depths were binned into four types (0-20%, 20-40%, 40-

60%, >60% clay) and the coefficient of determination between the observed and 

the default factory values obtained were 0.83, 0.58, 0.38 and 0.49 respectively. 

This showed that R2 decreased with increasing clay content except between the 

third and fourth categories. The RMSE values, 0.041, 0.069, 0.99 and 0.075 m3 

m-3 showed a similar trend. The result reinforces the need for soil-specific 

calibration of FDR sensors especially in soils with high clay content. 

 

2.2 Introduction 

In the global distribution of water, oceans constitute about 97.25%, ice 2%, 

groundwater 0.7% and all other water 0.05%. However, 33% of the other water is 

held as soil moisture, 60% in lakes, 6% in the atmosphere and 1% in rivers 

(Brady and Weil, 1999).  Though all these water pathways are vital for global 

energy balance and human comfort, soil moisture can be argued to have the 

most direct impact on agriculture.  Soil moisture can simply be defined as the 

water held in the vadose zone- unsaturated zone between the earth’s soil surface 

and the water table.  However, the exact definition can vary depending on the 

context in which it is used (Seneviratne et al 2010). 
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Several attempts have been made to quantify soil moisture.  Landa and 

Nimmo (2003) reported that between the close of the 19th century and mid-20th 

century, Lyman Briggs made many significant contributions to the understanding 

of soil-water and plant-water interactions.  He published an explanation of the 

roles of surface tension and gravity in determining the state of soil moisture 

(Briggs, 1897).  Though many techniques have been developed that relate 

specific soil properties to the amount of water in the soil, the standard method for 

quantifying soil moisture is the thermo-gravimetric method which requires oven 

drying a known volume of soil at 105 oC and determining the weight loss.  This 

method has significant limitations because it is time consuming, labour intensive 

and destructive to the sampled soil, meaning that it cannot be used for repeated 

measurement at the same location.  However, it is indispensable as a standard 

method for calibration and evaluation purposes (Robock et al., 2000, Walker et 

al. 2004, and Robinson et al., 2008). 

In situ monitoring of soil moisture is a challenging task in hydrology (Topp, 

2003).  Many indirect methods have been developed to quantify soil moisture 

including measurements based on the dielectric properties of a soil volume, 

namely, Time Domain Reflectometry (TDR) and Frequency Domain 

Reflectometry (FDR). 

The dielectric methods relate changes in the water content of soil to the 

dielectric constant of the medium.  Water has a high dielectric constant of 80 

compared to that of dry soil which ranges from 3-5 and air which has a dielectric 

constant of 1.  TDR utilizes a pair of metal rods connected to a signal receiver 
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and inserted into the soil.  The rods serve as conductors while the soil around the 

rods serves as the dielectric medium.  A voltage signal is sent through the rod 

into the soil and it is reflected back to the TDR receiver.  A device measures the 

time between sending and receiving the signal which is related to the dielectric 

constant of the medium which is mainly a function of the amount of water that is 

present in the soil.  The propagation velocity of the signal decreases as the water 

content increases.  Thus, the time interval between sending and receiving a 

signal increases as the soil water content increases.  Hook and Livingston (1996) 

showed that a dominant source of error in estimating soil water content using 

TDR was the uncertainty in determining the propagation travel time (Lin, 2003).  

To overcome this limitation, the FDR was developed. A FDR probe uses an 

oscillator to generate an AC field which is applied to the soil.  The soil forms the 

dielectric of a capacitor which works with the oscillator to form a tuned circuit.  A 

change in soil water content causes a shift in frequency.  Thus, soil water content 

is determined by detecting changes in the operating frequency.  

The FDR technique was employed for this research because previous 

research has shown that this type of probe can provide accurate soil moisture 

measurements (Huang et al. 2004).  Continuous in situ real-time soil monitoring 

can be achieved by connecting the FDR unit to a data logger which tracks and 

stores the data.  However, to ascertain the accuracy of the output from this unit, it 

is necessary to conduct a field-based test.  With more soil moisture networks 

being established using the FDR sensors, it is imperative to affirm that the output 

from the sensors accurately reflects the absolute value of the soil moisture 
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content in the field.  The first objective of this study was to test the accuracy of 

the default factory calibration by comparing it with observed volumetric soil 

moisture content across a range of different soils.  The second objective was to 

derive field-based calibrations for the FDR probes based on soil textural class. 

 

2.3   Methods 

2.3.1 Hydra Probe Description and Laboratory Evaluation 

The Steven’s hydra probes were used in this study to measure soil water 

content.  They are in widespread use for establishing soil moisture monitoring 

networks.  For example, the Soil Climate Analysis Network of the Natural 

Resource Conservation Service uses the hydra probe to monitor soil moisture 

and it has proven to be robust under a variety of field conditions (Seyfried et al. 

2005).  The instrument has four 0.3 cm diameter stainless steel tines which are 

5.7 cm long.  These are arranged such that a central tine is surrounded by the 

other three in an equi-triangular position in a 3.0 cm diameter.  The tines protrude 

from a 4.2 cm diameter cylindrical head which generates a 50-MHz signal, 

transmitted to the tines.  The cylindrical measurement region or sensing volume, 

with length of 5.7 cm and a 3.0 cm diameter, is the soil between the stainless 

steel tines assembly.  The tine assembly is often referred to as the wave guide 

and the probe signal is the average of the soil in the sensing volume (Stevens 

Water Monitoring System, Inc. 2008).  
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Prior to field deployment, the probes were tested in the laboratory to 

ensure that they provided consistent values under controlled conditions.  A two-

step assessment was carried out.  First, the probes were submerged in distilled 

water.  Typically, distilled water has a dielectric permittivity of about 80 and a 

range of 80 + 5 is considered acceptable.  All the probes were tested and their 

temperature-corrected dielectric constants were within the range of 78.1 – 81.7 

which met the criteria for consistency between probes.  As a second step, four of 

the probes were inserted into soils packed to known densities.  This was done by 

adding water to air dried soils and mixing thoroughly.  The moist soils of known 

weight were packed into containers with known volume to determine the bulk 

density of the soils.  The probes were inserted into the moist soil to take readings 

and samples from each container were oven-dried for gravimetric analysis.  

Volumetric moisture content, derived from the product of the gravimetric water 

content and bulk density, was compared to the direct output from hydra probe 

reading.  Four soil types were tested based on percent clay content and these 

were coarse, medium, fine and very fine soils which represent 0-20%, 20-40%, 

40-60% and >60% clay content respectively.  Each of these soil types was a mix 

of samples from fields across eastern and central Manitoba that falls within the 

textural classes defined.  A laboratory calibration was developed for each soil 

type by plotting the observed volumetric water content against the dielectric 

permittivity of the soil. 

The hydra probes output soil moisture (m3 m-3), soil temperature (oC and 

oF), real dielectric and imaginary constants (temperature-corrected and non-
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temperature corrected) among other parameters.  The temperature correction for 

the dielectric permittivity is often small. 

 

2.3.2 Site Description 

A weather station and four hydra probes were installed at each of the six 

monitoring sites in 2009.  Three of these six fields were retained in 2010 with an 

additional 4 fields at new locations to give a total of seven fields in 2010 (Table 

2.1).  Two of the fields were about 30 m apart at the Treherne site with one field 

being annually cropped and the other a permanent grass area adjacent to the 

cropped field.  Most of the sites were local farmers’ fields except for the Kelburn, 

Oakville and Carman sites that were established for research purposes.   
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Table 2.1 Summary of field location, crop type and growing season (May-

September) precipitation 

 

Year     Field Crop  GPS Coordinates Precipitation (mm) 

2009     Gladstone Grass N50.1420 W98.9497  277.4 

     Kelburn Oat N49.6958 W97.1179 361.6 

     Oakville Canola N49.9251 W98.0139 271.0 

     Portage Canola N50.0040 W98.4652 284.5 

     Treherne Wheat N49.6347 W98.6760 354.6 

     Treherne Grass N49.6349 W98.6760 354.6 

2010     Carman Alfalfa N49.4980 W98.0298 525.3 

     Kelburn Wheat N49.6958 W97.1179 368.3 

     Morden Wheat N49.2221 W98.2524 440.6 

     Elm Creek Canola N49.7563 W98.0903 481.3 

     Treherne Canola N49.6347 W98.6760 476.6 

     Treherne Grass N49.6349 W98.6760 476.6 

      Warren Grass N50.1225 W97.5968 611.6 

(MAFRI, 2010). 

 

For comparison, the climate normal precipitation (average precipitation for a 30-

year period from 1971-2000) for south-eastern Manitoba during the growing 

period of May-September is 325 mm (Environment Canada, 2008). This showed 

a significant range of precipitation during the study.   

 

2.3.3 Soil Classification 

The Gladstone site was located in the Reinland series which consists of 

imperfectly drained, Gleyed Rego Black Chemozem soils developed on 
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moderately to strongly calcareous, stratified, deep, fluvial and lacustrine deposits.  

The Kelburn site was partly Osborne series (50%) and partly Glenmoor series 

(50%).  Both series consist of poorly drained Rego Humic Gleysol soils, medium 

to high available water holding capacity.  The Oakville site was located in the 

Willowbend Series.  Like the Kelburn site, it consists of poorly drained Rego 

Humic Gleysols soils and has a high water table during the growing season.  The 

Portage la Prairie site was located in the Pigeon Lake series which is a Gleyed 

Cumulic Regosol situated in a transition area between deep, loamy, recent fluvial 

deposits and clayey, lacustrine deposits.  The series at the Treherne site was 

Tadpole which is a Rego Humic Gleysol, developed on poorly drained, strongly to 

very strongly calcareous, fine loamy, lacustrine sediments. 

For the additional sites in 2010, the Carman plot was on Denham series 

which consists of moderately well drained Orthic Black soil, non-eroded, non-

stony and non-saline soil with organic matter content and high natural fertility.  In 

contrast, the Long Plain soil series dominated the Elm Creek site and is 

characterized by imperfectly drained gleyed Regosol soil developed on weakly to 

moderately calcareous, deep, sandy, deltaic deposits.  The soil has low available 

water holding capacity and low organic matter content.  The Morden site was 

70% Darlingford series which consist of well drained Orthic Black Chernozem 

soils developed on moderately to strong calcareous, loamy mixed till deposits 

and have medium to moderately slow permeability. The remaining 30% was 

Ullrich series which consist of imperfectly drained Gleyed Black Chernozem.  

Lastly, the Warren site was 100% dominated by the Marquette soil series which 
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is an imperfectly drained Gleyed Rego Black soil developed on fine textured, 

moderately to strong calcareous deposits with slow permeability (MAFRI, 2006). 

 

2.3.4 Hydra Probe Field Installation 

At each field, four hydra probes were installed by digging a pit 

approximately 1 x 1 x 1 m and pushing the probes horizontally into one face of 

the pit at depths of 5, 20, 50 and 100 cm.  The pits were dug near the edge of 

each field for accessibility but far enough into the field to provide representative 

values of soil moisture for the field without significant edge effects.  At locations 

that had annual crops, the probes were installed as soon as possible after 

seeding. The surface 5 cm soil layer (and any vegetation) were carefully removed 

and set aside to be replaced on the surface when the pit was refilled.  Each layer 

of soil; 5 – 20, 20 – 50, and 50 – 100 cm were removed, kept separately and 

replaced in the same stratum from which it was removed. 

The profiles were dug to expose a face where the probes were inserted 

horizontally.  A piece of plywood on the undisturbed soil surface adjacent to the 

pit face was used as the “soil surface” and a meter stick was used to measure 

down from the underside of the plywood to the four depths of interest.  The hydra 

probes were inserted far enough to completely bury the tines in the soil to ensure 

firm contact.  The cables for the four hydra probes were dropped down the pit 

wall to the bottom of the pit then run over to the opposite pit wall and back to the 

surface so that they did not come up out of the pit along the same wall in which 
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the probes were installed.  This was done to avoid creating a channel where 

water could run directly down along the pit wall where the hydra probes were 

installed.  The profile was then backfilled with the 50 – 100 cm soil that was 

removed being careful to pack the soil and to not jar or loosen the hydra probe.  

The other soil layers were backfilled and the surface 5 cm soil layer was carefully 

replaced.  The 4 hydra probe cables were buried in a shallow (30 cm) trench 

back to the data logger so that tillage and field operations could proceed as 

normal leaving only about a 1 m2 area to be avoided during fieldwork by the 

farmer.  

 

2.3.5 Weather Stations and Meteorological Data 

At each field, a weather station monitored rainfall (mm), air temperature 

(oC), relative humidity and wind speed (m s-1).  Incoming solar radiation was also 

monitored at the Kelburn, Oakville, Portage, Gladstone, Carman, Morden and 

Elm Creek sites.  All data were taken on hourly and daily time-steps.  Rainfall 

was measured with a calibrated tipping bucket rain gauge and any gap in 

weather data was filled using observations from the nearest Environment Canada 

or Manitoba Agriculture Food and Rural Initiatives (MAFRI) meteorological 

station.  MAFRI weather stations were used at the Gladstone, Treherne and 

Carman sites. Three Campbell Scientific weather stations and three WatchDog 

weather stations were used to monitor the other sites.  The Campbell and 

watchdog weather stations were first set up adjacent to each other and cross-
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validated in the spring before field deployment for about three weeks at the field 

research site at the University of Manitoba, Fort Garry Campus to ensure that all 

sensors provided comparable data. 

Data from both the Campbell and WatchDog weather stations were 

downloaded on a weekly basis while data from the MAFRI stations were obtained 

via the internet. 

 

2.3.6 Soil Moisture Measurement 

Gravimetrically determined point measurements of soil moisture content 

were taken for calibration and validation purposes.  During the 2009 growing 

season, gravimetric soil moisture samples were collected about five times at 

each site.  This was increased to ten samples per site in 2010. The samples were 

taken about a meter away from the buried hydra probes using a Dutch auger.  

Depth ranges for the samples were 0-10cm, 15-25cm, 30-40cm, 45-55cm and 

95-105cm.  These depths, except the 30-40cm, were similar to the depths of the 

installed hydra probes; 5, 20, 50 and 100cm.  The samples collected were 

weighed, oven-dried at 105 0C for 24 hours and weighed again to determine the 

gravimetric soil moisture content. 

Soil bulk density determinations were used to convert the gravimetrically 

determined soil water content to observed volumetric water content (VWC).  

