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ABSTRACT

Three EvapoTranspiration (ET) estimation methods included in the Daisy model, the Food
and Agriculture Organization (FAO) Penman-Monteith, Samani and Hargreaves and
Makkink methods, were evaluated using meteorological variables and ET measurements
taken during the period of 2000 to 2004 over a mixed grass prairie site centred on a flux
tower in Lethbridge, Alberta. Analysis of the standard scores of ET and meteorological
variables showed that ET measurements and estimations by the three methods highly
depended on solar radiation and temperature, but were less related to relative humidity and
wind speed. The evaluation of ET methods against measurements indicated that all three
methods performed better during the growing season but could not provide reliable ET
estimations at other times during the year. The FAO Penman-Monteith method performed
best, and showed the lowest estimation errors of MBE and RMSE. This was likely because
of its theoretically physical basis and its consideration of vapour pressure deficit (VPD).
The evaluation of the impact of ET estimation methods on crop yield simulations
suggested that ET methods with better ET estimations generally correspond to better crop

yield simulations.
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Chapter 1 Introduction

1.1 Statement of research problem

Evapotranspiration (ET) is a controlling factor in the water cycle and energy transport
among the biosphere, atmosphere and hydrosphere, and therefore plays an important role
in hydrology, meteorology, and agriculture (Bates et al., 2008; Brutsaert, 1986; Jackson et
al., 1981). Understanding ET dynamics helps to predict regional-scale surface runoff and
groundwater, simulate large-scale atmospheric circulation and global climate change and
schedule field-scale irrigations and tillage operations over cropland, (Idso et al., 1975; Su,
2002). Therefore, the capability to accurately estimate ET in land surface water and energy
budget modeling at different temporal and spatial scales could be a valuable asset in

hydrology, climatology and agriculture.

There exists a multitude of methods for measurement and estimation of ET (Hatfield, 1983;
Itenfisu et al., 2000; Rango, 1994; Winter et al., 1995). These methods were derived from
different theoretical assumptions, including empirical relations (Kohler et al., 1955), water
budget (Guitjens, 1982; Singh, 1989), energy budget (Fritschen, 1966; Kustas and Norman,
1996), mass transfer (Harbeck, 1962) and combinations of them (Penman, 1948).

Furthermore, all ET methods present different structural complexity and data requirements



(Kalma et al., 2008; Kairu, 1991; Wilks and Riha, 1996). Howeyver, it is difficult to select
the most appropriate ET method for a given study. This is mostly due to lack of objective
criteria for method selection (Singh and Xu, 1997). Getting a better understanding of ET

methods over temporal and spatial scales could be an approach to solve this problem.

ET, as a main controlling factor on matter and energy exchange between crop and
atmosphere, significantly affects crop production processes (Pirmoradian and Sepaskhah,
2005; Van Bavel, 1968). The proportion of water uptake from soil by roots going to
transpiration can exceed 90% (Xu and Singh, 1998). Present-day crop yield models usually
have specific submodels for estimating ET (Abrahamsen and Hansen, 2000; van Ittersum
et al., 2003). However, due to wide differences among available ET estimation methods
(summarized above), crop yield simulations resulting from different choices of ET
submodel also differ. Therefore, there is a need to examine the impacts of ET estimation

method on crop yield simulations.

This study focuses on the Canadian Prairies, where unpredictable and erratic weather
predominates most of the growing season (Bole and Pittman, 1980; Richardson et al.,
2006). The characteristics provide an ideal environmental background for ET and crop
yield simulations based on their high degree of dependence on meteorological parameters

and of sensitivity to environmental variability.
2



1.2 Research objectives

The following research objectives are identified in this study:

1) to test the dependence of ET on the main meteorological variables affecting ET
processes using both ET measurements and estimations by different methods;

2) to evaluate the performance of ET estimation methods used in this study against
measurements under the same meteorological and environmental conditions;

3) to examine the impacts of ET estimation methods on crop yield simulation.

These objectives are examined at a specific site in Lethbridge, Alberta, and are assumed to

be applicable to at least similar agro-environmental conditions across the northern

mixed-grass prairie.



Chapter 2: Literature Review

This chapter reviews the published literature relating to the study of ET and crop
production. It is presented in three sections. The first section introduces general
information about ET, including the relevant concepts and factors affecting it. The second
section discusses two types of techniques used to quantify ET: measurement and
mathematical estimation. The third section reviews crop production, focusing on the effect

of various environmental factors on crop production.

2.1 Introduction to Evapotranspiration

2.1.1 Concepts

Evapotranspiration (ET) refers to the physical processes whereby liquid water is vaporized
from evaporating surfaces into the atmosphere (Allen et al., 1998; Li and Lyons, 1999;
Penman, 1948). It generally consists of evaporation and transpiration. Evaporation
accounts for the processes whereby liquid water is converted to water vapour and lost from
lakes, rivers, pavements, soils and wet vegetation surfaces (Allen et al., 1998; Su, 2002).
Transpiration accounts for the vaporization of liquid water within the plant from leaf

surfaces through stomata (Idso et al., 1975; Su, 2002). In plants nearly all the water taken



up from soil is lost by transpiration and only a tiny fraction is used within plants (Larcher

1995).

The term ET is generally used because evaporation and transpiration occur simultaneously
and there is no easy way to distinguish between them (Kalma et al., 2008). When a plant is
small and the canopy shades little of the ground area, ET is predominated by evaporation.
However, as the plant develops over the growing period and the canopy shades more and
more of the ground area, or even completely covers the soil surface, transpiration becomes

the main process (Larcher 1995).

Commonly used terms relevant to ET consist of reference ET (ET,), potential ET (ET,) and
actual ET (ET,). ET, refers to the ET from a reference surface with sufficient water supply,
usually a hypothetical grass surface with specific characteristics (Batchelor, 1984; Hansen,
1984; Morton, 1969). The concept of ET, was introduced to study the evaporative demand
of the atmosphere independently of plant type, development stage and management
activities (Allen et al., 1998). ET,, refers to the ET of plants that are grown in large fields
under excellent agronomic, soil water and management conditions, and achieve full
production under given climatic conditions (Morton, 1969; Van Bavel, 1966). It differs
distinctly from ET, as the ground cover, canopy properties and aerodynamic resistance of

the plant are different from the hypothetical grass surface. ET, is the ET of plants based on
5



the non-optimal management and environmental constraints such as the soil salinity, low
soil fertility, water shortage or waterlogging, and presence of pests and diseases (Allen et
al., 1998; Jensen et al., 1997). ET,, acts as the driving force in ET, modeling and constitutes

the upper limit for ET, (LeDrew, 1979).

2.1.2 Factors Affecting Evapotranspiration

2.1.2.1 Meteorological Parameters

Energy is required for ET processes to change the state of water from liquid to vapour
(Larcher, 1995; Morton, 1990). This energy is mainly available from direct solar radiation
and, to a lesser extent, the ambient temperature of air (Allen et al., 1998). The driving force
to remove water from the evaporating surface depends on the difference between water
vapour pressure of the evaporating surface and that of the surrounding atmosphere (Bosen,
1960). Further, wind speed significantly affects the movement of vapour flow in the air.
Hence, solar radiation, air temperature, air humidity and wind speed are the main
meteorological parameters to consider when assessing the ET processes (Morton, 1994; Xu

and Singh, 1998).



2.1.2.2 Management and Environmental Conditions

Environmental factors such as soil moisture, soil salinity, land fertility, penetrability of soil
horizons, diseases and pests all pose significant effects on plant development and ET
processes (Allen et al., 1998; Willigen, 1991). The effect of soil moisture on ET is
primarily controlled by the magnitude of the water deficit and soil type (Chaudhury, 1985).
Too much water may result in waterlogging and limit water uptake via roots by inhibiting
respiration (Larcher 1995). Management activities, such as the application of fertilizers,
the type of cultivation and irrigation practices used, also affect the ET process (Prihar et al.,
1976; Proffitt et al., 1985). Cultivation practices and the type of irrigation system can alter
the microclimate of the canopy by affecting the wetting of the soil and plant surface
(Ritchie, 1971; Sutton, 1949). Other factors, including ground cover, plant density and

plant architecture, should also be considered when assessing ET.

2.1.2.3 Plant Characteristics

Plant characteristics also pose a significant effect on ET processes. Different kinds of
plants differ in their albedo, resistance to transpiration, height, roughness, and rooting
system (Singh, 1989). All these plant characteristics result in different ET levels under the

identical meteorological and environmental conditions (Allen et al., 1998; Bathke et al.,



1992). Plants also present different transpiration rates in the different development stages

(Chavan and Pawar, 1988).

Generally, when water supply from the soil is sufficient to satisfy the ET demand,
meteorological parameters play the dominant role in governing ET processes. However,
under conditions of low precipitation over long periods, long intervals between irrigations,
or limited upward water transport from the water table is limited, soil moisture in the upper
layers drops and plants suffer from water deficit. This may limit plant development and
reduce ET. Under these circumstances, plants directly exert the main controlling influence

on the ET processes through stomatal control of water loss (Allen et al., 1998).

2.2 Evapotranspiration Estimation Techniques

2.2.1 Measurement Techniques

ET measurement techniques depend on a variety of instruments, and include
pan-measurement, use of weighing lysimeters, and Bowen ratio (BR) and eddy covariance

techniques (Li et al., 2009).



Pan-measurement

Evaporation from an open water surface provides an index of the integrated effect of
radiation, air temperature, air humidity and wind on ET (Allen et al., 1998). The
pan-measurement instruments consist of an evaporation pan to hold water and water level
sensors to read the depth of water evaporates from the pan. Based on the instruments one
can determine the quantity of evaporation at a given location (Bosman, 1990). This
technique has proved its practical value and has been used successfully to estimate ET, by
observing the evaporation loss from a water surface (Bosman, 1987).

Weighing lysimeter

Weighing lysimeters make direct measurements of water loss from growing crops or trees
and the soil surface around them, and thus, provide basic data to validate other ET
prediction methods. The water loss via ET can be worked out by calculating the difference
between the amount of precipitation in a field and the amount lost through the soil
(Edwards, 1986). A weighing lysimeter is used to detect losses of soil moisture by
constantly weighing a huge block of soil in a field and the measured moisture loss is
assumed to be caused by ET (Yang et al., 2000).

