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ABSTRACT 

As the main component of terrestrial energy and water balance, evapotranspiration (ET) 

moves a large amount of water and energy in the form of latent heat flux from bare soil and 

vegetated surfaces into the atmosphere. Despite the development of many methods and equations 

through past decades, accurate ET estimation is still a challenging task, especially for the Red 

River Valley of the North (RRV) that has limited updated information on ET either for landscape 

or agricultural water management.  

The overall objective of first study was to evaluate the ASCE-EWRI reference ET (ETo) 

method by developing an accurate crop coefficient (Kc) using an eddy covariance (EC) system 

over an unirrigated turfgrass site. The results showed that with mean ETgrass/ETo ratio as 0.96 for 

the entire growing seasons of turfgrass, the ASCE-EWRI ETo method is valid for guiding the 

turfgrass irrigation management in cold climate conditions.  

In a Controlled drainage with subirrigation (CD+SI) field, an EC system was used to 

measure and quantify energy flux components along with soil water content (SWC) and water 

table depth (WTD) measurements during four corn growing. This study showed that the 

subsurface drainage along with the CD + SI system can be used for optimal water management 

with an improvement of 26.7% and 6.6% of corn yield during wet and dry year, respectively. 

For the final task, ET was measured using EC, Bowen ratio system (BREB), and soil 

water balance (SWB) method during the corn growing season. The comparison of the EC and the 

BREB system illustrated the advantages of using the residual method to close the energy balance 

closure of EC. Among the different time approaches for SWB method, ET by the SWB method 

using the average soil water contents between 24:00 to 2:00 time period showed non-significant 

differences (alpha = 0.05) compared to the BREB system during the observation periods.  
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1. GENERAL INTRODUCTION 

1.1. Evapotranspiration (ET) 

Evapotranspiration (ET) is the sum of water loss from the soil surface (evaporation) and 

transpiration from the leaves of the growing plants. As the main component of terrestrial energy 

and water balance, ET moves a large amount of water and energy in the form of latent heat flux 

from bare soil and vegetated surfaces into the atmosphere (Anderson et al., 2012; Niaghi et al., 

2019). 

Factors that affect the rate of ET include the amount of solar radiation, atmospheric vapor 

pressure deficit, temperature, wind, and soil moisture. ET accounts for most of the water lost 

from the soil surface during crop growth and thus, is important for irrigation and water 

management.  

Among all factors (i.e. soil properties, weather variability, and salinity), ET plays a 

dominant role in crop production and is a critical factor in the hydrological cycle. Accurately 

determining the actual crop ET (ETa), which is the plants’ actual use of water can reveal crop 

water status and provide water management information to enhance crop production (Kandel et 

al., 2013; Sharma & Minhas, 2005), and improve nitrogen use efficiency (Mejia et al., 2000). 

Therefore, quantifying the ETa in field conditions could be a practical way to make appropriate 

decisions for water management and evaluate the different methods and approaches at various 

crop stages. 

1.2. Reference evapotranspiration (ETref) and crop coefficient (Kc) 

The evapotranspiration rate from a reference surface, not short of water, is called the 

reference crop evapotranspiration or reference evapotranspiration and is denoted as ETref. The 

reference surface is a hypothetical grass reference crop with specific characteristics.  
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The only factors affecting ETref are climatic parameters. Consequently, ETref is a climatic 

parameter and can be computed from weather data. ETref expresses the evaporating power of the 

atmosphere at a specific location and time of the year and does not consider the crop 

characteristics and soil factors. A large number of empirical or semi-empirical equations have 

been developed for assessing crop or ETref from meteorological data. Some of the methods are 

only valid under specific climatic and agronomic conditions and cannot be applied under 

conditions different from those under which they were originally developed. The FAO Penman-

Monteith (Allen et al., 1998) method is recommended as the sole method for determining ETref. 

The method has been selected because it closely approximates grass ETref at the location 

evaluated, is physically based, and explicitly incorporates both physiological and aerodynamic 

parameters. Moreover, procedures have been developed for estimating missing climatic 

parameters.  

Since Penman (1948) developed an equation for evaporation and evapotranspiration 

estimation, various improvement have been made to the original equation. The standardized 

ETref method by the American Society of Civil Engineers–Environmental and Water Resources 

Institute (ASCE-EWRI) (ASCE-EWRI, 2005) has been shown to provide an accurate estimation 

for grass as a reference crop (ETo). The ASCE-EWRI method has been tested at different 

locations around the world (Anapalli et al., 2018; Chávez, et al., 2009; Majnooni-Heris, et al., 

2013) but has not been tested in North Dakota. 

The ratio between the ETa and the ETref, which is known as a crop coefficient (Kc), may 

provide insights to guide the irrigation and drainage water management in northern cool climates 

and during drought periods when measured ETa values are not available. Therefore, ETa can be 

indirectly determined from the ETref calculated from weather data and the recommended Kc at 
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various stages of the specified crop. The Kc represents regional climate characteristics, crop type, 

plant density, phenology, soil water status, and other parameters (Anderson et al., 2017), and 

should be developed for each study region. To develop the Kc values for each region, accurately 

measured ETa at the field scale is necessary.  

1.3. Crop evapotranspiration measurement (ETa) 

Over the last decades, development of instrumentation, data acquisition systems, and 

remote sensing have enhanced the ability of ETa measurement and have significantly intensified 

the knowledge of ETa (Fisher et al., 2017). Numerous methods and techniques are now being 

used either remotely (Reyes-González et al., 2017) or by in-situ experiment (e.g. eddy 

covariance, Bowen ratio, soil water balance, and lysimeter) for ETa estimations (Fidantemiz et 

al., 2019; Verstraeten et al., 2008; Zhang et al., 2008). However, most of the ETa methods, 

developed ETa models, or proposed ETa equations have large discrepancies, and exhibited 

systematic and random errors depending on the device’s location and climate conditions 

(Dragoni et al., 2007). Despite the development of many methods and equations through past 

decades, accurate ETa estimation is still a challenging task (Amatya et al., 2016), and more 

efforts need to be taken to increase our knowledge, the benefits, and the drawbacks of the 

available methods. 

Several methods are available to measure daily ETa directly. Some of the most used 

methods are ground-based, such as soil water balance and lysimeter (Djaman & Irmak, 2013; 

Niaghi et al., 2015; Rana & Katerji, 2000). Others are above ground methods, including eddy 

covariance (EC) (Niaghi & Jia, 2017; Niaghi et al., 2019; Shi et al., 2008; Tie et al., 2018), 

surface renewal (Brotzge & Crawford, 2003; Hu et al., 2018; Rosa & Tanny, 2015), Bowen ratio 

energy balance (Gong et al., 2016; S Irmak et al., 2014; Shi et al., 2008; Uddin, Hancock, Smith, 
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& Foley, 2013), and remote sensing technology (Nagler et al., 2005; Niaghi, 2014; Yang et al., 

2017). Since ETa is an important component of water balance and hydrologic studies, 

considerable research efforts have attempted to estimate the ETa from weather data (Steele et al., 

1996; Subedi et al., 2017). 

Evaporation of water requires relatively large amounts of energy, either in the form of 

sensible heat or radiant energy. Therefore, the ET process is governed by energy exchange at the 

vegetation surface and is limited by the amount of energy available. Because of this limitation, it 

is possible to predict the ET rate by applying the principle of energy conservation. The energy 

arriving at the surface must equal the energy leaving the surface for the same time period. 

All fluxes of energy should be considered when deriving an energy balance equation. The 

equation for an evaporating surface can be written as: 

 Rn- G =LE+H  (1.1) 

where Rn is the net radiation, H the sensible heat, G the soil heat flux and LE the latent heat flux. 

The various terms can be either positive or negative. Positive Rn supplies energy to the surface 

and positive G, LE and H remove energy from the surface. 

In Equation 1.1 only vertical fluxes are considered and the net rate at which energy is 

being transferred horizontally, by advection, is ignored. Therefore, the equation is to be applied 

to large, extensive surfaces of homogeneous vegetation only. The equation is restricted to the 

four components: Rn, LE, H and G. Other energy terms, such as heat stored or released in the 

plant, or the energy used in metabolic activities, are not considered. These terms account for only 

a small fraction of the daily net radiation and can be considered negligible when compared with 

the other four components. 
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The LE representing the ET fraction can be derived from the energy balance equation if 

all other components are known. Rn and G can be measured or estimated from climatic 

parameters. Measurements of H are however complex and cannot be easily obtained. H requires 

accurate measurement of temperature gradients above the surface. 