Ѳv = Ѳg X ƿb                    (2.1) 



20 
 

Three bulk density determinations were done at all sites in both the 2009 

and 2010 growing seasons.  The mean value for each depth was determined and 

utilized in the volumetric soil moisture calculations.  The flat bottom auger was 

used in 2009 and the Gidding soil probe was used in 2010 (Appendix A).  Soil 

bulk density was calculated as the total mass of dry soil (MDS) divided by the total 

volume (VT) it occupies. 

ƿb = MDS / VT                    (2.2) 

 

2.3.7 Calibration Procedure 

To test the accuracy of the hydra probe, the VWC recorded by the probes 

was matched to the VWC (derived from gravimetric sampling).  Volumetric water 

content is a linear function of the square root of real dielectric permittivity.  Linear 

regression analysis was used to find the equation of best fit between the 

volumetric moisture content and the square root of the dielectric permittivity from 

the hydra probe,  

V = a (TC) 0.5 + b                    (2.3) 

where V is volumetric soil moisture content and TC is the temperature 

corrected real dielectric permittivity.  The values for the coefficients (a, b) are the 

slope and intercept respectively of the regression equation.  Equation 2.3 was 

used for soils with less than 40% clay content.  However, third order polynomials 

were utilized for soils with greater than 40% clay,  
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V = a + b() + c(2) + d(3)                   (2.4) 

where  is the real dielectric permittivity and a, b, c and d are polynomial 

coefficients.  The equations derived for each soil textural type were used to 

predict the volumetric water content on days when gravimetric samples were not 

taken and this was termed the ‘observed water content’. The direct soil moisture 

output from the hydra probe based on the default factory calibration was termed 

the ‘default water content’. 

 

2.3.8 Statistical Procedure 

To evaluate the performance of the FDR sensors in estimating soil 

moisture, the root mean square error (RMSE) was calculated as shown in 

Equation 2.5, 

        (
 (           )

 

 
)
   

   (2.5) 

where obs. is the observed water content and fact. is the default factory 

water content, and n is the number of observations.  

The mean bias error (MBE) was calculated to determine whether the 

default calibrations overestimate or underestimate soil water content. Positive 

values of MBE indicated overestimation, while negative values indicated 

underestimation.  If the MBE is 0, it means that there is equal distribution of 

positive and negative differences, 
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 ∑ (          ) 

 
     (2.6) 

where  Facti is the default factory water content on day i and Obsi is the 

observed water content for that day.  A paired student t-test at alpha level of 0.05 

was conducted in order to assess whether the difference observed was 

significant. 

The stability of the calibration equations were tested using the jack-knife 

full cross-test (Walker, 2007).  A series of n prediction models Mn were 

developed using the observed data collected for each textural class from all 

fields.  To test each model, the data were split into two parts; the first part 

included the data from n-1, and the second part had all the data n.  The data 

from n-1 were used for fitting a model M(n-1), which was developed using the 

same variables as the model Mn.  The remaining data point was used for testing 

the model M(n-1).  When this was completed for each n, it provided a full cross 

validation data set, where for each textural class, there was both an independent 

measured value and a predicted value based on the relationship determined 

independently from the other (Guo et al, 2010). 
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2.4  Results and Discussion 

2.4.1 Laboratory Calibration 

Soil Test Based on Textural Categories 

For ease of comparison, various soil textural classes were binned into four 

groups which are coarse, medium, fine and very fine soil textures based on the 

percent clay content.  These were defined as follows: 

 Coarse Texture: Less than 20% Clay Content (sand, loamy sand, sandy loam, 

and a fraction of silty loam and loam soils). 

 Medium Texture: 20-40% Clay Content (silty clay loam, clay loam, sandy clay 

loam and a fraction of silty loam and loam soils) 

 Fine Texture: 40-60% Clay Content (silty clay and clay soils) 

Very Fine Texture: Greater than 60% Clay Content (Heavy Clay Soils) 

The laboratory validation utilized one soil per textural class with each 

being tested at six different moisture contents and replicated 4 times.  The mean 

of the four replicated hydra probe readings was used as the default factory value 

and this was compared to the observed value (from gravimetric analysis) for each 

data point.  Table 2.2 shows the result of the hydra probes laboratory test.  The 

default factory readings for soil moisture content were derived from the pre-set 

factory equation 0.109x–0.179 suggested by the manufacturer for loam soils, 

where x is the square root of non-temperature corrected real dielectric permittivity 

(√ε).  All the hydra probes had this pre-set loam soil calibration by default from 
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the factory (Bellingham 2007) which was derived from the average of various 

soils tested. However, the manufacturer strongly recommended user-derived 

calibration coefficients when a higher level of accuracy is required for known soil 

textures. 

Laboratory test results (Table 2.2, Figure 2.1) showed that the pre-set 

loam default calibration had the lowest RMSE in the medium soil category with a 

value of 0.006m3 m-3 and the highest correlation coefficient of 0.999.  This was 

not unexpected since the default parameters are for medium textured, loam soils.  

However, the factory parameters underestimated soil moisture in all other soil 

types as shown by the negative MBE.  The results further showed an increase in 

the RMSE with increasing soil clay content from fine to very fine soil category. 

There was no significant difference between the default calibration and the 

observed in both the coarse and the medium textured soils.  However, both the 

fine and very fine textures showed a significant difference. 
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Table 2.2 Laboratory evaluation of hydra probes 

Soil Category *ε *εTC **Factory (m3 m-3) Observed (m3 m-3) 

 
19.020 19.310 0.296 0.302 

 
20.340 20.660 0.313 0.321 

Coarse 23.900 24.220 0.354 0.343 

 
26.380 26.770 0.381 0.400 

 
7.261 7.344 0.115 0.133 

 
7.662 7.758 0.123 0.132 

Summary 
 

r2: 0.992 RMSE:  0.013 MBE:  -0.008 

   P(T<=t) one-tail      0.065 

     

 
22.090 22.390 0.333 0.329 

 
29.250 29.680 0.411 0.406 

Medium 37.380 37.850 0.487 0.491 

 
36.260 36.720 0.477 0.466 

 
8.245 8.339 0.134 0.137 

 
8.421 8.523 0.137 0.136 

Summary 
 

r2: 0.999 RMSE:  0.006 MBE:  0.002 

   P(T<=t) one-tail      0.178 

     

 
29.199 29.574 0.410 0.426 

 
31.319 31.840 0.431 0.441 

Fine 42.598 43.220 0.532 0.554 

 
44.470 45.042 0.548 0.589 

 
7.408 7.500 0.118 0.156 

 
7.321 7.415 0.116 0.155 

Summary 
 

r2: 0.997 RMSE:  0.030 MBE:  -0.028 

   P(T<=t) one-tail      0.002 

     

 
26.253 26.620 0.379 0.404 

 
36.578 37.201 0.480 0.477 

Very Fine 44.041 44.680 0.544 0.628 

 
55.502 56.280 0.633 0.651 

 
10.081 10.210 0.167 0.240 

 
10.524 10.651 0.175 0.241 

Summary 
 

r2: 0.968 RMSE:  0.054 MBE:  -0.044 

   P(T<=t) one-tail      0.014 

* ε and εTC are dimensionless real and temperature corrected real dielectric permittivities. 

** Output from hydra probes using default factory calibration equation. 
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Figure 2.1 Laboratory test of hydra probe accuracy 

 

Manufacturer’s Suggested Polynomial Equation 

The manufacturer proposed a polynomial equation for soils with high clay 

content.  The polynomial equation as given by the manufacturer is: 

θV = 0.00324x3 – 0.2464x2 + 6.55x – 20.93                (2.7) 

where x is the real dielectric permittivity (ε).  The moisture contents using 

equation 2.7 were compared to those using the factory default linear equation.  

The results (Table 2.3) showed that the manufacturer-suggested clay equation 

gave better estimates in very fine textural class compared to the default loam 

equation.  However, results obtained when the real dielectric constant was 

greater than 44.2 were not included because the polynomial equation gave 

unrealistically high readings at ε > 44.2. 
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  The RMSE slightly increased from 0.028 m3 m-3 to 0.030 m3 m-3 in the 

fine textured soil but both the one and two tailed paired t-test showed that this 

difference was not significant.  The manufacturer suggested polynomial equation 

for clay drastically reduced the RMSE in the very fine soil texture from 0.059 m3 

m-3 to 0.018 m3 m-3 but showed significant difference only in the one tailed t-test.  

This improvement justifies the comparative advantage of using the 

manufacturer’s suggested polynomial equation in heavy clay soils where user-

specific calibration is unavailable. However, this comparative advantage may be 

undermined if values of ε > 44.2 are obtained.  

 

Table 2.3 Comparing factory default (loam) output to manufacturer polynomial 

equation 

 

Soil Category ε 
Observed            

(m3 m-3) 
Factory Default 

Equation (m3 m-3) 

Manufacturer 
Polynomial 

Equation (m3 m-3) 

 
29.199 0.426 0.410 0.410 

 
31.319 0.441 0.431 0.422 

Fine 42.598 0.554 0.532 0.617 

 
7.408 0.156 0.118 0.154 

 
7.321 0.155 0.116 0.151 

   
RMSE: 0.028 RMSE: 0.030 

   P(T<=t) one-tail      0.076 

     

 
26.253 0.404 0.379 0.399 

 
36.578 0.477 0.480 0.477 

Very Fine 44.041 0.628 0.544 0.666 

 
10.081 0.240 0.167 0.234 

 
10.524 0.241 0.175 0.245 

   
RMSE: 0.059 RMSE: 0.018 

   P(T<=t) one-tail      0.032 

ε is the dimensionless real dielectric permittivity. 
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Laboratory-Derived Calibration Equations 

Laboratory calibration equations were derived for the four soil types. The 

slopes and intercepts of the regression equation between the √εTC for coarse and 

medium soil textures, and the observed volumetric soil moisture were derived 

using linear regression analysis.  However, third order polynomials were used for 

the relationship between the ε for fine and very fine soil textures, and the 

observed volumetric soil moisture content (Table 2.4).  The types of equations for 

each texture category followed the conventions suggested by the manufacturer. 

The linear equations derived for the coarse and medium textured soils 

were very comparable to the default factory equation of 0.109x–0.179.  However, 

the polynomials derived for the heavier textured soils were somewhat different 

from the manufacturer suggested polynomial equation (Equation 2.7).  

 

Table 2.4 Laboratory Calibration Equations 

Soil Type n Equation R2 

Coarse 6 0.1056x - 0.157 0.99 

Medium 6 0.1076x - 0.175 1.00 

Fine 6 0.0017x3 - 0.1418x2 + 4.5374x – 10.856 1.00 

Very Fine 6 -0.0007x3 + 0.0652x2 - 0.7276x + 25.518 0.98 

Heavy* 12 -0.00008x3 + 0.0013x2 + 1.211x + 8.742 0.98 

where x is √εTC  (square root of temperature corrected real dielectric permittivity) in coarse and 

medium, and ε (real dielectric permittivity) in fine and very fine soil texture. 
 

* Combination of soils with >40% clay content i.e. fine and very fine soil texture. 
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The equations in Table 4 were further assessed using field observations of 

√ε as discussed later in this chapter. 

  

2.4.2 Hydra Probe Field Test 

Bulk Density and Soil Texture 

Table 2.5 shows the bulk density values used in converting the gravimetric 

soil moisture content to volumetric water content at each field-depth 

  

Table 2.5 Site location with bulk density and textural class by depth 

SITE 
0-10cm 
 

15-25cm 
 

30-40cm* 
(g cm-3) 

45-55cm 
 

95-105cm 
 

Oakville Canola 2009 1.20 C 1.39 C 1.14 SiC 1.31 CL 1.38 SiL 

Portage Canola 2009 1.10 SiCL 1.40 SiCL 1.36 SiCL  1.45 SiCL 1.42 C 

Gladstone Grass 2009 1.07 SL 1.34 SL 1.70 LS 1.78 LS 1.69 S 

Kelburn Oat 2009 0.87 HC 1.20 HC 1.27 HC 1.40 HC 1.38 HC 

Treherne  Wheat 2009 1.18 SL 1.52 SL  1.29 L 1.55 L 1.64 CL 

Treherne Grass 2009 0.84 SL 1.30 SL 1.28 SL 1.22 SL 1.69 SCL 

Carman Alfalfa 2010 1.31 CL 1.47 C 1.39 C 1.60 C 1.54 C 

ElmCreek Canola 2010 1.41 S 1.80 S 1.70 S 1.76 S 1.66 LS 

Morden Wheat 2010 1.20 CL 1.40 C 1.32 C 1.45 SiC 1.39 L 

Kelburn Wheat 2010 1.00 HC 1.20 HC 1.21 HC 1.40 HC 1.38 HC 

Treherne Canola 2010 1.00 SL 1.53 SL 1.34 L 1.55 L 1.64 CL 

Treherne Grass 2010 0.84 SL 1.30 SL 1.29 SL 1.22 SL 1.69 SCL 

Warren Grass 2010 0.95 HC 1.08 HC 1.25 HC 1.25 HC 1.41 HC 

 Textural class keys: C = Clay, CL = Clay Loam, HC = Heavy Clay, SiC = Silty Clay, SL = Silty 
Loam, SiCL = Silty Clay Loam, L = Loam, LS = Loamy Sand, SL = Sandy Loam, SCL = Sandy 
Clay Loam, S = Sand.  
 

* No hydra probes were installed at this depth but soil properties were determined. 
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Individual Hydra Probe Test 

Results were obtained for twenty-four hydra probes for two growing 

seasons and four additional hydra probes in 2010 (Table 2.6) based on the 

factory default calibration.  Twelve of these probes (two Treherne fields and 

Kelburn field) were left in place over the winter and were not re-installed in 2010.  

The other twelve hydra probes were at different fields in the 2009 and 2010 

growing seasons.  For data quality control, any soil moisture reading derived from 

the default factory calibration that were higher than the soil porosity were not 

used in data analysis.  This was observed in some soils with very heavy clay 

which recorded soil moisture values between 0.75 and 1.1 m3 m-3.  

A comparison of the default factory readings of soil moisture to the 

gravimetrically-determined, volumetric field observed values showed large 

variations among field sites and depths.  In 2009, there were five gravimetrically-

derived soil moisture determinations taken at each site.  The RMSE for individual 

probes based on five data points varied from 0.013 – 0.107 m3 m-3 with a mean 

value of 0.043 m3 m-3.  In 2010, ten gravimetrically-derived soil moisture 

determinations were taken at each site and depth (Table 2.6).  The RMSE for 

individual probes based on the ten data points varied from 0.027 – 0.174 m3 m-3 

with a mean value of 0.071 m3 m-3.  The larger variation in 2010 may be due to 

the change in fields. 