Bowen ratio

The Bowen ratio (BR) is a micrometeorological variable representative of the ratio of the
sensible and latent heat fluxes (Bausch and Bernard, 1992). BR is measured as the ratio of

the gradients of temperature and vapour pressure or humidity across two fixed heights
9



above the surface. Sensible heat flux is calculated from simultaneous radiometer
measurements of net radiation and soil heat flux (Verma, 1990). Once the BR and sensible
heat fluxes are known, one can solve for latent heat flux, or ET (Revheim and Jordan, 1976;
Verma, 1990). The BR approach assumes absence of horizontal energy fluxes, therefore it
cannot be used inside canopies. It further assumes that the turbulent transfer coefficients
for sensible heat and water vapour are equal (Ashktorab et al., 1989).

Eddy correlation system

The eddy correlation system is widely applied for the determination and monitoring of
energy components and carbon dioxide and water vapour mass fluxes in situ at a half-hour
time scale (Leuning et al., 1990). All of these fluxes are obtained with the eddy covariance
technique, which evaluates the means, variances and co-variances of the vertical wind
vector with its horizontal wind counterpart, with sonic temperature, and water vapour as
well as carbon dioxide mixing ratios (Leuning et al., 1990). Instruments used include a 3D
sonic anemometer to obtain the orthogonal wind vectors and sonic temperature, and a
folded, open path H,O/CO; infrared gas analyzer to measure water vapour and carbon
dioxide mixing ratios. The eddy correlation systems are used at locations where other
methods for surface flux measurements, such as BR systems, are difficult to employ

(Wilson et al., 2001).

10



2.2.2 Mathematical Methods

Commonly-applied ET mathematical estimation methods can be categorized as either
empirical methods or analytical methods (Verstraeten, 2008). Empirical methods are often
accomplished by employing empirical relationships between ET measurements and
meteorological factors via site-specific parameterization using regression analysis. These
methods may make use of data mainly derived from remote sensing observations with
minimum ground-based measurements. Analytical methods involve the establishment of
physical processes at the scale of interest with varying complexity and require a variety of
direct and indirect measurements from sources such as remote sensing technology and
ground-based instruments (Li et al., 2009; Rango, 1994). These methods are discussed

further in the following sections.

2.2.2.1 Empirical Methods

The general theory of empirical methods relates the daily ET to daily net radiation (R,,) and
difference between instantaneous surface temperature (T) and air temperature (T,)
measured at a reference height near midday over diverse surfaces with variable vegetation
cover (Caselles et al., 1992; Jackson et al., 1977; Seguin and Itier, 1983). ET estimated in

this manner can be expressed as (Seguin and Itier, 1983):

11



ET;=(R,); —B (T, —T)/ [1]
where the subscripts i and d refer to instantaneous (near mid-day) and daily, respectively; B
and n are site-specific regression coefficients, B depends on surface roughness and wind

speed, and n depends on atmospheric stability.

The main assumptions in this empirical equation are that daily soil heat flux is negligible
and that the instantaneous midday value of sensible heat flux adequately expresses the
influence of partitioning daily net radiation into turbulent fluxes (Kairu, 1991). Several
investigations have tested and validated this statistical relationship by estimating daily ET
under various atmospheric conditions and vegetation covers (Carlson et al., 1995; Carlson
and Buffum, 1989). All the contributions have shown that the error of this equation for
daily ET calculation is approximately 1 mm/day, indicating that this empirical relation can

provide reliable ET estimation at a regional level (Seguin et al., 1994).

Other widely applied empirical methods include the Makkink, Romanenko, Thornthwaite,
and Samani and Hargreaves models (Jackson, 1985; Singh and Xu, 1997). The advantages
of the empirical methods include: 1) input variables generally include only radiation and
temperature. Thus, application of these simplified empirical equations are very convenient
as long as these ground-based meteorological measurements and remotely sensed

radiometric surface parameters are available; 2) these methods are reliable over a
12



homogeneous area with site-specific regression coefficients, such as B and n in equation [1]
(Li et al., 2009). However, we need to determine these site-specific coefficients, which
may limit the model’s application over regional scales with variable vegetation cover.
Regression relationships are often subject to rigorous local calibrations which have proved
to limit global validity (Kairu, 1991). Further, testing the accuracy of the methods under a

new set of conditions is laborious, time-consuming and costly.

2.2.2.2 Analytical Methods

The residual method of surface energy balance is the most widely applied analytical

method to estimate ET at different temporal and spatial scales (Allen et al., 2007; Su, 2002).
The FAO Penman-Monteith model is an example using this method.

Surface energy balance

Surface energy balance expresses the instantaneous energy exchange in the

soil-vegetation-atmosphere continuum (Bastiaanssen et al., 1998; Moran et al., 1989;

Roerink et al., 2000). Energy fluxes in the surface energy balance method include:

1) incoming shortwave and longwave radiation;

2) outgoing surface reflected and emitted radiation;

3) soil heat flux (G), representing the energy that conducts into or out of the substrate soil;

4) sensible heat flux (H), representing the energy transfer between ground and
13



atmosphere , which is the driving force to warm/cool the air above the surface;

5) latent heat flux (LE or AE), representing the energy corresponding to ET, i.e. the energy
needed to change the phase of water from liquid to gas;

6) heat storage in the photosynthetic vegetation and soil; and

7) horizontal advective heat flow.

The difference between the incoming and outgoing radiation is surface net radiation (R,)
(Boni et al., 2001), representing the total heat energy source in the surface energy balance
method. Generally heat storage in vegetation and soil surfaces and horizontal advective
heat are negligible due to the negligible change in their instantaneous statements (Li et al.,

2009).

When heat storage in photosynthetic vegetation and soil, and horizontal advective heat
flow are not considered, the instantaneous surface energy balance equation can be
expressed mathematically as (Bastiaanssen et al., 1998; Brown and Rosenberg, 1973):
AE=Rn-G-H [2]

where E is the ET rate (kg m™ s™") and X is the latent heat of water vaporization (J kg™).
Each component of energy balance equation, including R,, G and H, can be estimated by
combining remote sensing based parameters of surface radiometric temperature and
shortwave albedo from visible, near infrared and thermal infrared wavebands with a set of

ground based meteorological variables of air temperature, wind speed, humidity and other
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auxiliary surface measurements (Boni et al., 2001; Hatfield et al., 1983; Reginato et al.,

1985).

R,, the total energy budget partitioned into different energy fluxes, can be estimated from
the sum of the difference between the incoming and the reflected outgoing shortwave
radiation (0.15 to 5 um), and the difference between the downwelling atmospheric and the
surface emitted and reflected longwave radiation (3 to 100 pm). It can be calculated using
the following equation (Jackson, 1985; Kustas and Norman, 1996):
R,=(1-0a) R, +&£,6T, ¢0T,’ [3]

where oy is surface shortwave albedo, usually calculated as a combination of narrow band
spectral reflectance values from remote sensing measurements; R; is incoming shortwave
radiation, determined by a combined factors of solar constant, solar inclination angle,
geographical location and time of year, atmospheric transmissivity, ground elevation, etc.;
gs is surface emissivity, evaluated either as a weighted average between bare soil and
vegetation (Li and Lyons, 1999) or as a function of Normalised Difference Vegetation
Index (NDVI) (Bastiaanssen et al., 1998); ¢, is atmospheric emissivity, estimated as a
function of vapour pressure; o is the Stefan-Boltzman constant, 5.67x 108 Wm?K* T, is

air temperature measured at a reference height; T; is surface temperature.

Traditionally, G is measured with sensors buried beneath the surface soil and is directly
15



proportional to the thermal conductivity and the temperature gradient with depth of the
topsoil (Bastiaanssen et al., 1998). G varies considerably from dry bare soil to well watered
vegetated areas, depending on the soil’s thermal conductivity and the vertical temperature
gradient, and cannot be measured remotely (Zhang et al., 1995). Many studies found that
the ratio of G/R, ranges from 0.05 for full vegetation cover or wet bare soil to 0.5 for dry
bare soil (Daughtry et al., 1990; Li and Lyons, 1999) and this ratio is exponentially related
to leaf area index (LAI), NDVI (Allen et al., 2007), soil surface temperature (Bastiaanssen,
2000) and solar zenith angle (Gao et al., 1998) based on field observations. Therefore, this
ratio is often taken as constant or estimated as a function of LAL, NDVI, solar zenith angle,

vegetation cover, and soil moisture.

H in the single-source energy balance model is calculated by combining the difference of
aerodynamic and air temperatures with the aecrodynamic resistance (r,) (Chehbouni et al.,
2001; Hatfield et al., 1983). The straightforward equation can be expressed as (Kustas,
1990):
H=pcy (Toero— Ty /1, [4]

Where p is the air density; c, is specific heat of air at constant pressure; The, is
aerodynamic surface temperature at the canopy source/sink height; T, is surface
temperature; 1, is aecrodynamic resistance to sensible heat transfer between the canopy

source/sink height and the bulk air at a reference height above the canopy. Aerodynamic
16



resistance 1, is often calculated from local data of wind speed, surface roughness length and
atmospheric stability conditions (Seguin, 1984). Therefore aecrodynamic resistance to heat

transfer must be adjusted locally according to different surface characteristics.

2.2.3 Limitations of Evapotranspiration Estimation Methods

Although a variety of estimation methods have been applied to estimate ET distribution at
different spatial scales ranging from field to regional and continental scales, each method
has its own advantages and disadvantages and can only be applied successfully to some
conditions (Kairu, 1991). For example, the empirical methods have the advantages of
computational timesaving and less requirement of ground-based measurements over
homogeneous areas, but over regions with great variability of land surface characteristics,
it can not always function successfully (Li et al., 2009); the physically based, analytical
methods are able to provide ET estimations in good agreement with measurements, but
generally have a large data requirement. None of today’s ET methods can be expanded to

worldwide scales without any modification and improvement (DehghaniSanij et al., 2004).

Although we can retrieve quantitative land surface variables from remote sensing data,
such as surface temperature, vegetative coverage, plant height, etc., accuracy of these

variables still needs to be improved for use in the ET estimation methods. Retrieval of
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radiometric surface temperature is weakened by the influences of vegetation architecture,
sunlit fractional of vegetation and solar zenith angle, etc., especially in heterogencous
regions (Allen et al., 2007). When sensor viewing changes from one angle to another, the
received radiances will also change due to the differing amounts of soil and vegetation in

the field of view (Carlson et al., 1995).

Meteorological data, including solar radiation, air temperature, atmospheric pressure,
relative humidity and wind speed, are indispensable to estimate ET. Because the
meteorological stations are often sparsely and irregularly located, interpolation must be
used to obtain the meteorological variables at the satellite pixel scale from discrete
meteorological stations for regional ET estimations (Seguin and Itier, 1983). In some cases
that significant variability of meteorological and terrain conditions exists over the whole
region, the accuracy of interpolated meteorological data is limited (Gurney and Camillo,

1984), consequently affecting the reliability of ET estimations.