1.3.1. Eddy covariance 

The EC method is one of the most established techniques to determine the exchange of 

water, energy, and trace gases between the land surface and the atmosphere (Allen et al., 2011). 

The EC method has been applied to precisely measured carbon and water budget over various 

crops and ecosystems due to its appropriate measurement scale compared to the lysimeter, leaf 

cuvettes, and soil chambers (Baldocchi, 2003). Moreover, the EC method can provide direct 

approach to quantify net fluxes of energy balance components across the study area over 

different time series intervals. Currently, they are more than 400 flux tower sites operating 

worldwide, and many of them are included in the flux network such as FLUXNET, the National 

Ecological Observatory Network (NEON), and the Integrated Carbon Observation System 

(ICOS). The obtained data from the mentioned flux network provide many research 

opportunities for scientists, as well as inter-disciplinary projects. In this chapter, the entire EC 

measurement system procedure are described.  

In the last 10 years, the EC method has been widely accepted as a standard method to 

estimate ETa rates and was successfully used overseas (Li et al., 2008; Zhou et al., 2014) and in 

the United States (Castellví and Snyder, 2010; Jia et al., 2009; Sumner, 2001), including North 

Dakota (Niaghi et al., 2017; Rijal et al., 2012). The EC system is regarded as the most accurate 

method for in situ ETa measurement at scales of 0.1–1 km (Rana & Katerji, 2000). The EC has 
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been successfully used to measure ETa over different crop fields and forest lands for decades 

(Baker & Griffis, 2005; Facchi et al., 2013). 

With the development of flux measurements, the usage of EC is extended rapidly to more 

heterogenous stands (Gong et al., 2016; Wilson et al., 2002), and it has been compared with 

other ETa methods (Consoli & Vanella, 2014). Gebler et al. (2015) showed a good ETa 

correlation between lysimeter and EC for the summer time. However, measurement and 

comparison of ETa between the EC and other methods is poorly documented for regions with a 

shallow water table and heavy clay soil. It is important to validate the ETa by the EC method 

with other independent methods and to determine the most effective approach.  

Rijal et al., (2012) used an EC system in a field with CD treatment to develop new 

Kc values for corn and soybean in the RRV based on data from one year. Due to climate, corn 

hybrids, and variable farming practices, one-year data will likely not fully represent the 

variability of ETa and Kc; therefore, their range and fluctuation remain unclear. Exacerbating the 

problem, other studies that have provided the regional Kc values were conducted several decades 

ago (e.g., Steele et al., 1996; Stegman, 1986). Since then, corn hybrids have evolved from 

conventional to modified hybrids with different water use and water stress characteristics 

(Payero & Irmak, 2013). 

1.3.1.1. Principle of measurement 

The term “flux” can be defined as an amount of an entity that passes through a closed 

surface per unit of time (Burba & Anderson, 2007). Based on a conservation equation, scalar 

quantity can be computed as follows: 

 
𝜕𝐶

𝜕𝑡
+ 𝑈𝑗

𝜕𝐶

𝜕𝑥𝑗
= 𝑆 + 𝑅 + 𝐷   (1.2) 
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where C is the concentration of a scalar (e.g. H2O) in atmosphere, t is time, Uj is the wind 

velocity vector that has three components (u, v, w), and Xj represents directions of x, y, and z. S 

is the source or sink term, R is chemical reaction, and D is molecular diffusion.  

Reynolds’ rules of averaging are used to provide a statistical representation of turbulent 

wind, its non-Gaussian attributes and turbulent fluxes. The motion of a turbulent fluid, like air, 

can be defined at any instant in time as being equal to the sum of its mean state (�̅�) and is 

fluctuation from the mean (𝑥′). The overbar represents time averaging and the prime represent a 

fluctuation from the mean. The Reynold’s rule are as follows: 

The mean product of two fluctuating variables is a function of the products of the 

individual means plus a covariance: �̅� + �̅� = 𝑥𝑦̅̅ ̅ +  𝑥′𝑦′̅̅ ̅̅ ̅ 

The average of any fluctuating component is zero, 𝑥′̅ = 0, and 

The average of the sum of two components is additive: 𝑥 + 𝑦̅̅ ̅̅ ̅̅ ̅ = �̅� + �̅� 

By applying Reynold decomposition and knowing that the instantaneous C and Uj are the 

sums of the means over a certain averaging period and the fluctuating portions, equation 1.2 can 

be expanded into mean and turbulent parts as follows: 

 
𝜕(�̅�+𝑐′)

𝜕𝑡
+ (𝑈�̅� + 𝑢𝑗

′)
𝜕(�̅�+𝑐′)

𝜕𝑥𝑗
= 𝑆 + 𝑅 + 𝐷   (1.3) 

By applying the Reynolds averaging rules, and simplifying the final equation, the 

equation 1.3 is left as: 

 
𝜕�̅�

𝜕𝑡
+

𝑈𝑗̅̅̅̅ 𝜕�̅�

𝜕𝑥𝑗
+

𝑢𝑗
′𝜕𝑐′̅̅ ̅̅ ̅̅ ̅̅

𝜕𝑥𝑗
= 𝑆̅ + �̅� + �̅� (1.4) 

The three components left on the right side are the storage term, the advection by the 

mean wind, and turbulent diffusion term, respectively. In order to further simplify the equation 

and then apply it to EC flux computation, the major assumptions are made as follow: 
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• No chemical reactions occur (R=0) 

• Molecular diffusion is negligible compared to the turbulent flux (D=0) 

• The mean wind direction is along the x direction (�̿� = �̅� = 0) 

• The system is under steady state over the averaging period (
𝜕�̅�

𝜕𝑡
= 0) 

• The site is homogenous and uniform in all directions (
𝑈𝑗̅̅̅̅ 𝜕�̅�

𝜕𝑥
=

𝑈𝑗̅̅̅̅ 𝜕�̅�

𝜕𝑦
= 0)  

Therefore, the equation 1.4 reduced to: 

 
𝜕𝑤′𝑐′̅̅ ̅̅ ̅̅

𝜕𝑧
= 𝑆̅  (1.5) 

Integrating equation 1.5 over the measurement height (zr) gives the final simplified flux 

computation equation for the EC system as follows: 

 ∫ 𝑠̅𝑑𝑧
𝑧𝑟

0
= ∫

𝜕𝑤′𝑐′̅̅ ̅̅ ̅̅ ̅

𝜕𝑧
𝑑𝑧 =

𝑧𝑟

0
𝜌𝑎𝑤′𝑐′̅̅ ̅̅ ̅̅ ̅̅ ̅|𝑧 = 𝑧𝑟 − 𝜌𝑎𝑤′𝑐′̅̅ ̅̅ ̅̅ ̅̅ ̅|𝑧 = 0 (1.6) 

Flux of a certain trace gas across the boundary between the atmosphere and the surface is 

a covariance of vertical wind speed and gas concentration such as H2O and C2O. by replacing the 

gas concentration with temperature, sensible heat flux (H) can be calculated as follows: 

 LE= 𝜆𝑤′𝑐′̅̅ ̅̅ ̅̅  (1.7) 

 H=𝑐𝑝𝜌𝑎𝑇′𝑐′̅̅ ̅̅ ̅  (1.8) 

where 𝜆 is latent heat of vaporization, 𝑐𝑝 is specific heat of air and 𝜌𝑎 is air density.  

More detail and information on EC method and equations can be found at EC covariance 

method for scientific, industrial, agricultural and regulatory applications field book by LI-COR 

(Burba & Anderson, 2007). 

1.3.1.2. Energy balance closure 

The lack of energy balance conservation among measured terms at EC field site known as 

the energy balance closure problem, is unsolved and common problem in field measurements 
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(Reed et al., 2018; Shi et al., 2008). In recent years, several researchers have worked to address 

this issue, with lack of energy closure through to be from, in part, landscape heterogeneity 

(Foken, 2008), error in flux observation (Wilson et al., 2002), averaging period and coordinate 

system (Fratini & Mauder, 2014), horizontal advection (Oncley et al., 2007), instrument bias 

(Frank et al., 2016), incorrect assumption from Taylor’s frozen turbulence hypothesis (Cheng et 

al., 2017), time dependency of site energy balance (Reed et al., 2018), or combination of several 

issues (Leuning et al., 2012). However, there is no clear conclusion on how to improve energy 

closure.  