  A comparison of twelve hydra probes that were at the same field for both 

years showed a trend of increasing RMSE from the first year to the second year 
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in ten of the twelve hydra probes.  This could be as a result of the freeze-thaw 

cycle that the hydra probes were subjected to as seasons change as well as the 

shrink-swell cycle of clay in heavy textured sites like Kelburn.   The default hydra 

probe readings mostly overestimated the observed values as indicated by the 

positive MBE values. 
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Table 2.6  Hydra probe tests: A comparison of default soil moisture reading to field observations 

Probe # Depth 2009 RMSE* MBE* 2010 RMSE** MBE** 

192783 100 Gladstone 0.030 0.009 Carman 0.070 0.062 

192784 50 Gladstone 0.018 -0.005 Carman 0.174 0.167 

192794 20 Gladstone 0.027 0.010 Carman 0.120 0.114 

192787 5 Gladstone 0.020 0.012 Carman 0.074 -0.031 

192781 100 Portage 0.071 0.070 Elm Creek 0.030 0.013 

192788 50 Portage 0.052 0.052 Elm Creek 0.053 -0.040 

192775 20 Portage 0.089 0.073 Elm Creek 0.036 -0.009 

192789 5 Portage 0.062 0.037 Elm Creek 0.072 -0.062 

192786 100 Treherne Wheat 0.013 -0.004 Treherne Canola 0.112 0.093 

192791 50 Treherne Wheat 0.024 -0.001 Treherne Canola 0.061 0.047 

192785 20 Treherne Wheat 0.038 0.037 Treherne Canola 0.054 0.005 

192797 5 Treherne Wheat 0.030 -0.017 Treherne Canola 0.052 -0.015 

192793 100 Treherne Grass 0.050 0.037 Treherne Grass 0.090 0.086 

192795 50 Treherne Grass 0.016 0.001 Treherne Grass 0.043 -0.011 

192796 20 Treherne Grass 0.029 0.012 Treherne Grass 0.028 0.011 

192778 5 Treherne Grass 0.049 -0.037 Treherne Grass 0.028 -0.018 

192798 100 Kelburn 0.032 0.019 Kelburn 0.081 0.054 

192780 50 Kelburn 0.030 0.020 Kelburn 0.108 0.103 

192779 20 Kelburn 0.033 0.017 Kelburn 0.053 0.041 

192782 5 Kelburn 0.027 0.012 Kelburn 0.027 -0.016 

192777 100 Oakville 0.042 0.030 Morden 0.074 0.006 

192776 50 Oakville 0.095 0.092 Morden 0.036 0.021 

192792 20 Oakville 0.107 0.093 Morden 0.124 0.113 

192790 5 Oakville 0.057 0.023 Morden 0.038 -0.043 

196721 100    Warren ***  

196720 50    Warren ***  

196719 20    Warren 0.115 0.111 

196717 5    Warren 0.101 0.075 

*     Comparison based on five data points 

**    Comparison based on ten data points 

***   FDR sensor reading with moisture content higher than the soil porosity 
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Soil Textural Category Test 

In a bid to increase the number of calibration measurements and create a 

more robust comparison between the default factory reading and the observed 

data, the results were grouped into the same four textural classes defined in the 

laboratory procedure which was based on the percentage clay content.  From 

table 2.5, coarse, medium, fine and very fine soil textural classes had 19, 12, 9 

and 12 site-depths respectively.  This was done to observe the accuracy of the 

default FDR reading in each textural category. 

The results showed (Table 2.7) that the R2 between the default factory 

hydra probe reading and the observed values decreased with increasing clay 

content except between the fine and very fine textures.  The RMSE values 

increased with increasing clay content except between the fine and very fine 

textures.  The default factory calibration slightly underestimated soil moisture for 

the coarse texture but overestimated it for the other soil categories. All the 

textural classes showed that the default calibrations were significantly different 

from the observed at α = 0.05.  
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Table 2.7 Descriptive Analysis for each soil texture category. 

 
Coarse Medium Fine Very Fine 

N 131 76 60 59 

RMSE 0.041 0.069 0.099 0.075 

MBE -0.007 0.045 0.081 0.049 

P(T<=t) one-tail 0.02 3.0E-08 8.5E-18 5.3E-10 

R2 0.83 0.58 0.38 0.49 

 

The R2 values were higher in the laboratory evaluation and the RMSE 

values were lower, which is expected under controlled conditions in the 

laboratory.  The factory default parameters, in general, overestimated soil 

moisture content especially in soils with 40% clay or higher when measured in 

field conditions. 

 



35 
 

 

 

0.00

0.10

0.20

0.30

0.40

0.50

0.00 0.10 0.20 0.30 0.40 0.50

D
ef

au
lt

 V
W

C
 (

m
3
 m

-3
) 

Observed VWC (m3 m-3) 

R2 = 0.83 

0.10

0.20

0.30

0.40

0.50

0.60

0.10 0.20 0.30 0.40 0.50 0.60

D
ef

au
lt

 V
W

C
 (

m
3  

m
-3

) 

Observed VWC (m3 m-3) 

R2 = 0.58 

0.20

0.30

0.40

0.50

0.60

0.20 0.30 0.40 0.50 0.60

D
ef

au
lt

 V
W

C
 (

m
3  

m
-3

) 

Observed VWC (m3 m-3) 

R2 = 0.38 

0.20

0.30

0.40

0.50

0.60

0.70

0.20 0.30 0.40 0.50 0.60 0.70

D
ef

au
lt

 V
W

C
 (

m
3  

m
-3

) 

Observed VWC (m3 m-3) 

R2 = 0.49 

a b 

c d 



36 
 

   
 

Figure 2.2 1:1 Comparison of observed moisture content and hydra probe 
default factory moisture content for (a) coarse; (b) medium; (c) fine; (d) very fine 
soil texture and (e) Combination of all points. 

 

As expected, volumetric water content was generally higher as clay 

content increased from coarse soil type to very fine. Figure 2.2 c and d show 

significant scatter and mostly overestimated soil moisture values.  Thus, the two 

textural groups, fine and very fine, were combined into one group called ‘heavy’ 

in subsequent analysis to give more calibration points for soils with high clay 

content (> 40%). 
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Field-Derived Calibration Equations 

For coarse and medium textural categories, linear regression analysis was 

used to find the equation of best fit between the observed volumetric moisture 

content and the square root of the temperature corrected dielectric permittivity 

from the hydra probe.  However, third order polynomials were derived for the 

heavy textural class from the non-temperature corrected real dielectric 

permittivity.  This is consistent with the equation format suggested by the 

manufacturer for calibration in soils with high clay content (Equation 2.7).  The 

equations derived (Table 2.8) were needed to predict the volumetric water 

content on days when gravimetric samples were not taken. 

 

Table 2.8 Field calibration equations for coarse, medium and heavy soil 

textures. 

Category N Equation R² 

  Coarse 131 0.09704x - 0.12478 0.83 

  Medium 76 0.07642x - 0.05692 

  

0.57 

  Heavy 119 -0.0007x3 + 0.0725x2 – 1.64x + 39.39 0.56 

where x is √εTC  (square root of temperature corrected real dielectric permittivity) in coarse and 

medium textures, and ε (real dielectric permittivity) in heavy texture. 

 

The correlation coefficient in the combined heavy texture was improved to 

0.56 compared to the R2 of 0.38 and 0.49 of the individual fine and very fine 

texture respectively.  However, using the third order polynomial decreased the 
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observed soil moisture content when the ε reached a maximum threshold value.  

This capped the observed values from the polynomial equation to a maximum of 

0.52m3 m-3.  In reality, soil moisture content in clay soils can be greater than this 

value. Thus, a linear equation should be used above the threshold value of ε = 

50.0 (Figure 2.3c). 
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Figure 2.3 Field Calibration Plots . a – c represents coarse, medium and heavy soil textures respectively with plot c 
showing both linear and polynomial trendlines.
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Field Calibration Equation Test 

The stability of the field derived calibration equations were  tested using 

the jack- knife full cross-test  (Walker, 2007) with seventy five observed data 

points for each textural class.  The total number of cross-calibration points (n-1) 

was limited to seventy-five for all soil texture group based on the smallest textural 

class – medium texture to provide similar basis for equation stability testing. 

Table 2.9 shows a comparison between the results obtained from field derived 

equations and field-observed values.  A general trend of increasing RMSE and 

decreasing R2 as the clay content increases was obvious across the categories.  

In coarse texture which had the highest R2 value of 0.88, the field-derived 

calibration equation result slightly under-estimated the observed moisture content 

with a MBE of -0.002 and a RMSE of 0.037m3 m-3.  Medium texture had equal 

magnitude but positive value of MBE which indicates a slight over estimation with 

a RMSE of 0.052m3 m-3. The heavy texture with the highest RMSE of 0.058 and 

lowest MBE and R2 of -0.041 and 0.40, respectively showed that the observed 

values were under-estimated by the polynomial equation used. 

 

 Table 2.9 Summary Statistics of Validation Test 

 
Coarse Medium Heavy 

N 75 75 75 

RMSE 0.037 0.052 0.058 

MBE -0.002 0.002 -0.041 

r2 0.88 0.56 0.40 
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Laboratory, Factory, Suggested and Field Calibration Comparison 

Equations derived from the laboratory and field calibrations (Tables 2.4 

and 2.8 respectively) as well as the default factory calibration and the 

manufacturer suggested equations were used to calculate soil moisture content 

from the dielectric permittivity readings and these were compared to the field-

observed values (Table 2.10).  The result showed that the field derived equation 

had the lowest RMSE in all the three categories. Soils in the coarse and medium 

textural classes were close to loam texture, so the default equation doubled as 

the manufacturer suggested equation.  However, the suggested clay equation 

highly overestimated soil moisture content for soils in the heavy texture class with 

a MBE of 0.149 and a RMSE of 0.253.  This was due to the unrealistic high 

values derived from the third order polynomial when ε > 44.2.  There was a 

significant reduction in both the RMSE and MBE of the suggested equation when 

ε > 44.2 values were excluded from the analysis. All the equations showed a 

progressive increase in RMSE as the clay content increased from coarse to 

heavy texture soils. 

The time series (Figure 2.4) is shown for the 5 cm depth at four fields with 

each of the textural groups being represented.  All three calibration equations 

had very good correlation at Gladstone, a coarse textured soil (Figure 2.4a) 

though they slightly overestimated observed soil moisture.  This was typical of all 

fields with < 20% clay content.  However, Carman (Figure 2.4b), representing 

fields with 20-40% clay content showed that both the default and laboratory 

calibrations were in close agreement and the field calibration underestimated the 
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observed soil moisture content at high values.  Results from Portage and Kelburn 

(Figures 2.4 c and d, respectively) showed that the default and laboratory derived 

calibration equations consistently overestimated observed soil water content at 

peaks in the fine and very fine textured soils. 

Seyfried et al (2005) compared the average difference between individual 

soil calibrations and multi-soil calibration equations using Time Domain 

Reflectometry probes. They found that clay soils had the highest difference 

averaging at 0.064 m3 m-3 compared to 0.037 m3 m-3 and 0.033 m3 m-3 for sand 

and silt respectively. In another experiment, Seyfried and Murdock (2004) 

evaluated three calibration equations supplied by the manufacturer in terms of 

the average difference between the measured and instrument-derived estimate 

for volumetric water content. They found that “the clay curve was the worst 

overall for every soil, the degree of fit was poor and the shape of the curve was 

unrealistic”. The difference for clay was as high as 0.125 m3 m-3 at one of the 

sites.  
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Table 2.10 Comparing Laboratory, Factory, Suggested and Field Calibrations 

 
 Coarse 

N=134 
Medium 

N=79 
Heavy 

N=110 (91)* 

Default Equation 
RMSE 

MBE 

0.040 

-0.007 

0.072 

0.038 

0.084 (0.081) 

0.061 (0.056) 

Polynomial Equation 
RMSE 

MBE 
- - 

0.253 (0.102) 

0.149 (0.074) 

Laboratory Equation 
RMSE 

MBE 

0.039 

0.001 

0.070 

0.035 

0.106 (0.101) 

0.088 (0.082) 

Field Equation 
RMSE 

MBE 

0.038 

-0.001 

0.051 

-0.004 

0.054 (0.056) 

0.002 (0.003) 

* Values in bracket shows the result obtained when ε > 44.2 were excluded from the analysis. 
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Figure 2.4 Time-series comparing the moisture content derived from the default factory, field and laboratory calibrations 
to field observed values at representative fields for each texture category at 5cm depth.  
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2.4.3 Limitations 

Efforts were concentrated at minimizing errors in field calibration of the 

FDR sensors; however, uncertainty abounds especially in in-situ determination of 

soil bulk density.  The observed field volumetric soil moisture was derived from 

the product of the soil bulk density and the gravimetric water content.  Thus, 

errors in the bulk density determination especially at lower depths in the soil 

profile have an effect on the error of observed moisture content.  The difficulty 

with bulk density determination at depth and its impact on volumetric soil 

moisture determination has been reported in previous research (Huang et al. 

2004).  

Another challenge is the spatial variability of soil since samples used for 

the gravimetric analysis differ from the actual soils in contact with the hydra 

probes. Soil samples used for the gravimetric analysis were taken about one 

meter from the buried sensors.  The sensing volume of the FDR sensor, which is 

the soil that is close to the stainless steel prongs, is 5.7cm by length and 3.0cm 

diameter.  It is therefore reasonable to assume that the soil moisture content of 

the soil in contact with the probes might be slightly different than that in soil 

extracted for the gravimetrically determined field observation.  This is in contrast 

to the laboratory procedure in which the soil used for observed analysis was in 

direct contact with the probe. 
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2.5 Conclusion 

This study showed that all the hydra probes were within the acceptable 

range when tested in water.  The laboratory calibration was in close agreement 

with the manufacturer’s equations, which shows repeatability for soil moisture 

measurement with the hydra probes in a controlled environment.  However, the 

default factory parameters require adjustment before field-use, especially if 

deployed for use in fine textured soils.  Though limitations abound due to the 

complex nature and spatial variation of field sampling as well as bulk density 

determination at depths, the need for field-based calibration of the FDR sensors 

especially in soils with high clay content is imperative since greater deviation of 

the hydra probe volumetric moisture content was observed with increasing clay 

content.  For soils with less than 20% clay content, the default calibration seemed 

to suffice.  The shrink-swell cycles of clay in response to water content most 

likely played a huge factor that affects hydra probes installed on such fields.  