Scaling effects also limit the application of ET estimation methods (Gowda et al., 2007,
McCabe and Wood, 2006). Parameters and variables obtained at one scale may not be used
at other scales without introducing error (Carlson et al., 1995). Scaling effects generally
occur when methods with derived surface fluxes parameters at local scale may not be

extended for application at a larger scale due to heterogeneities of land surface and
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non-linearity of these methods (Brunsell and Gillies, 2003).

2.3 Crop Production

2.3.1 Overview

The need for crop production modelling is increasing with the changing climate and
emerging crisis in food security, due to the growing world population and conversion of
crop land into biofuels and others (Macdonald and Hall, 1980; Prasad et al., 2006).
Regional estimates of crop production are important for supporting policy planning and
decision-making in large agricultural lands (Dumanski and Onofrei, 1989; Macdonald and
Hall, 1980; Hargreaves, 1975; Hutchinson, 1991). The main approaches to estimate crop
production include remote sensing-based calculations, crop growth models,
agro-meteorological models and statistical sampling methods (Dadhwal and Ray, 2000;

Prasad et al., 2006).

2.3.2 Factors Affecting Crop Production

Crops that grow at a particular location interact with the surrounding environment for
continued energy and substance exchange through various metabolic activities, such as

photosynthesis, respiration, ET, uptake of water and nutrients, and senescence (Porter and
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Semenov, 2005). All metabolic activities are significantly influenced by meteorological
and environmental factors, such as solar radiation, air temperature, water availability, soil
fertility, and soil penetrability (Stanhill and Cohen, 2001; Brooks et al., 2001). The
intensity, duration and distribution of these factors in the growing season play important
roles in crop growth and production processes (Larcher, 1995). As the main controlling

factors, solar radiation, temperature and water are introduced in the following sections.

2.3.2.1 Solar Radiation

Crop growth is maintained by energy from solar radiation. By means of photosynthesis,
carbon dioxide is fixed into carbohydrates and the secondary products (Ballantine and
Forde, 1970; Stanhill and Cohen, 2001). As a result, solar radiation exerts a significant
influence on crop growth as photosynthesis is an energy-driven biochemical process and

short-wave solar radiation functions as the primary energy source.

A general trend of photosynthetic radiation response curve (Figure 2-1) relates the
variability of photosynthesis with increasing radiation. It reveals the efficiency at which
solar radiation is utilized by photosynthesis or the net exchange of CO; between a leaf and
the atmosphere (Bohning and Burnside, 1956; Bjorkman, 1968; Mache and Loiseaux,

1973). When solar radiation is extremely low, the amount of CO, released by respiration
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exceeds the amount of CO; fixed by photosynthesis, resulting in a negative value for crop
net productivity. This is often the case in the evening. When photosynthesis exceeds
respiration, fixation rate increases with increasing radiation intensity, initially showing a
linear proportionality between net photosynthesis and radiation intensity. This stage is a
radiation-limited photosynthesis process (Larcher, 1995). The higher radiation intensity
helps to maintain the higher photosynthesis rate for crop growth and the more biomass
accumulation and crop production (Bohning and Burnside, 1956). If radiation intensity
reaches the radiation-saturated point at which radiation intensity is said to be 'saturating'
for photosynthesis, further increase of radiation does not cause the increase of

photosynthesis rate (Larcher, 1995; Bjorkman et al., 1972).

photosynthesis: mg C fixed (mg chly™! hr!

12.0 T T T T T T
---- gross photosynthesis
—— net photosynthesis [PUUSEES
s$or T respiration ]
4.0t §

0.0 -
/ compensation light:

respiration = (gross) photosynthesis
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radiation: pEinstein m?Z 7!

Figure 2-1 Photosynthetic radiation response curve showing the variability of

photosynthesis in response to increasing radiation (Larcher, 1995)
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However, solar radiation functions not only as the main energy source stimulating crop
development, but also occasionally as a stress factor. Overloading radiation may result in

lower radiation quantum utilization and lower crop production (Larcher 1995).

2.3.2.2 Temperature

Metabolic processes are actually a combination of numerous biochemical reactions which
depend on temperature variability. According to Van’t Hoff’s reaction rate-temperature
rule, biochemical reaction rate rises exponentially with increasing temperature (Davidson

and Janssens, 2006).

The effects of temperature on crop photosynthesis can be illustrated by Figure 2-2. At
lower suboptimal temperatures, photosynthesis rate increases gradually with the increasing
temperature until the temperature optimum is reached. The position and span of the
temperature optimum is species-dependent and also varies with external environmental
conditions (Johnson and Kanemasu, 1983; Kemp and Blacklow, 1982). Generally, for
agricultural C; (cool season) crops the temperature optimum is about 20 — 30 °C, while for
C4 (warm season) crops in warmer habitats it is about 30 — 40 °C (Larcher, 1995). When
temperature rises above the temperature optimum, photosynthesis rate decreases. Further

temperature increases and crop photosynthesis slows down rapidly due to interruption of
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various reactions involved in carbon metabolism (Ballantine and Forde, 1970). The more
heat-sensitive the crop, the sooner photosynthesis gets weakened (Grace, 1988). It is said
that the agricultural C; crops may function abnormally when temperature reaches about 40

°C, and about 50 °C for C4 (Larcher, 1995).

Rate of photosynthesis

B -

i L
T

L4

0 10 20 30 40
Temperature in °C

Figure2-2 Effect of temperature on photosynthesis (Oechel, 1976)

2.3.2.3 Water

Generally water is an essential component in and makes up the largest proportion of living
tissues. Crop water content varies by tissue type (de Jong van Lier and Libardi, 1997,
Richter, 1997). On average, water occupies 85% — 90% in fresh fruits, 80% — 90% in leaves,
70% — 95% in roots and at least about 10% — 15% in ripe seeds (Larcher, 1995). Further,
water is an essential medium in all metabolic reactions (Ehlig, 1962). Crops can only

maintain an active metabolic state with a sufficient water supply and if the cells dry out, the
23



metabolic processes may suspend (Hsiao, 1973).

Water is important in photosynthesis (Feddes and Rijtema, 1972; Irmak et al., 2000).
Firstly, water is a necessary substance combined with carbon dioxide to form
carbohydrates — the main product of photosynthesis. Secondly, water functions as the
medium of biochemical matter transportation from soil to leaves to the atmosphere through
transpiration (Pockman et al., 1995). Thirdly, a large amount of water is necessary to
maintain cell volume and turgor of the protoplasm (Gardner and Ehlig, 1963; Richter,
1997). Because crops take up carbon dioxide and give off water simultaneously via leaf
stomata, the reduction of water lost by transpiration also causes the reduction of carbon
fixation by photosynthesis. Therefore, efficiency of photosynthesis directly depends on the

leaf/crop conductance to transpiration (Feddes and Rijtema, 1972; Larcher, 1995).

Previous studies have examined the variability of crop production in response to different
levels of water supply (Brooks et al., 2001; Xie et al., 2003; Katerji et al., 2009). Brooks et
al. (2001) simulated crop production with the Sirius wheat model at two locations in UK
using different precipitation scenarios and indicated that as precipitation decreased crop
production dropped progressively. Xie et al. (2003) evaluated the importance of
meteorological variables for crop modeling with the ALMANAC model in eight Texas

counties and found that decreases and increases of precipitation, respectively,
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corresponded to decreases and increases of simulated crop production for both maize and
sorghum. Katerji et al. (2009) worked on durum wheat and barley in a factorial
salinity—drought environment and found that crop production by both crops decreased

significantly with drought.
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Chapter 3 Methodology

This chapter is presented in five sections. The first section introduces general information
about the study site. The second section describes the model used to run ET and crop yield
simulations. The third section introduces three ET estimation methods used in this study.
The fourth section outlines the meteorological, soil and crop yield data sources. The last

section discusses the methods used to process data.

3.1 Study Site

The study site is centred on the Lethbridge Flux Tower, Alberta, Canada, at the latitude of
49.43° N, longitude of 112.56° W and altitude of 951 m above sea level (Figure 3-1). The
tower is approximately 145 km east of the Canadian Rockies and 95 km north of the border
with the United States (Montana). The vegetation on which the tower is located is
classified as mixed grass prairie, occurring in the northern portion of the Great Plains,
which is the second largest eco-zone in North America with area of approximately 2.6
million square kilometers (Flanagan and Johnson, 2005; Wever et al., 2002). The major
species at the study site consist of Agropyron spp. (wheat grasses), Tragopogon dubius
(goat’s beard), Vicia americana (wild vetch, American vetch), Koleria cristata (June grass),

Eurotia lanata (winter fat), Stipa comata (spear grass, needle-and-thread grass), Achillea
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millefolium (common yarrow); Artemisia frigida (pasture sage); Carex spp. (sedges,

Bouteloua gracilis (blue grama grass).

ALBERTA

= city
~ Fiver
wlake

0 250

Figure 3-1 Location of the study site in Alberta (Sims et al., 2005)

The flux tower site described above is used for ET predictions over native grasslands.
Further analyses of the impacts of ET on predicted crop yield take advantage of the fact
that this site is surrounded by cultivated land. Crops planted on this agricultural land
include wheat, mustard, canola, barley, and chickpea. Agricultural field locations in the
prairies are generally referenced with respect to a hierarchical township, range and section

grid system. Figure 3-2 represents Alberta’s Township System (ATS), the grid network
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used for referencing legal land descriptions (AGS, 2009). It classifies Alberta into fields
in 3 levels: township, section and quarter, in decreasing order. A township covers a six mile
by six mile square and is further divided into 36 sections, each measuring one mile by one
mile (640 acres). A section can be further divided into 4 quarters: NE, NW, SE and SW,
each covering 160 acres. All crop yield comparisons in this study use data from 4
townships surrounding the flux tower site: T006-R20-W4, T006-R19-W4, T005-R20-W4

and T005-R19-W4.
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The high altitude of 951 m above sea level and close proximity to the Rocky Mountains
provides the study site with cooler summers and warmer winters than other regions in the
prairies, which extends the growing season for grass and shortens the period with snow
cover. The prairie has a semi-arid, moderately cool climate with a mean temperature of
17.1 °C in summer and —6.2 °C in winter (Gilmanov et al., 2005; Ponton et al., 2006). The
mean annual precipitation is 378 mm with 32% falling in May and June on average (Wever
et al.,, 2002). During the summer months mean pan evaporation often exceeds mean
precipitation by at least 200% and even 300% (Flanagan and Johnson, 2005). Mean annual

wind speed is 5.2 m s™ out of the west (Ponton et al., 2006).