To overcome the closure error and proceed with the flux processing, Twine et al. 

(2000) suggested one way to close the energy balance was to assume that the H was measured 

correctly with a sonic anemometer and then solve for LE as the residual in the energy balance 

equation (LE = Rn-G-H). This procedure was also used by Chávez et al. (2009) ;Niaghi, et 

al..(2019a,b), and Payero & Irmak, (2013) for the LE calculation. In general, the error in EC 

closure ranges between 10 and 30% in agricultural fields (Foken, 2008). However, findings from 

the literature show that there is no universal method to close the energy balance (Imukova et al., 

2016). 

1.3.2. Bowen ratio energy balance system 

The BREB method considers the vertical movement of small parcels of air (eddies) above 

a large homogeneous surface. The eddies transport material (water vapor) and energy (heat, 

momentum) from and towards the evaporating surface. By assuming steady state conditions and 

that the eddy transfer coefficients for water vapor are proportional to those for heat and 

momentum, the ETa rate can be computed from the vertical gradients of air temperature and 

water vapor via the Bowen ratio. These methods and other methods such as eddy covariance, 

https://www.sciencedirect.com/science/article/pii/S0378377419306912#bib0050
https://www.sciencedirect.com/science/article/pii/S0378377419306912#bib0175
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require accurate measurement of vapor pressure, and air temperature at different levels above the 

surface. Therefore, their application is restricted to primarily research situations. 

The Bowen ratio (β) was estimated from the vertical gradient of temperature (T1, T2) and 

vapor pressure (e1, e2) at two heights above the crop canopy. The β  can be calculated as follows 

(Perez et al., 1999): 

 β =
P.Cp

ε.Lv

Kh

Kw

(T1−T2)

(e1−e2)
=

H

LE
 (1.9) 

where P is atmospheric pressure (kPa), Cp is specific heat of dry air (KJ/kg.°C), T1 and T2 are 

measured temperature at two height above the crop canopy (oC), ε is the ratio between the 

molecular weights of water vapor and air (0.622), Lv is the latent heat of vaporization (KJ/kg), e1 

and e2 are vapor pressure measured at two height above the crop canopy (kPa), and Kh and Kw 

are the eddy diffusivity for heat and water vapor, respectively, and assumed to be equal. H is 

estimated as the residual of the energy balance and LE is estimated as follows: 

 LE =
Rn−G

1+β
 (1.10) 

1.3.3. Soil water balance 

The ETa can be determined by measuring the various components of the soil water 

balance (SWB). Irrigation (I) and rainfall (P) add water to the root zone. Part of I and P might be 

lost by surface runoff (RO) and by deep percolation (DP) that will eventually recharge the water 

table. Water might also be transported upward by capillary rise (CR) from a shallow water table 

towards the root zone or even transferred horizontally by subsurface flow in (SFin) or out of 

(SFout) the root zone. In many situations, however, except under conditions with large slopes, 

SFin and SFou are minor and can be ignored. Soil evaporation and crop transpiration deplete water 

from the root zone. If all fluxes other than ETa can be assessed, the ETa can be deduced from the 

change in soil water content (SW) over the time period: 
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 ET = I + P - RO - DP + CR ± SF ± SW  (1.11) 

Some fluxes such as subsurface flow and deep percolation are difficult to assess, and 

short time periods cannot be considered. The soil water balance method can usually only give 

ETa estimates over long time periods of the order of week-long or ten-day periods. On the other 

hand, it is important to quantify and validate the accuracy of the SWB method by considering the 

capillary rise for heavy clay soil and compare the obtained values with more precise methods, 

such as EC and BREB methods via energy balance approaches.  

1.4. Red River Valley (RRV) 

When the last glacier in North Dakota melted about 12,000 years ago, glaciers still 

existed to the north in Canada. These glaciers formed a huge dam and blocked the rivers trying to 

flow north. The water was backed up and formed a gigantic lake, called Lake Agassiz (ag-a-see) 

(reference?). This lake existed for about 4,000 years. After the lake drained away, the once-hilly 

land that had been under this huge lake was almost as flat as a floor. This happened because the 

sediment left by the lake had filled in the low places and made the whole area level. The lakebed 

of the ancient Lake Agassiz is now called the RRV (Figure 1.1). It covers the eastern strip of 

North Dakota next to the Red River of the North and extends many miles into Minnesota and 

north into Manitoba. The RRV in North Dakota is about 10 miles wide near the South Dakota 

border, but it is about 40 miles wide near the Canadian border. With the lowest and highest 

elevation at 228 and 244 m above the sea level (17 cm/km slope), the RRV is the lowest land in 

North Dakota and drains about 104,118 km2 (40,200 miles2).  

 



 

12 

 

Figure 1.1. Red River Valley (RRV)1 

1.4.1. Climate2 

The annual average temperature ranges from about 3°C in northeastern North Dakota to 

7°C along most of the southern border. However, annual averages are misleading because they 

hide the large seasonal temperature variations commonly throughout the State. January is the 

coldest month with average temperatures ranging from near -18°C in the northeast to -10°C in 

the southeast. The warmest month is July when average temperatures range from 18°C in the 

northeast to 22°C in the south. The average temperature range illustrates the pronounced 

continental climate of the region (NOAA, 2019). Average annual precipitation is about 559 mm 

for the RRV. On an average, about 75 percent of the annual precipitation falls during the crop-

growing season in April to September (NOAA, 2019). 

The average growing season is about 110 days in the northern RRV and increases to 120 

days through the middle portion of the RRV and reaches 130 days in the farthest southern 

portion. The average date of the last freeze in spring ranges from May 15 in the south to late May 

in the north. In the fall, the first 0°C occurs between September 10 and 25 (NOAA, 2019). 

                                                 
1 www.reshapingthetornadobelt.com/background/red-river-valley 
2 https://www.ncdc.noaa.gov/climatenormals/clim60/states/Clim_ND_01.pdf 

https://www.ncdc.noaa.gov/climatenormals/clim60/states/Clim_ND_01.pdf
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1.4.2. Landforms and soil 

Flat surfaces with poor drainage are the terrain left by glacial Lake Agassiz. Tall grasses, 

together with deciduous trees along the streams, can be found in the better drained portions. 

Poorly drained portions have sparse and scattered areas of a mosaic of boreal forest interspersed 

with peat bogs. Soils in the bed of Lake Agassiz vary considerably, depending upon locations. 

Fine silts and lacustrine clay cover most of the old lakebed up to the depth of 45 m. Sand 

deposits accumulated at the lake’s margins. Deltas of silt and sand were formed where rivers 

emptied into the lake. Most of the soils are Aquolls. They are deep, somewhat poorly drained or 

poorly drained, and sandy to clayey and have a frigid temperature regime. Calciaquolls (Bearden, 

Hegne, Glyndon, and Ulen series), Haplaquolls (Fargo series), and Haploborolls (Gardena and 

Embden series) are on the glaciolacustrine plains. 

1.4.3. Residential and landscape 

Due to the flat topography and the sub-humid and harsh weather conditions in eastern 

North Dakota, mixed turfgrass cultivars are grown to keep the landscape green during the 

growing season. The majority of the turfgrass in residential areas and golf courses is grown 

without irrigation under natural rainfed conditions. For those irrigated turfgrasses, because there 

are no ET data available to guide turfgrass water management in this region, irrigation is 

frequently based on time from the last rain event or the condition of the turfgrass. Therefore, 

quantification of the turfgrass ET for landscape and residential turfgrass irrigation management 

became the first goal of the current study. 

1.4.4. Agricultural practices 

The RRV has some of the richest soil and best farmland in the world. There are two 

reasons for this: (1) fertile (rich) soil was brought down from Canada by the glaciers; and (2) a 
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great deal of organic matter was left from Lake Agassiz. Organic matter makes the soil very rich, 

which means it is good for growing crops. Nearly all this area is cultivated, and about 80 percent 

is cropland that is in dryland farming. Important cash crops are spring wheat, soybeans, potatoes, 

sugar beets, and corn. Some oil-producing crops and edible beans are also grown. On some 

farms, grains for feed and forage for dairy cattle are the principal crops. Nearly 10 percent of the 

area in the northeast is wooded. 

The planted area for grain corn in North Dakota has increased from about 334,000 ha in 

1997 to over 1.3 million ha in 2017 (USDA NASS, 2017). Figure 2 shows the increase of 

harvested corn for grain from 2007 through 2012. The increased demand for corn has prompted 

many farmers to grow more corn in North Dakota and particularly in the RRV. Therefore, 

understanding corn water use in the RRV would be helpful for agricultural water resource 

management, which is the focus of my second manuscript. 