Seyfried et al. (2005) reported that the weak relationship in soils with high clay 

content may be explained by the highly variable electrical properties of different 

clay minerals because dielectric loss is affected by clay properties such as 

surface area and CEC that are associated with different clay types.  When user-

specific field calibration is not determined, the manufacturer’s suggested 

polynomial equation is preferred in clay-rich soils rather than the default factory 

calibration which is more accurate for loam textures.  However, the polynomial 

equation should be capped at a dielectric permittivity maximum value of 44.2. 
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3 Comparison of Evapotranspiration Methods 

3.1 Abstract 

Seasonal excess or deficit of soil moisture has been found to be one of the 

most limiting factors to agricultural production in the prairies.  To aid our 

understanding of the various complex processes involved in soil water content 

fluctuation especially, the removal of water from soil and plant surfaces, indirect 

methods have been employed.  The gaseous nature of water vapour makes 

direct measurements a daunting task. VSMB, a model that simulates soil 

moisture, uses solar radiation from Hargreaves’ equation and the Priestley-Taylor 

(PT) equation to estimate evapotranspiration (ETo). These are important inputs in 

the model.  Access to direct solar radiation data from pyranometers as well as 

additional meteorological data including humidity and wind speed allow for the 

improved estimation of evapotranspiration using the Penman-Monteith FAO-56 

(PM) method. Therefore, the VSMB was modified to take advantage of improved 

meteorological data access.  Comparisons were made between the observed 

solar radiation and the Hargreaves equation.  Overall, the Hargreaves equation 

overestimated solar radiation with a root mean square error of 5.0MJ m-2 day-1 

and a positive mean bias error of 1.5.  The Hargreaves estimates were 

statistically different from the observed pyranometer data.  However, on non-

rainy days, no statistical difference was observed.  The PM was also tested 

against the PT for ETo and it was observed that the PT underestimated PM ETo 

with a root mean square error of 0.88mm day-1 and a negative mean bias error of 

-0.42.  
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3.2 Introduction 

The necessity for efficient water management in improving crop production 

is important for agricultural producers.  Timely knowledge of soil moisture 

fluctuations help farmers in irrigation scheduling, especially, since soil moisture 

content at the rooting depth of most prairie soils is rarely sufficient to meet 

evapotranspirative demands in a typical growing season.  Shepherd and McGinn 

(2003) reported that the historic mean daily soil moisture content is 82 mm in the 

upper 120 cm of soil for Alberta, 47 mm for Saskatchewan and 76 mm for 

Manitoba.  They observed that the low value for Saskatchewan coincides with the 

lower annual precipitation of 395 mm in Saskatchewan compared to 482 mm for 

Alberta and 486 mm for Manitoba (Shepherd and McGinn, 2003). Some farmers 

monitor rainfall events on their farms using various types of rain gauges.  This 

gives them an idea of the quantity of rainfall over a given period of time.  

Although this is useful information, it is more meaningful to determine its 

influence on soil moisture content. 

  Soil moisture monitoring has evolved over the years with the use of 

various soil moisture monitoring sensors which work on different principles 

targeted at estimating soil water content.  These sensors relate specific soil 

properties to the amount of water in the soil.  However, the high cost of these 

sensors and sometimes, the level of expertise needed for their installation have 

limited their use in many areas.  To fill this gap, models are employed.  Models 

are a simplification of real world processes which help to improve our 

understanding of the element being simulated and to make predictions about the 



51 
 

future based on information about all the phenomena related to the situation to 

be modeled.  Models are able to overcome the shortcomings of point data from 

direct soil moisture measurement which do not integrate these measurements 

over space and time as is often required in many agronomic applications 

(Akinremi and McGinn 1996; Baier and Robertson 1966; De Jong 1981).  

Modeling often involves the integration of knowledge from various fields of 

science to solve a problem and it has been widely used for many purposes.  The 

increase in the number of scientific papers on modeling in the Agricultural and 

Forest Meteorology journal from 1.2% to 19.4% within a-34 year span from 1964-

1998 (Monteith, 2000), attests to the fact that modeling has evolved to become a 

very useful tool in agrometeorology.  

One of the basic strategies for modeling soil moisture is the water balance 

approach.  Like every storage system, the amount of water held in the soil is 

dependent on water input and output pathways.  

ΔSM = P + I + CR – ET – DD – RO – ΔSS                   (3.1) 

where: 

ΔSM = Change in soil moisture 

P = Precipitation 

I = Irrigation 

CR = Capillary Rise 

ET = Evapotranspiration 

DD = Deep Drainage 

RO = Runoff  

ΔSS = Change in the sub-surface flow 

 



52 
 

However, a simplified water balance model takes into account, the main 

input and output pathways which are precipitation and evapotranspiration 

respectively.  It is assumed that the influence of other factors is negligible, which 

can be a reasonable assumption during the growing season in a semi-arid 

climate, such as western Canada, where deep drainage and runoff do not 

frequently occur.  

ΔSM = P – ET                                                          (3.2) 

Precipitation during the growing season occurs mostly as rainfall which is 

directly measured using rain gauges. However, the loss of water from a soil-plant 

surface is not easily measured. The first objective of this study was to compare 

solar radiation data from direct measurement using the pyranometer to results 

from Hargreaves equation. The second objective was to compare the Priestley-

Taylor (PT) ETo equation to the Penman-Monteith ETo. 

 

3.3 Methods 

3.3.1 Reference Evapotranspiration 

Introduction and Development 

Evapotranspiration is the combined process of water transfer to the 

atmosphere by evaporation and transpiration in a soil-plant system.  It is a major 

pathway for water loss from the earth surface in the hydrologic cycle.  Its 
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gaseous nature makes it difficult to directly and accurately quantify.  One of the 

early methods used was pan-evaporation which gauges water loss from open 

water of known volume (or depth) held in a pan container.  

H.L Penman (1948) observed that evaporation from bare soil involves 

complex soil factors as well as atmospheric conditions.  Transpiration studies 

further add to these important physical and biological features.  A plant’s root 

system can draw on moisture throughout a considerable depth of soil, its aerial 

parts permit vapour transfer throughout a considerable thickness of air, and its 

photo-sensitive stomatal mechanism restricts this transfer to the hours of 

daylight.  Penman’s study was restricted to consideration of the early stages that 

would arise after thorough wetting of the soil when soil type, crop type and root 

range are of little importance but mainly dependent on environmental drivers, a 

term referred to as Potential Evaporation.  

    
Δ(     )  (    )

(Δ   )
                            (3.3) 

where: 

λE evaporative latent heat flux [MJm-2day-1] 

Rn net radiation at crop surface [MJ m-2 day-1] 

λ latent heat of vaporization [MJ kg-1] 

G soil heat flux density [MJ m-2 day-1] 

∆ slope of vapour pressure curve [kPa °C-1] 

γ psychrometric constant [kPa °C-1] 

Ea vapour transport flux = Wf (es – ea) [mm day-1] with Wf being a wind function. 
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Based on the requirements that must be met to permit continued 

evaporation, Penman proposed an equation that combines the supply of energy 

which provides latent heat of vaporization with a mechanism to remove the 

vapour from the surface (Equation 3.3).  However, routine weather data 

requirements like wind speed, which were not widely available at the time, as well 

as the necessity for tedious computations without computers, made most users 

prefer simpler evapotranspiration estimation methods such as the Blaney-Criddle 

and Thornthwaite (Howell and Evett, 2004). 

Thornthwaite’s original method (Thornthwaite, 1948) used average 

temperature for a given day or period (T), climatological normal annual 

temperature (Ta) and the photoperiod (maximum number of sunshine hours, N) 

as inputs.  The last two inputs can be obtained from tabular indexes and this 

method is not recommended for use in areas that are not climatically similar to 

the east-central USA, where it was developed (Jensen, 1973).  The Blaney-

Criddle method, a simpler approach estimates ET using the formula: 

ETo = p (0.46Tmean + 8)                                       (3.4) 

where  

ETo = ET (mm/day) as an average for a period of one month 

Tmean = Mean daily temperature (oC) 

p = Mean daily percentage of annual daytime hours 

 

This method, though simple, is not very accurate especially under extreme 

climatic conditions as it only provides a rough estimate.  In windy, dry, sunny 
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areas, ETo is underestimated up to about 60%, while in calm, humid, clouded 

areas, ETo is overestimated up to about 40% (FAO, 1986).  The need to have 

less tedious but more accurate methods of estimating ETo led to the development 

of many other agro-meteorological equations, most of which are adapted to the 

climatic area where they were developed. Hargreaves and Samani (1985) 

estimated ETo using only maximum, minimum and mean temperatures and 

extraterrestrial solar radiation using equation 3.11:  

ETo = 0.0023Ra (Tmax – Tmin)0.5 (Tmean + 17.8)          (3.5) 

where Ra = Extraterrestrial solar radiation  

 

These agrometeorological equations were tested against lysimeter 

readings, often used as the standard (Kashyap and Panda, 2001).  Lysimeters 

are hydrologically isolated soil-plant system tanks that are installed to monitor soil 

moisture fluxes.  More recently, the eddy covariance method has gained 

acceptance as a means for direct ETo measurement. It measures the transfer of 

water vapour from a surface to the atmosphere by correlating fluctuations of 

vertical wind speed with fluctuations in atmospheric water vapour density.  

 

The Penman Monteith (FAO-56) 

The original Penman equation (Equation 3.3), though noted for its tedious 

computation, was also seen as having a solid basis for ET estimation.  Most 



56 
 

modifications to this original method focused on the aerodynamic term.  Priestley 

and Taylor (1972) simplified the original Penman equation by replacing the 

aerodynamic term with an empirical coefficient of 1.26 (Equation 3.6).  However, 

this coefficient varies with different vegetation types, soil moisture conditions and 

strength of advection (Priestley and Taylor, 1972; Stannard, 1993; Suleiman and 

Hoogenboom, 2007; Sentelhas et al, 2010). 

         
Δ

Δ   
 (

    

 
)                                        (3.6) 

In 1965, Montheith suggested a canopy resistance term and a roughness 

length for vapour and for momentum (Kashyap and Panda, 2001). The bulk 

canopy resistance (rs) describes the resistance of vapour flow through the 

transpiring crop and evaporating soil surface while the transfer of heat and water 

vapour from the evaporating surface to the air above the canopy is determined 

by the aerodynamic resistance (ra) (Allen et al., 1998). 

    
  

         
                                                       (3.7) 

where 

rs (bulk) surface resistance [s m-1], 

ri bulk stomatal resistance of the well-illuminated leaf [s m-1], 

LAIactive active (sunlit) leaf area index [m2 (leaf area) m-2 (soil surface)]. 

 

   
  [

     

   
]  [

     

   
]

    
                                        (3.8) 
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where 

ra aerodynamic resistance [s m-1], 

zm height of wind measurements [m], 

zh height of humidity measurements [m], 

d zero plane displacement height [m], 

zom roughness length governing momentum transfer [m], 

zoh roughness length governing transfer of heat and vapour [m], 

k von Karman's constant, 0.41, 

uz wind speed at height z [m s-1]. 

 

The advancement in technology, introduction of computers and weather 

sensors that monitor key weather parameters in real-time has led to rapid 

changes in ET estimation.  The Food and Agricultural Organization (FAO) 

developed technical papers to assist in the standardization and accuracy of ET 

estimation.  One such paper, developed in 1977 was the FAO Irrigation and 

Drainage Paper No. 24 titled ‘Crop Water Requirements’ by Doorenbos and Pruitt 

(1977).  The FAO Penman method, recommended by the FAO 24 paper was 

found to frequently overestimate ETo while the other FAO recommended 

equations, showed variable adherence to the grass reference crop 

evapotranspiration. 

Reviewing the FAO 24, Allen et al (1998) recommended the adoption of 

the Penman-Monteith combination method as a new standard for reference 

evapotranspiration (Equation 3.9) and advised on procedures for calculating the 

various parameters.  The FAO Penman-Monteith method was developed by 

defining the reference crop as a hypothetical grass surface with an assumed 
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height of 0.12 m, with a surface resistance of 70 s m-1 and an albedo of 0.23, 

closely resembling the evaporation from an extensive surface of green grass of 

uniform height, actively growing and adequately watered.  The method 

overcomes the shortcomings of the previous FAO Penman method and provides 

values that are more consistent with actual crop water use data worldwide.  

Furthermore, recommendations have been developed using the FAO Penman-

Monteith method with limited climatic data, thereby largely eliminating the need 

for any other reference evapotranspiration methods and creating a consistent 

and transparent basis for a globally valid standard for crop water requirement 

calculations. 

     
 (    )       

(     )

  

    (   
  
  

)
                    (3.9) 

where Rn is the net radiation, G is the soil heat flux, (es - ea) represents the 

vapour pressure deficit of the air, a is the mean air density at constant pressure, 

cp is the specific heat of the air,  represents the slope of the saturation vapour 

pressure temperature relationship,  is the psychrometric constant, and rs and ra 

are the (bulk) surface and aerodynamic resistances. 

From the original Penman-Monteith equation (Equation 3.9) and the 

equations of the surface resistance (Equation 3.7) and aerodynamic resistance 

(Equation 3.8), Allen et al. (1998) presented the FAO 56 Penman-Monteith 

method to estimate ETo as: 
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      (    )   

   

     
    (     )  

    (        )
                (3.10) 

where  

ETo reference evapotranspiration [mm day-1], 

Rn net radiation at the crop surface [MJ m-2 day-1], 

G soil heat flux density [MJ m-2 day-1], 

T mean daily air temperature at 2 m height [°C], 

u2 wind speed at 2 m height [m s-1], 

es saturation vapour pressure [kPa], 

ea actual vapour pressure [kPa], 

es - ea saturation vapour pressure deficit [kPa], 

 slope vapour pressure curve [kPa °C-1], 

 psychrometric constant [kPa °C-1]. 

 

For the purpose of estimating daily ETo, all the parameters above can be 

estimated from four basic weather measurements which are temperature, 

humidity, solar radiation and wind speed.  Since the release of the FAO 56 

Penman Montheith (FAO-56) method, many scientists have worked at validating 

this method under various conditions (shorter time-steps and when some data 

are not available) as well as its comparative advantage over previously used 

methods. 

Kashyap and Panda (2001) evaluated ten climatological methods of 

estimating reference ET and compared the result with a weighing lysimeter.  The 

climatological methods compared were: Penman, FAO-Penman, FAO-Corrected-
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Penman, 1982-Kimberley-Penman, Penman-Monteith, Turc-Radiation, Priestley-

Taylor, FAO-Radiation, Hargreaves and FAO-Blaney-Criddle.  