Most soil at the study site has a clay loam texture with 25% - 38% sand, 36% - 40% silt and
26% - 35% clay (Flanagan et al., 2002). The average dry bulk density for 1m depth of top
soil is 1.4 g cm™ (AAFC, 2007¢). The average monthly aboveground biomass was 88.382
g m™ (Ponton et al., 2006). Canopy height varies with different years as low as 18.5 cm in

2001 and as high as 39 cm in 2003 (Ponton et al., 2006).
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3.2 Simulation Model

3.2.1 Model Description

The Daisy model (Hansen et al., 1990) is used in this study to simulate ET over grass and
cultivated surfaces, as well as crop yield. Daisy is a process-based model that describes the
soil-crop-atmosphere system based on the simulation of the physiological interactions
between ecosystem variables and crop growth processes under alternate management
strategies (Abrahamsen and Hansen, 2000; Hansen et al., 1990; Jensen et al., 1994a:
Petersen et al. 1995). Daisy contains 5 submodels to simulate the dynamics of soil, crop
and atmosphere features, including water balance, heat balance, solute balance, crop

production and agricultural management submodels.

The Daisy model requires weather, management, soil and vegetation data to conduct
simulations, among which default parameters for many common types of vegetation have
been provided in the model and the others need to be provided by users (Figure 3-3).
Weather data include solar radiation, air temperature, precipitation, vapour pressure or
relative humidity, wind speed and ET,. Soil data include soil texture, humus content, dry
bulk density, maximum root depth, groundwater depth, soil hydraulic properties, C/N ratio
in the humus, etc. Management data generally include the crop type, the amount and type

of the fertilizer applied, the amount of irrigation applied and how it was applied (surface,
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overhead or subsoil), the type of tillage operations and the exact dates for applying the
management operations. The Daisy model in many cases is able to adjust to the available
data, cither by using simpler models internally or by trying to synthesize the missing data

from what is available (Hansen et al., 1990).
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Figure 3-3 Schematic representation of the agro-ecosystem model Daisy (Hansen et al.,
1990)

3.2.2 ET Estimation

The Daisy model does not estimate ET, directly, rather it predicts ET,, ET, and ET, in

sequence. ET, is calculated by the ET estimation methods explained in section 3.3. ET, is
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determined by multiplying ET, by the crop coefficient K. K. represents an integration of
the differences between the field vegetation and reference grass, including canopy height,
albedo of the vegetation-soil surface, canopy resistance and evaporation from soil. It is
specified for each type of vegetation and varies by growth stage. ET, is determined by
multiplying ETj, by the stress coefficient K, which represents the effects of environmental
and management stress on crop growth. If there is no stress exerting on the plant growth,
K, equals to 1; otherwise, K; is below 1. All the ET in this thesis for analysis referred to

ET..

3.2.3 Crop Yield Estimation

The Daisy model estimates photosynthesis based on the calculation of light distribution
within the canopy and light response curves. For the light distribution calculation, the
canopy is divided into »n distinct layers, each containing 1/n of the total LAI. The
adsorption of light within layer i, counted from the top of the canopy, can be calculated

as:

SU,I = (1 - p(‘) S\‘,() (e-k‘(’-“ALm - e’kc’ALm) [5]

where S, ; is the absorbed light in layer i, p. is the reflection coefficient of the canopy, S,

is the incident light above the canopy, . is the extinction coefficient, and ALai = Lai/n is

the LAI within each canopy layer. Both of p. and £, are crop specific.
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The gross photosynthesis within the whole canopy is calculated by accumulating the

contribution from the individual layers by applying a light response curve:

AF; :’XAL(uEn l_exp _F -~
(6]

where AF, is the gross photosynthesis for layer i for the considered crop, x is the LAI
fraction of the crop, F), is a crop specific photosynthetic rate at saturated light intensity

and ¢ is a corresponding initial light use efficiency at low light intensity.

The Daisy model also assumes that transpiration as well as CO; assimilation is governed
by stomatal response and that leaf stomata are open when intercepted water is evaporated

from the leaf surfaces. These assumptions lead to the approximation:

El+ EI
EipT Eip

Fw=Fp
[7]

where F,, is water-limited photosynthesis, F), is potential photosynthesis, E; and E;, is
actual and potential transpiration, respectively, and E, and E,, is actual and potential

evaporation of intercepted water, respectively.

After subtracting the crop respiration from gross photosynthesis, this net production is
partitioned between the considered crop components, including root, stem, leaf and

storage organs. The fraction of net production goes to different crop components is crop
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specific and varies with the development stage. The net production that goes to storage

organs is presented as annual crop yield.

3.3 Evapotranspiration Estimation Methods

There are three ET estimation methods built into the water balance submodel of Daisy to
estimate ET: the FAO Penman-Monteith, Samani and Hargreaves, and Makkink methods.

Description of each method is provided in the following sections.

3.3.1 FAO Penman-Monteith Method

The FAO Penman-Monteith method is a physically-based analytical approach derived
from the Penman-Monteith equation (Batchelor, 1984; Smith et al., 1991), a combination
of the energy balance and mass transfer method, specifying the resistance factors of the
reference surface. It defines the reference surface as a hypothetical surface of green grass
with an assumed uniform height of 0.12 m, a surface resistance of 70 s m™' and an albedo of
0.23 under actively growing and adequately watered conditions (Allen, 2000). The FAO

Penman-Monteith method to estimate ET,, is derived as:

300
0408, -Gl e, )

A+y(1+0.34u,)

ET,=
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Where
ET, reference evapotranspiration [mm day'],
R,  net radiation at the surface [MJ m™ day'l],
G soil heat flux density [MJ m? day'l],
T air temperature at 2 m height [°C],
W,  wind speed at 2 m height [ms™],
€ saturation vapour pressure [kPa],
€a actual vapour pressure [kPa],
A slope of vapour pressure curve [kPa °C™'],

Y psychrometric constant [kPa °C™'].

To use Equation [8], site location information of altitude and latitude and standard
climatological records of solar radiation, air temperature, relative humidity and wind speed
are required. Altitude and latitude of the site location are needed to adjust the local
psychrometric constant (y) and latitude is also involved in extraterrestrial radiation (R,)
computation. Solar radiation is required to calculate R, based on a radiation balance model
in combination with R,. T is used to develop A and calculate vapour pressure deficit (VPD)
(es- €a). Relative humidity is used to derive e - e,. To ensure the integrity of ET, estimation,
all the climatological parameters should be measured at 2 m or converted to this height

(Allen, 2000).
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3.3.2 Samani and Hargreaves Method

The Samani and Hargreaves method is a temperature-based empirical approach
(Hargreaves and Samani, 1985). It was developed from the Christiansen equation (1968),
which uses a multiplicative method to relate ET to solar radiation, temperature, relative
humidity and wind speed, respectively (Hargreaves and Allen, 2003; Samani, 2004). In an
experiment conducted by Hargreaves (1975) on a cool season grass region at Davis, Calif.,
regressions were made using ET measurements as a function of various combinations of
weather factors and showed that the multiplication of temperature by solar radiation
explains 94% of variability of ET measurements and that of wind speed by relative
humidity only explains about 10%. Based on these results, coefficients for wind speed and
relative humidity were left out of the equation to foster simplicity and reduce data
requirements. Since then the Samani and Hargreaves method has been calibrated widely
under various weather and environmental conditions and shown reasonable ET estimations

with a global validity (Itenfisu et al., 2000; Samani, 2004).

Currently the Samani and Hargreaves method is generally described as:

ET, = 0.408 x 0.0023 X ( Tmean + 17.78) X (Tmax — Tomin )° X Ra o

Where
ET, reference evapotranspiration [mm day’'],

Tmean  mean daily air temperature at 2 m height [°C],
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Tnax daily maximum temperature at 2 m height [°C],
Tumin daily minimum temperature at 2 m height [°C],

R, extraterrestrial radiation [MJ m™ day™].

Due to the low data requirement, it is often applied under conditions where less data is
available, and especially, when only air temperatures are available (Hargreaves and Allen,
2003). It is also used to estimate historical series of ET in irrigation and water resources
systems, using historical air temperature records (Temesgen et al., 2005; Vanderlinden et

al., 2004).

3.3.3 Makkink Method

The Makkink method is a radiation-based empirical approach to estimate ET, (Jacobs and
Bruin, 1998; Xu and Chen, 2005). It was first proposed by Makkink (1957) for grass ET
estimation, which empirically related grass ET to global radiation as well as other climatic
coefficients (Jacobs and Bruin, 1998). After that the Makkink method has been calibrated
widely in various environmental conditions (De Bruin, 1981; De Bruin, 1987; Hansen,

1984).

The Makkink method is now generally presented in the following form:
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A R
ET, =0.7T———

Where
ET, reference evapotranspiration [mm day™],

R  solar radiation [MJ m?> day'l],
A slope of vapour pressure curve [kPa °C™'],
y  psychrometric constant [kPa °C™'],

A latent heat of vaporization [MJ kg™].

The Makkink method requires solar radiation (R;) and air temperature. A is derived from
air temperature and vy is decided by the site location information of altitude and latitude.

The Makkink method is often applied due to its low data requirement and simplicity.

3.4 Data Sources

3.4.1 Meteorological Data

Meteorological data used for model simulation in this study were obtained from the
Fluxnet Canada Data Information System (DIS), which is maintained and updated
regularly by Fluxnet-Canada. This DIS is the Internet based warehouse for all Canadian
Fluxnet data, containing the standardized meteorological, physiological, flux and

associated ecological data based on the continuous measurements of climate conditions
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and the carbon, water and energy exchanges between ecosystems and atmosphere (Barr et
al., 2004; Morgenstern et al., 2004). Flux data for the Lethbridge site were available by
month with a half-hour time step starting from 1998 to present, and was quality checked
and processed to FluxNet Canada standards, but not gap filled. The only data gaps in the
variables used in this study were ET measurements during some winter periods. In these
cases, ET was interpolated by averaging ET values in the weeks preceding and following

the missing day(s).

Meteorological data from the Lethbridge Flux Tower used in this study included solar
radiation, air temperature, precipitation, relative humidity and wind speed, for the period of
2000 to 2004. Furthermore, daily ET measurements used to validate modelled ET and
ecological parameters (soil moisture, leaf area index) at the study site at specific days for

2000 to 2004 were also obtained from the Fluxnet Canada DIS.