 

Figure 1.2. Increase of harvested corn for grain from 2007 through 2012 (USDA-NASS). 
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1.4.5. Subsurface drainage  

Despite the RRV’s rich soil condition, heavy clayey soils and increased salinity can 

hinder agricultural production, especially corn, due to a shallow water table and seasonal 

waterlogging conditions in spring and fall. Subsurface drainage (SD) is one of the most effective 

practices to remove the excess water from the soil and aid in earlier planting and a later harvest. 

The SD system employs buried perforated pipes to drain excess water and lower the water table 

in the soil profile. The major advantage of a SD system is the potential to be designed or 

retrofitted for controlled drainage (CD) and subirrigation (SI). Having a land slope of less than 

0.5% allows landowners to not only drain during wet periods, but also retain or add water during 

the moderate to dry period (July-September) of the growing season. Figure 1.3 shows the 

percentage of land that has SD (SSURGO, 2018) and the increasing trend of approved permits to 

install SD systems within the RRV region (Finocchiaro, 2016). 
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Figure 1.3. a) Total land with drainage in US, and b) increasing trend of subsurface 

drainage installation in North Dakota. 

1.4.6. Controlled drainage  

Water table management in agricultural fields can be improved by adding structures for 

CD to the SD system which may also include a subirrigation (SI) aspect. Using a weir or stop log 

in an outlet structure, CD controls the time and amount of drainage outflow and keeps water 

table depths at a desired level. The SI system is defined as the “application of irrigation water 

below the ground surface by raising the water table within or near the root zone” (ASABE 

Standards, 2015). In recent years, SI has become a supplementary component for drainage water 

management strategies by adding water through the SD system and control devices (Jia et al., 

2017; Niaghi et al., 2019). Hence, the combination of CD and SI (CD + SI) can provide an 

optimal soil water condition to enhance crop production. While various studies reported yield 

increases for different crops using CD + SI (i.e. tomatoes, soybeans, and corn), questions remain 
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regarding the effect of drainage water management via a CD + SI system on corn performance, 

such as the relationship between soil water content, water table depth, and ET during the crop 

growing season. Therefore, studying the effect of CD+SI practices on the corn production and 

quantification of in situ ET values became the second goal of the current research. 

1.5. Influential parameters on ET 

Evaporation and transpiration occur simultaneously and there is no easy way of 

distinguishing between the two processes. Apart from the water availability in the topsoil, the 

evaporation from a cropped soil is mainly determined by the fraction of the solar radiation 

reaching the soil surface. This fraction decreases over the growing period as the crop develops 

and the crop canopy shades more and more of the ground area. When the crop is small, water is 

predominately lost by soil evaporation, but once the crop is well developed and completely 

covers the soil, transpiration becomes the main process. 

1.5.1. Climate 

The principal weather parameters affecting ET are radiation, air temperature, humidity 

and wind speed. Several procedures have been developed to assess the ET rate from these 

parameters. The ETref , which represents the evapotranspiration from a standardized vegetated 

surface that can be either grass (ETo) or alfalfa (ETr), requires accurately measured climate 

parameters to quantify the potential of atmosphere for evaporation and transpiration act. Any of 

the climate parameters can be a limiting factor for the ETref. 

1.5.2. Crop 

The crop type, variety and development stage should be considered when assessing the 

ET from crops grown in large, well-managed fields. Differences in resistance to transpiration, 

crop height, crop roughness, reflection, ground cover and crop rooting characteristics result in 
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different ET rates in different types of crops under identical environmental conditions. ETa under 

standard conditions refers to the transpiration demand from crops that are grown in large fields 

under optimum soil water, excellent management and environmental conditions, and achieve full 

production under the given climatic conditions. 

1.5.3. Management and environmental condition 

The crop development and ET rate may be limited by some factors such as soil salinity, 

poor land fertility, limited application of fertilizers, the presence of hard or impenetrable soil 

horizons, the absence of control of diseases and pests and poor soil management. Other factors, 

such as climate condition, agricultural practices, and soil moisture may also affect the ET. The 

effect of soil water content on ET is conditioned primarily by the magnitude of the water deficit 

and the type of soil. On the other hand, too much water will result in waterlogging which might 

damage the root and limit root water uptake by inhibiting respiration. 

1.5.4. Soil moisture 

Soil moisture is an important variable in the climate system. Field soil moisture has a 

variable value ranging from permanent wilting point to saturation point over the time. It depends 

on rainfall, irrigation, and groundwater in the soil and the water consumption from the soil by 

evaporation, transpiration, and runoff. Balance in soil moisture is determined by climate, soil 

condition in the landscape, the type of vegetation, human activities, and the seasons. In addition, 

soil moisture depends on the properties of the soil, water holding capacity, water permeability, 

and hydraulic conductivity. 

Soil moisture content is a soil status condition, directly connected with the process of ET 

since soil moisture content is usually related to moisture contained in the upper 1-2 m of a soil 

profile. Evidently, soil moisture is one of the prime environmental variables related to land 
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surface climatology, hydrology and ecology (Vinnikov et al., 1999). Variations in soil moisture 

content entail a strong impact on land surface energy dynamics, regional runoff dynamics and 

vegetation productivity (actual crop yield) (Moran, et al., 2004). 

Soil moisture content at the root zone is a limiting factor to the ET. If the soil moisture 

does not meet the water requirement of the crop, crop may face with a stressed situation and the 

reduced crop transpiration cause yield reduction (Allen et al., 1998). A strong linear relationship 

was reported between cumulative corn ET and irrigation application to prevent crop from facing 

any stressed condition (Payero & Irmak, 2008).  

1.5.5. Water table depth 

The shallow ground water table and clayey soil in the RRV have a great contribution to 

the crop ET for an average 35 to 41% for corn and 37% 51% for soybean during the growing 

season from May through October (Kolars et al., 2019). In the presence of a shallow water table, 

significant quantities of water can move into the root zone or be directly extracted by the root 

from the water table through root water uptake and capillary rise. A number of studies have 

shown that ET can be affected between 20 to 40% by capillary rise at water table depths of 0.7-

1.5 m (Ragab & Amer, 1986; Wallender et al., 1979). Prathapar et al. (1993) reported 16-29% 

contribution of capillary rise to the ET measurement in a clay loam soil. Ragab and Amer (1986) 

found that a shallow water table and subirrigation application can contribute about 40% of ET 

over a 75-day period of a corn growing season.  

1.6. Rationale and objectives 

1.6.1. Evaluation of the ASCE-EWRI ETref method for the cold and sub-humid region 

Hypothesis: ASCE-EWRI method accurately estimates reference crop evapotranspiration 

rate for a cold and sub-humid climate of the Red River Valley. 
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Many studies suggested that the ETref method underestimated measured ETref (either ETo, 

which is the reference grass, or ETr, which is the reference alfalfa) in windy areas with high 

evaporation demand. Some authors have claimed that the assumption of constant surface 

resistance is the main reason for the underestimation while others have expressed that the 

exclusion of the surface temperature in the Penman Montieth equation and the assumption of 

linearity of the saturation vapor pressure versus temperature is the responsible for the 

underestimation (Subedi et al., 2017).  

Objectives: The overall objective of first study was to develop an accurate Kc using the 

unirrigation grass by selecting days with soil moisture greater than 50% of the available water in 

the soil profile. Specific objectives were (i) to quantify daily actual ET rates and other energy 

fluxes measured by eddy covariance system, (ii) to estimate the monthly ratio of measured ETa 

to ETref (crop coefficient: Kc) obtained from the standardized reference ASCE-EWRI method, 

(iii) to evaluate the turfgrass ETo under various weather conditions (dry, normal, and wet years), 

and (iv) to evaluate the performance of ASCE-EWRI standardized reference grass ETo method 

for the Northern climate during the growing season (May–October) in the years 2011, 2012, and 

2013. 

1.6.2. Measurement of corn ETa under controlled drainage with subirrigation practices 

Hypothesis: Control drainage and subirrigation (CD + SI) practices effect on crop ETa 

through affecting the upward flux and crop root development and gain higher yield in controlled 

drainage field compared to free drainage or undrained field. 