 

Table 3.1 Comparison of various climatological ETo methods (Kashyap and 

Panda 2001) 

Rank  Estimation Method    Mean Deviation from 
Measured Values (%)  

R MSE (mm day-1)  

1  Penman-Monteith FAO 56 -1.36          0.080 

2  Kimberly-Penman  -1.51          0.211 

3  FAO-Penman  -3.60          0.234 

4  Turc-Radiation  +2.72          0.260 

5  FAO-Blaney-Criddle  +3.16          0.289 

6  Priestley-Taylor  -6.28          0.316 

7  Penman  +11.87          0.317 

8  Hargreaves  +8.34          0.358 

9  FAO-Radiation  +17.89          0.540 

10  FAO-Corrected Penman  +22.32          0.756 

 

The results presented in Table 3.1 show that the FAO 56 method had the 

lowest RMSE and mean deviation.  Studies such as this and others (Pereira et 

al., 2002; Lopez-Urrea et al., 2006; Xing et al., 2008) have increased the level of 

confidence in using the FAO-56 method as a standard to which other methods 

are compared.  Since the cost and labour involved in setting up a lysimeter is 

high, having a reliable basis of comparison is of great importance.  This is not to 

assume that the FAO-56 ETo is totally perfect but a RMSE of 0.080mm day-1 is 
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quite close to reality.  In the past, the use of the FAO-56 ETo has been limited 

due to data requirement and the complex computations.  However, with an 

increasing number of automated weather stations and computer programs, these 

draw-backs have been surmounted. 

The current version of the VSMB (VB0) computes solar radiation data from 

Hargreaves equation given as:  

       (          )                                                (3.11) 

where Rs is the incoming shortwave radiation (MJ m-2 d-1), Tmax and Tmin are the 

daily maximum and minimum temperatures, Ra (MJ m-2 d-1) is the extraterrestrial 

radiation obtained from solar constant, latitude and Julian day.  However, with the 

increasing number of meteorological stations with pyranometers for measuring 

incoming solar radiation, the VSMB model was modified (VB1) to read solar 

radiation data directly if provided.  If not, the model uses equation 3.11 to 

compute it.  The incoming solar radiation data is needed for the determination of 

the net radiation (Rn) parameter in equation 3.10. Rn computation by Allen et al. 

(1998) is given as: 

                                                                           (3.12) 

                                                                        (3.13) 

      [
 

        
     

 
] (         √  ) (    

  

   
      )       (3.14) 

             (      )                                             (3.15) 
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where  

Rn net radiation [MJ m-2 day-1], 

Rns net incoming shortwave radiation [MJ m-2 day-1], 

Rnl net outgoing longwave radiation [MJ m-2 day-1], 

Ra  extraterrestrial solar radiation [MJ m-2 day-1], 

 Stefan-Boltzmann constant [4.903 10-9 MJ K-4 m-2 day-1], 

TmaxK maximum absolute temperature during 24-hour period [K = °C + 273.16], 

TminK minimum absolute temperature during 24-hour period [K = °C + 273.16], 

ea actual vapour pressure [kPa], 

Rs/Rso relative shortwave radiation (limited to  1.0), 

Rs measured or calculated (equation 3.15) solar radiation [MJ m-2 day-1], 

Rso calculated (equation 3.19) clear-sky radiation [MJ m-2 day-1]. 

z station elevation above sea level (m). 

 

The net radiation calculation in equation 3.12 replaces the one currently 

used by the VSMB (equation 3.16) which provides an easy estimate of net 

radiation (Rn, W m-2) without actual radiation data. 

                                                                        (3.16) 

These changes in net radiation computation are expected to improve 

reference evapotranspiration estimates.  Furthermore, the Priestley-Taylor (PT) 

equation (Equation 3.6) currently used to estimate ETo was replaced with the 

FAO 56 equation (equation 3.10) based on studies (Table 3.1) which affirm that 

the FAO-56 method gives better ETo estimates. 

VB0 utilizes the minimum and maximum daily temperature, and 

precipitation. However, to accommodate the changes made, additional weather 
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data were added to the VSMB weather input file.  These are minimum and 

maximum humidity, wind speed and solar radiation data. 

 

3.3.2 Statistical Procedure 

To evaluate the performance of the Hargreaves equation in estimating 

solar radiation, the root mean square error (RMSE) was calculated as shown in 

Equation 3.17. 

        (
 (           )

 

 
)
   

   (3.17) 

where Obsi is the observed solar radiation reading from the pyranometer on day i 

and Hargi is the solar radiation calculated from the Hargreaves equation on day i, 

and n is the number of observations.  

The mean bias error (MBE) was calculated to determine whether the 

Hargreaves equation overestimates or underestimates solar radiation.  Positive 

values of MBE indicated overestimation, while negative values indicated 

underestimation.  If the MBE is 0, it means that there is equal distribution of 

positive and negative differences. 

     
 

 
 ∑ (          ) 

 
     (3.18) 
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The percentage mean deviation from measured values was also 

determined to estimate in percentage terms, the average deviation of the 

Hargreaves-derived result from the observed pyranometer values. 

         
 

 
 ∑ (

          

    
    )  

                  (3.19) 

A paired student t-test at alpha level of 0.05 was conducted in order to 

assess whether the values from the Hargreaves equation were significantly 

different from the observed pyranometer values.  These statistics were also used 

to compare results from daily PT ETo to values from the Penman Monteith FAO-

56 ETo.  
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3.4 Results and Discussion 

3.4.1 Observed Solar Radiation versus the Hargreaves Model 

The incoming solar radiation data taken directly using the pyranometer 

was compared to simulated results using Hargreaves equation (equation 3.11).  

The current version of the VSMB (VB0) uses this equation.  Though automated 

solar radiation sensors are now more widely in use, many radiation-based 

models still use the Hargreaves method.  The daily incoming solar radiation data 

collected at seven sites with a pyranometer installed were compared to solar 

radiation data generated from the Hargreaves equation for the 2009 and 2010 

growing season.  Overall, the Hargreaves equation captured the trend in daily 

values correctly.  However, it overestimated solar radiation at low observed 

values and underestimated it at higher values.  The equation was not able to 

capture these extremes (Figure 3.1). 

Pooling the data from all sites for both 2009 and 2010, the root mean 

square error was 5.0 MJ m-2 day-1 and the mean bias error was +1.5 which 

means that the Hargreaves equation overestimated solar radiation.  The 

percentage mean deviation from observed value was 26.0%.  The Hargreaves 

estimates were statistically different from the observed pyranometer data.  

However, on non-rainy days, no statistical difference was observed (Table 3.2).  

The RMSE was reduced to 3.9 MJ m-2 day-1 and a mean bias error of +0.02 

which indicates a slight overestimation. 

 



66 
 

Table 3.2 Paired Two Sample t-test (Hargreaves vs Observed). 

       All Days Non-Rainy Days 

  Harg Obs Harg Obs 

Mean 20.36 18.87 21.71 21.69 

Standard Deviation 4.44 6.94 16.25 28.65 

Observations 646 646 397 397 

Hypothesized Mean Difference 0 

 

0  

Df 645 

 

396  

t Stat 7.97 

 

0.01  

P(T<=t) one-tail 3.61E-15 

 

0.46  

t Critical one-tail 1.65 

 

1.65  

P(T<=t) two-tail 7.21E-15 

 

0.92  

t Critical two-tail 1.96   1.96  

α 0.05 

 

0.05  

 

A review of the days with observed low solar radiation values from the 

pyranometer revealed that the low extremes mostly occurred on rainy days with 

high humidity (Figure 3.1).  There is a possibility however, that condensation on 

the sensors’ surface might have interfered with its ability to correctly read the 

incoming solar radiation on such days.  Bubgee and Tanner (2001) observed that 

the flat surface castle design of the sensor head tends to trap water and cause 

the sensor to underestimate solar radiation values up to 20%.  However, the 

pyranometers used for this study were the dome-surface design which helps to 

repel water and facilitates self-cleaning.  Thus, the influence of rainfall on 

pyranometer reading is expected to be negligible in this study.    
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Fig 3.1 Comparison of Observed Incoming Solar Radiation and the Hargreaves Equation at (a) Elm Creek 2010, (b) 
Kelburn 2010, (c) Oakville 2009, (d) Morden 2010, (e) Kelburn 2009, (f) Portage 2009 and (g) Warren 2010.
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3.4.2 FAO-56 ETo versus the Priestley-Taylor Model 

Daily ET0 results from the Penman-Monteith (FAO 56 - equation 3.10) 

were compared to results obtained from the Priestley-Taylor (PT - equation 3.6) 

using observed incoming solar radiation as input.  The analyses showed that the 

PT equation underestimated ETo at all the sites considered (Table 3.3, Fig 3.2).  

A total of 644 days covering the growing season at seven site-years gave an 

overall RMSE value of 0.88mm day-1 with a mean bias error of -0.42.  The 

percentage mean deviation from measured value was -14.2% (Table 3.3).  A 

paired t-test showed that the difference observed between FAO-56 derived ETo 

and the PT derived ETo was statistically significant at 0.05 α level (Table 3.4). 

 

Table 3.3 FAO-56 Daily ETo versus the PT Model. 

Site  n RMSE MBE %MD 

Elm Creek 2010 76 0.66 -0.50 -16.2 

Kelburn 2009 85 0.89 -0.41 -13.7 

Kelburn 2010 128 1.01 -0.57 -18.0 

Morden 2010 109 0.89 -0.43 -14.6 

Oakville 2009 99 0.75 -0.01 -2.9 

Portage 2009 97 0.91 -0.43 -12.2 

Warren 2010 50 0.97 -0.74 -27.3 

Total 644 0.88 -0.42 -14.2 
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Table 3.4 Paired Two Sample t-test (PT vs FAO-56). 

  Priestley-Taylor FAO-56 

Mean 3.48 3.90 

Standard Deviation 1.53 1.38 

Observations 644 644 

Pearson Correlation 0.86 

 Hypothesized Mean Difference 0 

 Df 643 

 t Stat -13.9 

 P(T<=t) one-tail 6.1E-39 

 t Critical one-tail 1.65 

 P(T<=t) two-tail 1.2E-38 

 t Critical two-tail 1.96   

α 0.05 

 
 

This result agrees with the finding of Kashyap and Panda (2001) that the 

Priestley-Taylor equation underestimates ETo though the magnitude of 

underestimation obtained in this result is higher than that of Kashyap and Panda 

(Table 3.1). Figure 3.2 shows the daily FAO 56 ETo versus PT for the seven sites 

that had measured incoming solar radiation. Fig 3.2h shows that a significant part 

of the underestimation occurs when the FAO-56 daily ETo values exceed 6mm.  

The study conducted by Kashyap and Panda (2001) showed that PT 

underestimated daily ETo at observed values greater than 5mm.  
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Fig 3.2 Daily FAO 56 ETo versus PT for (a) Elm Creek 2010; (b) Kelburn 2009; (c) Kelburn 2010; (d) Morden 2010; 

(e) Oakville 2009; (f) Portage 2009; (g) Warren 2010 and (h) All sites combined.
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3.5 Conclusion 

Operational models, such as the VSMB, with a wide range of applications 

should be subjected to periodic modification based on evolving technology and 

current research findings to improve their output performance.  The replacement 

of solar radiation data using Hargreaves’ equation with observed, sensor-

determined values is an improvement in accurately determining reference 

evapotranspiration.  The inability of the Hargreaves’ equation to effectively 

predict solar radiation especially at low extremes is an issue for calculating 

accurate evapotranspiration on those days.  Likewise, the comparison between 

the Penman-Monteith and the Priestley-Taylor ETo revealed an underestimation 

on days with high ETo which is an issue for those days.  Furthermore, these 

problems can have a cascading effect on model accuracy since they influence 

daily soil moisture values which are in turn influenced by estimates from previous 

days. 

Underestimation of ETo by the PT equation reduces the amount of water 

loss to the atmosphere and this directly impacts the accuracy of soil moisture 

estimates.  The replacement of the PT ETo with the FAO-56 is expected to 

slightly increase the drying rate of the soil layers and improve the accuracy of soil 

moisture estimation. 
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4. VSMB Model Modification and Validation 

4.1 Abstract 

Changes were made to the Versatile Soil Moisture Budget which involved 

the improvement of ETo estimates using direct solar radiation data and the 

Penman Monteith FAO-56 equation. These changes were expected to improve 

the model’s performance in estimating soil moisture. Soil moisture outputs from 

the modified model (VB1) were compared to the original model (VB0) and the 

field-calibrated hydra probe values to validate the improvement in model 

performance. Results obtained showed that changes to ETo in VB1 did not 

significantly improve soil moisture estimates in 9 of the 13 field-years. The soil 

moisture RMSE for both VB1 to VB0 for all the sites was between 0.003 m3 m-3 

and 0.011 m3 m-3. A comparison of depth specific observed soil moisture values 

(Obs) to modelled values (VB1) showed that the model was able to capture the 

trend in soil moisture changes effectively especially at the rapidly changing 

shallow depths of 5 cm and 20 cm. The RMSE of the comparison between the 

modelled and observed soil moisture at 5 cm depth for the fields was between 

0.033 m3 m-3 and 0.125 m3 m-3. However, at 100 cm depth, the RMSE was 

between 0.103 m3 m-3 and 0.244 m3 m-3. A common trend of increasing RMSE at 

increasing depth was observed at most of the field-years. The total soil profile 

comparison showed that the model largely underestimated soil moisture at all 

site-years with very high RMSE, up to 192 mm at the Gladstone site. This was 

due to the model’s assumption that the soil was drying out based on crop 

demand when in reality; the soil remained very wet due to a shallow water table.  
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4.2 Introduction 

Models are used to predict the outcome of phenomena or to simply fill the 

gap between the ‘explainable or known’ and the ‘unexplainable or unknown’. 

Over the past four decades, the use of models have gained wide acceptance 

among researchers and this has resulted in the steady increase in the number of 

papers published using models (Monteith, 2000). Models have been vital in the 

advancement of science and continue to be an important tool. In the case of soil 

moisture estimation, models are cheaper and less laborious when compared to 

the cost of instrumentation for direct measurement, the amount of work required 

for installation and the level of expertise involved. However, models require 

validation using observed data to ensure that modelled results are accurate 

reflections of the real world. 