3.4.2 Soil Data

Soil data were obtained from the National Soil DataBase (NSDB), which serves as the
national archive for land resources information collected by federal and provincial field
surveys or created by land data analysis projects (AAFC, 2007c). Soil data are organized

within a vector-based thematic information system, within which the map is separated into
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polygons with relatively homogeneous soil attribute features and each polygon is recorded
uniform soil attribute features. Each map/dataset within the NSDB contains a series of
ARC/Info coverages showing both spatial and attribute features for various components of
the map, for example the distribution of soil type and the hydraulic conductivity of soil
(AAFC, 2007c). The soil in each polygon is further divided into different layers by depth.
This study uses soil texture (relative proportions of sand, silt and clay particles), humus
content, dry bulk density and soil hydraulic (including water conductivity of saturated soil

and the soil saturation point) parameters to define soil properties of the study site.

3.4.3 Crop Yield Data

Crop yield data in this study were obtained from the Alberta Crop Insurance of Agriculture
Financial Services Corporation (AFSC), which is a provincial crown corporation that
provides farmers, agribusinesses and other small businesses in Alberta with crop insurance,
farm loans, commercial loans and farm income disaster assistance. On average the AFSC
insures about 11-12 million acres, 14,000 clients and 100,000 fields. Yields are collected
from the crop and hay insurance clients. Various agricultural fields and crop
characteristics are integrated into the crop insurance files, including year, crop type,
numeric code of the crop, irrigated condition, soil condition (fallow, stubble or irrigated),

numeric code for the municipality, meridian, township, range, section, part, field area,
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yield and client. The combination of meridian, township, range, section and part defines
the location of field in the ATS (as explained in Section 3.1). Crop yield is also measured
and recorded based on the ATS. In this study crop yield of spring wheat from 2000 to 2004
at the study site covering 4 townships: T006-R20-W4, T006-R19-W4, T005-R20-W4 and
T005-R19-W4 surrounding the Lethbridge Flux Tower were used for validating the crop
yield simulation. Despite the limits to this cropping practice data, it is actually rich
compared to generally available data, due to privacy concerns. A data confidentiality
agreement was signed with AFSC, which prohibits the presentation of yields in specific

fields in this thesis.

3.4.4 Management Data

Beyond what was contained in the insurance database, no specific records of management
data were available for the cultivated fields surrounding the study site. Typical
management data suggested by Ross McKenzie (pers. comm.), a Research Scientist with
Alberta Agriculture and Rural Development (AARD) at Lethbridge, were used for each
year in this study. Typically, spring wheat is seeded in the last two weeks of April if soil and
environmental conditions permit, and harvest of spring wheat takes place in the last two
weeks of August, depending on growing season precipitation and weather conditions in

August. Most farmers in the Lethbridge area seed spring wheat directly without cultivating
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the soil before seeding and also apply fertilizer at the time of seeding in a one-pass
system. Typically about 50 to 70 kg/ha of nitrogen is applied. Irrigation was applied
irregularly as needed. When crop water use is low (about 2 mm/day) at early growth
stages and if no precipitation is received, irrigation might be applied at rate of 20 to 25
mm every 10-14 days. And at peak crop wateruse of 7 mm/day, irrigation could
occur once every 4 days. Based on these typical conditions, management activities and
the corresponding applying dates in Table 3-1 were applied to simulate crop development.
In this study irrigation was not taken into account for simulation because it was difficult to

make a defendable assumption based on the variety of real-world practices.

Table 3-1 List of typical management data at the study site for the period of 2000 to 2004

Management activity Management data
Crop spring wheat
Sowing date April 23
Fertilizing date April 24
Fertilizing amount 60.0kg/ha (nitrogen)
Harvesting date August 23
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3.5 Modeling and Data Processing

3.5.1 Grass ET Estimation

As mentioned above, the Daisy model requires weather, soil, management and vegetation
data to conduct simulations. Weather data, including solar radiation, air temperature,
precipitation, relative humidity and wind speed, for the period of 2000 to 2004 were
integrated into the format required by the Daisy model. Soil properties, including soil
texture, humus content, dry bulk density and soil hydraulic conductivity, were specified by
selecting the model-provided soil parameters that best matched the conditions reported in
the NSDB. Management activities were not given because the grasses at the study site
grew in the natural state and no management activitiecs were applied. Instead of the
default values by the Daisy model, LAI values (ecological parameter) were specified for
grass in the vegetation file using data from the flux tower. Separate model runs were
conducted for each ET estimation method. Output variables selected for further analysis

included ET, and soil water.

3.5.2 Crop Yield Estimation

The same weather and soil data described above were used for crop yield. Management

data as listed in Table 3-1 were specified in the interface file. Default vegetation data for
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spring wheat were used for crop yield estimation. The model was run for each ET
estimation method and each year from 2000 to 2004. Output collected for further analysis
included soil water, root extraction, and spring wheat crop variables: development stage,

LAI, accumulated net photosynthesis and crop yield.

3.5.3 Standardization of ET and Meteorological Variables

One objective in this study is to evaluate the dependence of ET on meteorological variables.
This is qualitatively fulfilled by comparing the annual distributions between ET and each
meteorological variable. If obviously consistent patterns are observed, this suggests that
ET depends highly on the corresponding meteorological variable, and vice versa. However,
due to the differences in data dimension, it is impossible to compare the distribution
patterns between ET and each meteorological variable directly. Using dimensionless
quantities helps to solve this problem. In this study, calculation of standard score (also
called z-score and normal score) is used to standardize ET and meteorological variables
into the dimensionless values. A standard score is a measure of standard deviations of a
datum from the mean of dataset (Richard and Morris, 2000). It is derived by subtracting the
mean from an individual datum and then dividing the difference by the standard deviation
of the dataset. The mathematical formula to calculate the standard score is described as

Equation 11.
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Zi=Xi-p)/c [11]
Where Z is the standard score of X, X, is a variable or datum, i is the ith value in the dataset,

4 is the mean of dataset and o is the standard deviation of dataset.

The standard score equation was applied to the daily values of ET measurements, ET
estimations by three ET methods and meteorological variables, including solar radiation,
air temperature, humidity and wind speed for the period of 2000 to 2004. Firstly, due to the
significant variability of ecosystem factors between years, for visualization of the
dependence of ET on meteorological variables, the daily 5 year average was calculated for
each variable. Then the standard score equation was applied to standardize the daily means.

For the calculation of p and o, the daily values in all 5 years were used.

3.5.4 Data Analysis

Qualitative visualization of the dependences of ET on meteorological variables is provided
by comparing the distributions of standard scores between ET and each meteorological
variable. To get a quantitative understanding of ET dependences, the coefficient of
determination (R?) between daily values of ET and each meteorological variable using
values for all 5 years (2000 to 2004) is calculated in this study. R? represents the proportion

of the variance in a dependent variable that is accounted for by other variable (Healy, 1984).
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It is a measure to determine how certain one can make predictions from a particular

model/relationship. R? is calculated as:

S Serr

RP=1- .
SSot [12]

where SS., 1s the sum of squared residuals, and SS is the sum of squared deviations from

the mean of the dependent variable:

SSerr == Z(yz - fi)2

; [13]
S50t = Z(ya‘ - 9%
; [14]

where Vi is the variable in the dataset, and [ is the dependent variable. In this study, Y

represents each meteorological variable and f; represents ET.

The performance of the three ET methods, including the FAO Penman-Monteith, Samani
and Hargreaves, and Makkink method, was evaluated via correlation (R?) and error
analysis. In each case, the alternative estimates of ET refer to ET, calculated by Daisy as a
result of the three different methods to estimate ET,. The mean bias error (MBE) and the
root mean square error (RMSE) are both error measures used to represent the average
differences between predicted (Pi) and observed (Oi) values (Jacovides and Kontoyiannis,

1995). The mathematical formulas are described as:
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MBE = - L= (P, —0,)
" [15]

1
RMSE = J; % (P, —0,)?
[16]

Both terms were calculated directly using daily flux tower ET measurements and Daisy
ET, predictions. The MBE represents the degree of bias between observed and predicted
values. Positive values indicate overestimation while negative values indicate
underestimation. The RMSE measures the magnitude of error and is sensitive to large
errors, since the errors are squared before they are averaged. Low values of MBE and
RMSE are desired, but it is possible to have a large RMSE value and at the same time a

small MBE, or relatively a small RMSE and a large MBE (Almorox et al., 2004).

3.5.5 Sensitivity analysis

In practice, management activities such as sowing date, the type and amount of fertilizer,
harvest date, etc., are generally selected depending on the local metrological and
environmental conditions of the specific year. However, in this study uniformly typical
management activities between years were applied to simulate crop yields. This may
contribute to the errors of crop yield simulations. Therefore, sensitivity analysis was used
to assess the effect of management data on crop yield simulations. The amount of fertilizer

applied was the independent variable. Sensitivity analysis was conducted by changing the
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fertilizing rate from 0 kg ha™ to 90 kg ha™ to examine the corresponding variability of
simulated crop yield in 2001, while keeping the other meteorological, soil and

management data constant.
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Chapter 4 Results and Discussion

This chapter is presented in four sections. The first section presents the dependence of ET
on meteorological variables. Both ET measurements and ET estimates (by the FAO
Penman-Monteith, Samani and Hargreaves, and Makkink methods) are evaluated with
respect to meteorological measurements. The second section evaluates the performance of
the ET models in more detail. The daily ET measurements and estimates for the period of
2000 to 2004 are used to conduct the evaluation. The third section discusses the impacts of
different ET estimation methods on crop yield simulations. The last section provides

sensitivity analysis to indicate the effect of management data on crop yield simulations.

4.1 Dependence of ET on Meteorological Variables

4.1.1 ET Measurements

The dependence of ET measurements on meteorological variables, including solar
radiation, temperature, relative humidity and wind speed, was visualized by means of
comparison of standard scores of the 5-year mean (Figure 4-1) and quantitatively evaluated
through R* (Table 4-1). Both comparisons indicated that ET measurements at the study site

posed high dependence on solar radiation and temperature, while lower dependence on
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relative humidity and wind speed.