Objectives: The specific objectives were to (1) analyze the effect of CD + SI on soil water 

content and water table depth; (2) analyze daily, diurnal, and cumulative energy fluxes during 
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various corn growing stages; (3) evaluate the crop yield along with the estimated ETa; and (4) 

develop new crop coefficients at various growing stages. 

1.6.3. Comparison of different in situ ETa measurement by including the capillary rise 

effect 

Hypothesis: Considering the contribution of the shallow water table on ETa can improve 

the accuracy of the soil water balance method compared to the in-situ eddy covariance and 

Bowen ratio measurement methods. 

Objectives: Our objective was to evaluate the validity of measured Bowen ratio during 

corn growing season. The Bowen ratio method is often accepted as accurate enough to calibrate 

and test alternative methods as well as soil water balance method (Irmak et al., 2014). Thus, to 

close the energy balance of the eddy covariance system, the residual method is evaluated using 

the Bowen ratio obtained values. The measured ETa values with eddy covariance and Bowen 

ratio were compared with obtained values from different soil water balance approaches.  

1.7. Organization of the dissertation 

This manuscript-based dissertation divided into five chapters, and two appendixes to 

provide and meet the required information on the aforementioned objectives. Chapter one offers 

a comprehensive introduction, background, and the general scope of this research. Chapter 2 

presents a paper published in Vadose Zone Journal 18 (1), 11. This chapter includes 

comprehensive field study for turfgrass using eddy covariance measurements to guide for 

precision irrigation scheduling and management for the landscaping and agricultural purposes of 

the sub-humid and cold northern climate. 

 At chapter three, the impact of drainage water management along with subirrigation and 

controlled drainage practices during the corn growing seasons are monitored using the eddy 
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covariance instrumentation, pair of soil moisture sensors, observation wells, and weather station. 

The energy flux components and actual crop evapotranspiration are measured during corn 

growing seasons for four years and crop coefficient for corn is developed based for better water 

resource management at the northern region. Content of this chapter is published as peer review 

article at Agricultural and Water Management Journal 225:105760.  

Due to the variety in actual evapotranspiration measurement, chapter four dedicated for 

comparison of three in situ crop evapotranspiration methodologies, including eddy covariance, 

Bowen ratio, and soil water balance. In this chapter, one year of corn growing season is studied 

and specific observation periods are selected to compare the daily obtained crop 

evapotranspiration using different mentioned methodologies. The result of this task is published 

as a peer review article at Water Journal 11(12) 2478. At the end, in chapter five, the conclusion 

and summary of the work is provided.  
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2. MEASUREMENT OF UNIRRIGATED TURFGRASS EVAPOTRANSPIRATION 

RATE IN THE RED RIVER VALLEY3 

2.1. Abstract 

Turfgrass actual evapotranspiration (ETa) measurements are critical for water 

management and irrigation scheduling. With no historical ETa measurements in eastern North 

Dakota, turfgrass ETa rates were measured with the residual method using eddy covariance 

instrumentation and two arrays of soil moisture sensors on unirrigated turfgrass under natural 

conditions in the 2011, 2012, and 2013 growing seasons. An on-site weather station provided 

weather data to calculate the standardized grass-based reference evapotranspiration (ETo) (Allen 

et al., 2005). The daily ETa/ETo ratios were screened using the criteria of soil moisture 50% of 

available water for the top 30 cm of the root zone, rain amounts 10 mm, and a recovering period 

after drought. The screened monthly average ETa/ETo ratios for the unirrigated turfgrass were 

1.03, 0.98, 0.94, 0.90, 0.82, and 1.18 from May to October. The mean ETa/ETo ratio for the 

entire growing seasons was 0.96, implying that the American Society of Civil Engineering–

Environmental and Water Resource Institute ETo method was valid for guiding the turfgrass ETa 

calculation even in unirrigated and cold climate conditions. Because this is the first reported 

study on ETa measurement of a turfgrass site, the limited data can provide a baseline on water 

management for turfgrass under various weather conditions in this region. The results indicated 

that a monthly refinement of ETa/ETo values might be required to maintain the landscape 

turfgrass quality more precisely in terms of water management. 

                                                 
3 The material in this chapter was co-authored by Ali Rashid Niaghi, Xinhua Jia, Thomas F. Scherer, and Dean D. 

Steele was published in the Vadose Zone Journal as peer review article. Ali Rashid Niaghi had primary responsibility 

for analyzing the collected data, interpreting the results, developing the conclusion that are advanced here. Co-authors 

served as technical and editorial consultants in the development of the manuscript represented by this chapter.  

Niaghi, A.R., X. Jia, T. Scherer, and D. Steele. 2019. Measurement of unirrigated turfgrass evapotranspiration rate 

in the Red River Valley. Vadose Zone J. 18:180202. doi:10.2136/vzj2018.11.0202. 
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2.2. Introduction 

As the main component of terrestrial energy and water balance, evapotranspiration (ET) 

moves a large amount of water and energy in the form of latent heat flux from bare soil 

(evaporation) and vegetated surfaces (transpiration) into the atmosphere (Anderson et al., 2012; 

Bastiaanssen, 2000; Jensen et al., 2017). Accurate ET estimates are essential for the management 

and allocation of water resources, while inaccurate or rough estimates of ET rates can lead to an 

incorrect distribution of water resources. 

Due to the flat topography, sub-humid and harsh weather conditions of eastern North 

Dakota, mixed turfgrass cultivars are grown to keep the landscape green during the growing 

season. The majority of the turfgrass in residential areas and golf courses are grown under non-

irrigated and natural rainfed conditions. For irrigated turfgrass, since there is no ET data 

available to guide turfgrass water management in this region, frequently, irrigation is based on 

days since the last rain event or the condition of the turfgrass. 

The actual evapotranspiration (ETa) can be estimated through direct ETa measurement, 

e.g. eddy covariance (EC) (Niaghi et al., 2017; Tanner and Greene, 1989), lysimeters (Allen and 

Fisher, 1990; Howell et al., 1995; Niaghi et al., 2015) and Bowen ratio (Irmak et al., 2014; 

Payero et al., 2003). Among these methods, the EC system has become widely used in ETa 

measurement due to its more precise and accurate sensors and its ability to quantify energy 

balance components separately. Also, in the last 10 years, the EC method has been widely 

accepted as a standard method to estimate ETa rates and was successfully used overseas (Li et 

al., 2008; Zhou et al., 2014), and in the United States (Castellvi and Snyder, 2010; Jia et al., 

2009; Sumner, 2001), and even in North Dakota (Niaghi et al., 2017; Rijal et al., 2012).  
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The concept of EC is to measure the statistical covariance (correlation) between the 

vertical vapor or sensible heat fluxes within upward or downward legs of turbulent eddies. This 

can be done by measuring the temperature, wind speed and vapor pressure with high speed and 

quick response sensors at frequency of 10 Hz (Allen et al., 2011). Since Tanner et al. (1993) 

described the initial use of an EC system, there have been many instrumentation improvements 

(Allen et al., 2011; Baldocchi, 2003). Aside from all efforts to maintain and process the EC data, 

the EC method provides more spatial constancy, less site disturbance and allows a better 

temporal resolution compared to the lysimeter method (Sumner, 2001). Lack of closure of the 

surface energy balance is a common feature of EC measurements (Shi et al. 2008). In general, 

EC closure ranges between 70 and 90% as observed over agricultural fields (Foken, 2008). 

However, findings from literature shows that there is no universal method to close the energy 

balance closure (Imukova et al. 2016). The standardized reference evapotranspiration (ETo) 

method by the American Society of Civil Engineers, Environmental and Water Resources 

Institute (Allen et al., 2005) has been shown to be an accurate estimation for grass as a reference 

crop. It has been widely accepted worldwide (Anapalli, 2018; Jia et al., 2013; Majnooni-Heris et 

al., 2013; Niaghi et al., 2017), but has not been tested in North Dakota. The ratio between the 

ETa and the ETo may provide some insights to guide the water management of irrigated turfgrass 

in northern cool climates and during drought periods when measured ETa values are not 

available. 

The overall objective of this study was to improve our knowledge of non-irrigated 

turfgrass in natural condition. Specific objectives were to: 1) quantify daily actual 

evapotranspiration rates and other energy fluxes measured by eddy covariance; 2) estimate the 

monthly ratio of measured ETa to ETo obtained from the standardized reference ASCE-EWRI 
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method; 3) evaluate the turfgrass ETo under various weather conditions (dry, normal and wet 

years); and 4) evaluate the performance of ASCE-EWRI standardized reference grass ETo 

method for the Northern climate during 2011-2013 growing season (May-October).  