Soil moisture sensors are often useful for point measurements and this 

poses a challenge in making general conclusions about the moisture content of 

an entire field, especially in fields with high spatial soil variability. Thus, several 

models have been developed to estimate soil moisture content. Some of these 

models include LEACHM, SHAW and VSMB. Leaching Estimation and Chemistry 

Model (LEACHM) is a process-based model developed by Hutson and Wagnet in 

1984 to describe water and solute transport in unsaturated soils in one 

dimension. It has been used to simulate water and other dissolved solute 

transport through layered and non-homogenous soil profiles but a major 

drawback is that it cannot simulate soils with layers of unequal depth (Dodds et 

al., 1998). 
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Simultaneous Heat and Water (SHAW) model was originally developed to 

simulate soil freezing and thawing, heat, water and solute transfer within a one-

dimensional profile (Flerchinger and Saxton, 1989; Flerchinger 2000).  Both the 

heat and water fluxes are solved simultaneously and thus, the model requires 

initial soil temperature, a variable that is not widely available. 

The VSMB was developed to simulate vertical, one-dimensional soil 

moisture fluxes. It has been widely used and validated under several conditions 

with modifications (Dyer and Mack 1984; Baier 1990; Hayhoe et al 1993; Baier 

and Robertson 1996; Akinremi et al 1996; Hayashi et al 2010). The VSMB model 

was selected for this study because of its capability to utilize user-defined depth 

for soil layer thickness, readily available inputs as well as its wide use and 

application in the Canadian prairies. 

The performance of a model depends on the accuracy of its inputs. 

Substituting solar radiation input data estimated from the Hargreaves equation 

with observed input data as well as replacing the Priestley-Taylor ETo equation 

with the Penman Monteith FAO-56, which has been widely reported to give better 

ETo estimates (Kashyap and Panda, 2001; Pereira et al., 2002; Lopez-Urrea et 

al., 2006; Suleiman and Hoogenboom, 2007; Xing et al., 2008), was expected to 

improve the overall accuracy of soil moisture estimation by the VSMB. The 

objective of this study was to verify that the modifications made to the VSMB 

resulted in improvement in its ability to simulate soil water content. 
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4.3 Methods 

4.3.1 The VSMB Model Overview 

The Versatile Soil Moisture Budget (VSMB) was developed to simulate 

vertical, one-dimensional soil moisture flux. For close to five decades since its 

first introduction by Baier and Robertson (1966), it has undergone various 

modifications.  The computer program was first described by Baier et al. (1972) 

and subsequently improved (Baier et al. 1979).  Dyer and Mack (1984) described 

the VSMB Version 3, with further improvements, incorporating a drainage 

algorithm and a field performance appraisal.  Boisvert et al. (1992) developed 

version 4 of the VSMB including a water-table function (Baier and Robertson 

1996).  Akinremi et al (1996) replaced the Baier-Robertson equation which uses 

temperature and latitude to estimate reference evapotranspiration with the 

Priestley-Taylor equation which uses solar radiation.  They also incorporated a 

simple cascade algorithm adapted from the Ceres-Wheat model for infiltration 

and moisture redistribution.  Hayashi et al (2010) modified the growth stage 

parameters and the drying curve function for grasslands. Estimates from the 

VSMB have been verified against lysimeter readings, soil moisture 

measurements and results from other techniques under a variety of climates, soil 

and crop conditions (Dyer and Mack 1984; Baier 1990; Hayhoe et al 1993; Baier 

and Robertson 1996; Akinremi and McGinn 1996; Hayashi et al 2010).  In these 

comparisons, the VSMB gave reasonable estimates of soil moisture distribution.  

Based on the various modifications to the model by many scientists, different 
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versions of the model exist but the model used in this research was from 

Akinremi et al (1996). 

The VSMB has been widely applied in agrometeorology and hydrology 

applications such as estimation of evaporation from grassland (Hayashi et al 

2010), impact of water use on crop yields (Qian et al, 2009), number of field work 

days for manure application (Sheppard et al 2007), impact of climate change 

scenarios on the agro-climate of the Canadian prairies (McGinn and Sheppard, 

2003), as well as the estimation of annual nitrous oxide emission (Corre et al 

1999).  

The VSMB works on a daily time-step with the soil column divided into a 

user-defined number of layers up to a maximum of six.  The model uses two 

input files: a weather data file and soil/plant information file.  These files are 

arranged in formats specified in the VSMB source code.  Three volumetric soil 

moisture parameters are required (expressed in mm): 

Field capacity (θFC), which is the amount of water the soil can hold after 

downward movement due to gravity has stopped. 

Saturation (θSAT), which is the total amount of water in the soil after all the pore 

spaces have been filled. 

Permanent Wilting Point (θPWP), which is the lowest boundary of plant available 

soil moisture below which plants can no longer extract water. 

 

Soil moisture held at field capacity was determined in-situ using the 

procedure outlined in Appendix A.  Soil samples were subjected to a pressure of 
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1.5 MPa to determine the water content at permanent wilting point.  Saturation 

water content is equivalent to soil total porosity which was derived from bulk 

density as shown in Equation 4.1. 

               (   
  

  
)                        (4.1) 

where PB is the bulk density and PD is the particle density which was assumed to 

be 2.65g cm-3.  The three soil moisture parameters are input as mm of water for 

each soil layer.  The volumetric saturation water content can be converted to mm 

of water using: 

    (  )      (    )                                 (4.2) 

where Δzi is the thickness of the soil layer in meters. 

The initial water content of the soil is needed for the first day of the time 

period being simulated. The soil moisture content changes thereafter based on 

precipitation gain, evapotranspiration loss, infiltration and drainage.  The soil 

water content in a layer (i) is given by: 

       (   )                                     (4.3) 

The model drains excess water above field capacity from the i-th layer (i = 

1 at the topmost layer) to the one below it (i+1 layer) in one day and no further 

drainage occurs until the water content exceeds field capacity again.  This poses 

a limitation to the model since some soils, especially, heavy soils, hold water 
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above field capacity for more than a day.  The available water holding capacity 

(   , mm) of the i-th soil layer is defined by: 

         (          )                                (4.4) 

In addition to the gravitational drainage of soil layers described above, 

Akinremi et al. (1996) adopted the Ceres algorithm from Ritchie and Otter (1985) 

for diffusive exchange of soil water between the i-th and i+1-th layer.  Hayashi et 

al. (2010) presented the equation as: 

          (  ) 
   

  
         (

          

 
)

          

        
              (4.5) 

where Dh (m
2 d-1) is hydraulic diffusivity, θAi ( = θi – θPWPi) is the available water 

content of the i-th layer, and zi (m) is the depth to the center of the i-th layer. 

Since z increases downward, a positive value of qi indicates downward flow.  The 

Dh function is defined by: 

               (      )                            (4.6) 

where min[,] indicates the minimum of the two values.   

The VSMB has the capability of running year-round with effective snow-

budget simulations.  However, the scope of this research is limited to the growing 

season. Several subroutines, which are programs within a main program required 

to perform specific operations and return the result as an input in the main 

program, are used in VSMB.  Some of the subroutines include a plant growth 

simulation subroutine and a reference evapotranspiration subroutine.  The main 
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output from the model is the simulated volumetric soil water content at the 

various depths specified by the user.  Other outputs, which also serves as inputs 

include, the top of the atmosphere radiation, maximum sunshine hours, reference 

and actual evaporation. 

The versatile soil moisture budget outputs daily volumetric soil moisture 

based on user-defined soil depths using a moisture balance approach. Soil 

moisture balance at the surface layer is given as: 

                                                                (4.7) 

     is the water retained on day i at soil depth j,         is the water content from 

the previous day at depth j,        is the precipitation less runoff for the surface 

layer (or simply Iij which is infiltration into layer j on day i),      is the 

evapotranspiration loss and     is drainage loss to the adjacent layer. 

For the purpose of this study, the depths modelled correspond with the 

depths monitored with the hydra probes. However, since the model cannot 

handle gaps in the soil moisture profile, the gaps were filled as shown in Table 

4.1. Four hydra probes were installed at 5 cm, 20 cm, 50 cm and 100 cm 

respectively but the VSMB soil moisture outputs were simulated at five depths 

since all the necessary input parameters to run the model for the extra depth (at 

35 cm) were available. 
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Table 4.1 Probe Installation and Sampling Depths 

Soil Sampling 

Range (cm) 

Installed Hydra 

Probe (cm) 

VSMB Simulation 

Range  (cm) 

VSMB Central 

Points (cm) 

0-10       5 0 - 12.5 5 

15-25       20 12.5 - 27.5 20 

30-40*       - 27.5 - 42.5 35 

45-55       50 42.5 - 57.5 50 

95-105       100 57.5 - 105.5 100 

* No measured soil moisture at this depth, though simulated by the model. 

 

The Soil Conservation Service (SCS) runoff curve number (USDA-NRCS 

2004, Table 9-1) used in the original VSMB was retained to determine rainfall 

surface runoff. However, field-specific values were used based on the soil texture 

of the topmost layer as well as the type of crop planted (Table 4.2). Root 

extraction coefficients used by Akinremi et al. (1996), obtained from Baier et al. 

(1979), were retained but adjusted for difference in soil depth (Table 4.3).  

 

Table 4.2 SCS Runoff Curve Number Table 

 

< 10% Clay,   

> 90% Sand 

10-20% Clay,  

50-90% Sand 

20-40% Clay, 

 < 50% Sand 

40% Clay, 

 < 50% Sand 

Small Grains 63 76 84 88 

Grass 68 79 86 89 

Row Crops 67 78 85 89 
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Table 4.3 Root Extraction Coefficients (dimensionless) 

Akinremi et   Depth (cm)   

al. (1996) 0 – 15 15 – 30 30 – 60 60 – 90 90 – 120 

P – E 0.40 0.10 0.05 0.01 0.01 

E – J 0.40 0.15 0.10 0.02 0.01 

J – H 0.55 0.20 0.20 0.10 0.05 

H – SD 0.55 0.25 0.25 0.15 0.05 

SD – R 0.55 0.25 0.25 0.15 0.05 

      

Modified    Depth (cm)   

Depth Diff 0 – 12.5 12.5 – 27.5 27.5 – 42.5 42.5 – 57.5 57.5 - 105.5 

P – E 0.40 0.10 0.03 0.02 0.02 

E – J 0.40 0.14 0.06 0.04 0.03 

J – H 0.55 0.20 0.12 0.08 0.15 

H – SD 0.55 0.25 0.15 0.10 0.20 

SD – R 0.55 0.25 0.15 0.10 0.20 

P = Planting, E = Emergence, J = Jointing, H = Heading, SD = Soft Dough, R = Ripening 

 

The VSMB computes AET from individual soil layers using empirical 

factors dependent on soil moisture and plant condition: 

     ∑               (     ⁄ )  
                    (4.8) 

where ETo is the reference evaporation (from Penman Monteith FAO-56), Ri is 

the root coefficient (Table 4.3), DC is the drying curve and W i/Wci is the relative 

soil moisture content.  

The drying curve (DC) function given in the VSMB is calculated as: 
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         ( )  (   ⁄ )      ((   ⁄ )  (   ⁄ )  (    ⁄ )((    )   ⁄ )  ) (4.9) 

where   is the relative soil moisture content which is the ratio of soil water 

content to the water holding capacity of the soil,                 are 

dimensionless fitting parameters given as 1,1,1 and 0.7 respectively for cropped 

field and 1,1,1 and 0.5 respectively for fallow fields. The drying curve function 

dictates the relative ease of soil water loss from field capacity to permanent 

wilting point. This drying curve function represents curves E and D adapted by 

Akinremi et al (1996) from Baier et al (1979) for cropped and fallow soils 

respectively. Curve E assumes no reduction in AE:ETo ratio over the range of 

available soil moisture from 100 – 50% and from 100 - 70% for curve D. Beyond 

these points, the AE decreases sharply with decreasing available soil moisture 

content.  

Model sensitivity analysis carried out by Hayashi (2010) showed that the 

drying curve function (DC) and root coefficient (Ri) have a strong effect on the 

rate of actual evapotranspiration from each soil layer which in turn, influences the 

soil moisture content. 

 

4.3.2 VSMB Model Modifications 

The Akinremi et al. (1996) version of VSMB utilizes the minimum and 

maximum daily temperature, and precipitation. However, to accommodate the 

changes made, additional weather data were added to the VSMB weather input 
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file.  Table 4.4 summarizes these modifications.  Soil moisture output from the 

Akinremi et al. (1996) version of the model is hereafter referred to as VB0 and 

results using the modified inputs are referred to as VB1. 

 

Table 4.4 Summary of modifications to Akinremi et al (1996) VSMB Version. 

Parameter Akinremi et al (1996) Modified Version 

Weather Input Rainfall, maximum and 
minimum temperature 

Rainfall, maximum and minimum 
temperature, maximum and 
minimum humidity, wind speed 
and solar radiation 

Solar radiation (Rs) Hargreaves Data input from Pyranometer* 

Net radiation (Rn) Rn = 0.63Rs - 40 Rn = Rns - Rnl 

ETo  Priestley-Taylor  Penman Monteith (FAO-56)* 

Vegetation Wheat Wheat, Canola (P-day) and 
Grass (heat accumulation) 

* Used if data is available, otherwise,  Akinremi et al (1996) is used 
  Rns net incoming shortwave radiation [MJ m

-2
 day

-1
] 

  Rnl net outgoing longwave radiation [MJ m
-2

 day
-1

] 

  

4.3.3 Plant Growth Simulations 

Evapotranspiration from a bare field is largely due to evaporation from the 

soil surface.  However, as vegetation grows and shades the soil surface from 

direct sunlight, ET gradually shifts to being largely dependent on transpiration.  

Plant type, height, density, growth stages, root depth, canopy resistance and 

other crop characteristics play an important role in water loss from vegetative 
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surfaces.  Plant growth simulation is vital to accurate prediction of soil moisture 

fluxes.   

Based on the need to simulate soil moisture content under different crop 

types, the VSMB input file was modified to include crop selection capability.  The 

value of 1 is assigned to wheat crop, 2 for canola and 3 for grass growth 

simulation.  

 

Growth Simulation of Wheat   

VB0 has an algorithm that simulates wheat and barley growth using the 

bio-meteorological time scale (Robertson, 1968).  The coefficients of this growth 

simulation were developed from many fields in nine test sites across Canada and 

the algorithm developed calculates the daily rate of crop development using non-

linear functions that depends on both daily temperature (maximum and minimum) 

and photoperiod.  Five stages were specified for crop development from planting, 

usually denoted by the corresponding numbers: 

Planting      Emergence      Jointing      Heading       Soft Dough      Maturity 
(0)               (1)                  (2)             (3)               (4)                  (5) 

 

The subroutine called SMBTS performs this growth simulation in the VSMB 

model. However, if the actual phenology is known and included in the input file, 

the model uses this instead. 
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Shaykewich (1995) reviewed the responses of phenological development 

of some cereals (corn, wheat and barley) and concluded that the growth 

response to temperature of most species is sigmoidal, rather than linear.  More 

recently, Saiyed et al. (2009) observed crop phenological stages and detailed 

weather data across 17 site-years in western Canada for six hard spring wheat 

varieties and tested the accuracy of bio-meteorological time (BMT), growing 

degree days (GDD), and physiological days (Pdays) for prediction of wheat 

phenological stages.  They recommended the use of the BMT scale for 

estimation of wheat phenological development. This justifies the retention and 

use of BMT in the VSMB model if actual crop phenology is unknown. 