The overall distribution pattern of standard scores of daily ET measurements remained in
accordance with those of solar radiation and temperature, presented more or less a
reciprocal relattonship with that of relative humidity, while having no obvious correlation
between ET and wind speed (Figure 4-1). ET over mixed-grass prairies remained low with
little variability from January to April, possibly due to the fact that the steady and low
evaporation from snow cover dominated in the first 3 months. After that ET increased
rapidly until peak values were reached in June. From July till end of the year ET showed an
overall decreasing pattern. Solar radiation fluctuated in a similar pattern to ET. In the
beginning of the year less solar radiation was intercepted by the grass surface. With gradual
increase before June, solar radiation obtained the peak values in June and July. After that it
decreased until the end of the year. Temperature also fluctuated in a similar pattern, but
with the notable difference that the peak temperature occurred one month later than that of
ET. Relative humidity generally remained lower during the period of mid-April to
September than during the rest of the year. Wind speed fluctuated around the 5-year mean,

with no large deviations from the mean and no obvious correlation with ET.

Correlations between daily ET measurements and the meteorological variables (Table 4-1)

showed that both solar radiation and temperature accounted for the majority of variability
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of ET measurements, relative humidity accounted for a relatively small portion of
variability and wind speed barely affected ET measurements. As much as 75% of
variability of ET measurements was accounted for by solar radiation. Temperature could
also account for high variability of ET of 63% with R? of 0.63. Relative humidity only
accounted for 23% of variability of ET and wind speed barely contributed to ET, giving an

extremely low R? of 0.03.
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Figure 4-1 Comparisons of standard scores between daily ET measurements and
meteorological variables (standard scores of 0 correspond to the 5 year average for that
variable on that specific day)
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Table 4-1 Coefficient of determination (R?) between ET and meteorological variables

R2
Methods
Solar Radiation  Air Temperature Humidity Wind Speed
Flux tower measurement 0.75 0.63 0.23 0.03
FAQO Penman-Monteith 0.75 0.67 0.30 0.01
Samani and Hargreaves 0.80 0.72 0.25 0.05
Makkink 0.83 0.70 0.26 0.04

With respect to physical ET processes, a high dependence of ET on solar radiation and
temperature is because ET processes are determined by the amount of energy available to
vaporize water, which comes from solar radiation and, to a lesser extent, the ambient air
temperature (Allen et al., 1998). In the beginning of the year, less solar radiation is
available and temperature remains low, so only a small amount of energy can be obtained
by grass, and ET during this period is low. From April, with more available solar radiation
and increasing temperature, ET over the grass increases. When it comes to June and July,
adequate solar radiation is available, as well as high temperature, and the peak ET values
are obtained, followed by declines with less available solar radiation and decreasing
temperature. Relative humidity relates to the capacity of atmosphere to receive more
evaporated water. If relative humidity of atmosphere is low, air has a high drying power to
extract water via ET, and with relative humidity close to the saturation, ET slows down and

might stop. In the first 4 months relative humidity of the atmosphere remains relatively
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high, less evaporation is needed; this more or less can explain the low ET measurements
during this period. From May to September relative humidity remains low during most
days, corresponding to a high drying power of the air, and more water is evaporated from
grassy surfaces; as a result besides adequate solar radiation and high temperature, low
relative humidity of atmosphere also contributes to this period of peak ET. After September
with relatively high relative humidity in most days, ET remains low. Wind can accelerate
air movement as ET proceeds. But during the period of 2000 to 2004 this study site
presents a low wind speed with the mean of 4.6 m s over the year, so its effect is not

evident.

4.1.2 ET Estimates

The dependences of ET estimates by the FAO Penman-Monteith, Samani and Hargreaves
and Makkink methods on meteorological variables, including solar radiation, temperature,
relative humidity and wind speed, are visualized in Figure 4-2, Figure 4-3 and Figure 4-4,
and their respective correlations are evaluated via R? in Table 4-1. All three ET estimates
depended highly on solar radiation and temperature, while less on relative humidity and

wind speed.

The three ET methods showed similar general patterns in that the overall distributions of
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standard scores of ET estimates followed those of solar radiation and temperature,
presented a reciprocal relationship with that of relative humidity, while having no obvious
correlations with wind speed (Figure 4-2, Figure 4-3, Figure 4-4). ET estimates by the three
methods remained low before mid-April, then increased rapidly until the peak values were
reached in June. Values from July till end of the year showed an overall decreasing pattern.
Solar radiation and temperature varied in the similar pattern to those of ET estimations, but
with the notable difference that the peak temperature occurred one month later than the
peak ET estimates. Relative humidity was relatively low during the period of mid-April to
September and higher in the remaining periods. Wind speed fluctuated around the mean
over the year, no big deviation appeared and no obvious correlations with ET estimations

were found.
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Figure 4-2 Comparisons of standard scores between daily ET estimations by the FAO
Penman-Monteith method and meteorological variables (standard scores of 0 for each
variable correspond to the 5 year average on that specific day)
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Figure 4-3 Comparisons of standard scores between daily ET estimations by the Samani
and Hargreaves method and meteorological variables (standard scores of 0 for each
variable correspond to the 5 year average over 5 years on that specific day)
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Figure 4-4 Comparisons of standard scores between daily ET estimations by the Makkink
method and meteorological variables (standard scores of 0 for each variable correspond to
the 5 year average on that specific day )
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Correlations between ET estimates by the FAO Penman-Monteith, Samani and Hargreaves,
Makkink methods and meteorological variables in Table 4-1 indicate that both solar
radiation and temperature accounted for the majority of variability of ET estimates, relative
humidity accounted for a relatively small portion of variability and wind speed barely
affected ET estimates. Among these meteorological variables, solar radiation always
accounted for the most variability of ET estimates by three methods, referring to R* o£0.75,
0.80 and 0.83, respectively. Temperature followed by accounting for more than 60% of
variability of ET estimations with R? of 0.67, 0.72 and 0.70. Relative humidity accounted
for at most 30% of variability of ET estimates with R? of 0.30, 0.25 and 0.26, respectively.
Wind speed contributed very little variability to predicted ET in this study, according to its

extremely low R” of 0.01, 0.05 and 0.04.

R? between ET and meteorological variables in Table 4-1 also indicated that the
dependence of estimated ET on meteorological variables varied by prediction method. The
FAO Penman-Monteith method presented equal R* to that of ET measurements for solar
radiation, and a little bit higher R* for temperature and relative humidity, suggesting that
this method assumes higher dependence on temperature and relative humidity than is
warranted according to the measurements. Wind speed is not considered here due to its
extremely low R? values. Both of the Samani and Hargreaves and Makkink methods

presented higher R” than measurement for solar radiation and temperature, which is
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expected because solar radiation and temperature constitute their only data requirements.
Among all three ET methods, the FAO Penman-Monteith method developed ET estimates
closest to the physical processes with the relatively accurate dependence on solar radiation
and temperature, probably due to its physical basis and involvement of various physical

and physiological parameters for ET estimation.

4.2 Performance evaluation of ET Estimation methods

Comparisons between daily ET measurements and estimates by the FAO
Penman-Monteith, Samani and Hargreaves and Makkink methods for 2000 to 2004 are
indicated in Figure 4-5. All methods underestimated ET on most days of the study period
with the magnitude of the underestimation differing based on the ET method used, time
of the year, and between years (Figure 4-5). In 2000, the FAO Penman-Monteith method
generally provided close ET estimations to measurements over the year. Both the Samani
and Hargreaves and the Makkink methods underestimated ET through 2000, with daily
MBE of -0.18 mm and -0.17 mm, respectively (Table 4-3). In 2001 all three ET methods
showed obvious underestimations in June and July with mean bias errors of -0.18, -0.26
and -0.30 mm, respectively, equal to 13%, 18% and 21% of the mean ET measurements
during this period. In 2002 these methods generally provided ET estimates close to

measurements over the year, exclusive of June. In June precipitation was extremely high
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with a total of 224.3 mm. Most of the water reaching the soil and grass surface was
evaporated, directly resulting in the considerably high ET measured in this month.
However, the Daisy model assumed that a large amount of water was stored in the soil,
predicting soil water of around 160 mm at the end of May and more than 260 mm on
average in June regardless of ET prediction method. As a result ET was underestimated by
all three methods. In 2003 observable underestimations of ET were found over the year
with daily MBE values of -0.19 mm, -0.29 mm and -0.27 mm for the three methods. The
largest underestimations by all three methods that year occurred in the period of May to
August. The magnitudes of underestimations were 0.65 mm, 0.79 mm and 0.79 mm daily
on average, respectively, equal to 32%, 38% and 38% of the mean of ET measurements of
this period. In 2004 the three ET methods again underestimated over the whole year, with
MBEs of -0.27 mm, -0.33 mm and -0.35. Largest underestimations by three methods were
found from May to September with the magnitude of underestimations of 0.64 mm, 0.72
mm and 0.78 mm daily on average, equal to 33%, 38% and 41% of the mean ET

measurements of this period.
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Further error and correlation analyses between daily ET measurements and estimations by
the FAO Penman-Monteith, Samani and Hargreaves and Makkink methods are shown in
Tables 4-2 and 4-3. The FAO Penman-Monteith method performed better than the rest,
with the best R, MBE and RMSE values in 4 out of 5 years. The exception was 2002,

when all three ET methods presented similar error and correlation statistics.

The better performance of the FAO Penman-Monteith method can be attributed to the
consideration of vapour pressure deficit (VPD), which refers to the difference between the
actual water vapour pressure and the saturation water vapour pressure at a particular
temperature (Sadler and Evans, 1989). VPD reflects the ability of surface water evaporated
to the atmosphere, showing a simple proportional relationship to ET (Grange and Hand,
1987). VPD is generally calculated from temperature and relative humidity (Jensen et al.,
1990). When temperature is high or relative humidity is low, the atmosphere presents high
VPD and produces high ET. The study site is a semi-arid region and presented fairly low
relative humidity, between 50 and 60% in most days of the study period, which led to high
VPD. The ability of the FAO Penman-Monteith method to include this in its prediction

appears to have provided more appropriate ET estimates.

Considering the precipitation during the growing period for each year from 2000 to 2004

in comparison to the average monthly precipitation during a historic period of 1971 to
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2000 (Table 4-4), 2002 can be considered a representative wet year, with total
precipitation of 452.5 mm, whereas the other years all suffered from drought to varying
degrees. The FAO Penman-Monteith method tended to perform better over the others in
the drier years, while in the wet year similar ET estimations were obtained by all three
methods. This implies that in the dry environments the ET methods that consider VPD as a
controlling factor should be preferred, while in the wet environments the ET methods that
mainly depend on solar radiation and temperature are sufficient to provide reliable ET

estimations.