2.3. Materials and methods 

2.3.1. Study area and climate 

The experiment was conducted at the North Dakota Agricultural Weather Network 

(NDAWN) site in Cass county (46° 53' 49.2'' N and 96° 48' 43.2'' W) with an elevation of 275 m, 

located near North Dakota State University in Fargo (Fig. 2.1). Field data were collected from 

2011 to 2013 on a non-irrigated turfgrass site, while only the data during the growing seasons in 

May-October were used in this paper. The site is located in a sub-humid continental climate zone 

with a mean temperature of 17.3 oC for May- October. The cumulative rainfall amounts, and 

distribution of rain events were different in each growing season (May-October), with 411, 215, 

and 598 mm in 2011, 2012, and 2013, respectively, with an average annual precipitation of 500 

mm (NDAWN, 2018). 

 

Figure 2.1. Study site and the eddy covariance system at the research site in Fargo, North 

Dakota. 
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The average water table was relatively shallow. From April to mid-May, it was near the 

soil surface. No irrigation was applied to the turfgrass site. The dominant soil in the study area is 

a Fargo silty clay loam (fine, montmorillonitic, frigid Vertic Haplaquolls) (NRCS, 2018) with a 

measured bulk density of 1.09 g/cm3 and an available water holding capacity of 0.234 cm/cm for 

the top 30 cm layer. Saturated water content was calculated from the soil bulk density assuming 

a particle density of 2.65 g/cm3 for mineral soil. Soil water content (SWC) at field capacity (FC) 

was obtained from Goos et al. (1988), and SWC at permanent wilting point (PWP) was measured 

using the WP4 Dewpoint Potentiometer (Roy et al., 2018), respectively. The average water 

content over the two depths (15 and 30 cm) for saturation point, FC and PWP were 0.59, 0.454 

and 0.22 cm3/cm3, respectively. The soil properties are shown in Table 2.1.  

Table 2.1. Soil properties at the research site in Fargo, North Dakota. 

Soil Series Fargo Silty Clay 

Plant rooting depth 30 cm 

Available water holding capacity (top 30 cm) 0.234 cm/cm 

Water content at saturation 0.59 cm3/cm3 

Water content at field capacity (FC) 0.454 cm3/cm3 

Water content at permanent wilting point (PWP) 0.22 cm3/cm3 

Bulk density 1.09 g/cm3 

 

Mixed turfgrass was established on the NDAWN site in 1990, has been grown 

continuously since then, and is mowed frequently during the study period in order to maintain 

the grass at about 12 cm in height. The planted turfgrass is categorized as Kentucky Bluegrass, 

Park cultivar. Kentucky Bluegrass is the most adaptable cold hardy, cool-season grass species for 

home lawns and has great restoration and competitive capacity which repairs itself in a week 

after severe conditions (Smith and Herman, 2009). Kentucky Bluegrass (Poa pratensis L.) has 

many cultivars based that on drought and water scarcity tolerance. The Park cultivar which does 
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not need much water to survive is very drought tolerant and used as low maintenance. Although 

hundreds of new cultivars are available today, Park is still considered as a benchmark for drought 

tolerance (Deying Li, personal communication, 2018). Also, there is a significant amount of 

quackgrass (Agropyron repens L.) in the stand, making the mixture even more drought tolerant. 

2.3.2. Field measurements 

The EC system (Campbell Scientific, Inc., Logan, Utah) was mounted on a tripod at the 

research site and was in operation from October 2010 until April 2014. The fetch distance for the 

measurements was estimated for the height of the instrument above the grass canopy. The EC 

system was installed 1.5 m above the turfgrass surface, facing the northwest prevailing wind 

direction (Campbell and Norman, 1998) (Fig. 2.1).  

Instrumentation used in this study and the variables measured are listed in Table 2.2. The 

energy balance components and primary meteorological variables were measured using the EC 

system during the study period. A CR3000 data logger (Campbell Scientific, Inc., Logan, UT) 

recorded and stored the data from the sensors. The wind speed, temperature, and relative 

humidity data sampling frequency was 10 Hz. All data were stored as 30-minute averages.  

A CSAT3 sonic anemometer was used to estimate sensible heat flux (H) through the use 

of 3D sonic anemometer measurements along with virtual air temperature. The H values were 

calculated from the covariance between the vertical wind speeds and air temperature. Also, the 

KH20 hygrometer measured the vapor density fluctuation to quantify latent heat flux (LE). 
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Table 2.2. Instrumentation for the eddy covariance station at the research site in Fargo, 

North Dakota. 

Instrument Measurements 

CSI CSAT3 3D Sonic Anemometer a Turbulent fluctuations of horizontal and vertical 

wind 

CSI KH20 Krypton Hygrometer Rapid fluctuations in atmospheric water vapor 

Texas Elec. TE525WS Tipping Bucket b Precipitation 

Kipp & Zonen CNR1 c Net radiation 

Vaisala HMP45C Temp/RH Sensor Air temperature and relative humidity 

HFP HFP01SC Soil Heat Flux Plates (2) d Heat flux 

CSI TCAV Averaging Soil Thermocouple 

Probes (2)  
Soil temperature 

CSI CS616 Water Content Reflectometer 

(2) 

Volumetric water content 

a CSI= Campbell Scientific, Inc. 
b Texas Elec.= Texas Electronics, Inc. 
c CNR1= Campbell Scientific, Inc. 
d HFP= Hukseflux Thermal Sensors B.V.2.3 Energy Flux Calculation 

The SWC values were measured at the EC system location using calibrated Hydra Probe 

II sensors (Stevens Water Monitoring Systems Inc., Portland, OR) at six depths (15, 30, 45, 60, 

75, and 90 cm), with an accuracy of ±3% for heavy clay soils (Burns et al., 2014; Ojo et al., 

2015). The Hydra Probe II records were used to monitor the soil profile moisture content and 

screening the days with sufficient moisture for turfgrass ETa consideration. Rain events and 

amounts were measured using an automated tipping bucket rain gauge along with a manual rain 

gage, both with an accuracy of 0.25 mm. The SWC near surface soil at 15 and 30 cm were 

chosen to determine the soil moisture status for the turfgrass in the root zone.  

2.3.3. Energy flux calculation 

The net radiation (Rn) at the canopy surface should be the sum of H, LE, and soil heat 

flux (G). When using the EC for LE measurement, however, the energy was not balanced. Twin 

et al. (2000) found the 10-30% closure error for EC system over grassland. In order to make the 
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energy balance, or close the energy budget, they stated that one way was to use the residual 

method and the other way was to utilize Bowen ratio method. Payero and Irmak (2013) used the 

residual method to estimate LE values, and Rijal et al. (2012) used Bowen ratio method to close 

the energy balance. Chaveaz et al. (2009) found that both the residual and Bowen ratio methods 

have similar results. Due to a malfunction of the KH20 hygrometer, the LE was estimated by the 

residual method. Therefore, the LE values were estimated via the following relationship: 

 LE = Rn – G – H (2.1) 

where LE is the latent heat flux in W/m2, Rn is net radiation in W/m2, H is sensible heat flux in 

W/m2, and G is soil heat flux in W/m2. Power units are typically integrated over daily, hourly or 

30-minute time frames to obtain energy values. 

2.3.3.1. Calculation of H  

The H was calculated as follows (Jia et al., 2009; Rijal et al., 2012): 

 H = ρCpw′T′ (2.2) 

where ρ is the density of air (ranged from 1.09 to 1.39 g/m3), Cp is the specific heat of air 

(1,004.67 J/(g °C)), T' is the fluctuation of air temperature in °C, and w' is the fluctuation of 

vertical wind speed in m/s.  

The measured wind speed and sound velocity in three orthogonal directions by the sonic 

anemometer provided more refined direction of the collected data with the natural coordinate 

systems (Sumner, 2001). These measured components in three directions depends on air density, 

atmospheric pressure, vapor pressure and absolute air temperature. In practice, the sonic 

anemometer computes the sonic temperature, and for H estimation, the sonic temperature was 

corrected for the difference between sonic and actual air temperature. The wind vectors (u, v, w) 

formed in the three coordinate directions (x, y, z) with direction z initially oriented with respect 
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to gravity and the other two directions were arbitrary. The measured wind speed in term of 

orientation should be mathematically rotated to the natural coordinate system (Summer, 2001). 