 

 Canola P-day 

The Canola Council of Canada reported that the growth and development 

of a canola plant as well as the length of each growth stage is influenced by 

temperature, moisture, photoperiod, nutrition and variety.  Of the environment-

related factors, temperature is singled out as the most important factor regulating 

the growth and development of canola in western Canada. 

Physiological days (P-days) is a temperature-based, crop growth 

simulation function originally developed for potatoes (Sands et al. 1979) but 

modified and used for canola growth (Shaykewich, 2001).  Canola base, optimum 

and maximum temperatures were estimated to be 5˚C, 17˚C and 30˚C 

respectively.  Heat accumulation is based on temperature weighted averages but 
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no P-day heat unit is accumulated at temperatures below the base level of 5˚C or 

above the maximum of 30˚C. Shaykewich (2001) gave the P-day heat 

accumulation equation as: 

      (       )   
 

  
    (   (  )      (  )   (   (  )      (  )     (4.10) 
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Several developmental stages have been proposed for canola growth, 

however, to make it consistent with the five growth stages used in the BMT scale, 

a five-stage canola growth pattern was adopted as defined by Shaykewich 

(2001) with specific heat accumulation thresholds for advancing from one stage 

to the other (Table 4.5). 
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Table 4.5 Canola P-Days 

 

Growth Stage Cumulative P-days 

Planting – Rosette  0 – 139  

Rosette – Budding 140 – 299 

Budding – Flowering 299 – 419 

Flowering – Ripening 419 – 529  

Ripening – Maturity   529 – 836  

 

Growth Simulation of Grass 

Another major modification to the VSMB model is the grass growth 

simulation.  The VSMB has been used extensively for croplands, especially 

wheat, but little has been done on grasslands. Hayashi et al. (2010) used a 

three-phase growth stage approach for grasslands which is: 

Dormant   Growing   Full Cover 
(1)                       (2)                             (3) 

The developmental phase changes in response to heat unit accumulation.  The 

growth stage goes from dormant (stage 1) to growing (stage 2) when the daily 

mean temperature exceeds 1˚C for five consecutive days, and from growing 

(stage 2) to full cover (stage 3) when cumulative growing degree day (GDD) 

reaches 240.  The growth stage goes back to dormant when the maximum 

sunshine duration is below 10.5 hour (Hayashi et al., 2010). 
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                                                  (4.11) 

where Tmax and Tmin are daily maximum and minimum air temperatures (˚C) 

respectively, Tb is the base temperature which is set to 5˚C for grass. 

 

4.3.4 Soil Moisture Content from Calibrated Hydra Probes 

Detailed field and laboratory calibration were carried out on the FDR 

sensors to ensure that the data from these hydra probes truly reflect the soil 

moisture content. Field calibration equations were observed to have the lower 

RMSE than the laboratory derived equations and the factory default equation. 

Thus, the field calibration equations (Table 4.6) were selected as the basis for 

observed soil moisture content. The calibration equations were derived for three 

soil categories based on clay content.  

 

Table 4.6 Field Calibration Equations 

Category Equation 

   

R² 

A 0.09704x - 0.12478 

  

0.83 

B 0.07642x - 0.05692 

  

0.57 

CD -0.0007x3 + 0.0725x2 – 1.64x + 39.39 0.56 

where x is √εTC (square root of temperature corrected real dielectric permittivity) in categories A 

and B, and ε (real dielectric permittivity) in category CD. 
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These equations, based on the soil’s dielectric permittivity, comparatively 

reflect the observed soil moisture content. The FDR sensors provide hourly and 

daily dielectric permittivity values which can be used with the field-derived 

equations to give hourly or daily volumetric water content (m3 m-3). The soil 

moisture data from these hydra probes provide a basis for comparing the soil 

moisture output from the VSMB model. 

 

4.3.5 Statistical Procedure 

To evaluate the performance of the model to estimate soil moisture, the 

root mean square error (RMSE) was calculated as shown in Equation 4.12. 

        (
 (                  ) 

 
)
   

   (4.12) 

where modelled is the soil moisture output from the VSMB model and measured 

is the result from soil moisture content using field-derived calibrations by texture 

category for the FDR sensors, and n is the number of observations.  

The mean bias error (MBE) was calculated to determine overestimation or 

underestimation. Positive values of MBE indicated overestimation, while negative 

values indicated underestimation. If the MBE is 0, it means that there is equal 

distribution of positive and negative differences. 

     
 

 
 ∑ (                 )  

     (4.13) 
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These statistics were also used to compare results between the original 

(VB0) and modified (VB1) VSMB. A two sample z-Test for means at alpha level of 

0.05 was conducted in order to assess whether the results were significantly 

different from each other and from the measured values. 
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4.4 Results and Discussion 

4.4.1 VB1 versus VB0 Soil Moisture  

From the results obtained, changes to the model did not result in 

significant improvement in the soil moisture output of the model at most of the 

fields. Though the ETo values derived from the FAO-56 PM were significantly 

different from ETo values from Priestley-Taylor, the soil moisture content derived 

from both ETo equations did not show any significant difference at alpha level of 

0.05 except at the Treherne fields in both years (Table 4.7). This is reflected in 

the p-values of the z-test which were less than 0.05. Also, the RMSE for all the 

sites was between 0.003m3 m-3 and 0.011m3 m-3. Expectedly, the MBE showed 

that the VB1 estimates were lower than the VB0 at 11 of the 13 site-years due to 

greater ETo in the VB1 from the FAO-56 model which dries the soil more than the 

PT model used in VB0. 

The change in ETo did not result in a significant change in soil moisture at 

most fields and this might be as a result of the wet growing seasons under which 

the research was conducted. Larger differences may have been observed in drier 

or windy conditions. It was surprising to observe that the Treherne fields showed 

a significant difference between VB1 and VB0 at both fields for both years 

considered. Specific depth analysis showed that there was a significant 

difference between VB1 and VB0 only at 50 cm depth of Treherne Grass 2010 

field (n = 164). There was no significant difference at the other depths. The 
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influence of a large sample number (n) likely played a role because very small 

differences can become significant as n becomes larger.  

 

Table 4.7 Comparison between VB1 and VB0. 

SITE n* Mean VB1 

(m
3
 m

-3
) 

Mean VB0 

(m
3
 m

-3
) 

RMSE 

(m
3
 m

-3
) 

MBE p-value 

Oakville Canola 2009 396 0.295 0.294 0.003 0.001 0.869 

Portage Canola 2009 388 0.274 0.275 0.004 -0.001 0.706 

Gladstone Grass 2009 612 0.170 0.173 0.004 -0.003 0.504 

Kelburn Oat 2009 476 0.398 0.398 0.003 -0.001 0.806 

Treherne  Wheat 2009 576 0.194 0.199 0.007 -0.005 0.018** 

Treherne Grass 2009 576 0.167 0.173 0.007 -0.006 0.024** 

Carman Alfalfa 2010 580 0.278 0.277 0.003 0.001 0.809 

ElmCreek Canola 2010 500 0.216 0.221 0.006 -0.005 0.126 

Morden Wheat 2010 436 0.309 0.312 0.004 -0.003 0.680 

Kelburn Wheat 2010 512 0.370 0.372 0.005 -0.002 0.600 

Treherne Canola 2010 656 0.183 0.187 0.007 -0.004 0.047** 

Treherne Grass 2010 656 0.178 0.184 0.011 -0.006 0.007** 

Warren Grass 2010 218 0.378 0.381 0.007 -0.003 0.485 

* n is the combination of the daily output for all four depths  
** p-value < 0.05 implies that mean difference is significant. 

 

 

4.4.2 Depth Specific Field-Derived Calibration versus Modelled (VB1) Soil 

Moisture 

Analysis of the thirteen site-years (Fig 4.1A-C) showed that the model was 

able to capture the trend in changes to soil moisture especially at the 5 cm and 

20 cm depths where soil moisture changes rapidly. The RMSE of the comparison 
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between the modelled and the soil moisture from field-derived calibration at 5 cm 

depth for the fields was between 0.033m3 m-3 and 0.125m3 m-3. However, at 100 

cm depth, the RMSE was between 0.103m3 m-3 and 0.244m3 m-3 (Table 4.8). 

There was a common trend of increasing RMSE as depth increases for most site-

years. This may be due to the drying curve coefficients which dry the soil at lower 

depths faster than observed. The exclusion of water table depth as a factor in the 

model might have also played a significant role in the high RMSE observed at 

lower depths. The model assumes that soils dry out based on plant root demand 

and acquire moisture from the adjacent moist layer after a rainfall event. 

However, when some soil profiles were dug in the spring (e.g. at Elm Creek, 

Gladstone and Warren), the water table was very shallow (about 60 cm). This 

certainly influenced soil moisture content at 50cm and 100cm depths but is not 

taken into account by the VSMB. 

The MBE at the surface layer (5 cm) showed that in nine of the thirteen 

site-years, the model overestimated soil moisture (Table 4.8).  However, at all 

other depths (20 cm, 50 cm and 100 cm), all the site-years showed a consistent 

underestimation except at 20 cm depth at Kelburn Oat 2009.  The consistent 

underestimation at depths reinforces the need to re-evaluate the drying curve. 

Oakville and Treherne canola fields had the lowest RMSE of 0.033m3 m-3 at the 

surface depth and Warren grass field had the highest RMSE of 0.125m3 m-3.  

The Warren grass, heavy clay field exemplifies the problem in situations where 

the model simulates rapid drying of soil moisture from saturation to field capacity 

in a single day when in reality the soil remains above field capacity for days. 



98 
 

The results obtained were similar to Akinremi et al (1996) where the soil 

moisture content in the surface layer was simulated with greater accuracy than at 

the lower depths.  However, unlike the findings in this research, the modifications 

made by Akinremi et al (1996) compared better with measured values than those 

simulated using the original VSMB version they worked with.  The modification to 

the VSMB carried out in this study is unique because no other modification to this 

model has focused on changing the evapotranspiration subroutine, substituting 

the Priestley-Taylor ETo with the Penman Monteith ETo.  
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Table 4.8 Comparison of modelled versus field-derived calibration soil moisture   

  RMSE(m3 m-3)  

SITE/ DEPTH 5 20 50 100 

Oakville Canola 2009 0.033 (0.009) 0.155 (-0.154) 0.148 (-14.2) 0.107 (-0.102) 

Portage Canola 2009 0.082 (-0.061) 0.126 (-0.122) 0.107 (-10.4) 0.153 (-0.149) 

Gladstone Grass 2009 0.093 (-0.091) 0.097 (-0.094) 0.186 (-18.2) 0.244 (-0.230) 

Kelburn Oat 2009 0.105 (0.100) 0.044 (0.007) 0.049 (-3.9) 0.150 (-0.054) 

Treherne  Wheat 2009 0.044 (0.006) 0.080 (-0.071) 0.096 (-9.2) 0.123 (-0.122) 

Treherne Grass 2009 0.038 (-0.004) 0.062 (-0.047) 0.087 (-7.6) 0.103 (-0.095) 

Carman Alfalfa 2010 0.043 (0.010) 0.087 (-0.081) 0.176 (-17.3) 0.145 (-0.139) 

ElmCreek Canola 2010 0.089 (0.063) 0.075 (-0.063) 0.160 (-15.9) 0.198 (-0.196) 

Morden Wheat 2010 0.038 (0.025) 0.075 (-0.073) 0.076 (-7.1) 0.207 (-0.205) 

Kelburn Wheat 2010 0.047 (0.027) 0.063 (-0.050) 0.125 (-12.0) 0.168 (-0.164) 

Treherne Canola 2010 0.033 (0.015) 0.084 (-0.080) 0.147 (-14.4) 0.219 (-0.218) 

Treherne Grass 2010 0.041 (0.023) 0.066 (-0.063) 0.085 (-0.080) 0.189 (-0.188) 

Warren Grass 2010 0.125 (-0.104) 0.117 (-0.111)      -      - 

Values in brackets are the MBE. Negative values show that the model underestimated observed soil moisture. 
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Fig 4.1A: Soil moisture time series at 5cm depth at (a) Oakville 2009; (b) Portage 2009; (c) Elm Creek 2010 and (d) Treherne Canola 2010. 
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Fig 4.1B: Soil moisture time series at 20cm depth at (a) Oakville 2009; (b) Portage 2009; (c) Elm Creek 2010 and (d) Treherne Canola 2010. 
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Fig 4.1C: Soil moisture time series at 50 cm (a-d) and 100 cm depths (e-h) at Oakville 2009, Portage 

2009, Elm Creek 2010 and Treherne Canola 2010 fields respectively. 
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4.4.3 Profile comparison of modelled versus field-derived calibration soil 

moisture 

The comparison of observed soil moisture contained in the soil profile (0-105 cm) 

to the modelled output showed that the VB1 consistently underestimated soil 

moisture, as observed from the negative MBE for all site-years (Table 4.9). This 

was largely due to the underestimation observed at the lower depths.  All the 

RMSE were very high with the highest observed at Gladstone Grass 2009 at 

192.1mm. This was mainly as a result of the high water table which influenced 

the observed soil moisture. The model could not simulate the high water table 

and assumed that the soil was drying out based on crop demand.  

Table 4.9 Profile comparison of modelled versus field-derived calibration soil 

moisture. 