Table 4-2 R*> between daily ET measurements and estimations by the FAO
Penman-Monteith, Samani and Hargreaves, and Makkink methods for 2000 to 2004 over

grass

FAO Penman-Monteith ~ Samani and Hargreaves Makkink

2000 0.79 0.72 0.74
2001 0.86 0.83 0.83
2002 0.78 0.78 0.81
2003 0.85 0.79 0.81
2004 0.90 0.83 0.84
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Table 4-3 Summary of error analysis of daily ET estimations by the FAO Penman-Monteith,
Samani and Hargreaves, and Makkink methods compared to measurements for 2000 to

2004 over grass
FAO Penman-Monteith Samani and Hargreaves Makkink
vear MBE RMSE MBE RMSE MBE RMSE
2000 -0.10 0.32 -0.18 0.38 -0.17 0.37
2001 -0.08 0.30 -0.14 0.36 -0.13 0.34
2002 0.05 0.51 -0.05 0.52 -0.05 0.49
2003 -0.19 0.60 -0.29 0.70 -0.27 0.67
2004 -0.27 0.63 -0.33 0.69 -0.35 0.69

Table 4-4 Monthly average precipitation from May to September for a historic period of
1971 to 2000, and total recorded precipitation in each month from 2000 to 2004

Precipitation (mm)

Year

May June July August September  Total

1971-2000 53.5 63 47.5 45.8 39.6 249.4
2000 5.7 34.2 39 255 44.1 1134
2001 16.8 41.0 6.4 0 2.6 66.8
2002 55.5 224.3 40.3 72.5 59.9 452.5
2003 47.8 62.8 5.1 11.2 25.0 151.9
2004 62.1 60.0 503 28.3 4.7 205.4
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Over short-term periods the FAO Penman-Monteith method generally predicted variability
of daily ET in accordance with measurements, especially when the inflection values
occurred, while the Samani and Hargreaves and Makkink method showed ET simulations
in a smoothly varying pattern over the year. This indicates that the FAO Penman-Monteith

method is more sensitive to the variability of environmental factors than the other methods.

Correlation between daily ET measurements and estimates by the all three methods by
month showed that ET estimations varied depending on the time of the year (Table 4-5).
All three methods provide R? higher than 0.5 in the growing months, including April, May,
June, July, August and September, while R’ lower than 0.5 in the remaining months. In the
growing months solar radiation and temperature remained high, and the ET estimation
methods were able to better reveal the variability of ET in response to these inputs.
During this period of adequate energy supply by solar radiation and temperature, grasses
were expected to be fully developed and remained in the optimal physiological phase
(Larcher, 1995). This is well suited to the development and calibration basis of the ET
estimation methods, therefore, one can expect better ET estimations. The best performance
of the three methods occurred in May and June with R of 0.66 and 0.74 respectively for the
FAO Penman-Monteith method, 0.68 and 0.60 for the Samani and Hargreaves method and
0.70 and 0.76 for the Makkink method, whereas the poorest performance occurs in

November and December with the extremely low R? of around or below 0.1 for all these
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methods.

The error analysis of ET estimations by method and month (Table 4-6) showed that all
three ET methods underestimated ET in most months of the year, and the FAO
Penman-Monteith method generally performed better than the others in the growing
months. Based on MBE, the FAO Penman-Monteith method underestimated ET in 7
months, the Samani and Hargreaves method underestimated ET in 10 months and the
Makkink method in 9 months. The largest underestimates of daily ET occurred in June and
July with differences of 0.65 mm and 0.63 mm, 0.75 mm and 0.50 mm, and 0.78 mm and
0.58 mm for the FAO Penman-Monteith, Samani and Hargreaves and Makkink methods,
respectively. RMSE showed that in the growing months the FAO Penman-Monteith
method presented the best RMSE in 4 out of 6 months—May, June, July and August,
among the three methods, whereas each of the Samani and Hargreaves and Makkink
method provided the best RMSE only in 1 month. During the remaining months the FAO
Penman-Monteith method performed poorest with the worst RMSE in 5 out of 6 months,
whereas the Samani and Hargreaves and Makkink method provided the best RMSE in 3
and 4 months (the Samani and Hargreaves and Makkink method presented equal RMSE in

November), respectively.
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Table 4-5 R? between ET measurements and ET estimates by the FAO Penman-Monteith,
Samani and Hargreaves, and Makkink methods, by month, for the period 2000 to 2004
over grass

Month FAO Penman-Monteith Samani and Hargreaves Makkink
January 0.38 0.21 0.23
February 0.29 0.23 0.40
March 0.49 0.39 0.49
April 0.58 0.57 0.58
May 0.66 0.68 0.70
June 0.74 0.60 0.76
July 0.52 0.49 0.53
August 0.61 0.53 0.55
September 0.58 0.55 0.61
October 0.34 0.27 0.29
November 0.03 0.05 0.06
December 0.09 0.08 0.05

69



Table 4-6 Summary of error analysis of ET estimates by the FAO Penman-Monteith,
Samani and Hargreaves, and Makkink methods, by month, for the period 2000 to 2004
over grass

FAO Penman-Monteith Samani and Hargreaves Makkink
Month
MBE RMSE MBE RMSE MBE  RMSE

January 0.06 0.15 -0.04 0.13 -0.02 0.12
February -0.03 0.20 -0.10 0.23 -0.06 0.20
March 0.05 0.23 -0.05 0.22 -0.01 0.20
April -0.03 0.29 -0.09 0.29 -0.07 0.28
May -0.25 0.55 -0.43 0.67 -0.42 0.66
June -0.65 0.94 -0.75 1.12 -0.78 1.04
July -0.63 1.10 -0.50 1.07 -0.58 1.09
August -0.19 0.49 -0.15 0.51 -0.16 0.50
September -0.13 0.39 -0.26 0.46 -0.27 0.44
October 0.12 0.23 0.01 0.17 0.03 0.18
November 0.13 0.29 -0.02 0.17 0 0.17
December 0.13 0.22 0 0.08 0.01 0.09
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4.3 The impact of ET methods on crop yield simulations

Spring wheat yields for the period of 2000 to 2004 were simulated by the Daisy model
using the FAO Penman-Monteith, Samani and Hargreaves, and Makkink methods to
estimate ET. Due to the limited availability of management data, assumed uniform
management activities between years, including sowing date, the type and amount of
fertilizer and harvest date, were implemented to conduct crop yield simulations. In this
section, first insured crop yields from 2000 to 2004 are indicated; secondly the impact of
different ET methods on crop yield simulation is evaluated; lastly sensitivity analysis is

conducted to show the effect of management data on crop yield simulation.

4.3.1 Insured crop yields

Insured crop yields for all insured spring wheat fields surrounding the study site from 2000
to 2004 are shown in Figure 4-6 and Table 4-7. Large differences in yield existed between
years. When referring to solar radiation and temperature of the growing periods in 5 years
(Figure 4-7), solar radiation generally remained high with the averages of each year
ranging from 241.54 W/m? to 272.47 W/m?, indicating that energy availability did not
limit crop development in these years, and temperature increasing quickly over the

growing seasons also appeared to be appropriate for crop growth. The insured crop yields
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remained low in 2000 and 2001, with the average of 647.81 kg ha™ in 2000 and 740.73 kg
ha™ in 2001 for all the land plots. Since spring wheat is a type of grass, it is expected to
have somewhat similar phenological patterns as native grasses; Figure 4-8 shows
measured LAI of grass at the flux tower during the study period. Comparing annual LAI
peaks of the native grasses to annual wheat yields, it is reasonable to assume that, low
crop yields are related to lower LAI in 2000 and 2001, with the maximum of 0.45 and 0.5,
respectively. Assuming the crops suffered from similar poor leaf growth, photosynthesis
levels would have been far below that of other years, resulting in low total allocation to
grain production. In addition, both 2000 and 2001 exhibited severe drought during the
growing period of May to August. Precipitation of this period in 2000 was 69.3 mm on
total and in 2001 was 64.2 mm, leading to low water availability in the soil. To avoid a
great quantity of water loss by transpiration, crops would have to close leaf stomata
partially or even completely. This would result in limited carbon dioxide assimilation and

accordingly low crop production.

The insured crop yields in 2003 remained low, with an average of 1241.46 kg ha™'. This
was likely due to low precipitation in July and August, with amounts as low as 5.1 mm and
11.2 mm in each month, even though adequate precipitation of 47.8 mm and 62.8 mm fell
in the previous two months of the growing season (Figure 4-7). The distribution of

precipitation over the growing season generally poses a significant impact on crop yield
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(Eck, 1984; Musick and Dusek, 1980). Previous studies have indicated that summer annual
crops present yield reduction in response to soil water deficit at any growth phase
(Denmead and Shaw, 1960; Howe and Rhoades, 1955). Moreover, in some cases when
total precipitation over the growing season corresponds to water deficit in amount, but
precipitation shows a well-distributed pattern to meet water demands of crop growth, it is

still possible to obtain an adequate or even superior crop yield (Whitmore, 2000).

In 2002 and 2004, when relatively higher grass LAI values were measured (maximum of
1.22 and 0.89 for each year) and precipitation was well distributed from May to August in
each year, high insured crop yields were produced of 2633.59 kg ha™ in 2002 and 3467.14

kg ha™ in 2004, averaged across the fields.
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Figure 4-6 Insured (boxplot) and simulated crop yields using the FAO Penman-Monteith,
Samani and Hargreaves and Makkink methods for the period 2000 to 2004
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Table 4-7 Insured and simulated crop yields using the FAO Penman-Monteith, Samani and
Hargreaves, and Makkink methods for the period 2000 to 2004

Insured Crop Yield (kg ha™) Simulated Crop Yield (kg ha™)

Year FAO Samani and
Minimum Maximum Mean Makkink
Penman-Monteith Hargreaves

2000 330.98 857.09 647.81 1650.55 2317.64 2562.81
2001 535.99 918.84 740.73 1497.88 2136.42 2227.11
2002 1941.42 3277.69 2633.59 2186.69 2192.85 2633.59
2003 1057.16 1536.34 1241.46 2740.21 2882.98 2959.14
2004 2573.74 3798.86 3467.14 2884.96 2907.51 3063.57
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Figure 4-7 Daily solar radiation, air temperature and precipitation from May to August
for the period 2000 to 2004
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Figure 4-8 Measured LAI of native grass during the growing season for 2000 to 2004