These rotations force �̅� and �̅� to equal zero, and thus, �̅� is pointed directly into the airstream as 

previously described (Sumner, 2001).  

2.3.3.2. Calculation of G 

The G at the soil surface was measured with soil heat flux plates at a fixed depth of 8 cm 

(Jensen and Allen, 2017) to ensure that the sensors were located below the zone of soil water 

vaporization. Due to strong thermal gradients near the soil surface during the late morning and 

early evening, two soil temperature sensors were placed above each soil heat flux plate at depths 

of 2 and 6 cm. The soil heat flux at the soil surface was the sum of the measured G at 8 cm depth 

and the stored energy above the soil heat plate. The measured G was calculated from the average 

values of two soil heat flux plates to decrease the impact of spatial variation. The storage energy 

was then corrected using the change in soil temperature over time, and the soil thermal 

properties. The G calculation was as follows: 

 G = Gplate + Cs (ΔT/t) Zplate (2.3) 

where Gplate (W/m2) is the measured G by the soil heat flux plate at depth Zplate (0.08 m) beneath 

the soil surface, ΔT is the change in soil temperature in °C at 2 and 6 cm over the time, and t 

(time interval between the measurement in seconds, 1,800 s) at depth Zplate. Cs is the heat 

capacity of moist soil in J/(m3 oC), which is calculated using the soil water content and other soil 

properties as follow: 

   Cs = ρb ∗ cd + θv ∗ ρw ∗ cw  (2.4) 

where ρb is bulk density, 1.09 g/cm3 from Table 2.1, cd is heat capacity calculated for the study 

area soil (786.4 J/(kg °C)) (Prunty and Bell, 2005), θv is soil volumetric moisture content in 
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cm3/cm3, ρw is the density of water (assumed constant at 1000 kg/m3), and cw is heat capacity of 

water (4,190 J/(kg °C)). 

In 2012, from May 12 through July 12 (62 days), the soil heat flux plate and soil 

temperature sensors stopped working and no record was available for measured soil heat flux. 

Therefore, as recommended by Allen and Jensen (2017) for clipped grass, 10 percent of the daily 

Rn was used to estimate the missing G values. 

The 30-minute LE values (W/m2) were used to calculate the 30-minute ETa (mm/30-min) 

during the daytime when the Rn became positive, mainly between 8 a.m. and 8 p.m. (Campbell 

and Norman, 1998) as follows: 

 ETa = (
1800∗LE

λLE∗ρw
)  (2.5) 

where 1800 is a time conversion from second to half-hour, and λLE is the latent heat of 

vaporization which varies with the air temperature (Ta) as Lee et al. (2004): 

 λLE = (3147.5 − 2.37Ta) ∗ 103 (2.6) 

2.3.4. Reference evapotranspiration 

The daily ETo values were calculated from the ASCE-EWRI standardized equation (Allen 

et al., 2005) using data from the Fargo NDAWN weather station, located 100 m from the EC 

system:  

 ETo =
0.408∆(Rn−G)+γ[

900

Tmean+273
]u2(es−ea)

∆+γ(1+0.34u2)
 (2.7) 

where Rn and G are net radiation and soil heat flux in MJ/m2, ∆ is the slope of the saturation 

vapor pressure curve (kPa/ °C), γ is the psychrometric constant (kPa/ °C) calculated as a function 

of atmospheric pressure (P) ,Tmean is the mean of air temperature (°C), es and ea are the 

saturation and actual vapor pressure (kPa) calculated for daily time steps using measured relative 
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humidity, maximum and minimum air temperature, and u2 (m/s) is the wind velocity at 2-m 

height. The calculation for the parameters in Eq. (10) followed the detailed procedures in the 

ASCE-EWRI method (Allen et al., 2005). 

2.4. Results and discussion 

2.4.1. Climate 

The average monthly air and soil temperatures, wind speed, incoming solar radiation and 

precipitation amounts from daily data obtained from the Fargo NDAWN station are listed for 

each year in Table 2.3. 

Table 2.3. Average monthly weather data during the growing season (2011-2013) at the 

North Dakota Agricultural Weather Network (NDAWN) Fargo site.  

Year Month Tavg (°C)a Tsoil (°C)b U2 (m/s)c Rs (MJ/m2)d Precipitation (mm) 

2011 May 12.9 11.5 4.4 16.4 110 

Normal Jun. 19.2 18.5 3.9 19.9 101 

 Jul. 23.7 23.5 3.1 21.6 104 

 Aug. 21.7 22.1 3.3 19.6 73 

 Sep. 15.4 16.4 3.4 15.3 4 

 Oct. 11.3 10.7 3.9 10.2 21 

 Average/Total 17.4 17.1 3.7 17.2 411 

2012 May 16.0 16.0 4.2 18.2 43 

Dry Jun. 21.0 21.5 3.7 21.2 57 

 Jul. 24.9 26.7 3.1 21.9 30 

 Aug. 20.5 23.7 2.9 20.3 21 

 Sep. 15.3 17.0 3.4 15.2 1 

 Oct. 6.6 8.0 4.4 7.7 62 

 Average/Total 17.4 18.8 3.6 17.4 215 

2013 May 14.0 13.0 4.2 17.9 141 

Wet Jun. 19.7 19.1 3.6 20.1 199 

 Jul. 22.0 23.4 3.1 20.9 26 

 Aug. 21.7 23.2 2.9 18.6 12 

 Sep. 18.0 18.5 3.4 12.3 106 

 Oct. 7.1 8.1 3.5 6.8 112 

 Average/Total 17.1 17.3 3.4 16.1 598 
a Tavg: average air temperature, b Tsoil: average soil temperature, c Uavg: wind speed, d Rs: monthly 

average incoming solar radiation  

The highest monthly rainfall typically occurs in May and June. In 2013, the highest 

rainfall amounts of 141 and 200 mm occurred in May and June, respectively. In 2011 and 2013, 

several large rain events happened, with the highest rainfall amounts recorded on June 21, 2011 
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(47 mm), and June 25, 2013 (77 mm). The cumulative rainfall amounts, and distribution of rain 

events were different in each growing season (May-October), with 411, 215, and 598 mm in 

2011, 2012, and 2013, respectively. The 30-year normal rainfall amount based on NDAWN 

records is about 450 mm. Thus, according to the weather of the study years, 2011 was 

categorized as a normal year while 2012 with less than half of the average rainfall amount was 

categorized as a dry year, and 2013, with about 50% more rainfall than average was a relatively 

wet year. 

The amount and distribution of daily rainfall amounts, and the average SWC at the 15, 

30, 45, 60, 75 and 90 cm depths during the three study years are shown in figure 2.2.  

 

Figure 2.2. Rain amounts (top figure), soil water content (SWC) at field capacity (FC), 

permanent wilting point (PWP), 50% of available water content (50% AWC), and 15 and 

30 cm depth (middle figure), and SWC at 45, 60, 75 and 90 cm depth (bottom figure) 

during the growing season at the research site in Fargo, North Dakota. Labels indicate the 

start of each month. 
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For the 2011 growing season, rain events occurred more frequently with a higher 

magnitude from May to August during the high-water demand period of turfgrass. In 2012, the 

largest daily rainfall amount of 25 mm occurred in late May. In 2012, the turfgrass experienced 

severe stress in term of sufficient water availability.  

During the grass growth period between July and September of 2012 and 2013, a small 

amount of rain was observed, and the SWC in the root zone approached the PWP. However, 

after a couple of rain events in late August 2013, the SWC increased to an acceptable range and 

the grass turned green again.  

In comparison with the 2012 and 2013 study years, 2011 had better average SWC (0.53 

m3/m3) up to mid-growing season (Fig. 2.2). Because of frequent rain events, the saturated zone 

(59% SWC) fluctuated between the 75 and 90 cm depth. The available soil water content for the 

turfgrass was above the FC line until the mid-growing season when no water-related stress was 

observed. The average of SWC for 60, 75 and 90 cm soil layers 0.47, 0.57 and 0.57 m3/m3, 

respectively. In 2012, the soil moisture down to 60 cm was less than 50% AWC for most of the 

growing season, indicating that there was insufficient water in the assumed root zone (30 cm) for 

plant uptake. As described before, the study area has a Fargo silty clay loam with a very high rate 

of shrinkage during dry periods. Due to the shrinking of the soil at low SWC, surface cracks 

formed which potentially generated air pockets with a very low dielectric constant that caused 

the underestimation of SWC by the soil water sensors which is in agreement with Ojo et al. 