 

SITE n RMSE(mm) MBE(mm) 

Oakville Canola 2009 99 115.2   -111.5 

Portage Canola 2009 97 128.6   -127.1 

Gladstone Grass 2009 133 192.1   -184.7 

Kelburn Oat 2009 76   54.3     -44.5 

Treherne  Wheat 2009 135   96.1     -94.5 

Treherne Grass 2009 135   76.6     -74.9 

Carman Alfalfa 2010 144 123.6   -119.6 

ElmCreek Canola 2010 99 136.5   -135.8 

Morden Wheat 2010 77 127.8   -126.5 

Kelburn Wheat 2010 127 118.2   -116.0 

Treherne Canola 2010 163 151.6   -150.9 

Treherne Grass 2010 163 120.9   -120.1 

Warren Grass 2010** 102   39.4     -37.8 

** Based on 0-25cm depth 
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Fig 4.2 Rainfall, Observed and Modelled Soil Moisture at (a) Oakville 2009 (b) Portage 2009 (c) Elm Creek 2010 and (d) Treherne Canola 2010.  
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4.5 Conclusion 

The use of models has many potential benefits. However, modelled results 

should be comparable to observed values before such models can be used in 

planning and decision making processes. The VSMB was modified by replacing 

the Priestley-Taylor ETo equation with the Penman Monteith FAO-56 equation in 

a bid to improve its soil moisture estimation. This study showed that the 

modification to the original VSMB did not significantly improve its soil moisture 

estimation at most of the site-years. The model was most effective at simulating 

soil moisture content at the rapidly changing surface with a RMSE as low as 

0.033 m3 m-3 at some fields. At lower depths, however, the model greatly 

underestimated the observed values. At some locations, this was due to the 

model drying out soil moisture based on crop demand when in reality the water 

table was very shallow and was replenishing soil moisture at depth. The 

magnitude of soil moisture underestimation at such locations increased with 

increased data points such as at Gladstone 2009 which had the highest 

magnitude of underestimation with a value of -184.7 mm.  

Further study that looks into the drying curve as well as the root extraction 

coefficients is recommended. Adding a subroutine to replenish soil moisture at 

depth for fields with a shallow water table would also be expected to improve the 

model’s soil moisture prediction.  
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5.0 Overall Synthesis 

5.1 Significance 

Seasonal fluctuations of soil moisture influenced by the extreme variability of 

weather parameters have huge effects on agricultural production and other 

aspects of human endeavour. The occurrence of drought and flood are 

manifested by soil moisture variation. Even the location and timing of severe 

weather such as hailstorms and tornadoes have been linked to variability in soil 

moisture (Hanesiak et al. 2004). Knowledge of soil moisture content is critical for 

many farm operations and the excess or deficit of plant available water is one of 

the most important factors that determine crop growth and development which 

ultimately limits crop yield. By actively monitoring soil moisture, farmers would be 

able to make more informed decisions about which crop to grow and which 

seeding date and rate would optimize crop water use (Gervais, 2008).  

A continuous soil moisture monitoring network is important to fill the knowledge 

gap in soil moisture dynamics. In this study, a total of 13 soil moisture monitoring 

sites were established using FDR sensors in central and eastern Manitoba in 

2009 and 2010 for the purpose of testing the VSMB soil moisture model. The 

sensors output hourly and daily soil moisture values. However, to ensure that the 

outputs from these sensors are comparable to observed soil water content, they 

were calibrated in the laboratory and in the field using categories based on 

percent clay content of the soil. Default factory parameters were found to be 

comparable to the laboratory derived parameters but showed significant 
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differences when compared to field calibration, especially in heavy textured soils. 

Generally, the accuracy of the default factory calibration decreased as the soil 

clay content increased. This study affirmed the need for site-specific calibration of 

the sensors especially when used in fields with heavy clay soil and when a high 

degree of accuracy is required. 

A network of soil moisture monitoring locations provides the basis for comparing 

agrometeorological models to observed values. These sensors however, give 

point measurements; are quite expensive and often require a level of expertise 

for proper installation. To fill this gap, models are employed. Models are able to 

overcome the shortcomings of point data from direct soil moisture measurement 

which do not integrate these measurements over space and time as is often 

required in many agronomic applications (Akinremi and McGinn 1996). The 

suitability and use of models depends on how accurately they predict the 

phenomena they simulate.  

Modifications were made to the VSMB, an operational model that monitors soil 

moisture status, to improve its accuracy. The Hargreaves equation which was 

used to predict solar radiation was replaced by direct solar radiation values from 

pyranometers. Also, ETo determination which is an important input to the model 

was modified by replacing the Priestley-Taylor equation with the Penman-

Monteith (FAO 56) equation. This study showed that PT underestimated the 

amount of water loss to the atmosphere when compared to the PM – FAO 56. 

However, this difference in ETo did not result in significant difference in the VSMB 

soil moisture output. The model was most effective at simulating soil moisture 
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content at the rapidly changing surface layers. However, it largely 

underestimated soil moisture at lower depths in the soil profile when compared to 

values from the calibrated FDR sensors. 

Improving the accuracy of the VSMB holds great potentials for many agriculture 

and hydrology related applications. Monitoring soil water and providing real-time 

estimates is vital to understanding drought, floods as well as severe weather 

forecasting on a municipal, provincial and national basis. 

 

5.2 Future Work 

Suggested improvement to the calibration methodology would be to increase the 

number of gravimetrically-determined data samples alongside the soil moisture 

sensors. This will help to boost confidence in the calibration result because more 

data points would provide a more representative calibration equation. Also, a 

long-term comparison of year to year variation of the FDR sensors should be 

studied. This is based on the shrink-swell cycles in the soil, especially those with 

high clay content, and the seasonal freeze-thaw changes, both of which can 

cause cracks and air gaps next to the sensors. Such study will further help to 

determine the degree to which the physical disruption of the soil may be affecting 

probe-soil contact and causing errors in the observed soil moisture values. The 

best installation practice for long-term soil moisture monitoring is yet to be 

determined.  
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Although the ETo subroutine modification in the VSMB carried out in this study is 

a step in the right direction, the model requires further modification in order to 

provide accurate soil moisture values. Inclusion of the influence of depth to water 

table for fields with shallow water table is expected to improve the model’s soil 

moisture prediction at depths. The model is also limited by the assumption that 

soil drains from saturation to field capacity in one day. This is not the case in 

heavier soils that often remain at moisture content higher than field capacity for 

some days. 

There is little documentation about research that focused on the drying curve 

coefficients and their adaptation to the VSMB. Hayashi et al (2010) reported the 

coefficients                 as dimensionless fitting parameters used to derive 

the empirical drying curve function. Further research that looks at improving this 

function by deriving coefficients that are adaptable for various soil types would be 

a step in the right direction. The interaction of root extraction coefficients for 

various crops with the drying curve coefficient also requires further study.  
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6.  APPENDICES 

A PROTOCOL FOR FIELD CAPACITY AND BULK DENSITY 

DETERMINATION 

A.1 Introduction:  

The pore space of soil is about 50% of the total soil volume while the soil matrix 

occupies the rest. Both the soil air and soil water occupy the pore spaces. 

However, under saturated conditions, all the pore spaces are filled with water, 

forcing the air out. But as the water drains gradually, the soil air fills the spaces. 

 

A.2  Field Capacity: 

Field capacity is the amount of soil moisture or water content held by the soil 

after excess water has drained out and the rate of downward movement has 

materially decreased, which usually takes place within 2–3 days after a rainfall or 

irrigation event has saturated the soil depending on the texture of the soil. The 

physical definition of field capacity (expressed symbolically as θfc) is the water 

content retained in soil at 0.03 MPa of hydraulic head or suction pressure. 

The field capacity varies in different soils. In sandy soils, it is between 10-20% 

volumetric water content (VWC), and between 30-40% VWC for clay soils. 

Loamy soils vary between 15-35% VWC.  

 

A.2.1 Materials and Method: 

The aim of field capacity determination is to saturate the soil with water and allow 

it to drain by gravity. This process was done in two stages: 

a) Saturation: To achieve this, it is important to estimate the amount of water 

that will be needed. This is done by calculating the soil porosity given as:  
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          (   
            

                
)  

Therefore, the bulk density of the soil should be determined using the auger 

meant for this purpose (see bulk density protocol below, if unknown however, 

1.25g cm-3 can be used for loam soils and increased for sandy soils). The 

assumed particle density of 2.65g cm-3 can be used. The bulk density and 

porosity determination are used to estimate the amount of water required for the 

soil to attain saturation. 

Example: Calculate the porosity and the volume of water that will be needed to 

saturate a soil of 1m depth within an area of 1m2 with bulk density of 1.2g cm-3 

and volumetric water content of 0.25? 

Porosity = 1 – (soil bulk density / soil particle density) 

Soil Particle Density value is 2.65 g cm-3 is often used. 

 

Porosity (f) = 1- (1.2 g cm-3 / 2.65 g cm-3) = 1 – 0.45 = 0.55. 

NOTE: Porosity is dimensionless and can be given in terms of proportion or 

percentage. 

Of the 0.55 pore space (soil porosity), 0.25 is currently occupied by water- i.e. 

soil volumetric water capacity. The present pore space left to be occupied will be 

0.55-0.25 = 0.30. Thus, the additional amount of water to saturate the soil is 

given as,  

0.30 x 106 cm3 = 300, 000 cm3 = 300 liters. 

From the calculation above, it can be inferred that soil bulk density has an 

inverse relationship with the volume of water needed to bring the soil to 

saturation (the higher the bulk density of a soil, the lower the volume of water 

needed to bring it to saturation). A frame of 1m2 internal area of any convenient 

height can be used to restrict surface water flow. A portion of the square frame is 

buried on a flat surface of the field (to avoid surface run-off) and the pre-
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determined volume of water is applied gradually. Sub-surface flow of water to 

adjacent dry soils cannot be totally controlled since water flows in response to 

potential gradient. 

To ensure that the spot where the reading will be taken is adequately saturated, 

holes may be dug around the spot to the desired depth. This will slightly increase 

the amount of water needed. The volume of each hole which is equivalent to the 

volume of additional water needed is calculated by:  

V= πr2h where π is pie (3.14), r is the radius of the auger and h is the depth. 

Infiltration will take more time in fine-textured soils. However, adding all the water 

at once will create a huge pressure that the soil under the frame may not 

withstand, thus causing surface run-off to adjacent soils. Though run-off may not 

be totally prevented in some cases, it can be minimized with gradual application 

of water. 

Once the estimated volume of water is added, the frame should be covered with 

a bag to prevent rapid loss to evaporation. 

b) Measurement: After 2-3 days, the water is expected to have drained 

down the soil profile by gravity. Soil samples for field capacity (as well as 

soil bulk density, if desired) are taken from the reserved spot. For field 

capacity determination, only a fraction of the soil at the desired depths is 

needed. However, for bulk density determination, all the soil from the 

desired depth is needed. The table below (Table A1) shows the calculation 

for field capacity, given in the 10th column, assuming that the soil was 

earlier saturated and allowed to drain by gravity. 

Based on the procedure, field capacity can be calculated as: 

Ѳv = Ѳg X Ρb 

where  

Ѳv is the Volumetric Water Content at Field Capacity 

Ѳg is the Gravimetric Water Content (D, 10th column in the table below) 
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Ρb is the Bulk Density. 

 

A.3 Bulk Density:  

This is dependent on the proposed soil depth range. In this test-case, the use of 

Flat-Bottom Auger (excavation method) is explained with the aid of the table 

below: 

Table A1: Bulk density determination from a Canola field. 

Depth 
(cm) 

From 
(cm) 

To                        
(cm) 

Depth 
Diff 
(h) 

Auger 
radius 
(cm) 

Total Soil 
Vol VT= 
(∏г²h) 

Wet 
Soil(g),  

A 

Dry 
Soil(g),  

B 

Moisture 
(g),          

C= A-B 

%Moisture 
D= C/B  
*100 

 

% Dry 
Mass,    
k=100-

D 

Total Wet 
Mass (g), 

MT 

Total Dry 
Mass, Ms= 

(k/100)*MT 

Bulk 
Density, 

ℓb= 
Ms/VT 

0-10 0.0 9.4 9.40 5.75 975.9 258.4 202.5 55.9 27.6 72.4 1490.3 1079.0 1.11 

15-25 16.1 22.7 6.63 5.75 688.7 327.8 249.6 78.2 31.3 68.7 1177.9 809.1 1.17 

30-40 31.0 38.4 7.43 5.75 771.7 273.5 205.6 67.9 33.0 67.0 1266.6 848.3 1.10 

45-55 44.6 54.4 9.80 5.75 1017.4 400.0 304.5 95.5 31.4 68.6 1708.9 1172.7 1.15 

95-105 96.2 106.0 9.80 5.75 1017.4 398.0 309.2 88.8 28.7 71.3 1902.1 1355.9 1.33 

Result from a Canola field in Oakville on June 3rd, 2009. 

STEPS: 

1. Have a depth range based on the nature of the research. 

2. Using the flat-bottom auger, take out as much soil in the preferred spot as 

possible based on the depth range. From the table above, the depth 

difference (6.63cm) for the 15-25cm range is not as good a representation 

as that of the 0-10cm depth with difference 9.40cm. (NOTE: The depth is 

measured 3-4 times at different sides of the hole and the average value is 

recorded. Thus, values under the second and third columns are averages 

of measured depths). 

3. The auger radius (which is equivalent to the radius of the hole) is used to 

calculate the total volume of soil in each depth. The depth difference in 

each depth range is used as the height h in calculating the Soil Total 

Volume. 
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4. ALL the soil from each depth is weighed and recorded to give the Total 

Wet Mass found in the 12th column. 

5. A representative sample from the weighed Total Wet Mass for each depth 

is taken, weighed and oven dried at 1050C to determine its % moisture 

which is the Gravimetric water content. 

6. The % Dry Mass is 100 - % Moisture. Thus, the proportion of the Soil Total 

Volume in each depth that will be Dry Mass as shown in the 13th column 

is given as: 

Total Dry Mass = (%Dry Mass  X  Total Wet Mass) / 100. 

7. The bulk density is calculated by dividing the Total Dry Mass by the Total 

Volume. 

 

The gidding hydraulic soil probe machine can be used in place of the flat 

bottom auger for soil excavation at depths. It is easier and faster, however, 

heavy compaction of clay soils and ‘fall out’ of sandy soils from the sampling 

tube are key challenges in using this machine. 

The main limitation associated with using the flat bottom auger is the inability 

of the auger to collect all the soil grains at lower depths. 
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6.2  Appendix B – Hydra Probe Calibrations 

 

Figure B.1 Time-series comparing the moisture content derived from the default factory, field and laboratory 

calibrations at (a) Gladstone 2009, (b) Carman 2010, (c) Portage 2009 and (d) Kelburn 2010 fields at 20cm depth. 
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Figure B.2 Time-series comparing the moisture content derived from the default factory, field and laboratory 

calibrations at (a) Gladstone 2009, (b) Carman 2010, (c) Portage 2009 and (d) Kelburn 2010 fields at 50cm depth. 
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Figure B.3 Time-series comparing the moisture content derived from the default factory, field and laboratory 

calibrations at (a) Gladstone 2009, (b) Carman 2010, (c) Portage 2009 and (d) Kelburn 2010 fields at 100cm depth. 
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