4.3.2 Evaluation on the impact of ET methods on crop yield simulations

Crop yield simulations differed between years and ET estimation methods (Figures 4-6
and 4-9). The three ET methods all contributed to large overestimations of crop yields in
2000, 2001 and 2003, while in 2002 and 2004 all three modelling methods provided crop
yield predictions within the range of insured crop yields (Table 4-7). In comparison to the
mean of insured crop yields of all plots for each year, overestimations by the three methods
in 2000, 2001 and 2003 ranged from 757.15 kg ha™' to 1915.00 kg ha'' and in 2002 and
2004 simulated crop yields were lower by around 500 kg ha™ (Figure 4-9). Simulated LAI
of spring wheat over 5 years (Figure 4-10) does not vary much between years, in
comparison to measurements of grass LAI (Figure 4-8). Years in which there was more

disagreement between LAI predictions are also years with the higher discrepancies
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between predicted and measured crop yield, however, and overprediction of LAI is likely
leading to overprediction of crop yield. Higher LAI in 2000, 2003 and 2004 corresponded
to higher crop yields in these years and similar between-method LAI predictions in 2001
and 2002 also corresponded to similar crop yields in both years. Therefore, large
overestimations of crop yield in 2000, 2001 and 2003 were probably because the Daisy

model simulated higher LAI of spring wheat in these years.
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Figure 4-9 Difference between DAISY simulated crop yields resulting from three ET
estimation methods and insured crop yields for the period of 2000 to 2004 (Crop yield
difference of 0 refers to the simulated crop yield equal to the mean of insured crop yields of
all the land plots at the study site for each year)
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Figure 4-10 Simulated LAI of spring wheat resulting from three ET estimation methods during
the growing season of 2000 to 2004

Another possible factor for large overestimations of crop yield in 2000, 2001 and 2003
was overestimations of root extraction of soil water in the growing season. Figures 4-11
and 4-12 show daily simulations of soil water, root extraction, accumulated net
photosynthesis and crop yield using three ET methods in the growing seasons of dry year
2001 and wet year 2002. They show that daily net photosynthesis highly depended on root
extraction. This is because root extraction determined transpiration through the leaf
stomata control of water loss. Limited root extraction causes the leaf stomata to close to
reduce transpiration and as a result CO; assimilation and net photosynthesis were also
reduced. In addition, in 2001 lower net photosynthesis simulations by the FAO

Penman-Monteith method compared to the others generally corresponded to lower root

79



extraction simulations by this method and finally lower crop yield predictions.

Figure 4-11 and Figure 4-12 also show that root extraction and net photosynthesis
depended on both soil water and crop growth stage. For the period from mid-May to June
10™ in 2001, crops at the vegetative stage grew quickly and required a large amount of
water, accordingly a large amount of root extractions occurred during this period. With
decreasing soil water, root extractions decreased from the end of May, resulting in less net
photosynthesis accumulations. After precipitation fell on June 3, 4 and 5, soil water
increased, leading to sharp increases of root extraction and net photosynthesis in the
following days. Starting from mid-June, crops moved into the reproductive stage and a
great quantity of crop yield was accumulated. At this stage even though soil water
remained low, due to developed root system, crops were still able to extract water at a
relatively moderate level. As crops approached the completion of the reproduction stage,
with less availability of soil water, root extraction decreased and both net photosynthesis
and crop yield also decreased. Similar patterns emerged in 2002, but with higher water
availability. Soil water increased after precipitation fell on June 18 and 19, resulting in an
obvious increase of root extraction and net photosynthesis. Starting from the end of June,
crops moved into the reproductive stage and even though soil water remained low, a

moderate amount of water can still be extracted by crops.
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Figure 4-11 Daily predictions of soil water, root extraction, net photosynthesis and daily
yield allocation using the three ET estimation methods in the growing season of 2001,
compared to precipitation (top pane)
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Figure 4-12 Daily predictions of soil water, root extraction, net photosynthesis and daily
yield allocation using the three ET estimation methods in the growing season of 2002,
compared to precipitation (top pane)
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When relating crop yield simulations resulting from the three ET estimation methods
(Figure 4-6) to ET estimations by these methods over grass (Table 4-8) in the growing
seasons of 2000 to 2004, methods with better ET estimations generally corresponded to
better crop yield simulations. The FAO Penman-Monteith method, consistently providing
the best ET estimations with the lowest MBE and RMSE for 5 years, led to the best crop
yield simulations in 4 out of 5 years. The Samani and Hargreaves and the Makkink method
provided similar ET estimations in the growing seasons of 2000 to 2004 (Table 4-8), also
corresponding to similar crop yield simulations for all 5 years. Therefore, the results above
suggested the tendency that methods with better ET estimations generally correspond to

better crop yield simulations.
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Table 4-8 Summary of error analysis of daily ET estimations by the FAO Penman-Monteith,
Samani and Hargreaves, and Makkink methods compared to measurements in the growing
seasons for 2000 to 2004 over grass

FAO Penman-Monteith ~ Samani and Hargreaves = Makkink

Month
MBE RMSE MBE RMSE MBE RMSE
2000 -0.20 0.41 -0.23 0.46 -0.25 047
2001 -0.21 0.40 -0.26 0.49 -0.25 0.46
2002 -0.06 0.62 -0.16 0.72 -0.17 0.67
2003 -0.48 0.84 -0.56 0.97 -0.56 0.94
2004 -0.56 0.82 -0.62 0.96 -0.66 0.97

4.3.3 Effect of management data on crop yield simulations

Simulated crop yields by the Daisy model varied with the amount of fertilizer applied
(Figure 4-13). When the amount of fertilizer was supplied in the range of 0 to 60 kg/ha,
crop yield increased linearly by 217.09 kg/ha on average in response to applied fertilizer in
increments of 10 kg/ha. When more than 60 kg/ha fertilizer was supplied, crop yield
remained constant, because no more fertilizer could be taken up by the plants. The amount
of fertilizer significantly affected crop yield simulations. Therefore the use of uniformly
typical management data over the study period probably contributed to the differences

between insured and simulated crop yields.
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Figure 4-13 Variability of crop yield simulation in response to the amount of fertilizer
supplied in 2001
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Chapter 5 Synthesis

5.1 Summary of research approach

This study aims to evaluate three ET estimation methods (FAO Penman-Monteith, Samani
and Hargreaves, and Makkink) and their impacts on crop yield simulations. The study site
is centred on a flux tower in Lethbridge, Alberta with mixed grass vegetation cover. Data
used in this study included meteorological, soil, management and crop yield data for the
period of 2000 to 2004. Firstly, the dependences of ET measurements and estimations by
the FAO Penman-Monteith, Samani and Hargreaves, and Makkink methods on
meteorological variables, including solar radiation, temperature, relative humidity and
wind speed, were evaluated by comparison of standard scores of daily 5-year means, and
correlations between them. Secondly, ET estimations by each method were evaluated
against measurements under the same meteorological and environmental conditions.
Thirdly, the impacts of ET estimation methods on crop yield simulations were evaluated

against insured crop yields in the surrounding fields for the period of 2000 to 2004.

5.2 Conclusions

The following conclusions were drawn from this study:
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)

2)

3)

ET measurements and estimations by the FAO Penman-Monteith, Samani and
Hargreaves, and Makkink methods highly depended on solar radiation and temperature,
and were less related to relative humidity and wind speed. Solar radiation was the most
important controlling factor with the consistent highest R? of more than 0.7.
Temperature was also an important controlling factor with R* of more than 0.6.

None of the three ET methods consistently provided ET estimations in good agreement
with measurements over the whole year for the period of 2000 to 2004. Their
performance differed and depended on the time of year. Among the three methods, the
FAO Penman-Monteith method provided the best ET estimations based on the lowest
error statistics (MBE and RMSE), probably due to its theoretically physical basis and
consideration of VPD. All three methods performed better in the growing months (R>>
0.5) and could not provide reliable ET estimations in the remaining months.
Performance of the three ET methods varied between years. In the wet year 2002 all
methods provided close ET estimations to measurements except in June, but in the
other dry years they tended to provide considerable underestimations in the growing
months. In addition, in these dry years the FAO Penman-Monteith method performed
best among the three ET methods. This implies that in the arid environments the ET
methods that consider VPD as a controlling factor should be preferred, while in the
humid environments the ET methods that mainly depend on solar radiation and

temperature are sufficient to provide reliable ET estimations.
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4) Crop yield simulations varied with the year and ET method. In 2000, 2001 and 2003,
with dry growing seasons, all three ET methods lead to large overestimations of crop
yield, while in 2002 and 2004, with wet growing seasons, all methods provided closer
crop yield simulations, within the range of insured crop yields. Among the three ET
methods, the FAO Penman-Monteith method provided much closer crop yield
simulations to the insured crop yields than the Samani and Hargreaves, and Makkink
methods in 2000 and 2001, whereas in the other years differences of crop yield

simulations between the three methods were small.

5.3 Limitations and Recommendations for Future Research

A number of limitations were raised in this study. These limitations and corresponding

suggestions for future research are described in this section.

Some ET measurements for cold days at the study site were missing because the
measurement instruments were not able to function successfully under conditions of low
temperature and occasional snow cover, so interpolations were used. Therefore the
evaluation of ET estimation methods against measurements in these days presented low
reliability. To obtain accurate evaluation of ET estimation methods, confining the

evaluation in optimal periods with confident measurements is a preferred approach,
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although this problem is limited in this study due to the focus on the growing season.

Soil data from NSDB can not provide accurate soil parameters for a specific location.
Polygons with uniform soil attribute records generally cover a large area, as a result soil
parameters of each polygon can have low accuracy for specific points. This may reduce
the reliability of ET estimates and crop yield simulations, because soil texture and soil
hydraulic parameters directly influence the water holding capacity of soil and root

extraction as predicted in this study.

It is said that in arid and semi-arid environments the local calibration and validation for ET
estimation methods are important, because almost all the ET methods were developed,
calibrated and validated for temperate environments (DehghaniSanij et al., 2004).
However, this study directly used ET submodels built in the Daisy model and did not
conduct calibration. This increased the uncertainty of ET estimations and probably
contributed to underestimations in the growing seasons of the study period, especially in
the dry years. Therefore, to evaluate or apply ET method at specific study sites, if high
degree of accuracy is required or long-term data record are available, local calibration of

ET methods before estimation may provide better ET estimates.

Crop yield simulation was conducted based on uniformly typical management activities for
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the period of 2000 to 2004, which differs from the actual activities which are temporally
and spatially variable, depending on the local meteorological and environmental
conditions. As indicated by sensitivity analysis, crop yield simulations varied
significantly with different amount of fertilizer supplied. Therefore the use of uniformly
typical management data over the study period may reduce the reliability of simulated crop

yields.
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