(2015) observations. Despite low accessible water for turfgrass at shallow depths, water from the 

deeper soil layers could have supported grass growth due to capillary action (Carrow, 1995). 

Since the study area was planted around 1990, the grass has experienced several drying and 

wetting cycles. Harivandi et al. (2009) reported that the approximate root depth under normal 
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conditions were up to 1 and 2 meters for cool and warm season turfgrass, respectively. Self-

evidently, the depth in drought and deficit water conditions can be deeper than that under normal 

growing conditions and turfgrass can survive by obtaining available moisture from deeper zones. 

The root depth was likely deeper than the assumed 30 cm, thus, it had the capability to obtain the 

deeper moisture in the soil. Therefore, due to the soil shrinkage and cracking in drought 

conditions and a deeper root zone than assumed, the soil moisture sensors at 60, 75 and 90 cm 

were considered to explain the SWC at a deeper soil layer. The average of the SWC for 60, 75 

and 90 cm of soil layers was 0.34, 0.45 and 0.51 m3/m3 respectively which could overcome the 

water deficiency. 

During the 2013 growing season, the magnitude of the rain events were larger but less 

frequent than that in 2011. During the high-water demand period from July to August 2013, the 

average SWC was low (0.28 m3/m3) because of insufficient rainfall events and amounts. Even 

though the soil was dry in the top 30 cm, the capillary rise from the deeper soils and the 

development of the root zone may have provided additional water to the grass and prevented it 

from going into the dormant stage. During drought condition of soil surface layer, the average of 

the SWC at 60, 75 and 90 cm depths was 0.33, 0.51 and 0.54 m3/m3, respectively. 

According to Younger et al. (1981), the SWC at the beginning of the growing season 

affects the turfgrass growth. During the study period, the SWC was greater than the FC (0.45 

cm3/cm3) at the deeper soil layer (75 and 90 cm) in 2011 and 2013 (Fig. 2.2), which contributed 

to turfgrass growth during drought periods, such as August and September 2013. The mixed 

turfgrass exhibited high drought tolerance by developing a deep, extensive, and viable root 

system (Carrow, 1995). The turfgrass survived by going dormant during drought period, but its 
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crown remained alive and regrew when adequate water became available, similar to what 

Hanson and Juska (1969) had indicated.  

2.4.2. Energy fluxes and evapotranspiration 

The daily average daytime Rn, LE, H, and G values for the study period are shown in 

figure 2.3. All energy fluxes showed high day-to-day variability, mainly due to changes in 

weather conditions and SWC. The daily Rn values above the canopy varied from 18 to 537 

W/m2, with an average of 254 W/m2; the H was between -25 and 269 W/m2, and the smallest 

energy component G ranged from -22 to 67 W/m2. The LE values were correlated to the Rn trend, 

representing the relationship between the ET to net received energy. This relationship was also 

presented in Jia et al. (2009), who observed the highest values of LE and the Rn during the spring 

and summer and lower values in winter for a turfgrass site in Florida. The LE values were lower 

at the beginning of the growing season except for 2013, in which illustrated high evaporation rate 

due to the water availability. Most of the available energy was partitioned to H rather than LE on 

late part of 2011 and all over of 2012 growing season due to the soil water deficit.  
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Figure 2.3. Daily average energy balance components (Rn: net radiation, LE: latent heat 

flux, H: sensible heat flux, and G: soil heat flux) for turfgrass during the growing season at 

the research site in Fargo, North Dakota. 

Due to the drought condition in 2012, 31% of Rn was partitioned to H, while in 2011 and 

2013, 19% and 6% of the Rn were partitioned into H, respectively. The highest measured H/Rn 

was 28% in September 2011, 39% in September 2012, and 12% in August 2013, respectively. 

The minimum H/Rn ratio was measured during the peak growth period with 13% in June 2011, 

25% in June and July 2012, and 6% in June 2013. The higher H/Rn ratio indicated a greater heat 

energy transfer and larger temperature difference between the surface and the atmosphere. Due 

to frequent rain events in 2011 and 2013, the SWC in soil was high, therefore, large amount of 

Rn was partitioned to LE, yielding 73% and 83% of LE/Rn in 2011 and 2013, respectively. In 

2012, the amount of Rn partitioned to LE did not exceed 67%, while the average partitioned LE 

was 62% of total Rn which was about 16% less than that in the other two years. 
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As shown in figure 2.3, in all of the study years, during the time when the H was 

negative, the LE was close to exceeding Rn. This represents the presence of advection from the 

surrounding areas due to horizontal movement of wind, similar to what has been reported by 

Payero and Irmak (2013) in Nebraska. High transpiration and evaporation rates were the main 

reason for the LE excess during the days with or after heavy rain. The LE values came close or 

even exceeded the Rn values sometimes in 2013 after several heavy rain events. Overall, the 

results are in agreement with the conclusion by Li et al. (2008), where the period which had the 

highest crop ETa, also had the highest total available energy to increase ETa. 

Average monthly daytime energy fluxes and the average daily ETa values are 

summarized in Table 2.4. The maximum and the minimum Rn values were found in July and 

October, respectively. Similarly, the LE values were at the maximum level in July due to the 

high SWC and the minimum level in October due to low air temperature. For the three years, the 

highest cumulative ETa was found in 2013, a wet year due to the high rain amounts and relative 

humidity, and the lowest ETa was observed in 2012, a dry year. The cumulative ETa for 2011, a 

normal year, was more than that in 2012, but less than that in 2013. The ETa rates showed similar 

seasonal patterns as the rainfall, higher from May to August in 2011 due to sufficient water 

supply for grass growth. In the winter of 2010 and spring 2011, a record high snowfall and 

sequential spring flood caused by snowmelt runoff water provided sufficient moisture in the root 

zone that also helped the grass growth. Regarding the 2011 climate variables, more energy in 

terms of Rn was received and the average air temperature was about 2 °C higher than that in 

other study years. Therefore, the high availability of the energy and water in the soil along with 

higher average wind speed rate enhanced measured ETa values. 
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Table 2.4. Monthly averages of daily fluxes (Rn: net radiation, G: soil heat flux, H: sensible 

heat flux, and LE: latent heat flux) and actual evapotranspiration (ETa) and cumulative 

monthly rain amount during the 2011-2013 growing season at the research site in Fargo, 

North Dakota. 

Month 
Rn

a 

(MJ/m2) 

Gb  

(MJ/m2) 

Hc 

(MJ/m2) 

LEd 

(MJ/m2) 

ETa
e 

(mm/day) 

Rain 

(mm/month) 

2011       

May 19.1 1.7 3.0 14.4 3.3 110 

Jun 24.3 1.5 3.1 19.7 4.5 101 

Jul 27.5 2.8 3.9 20.8 4.7 104 

Aug 27.1 2.1 4.6 20.4 4.1 73 

Sep 20.7 1.8 5.7 13.2 2.4 4 

Oct 7.7 0.3 - - - 21 

Average 21.0 1.7 4.1 17.7 3.8 - 

2012       

May 21.9 1.9 7.7 12.2 2.6 43 

Jun 24.4 2.4 6.1 15.9 3.5 57 

Jul 24.8 2.2 6.1 16.5        3.7 30 

Aug 24.2 1.6 7.2 15.5 3.3 21 

Sep 18.9 1.2 7.3 10.3 1.8 1 

Oct 10.6 0.6 3.2 6.7 1.0 62 

Average 20.7 1.7 6.2 12.8 2.7 - 

2013       

May 26.7 3.1 -0.7 24.2 4.6 141 

Jun 28.0 4.5 0.9 22.6 4.6 199 

Jul 27.3 3.3 2.6 21.3 4.4 27 

Aug 24.2 2.6 2.9 18.6 3.7 12 

Sep 18.1 1.8 1.0 15.3 2.7 106 

Oct 11.5 1.1 0.7 9.6        1.5 112 

Average  22.6   2.7    1.3 18.6      3.6  - 

 a Rn: net radiation (average of instantaneous positive Rn), b LE: latent heat flux, c H: sensible 

heat flux, d G: soil heat flux, e ETa: crop evapotranspiration. 

2.4.3. Ratio of ETa/ETo 

Daily rainfall amounts, calculated ETo, measured ETa, and the ratio of ETa/ETo from May 

to October for the three study years are shown in figure 2.4. To represent the well-water turfgrass 

growth condition during the study period, days with sufficient soil moisture (> 50% AWC) in the 

root zone were selected for the ETa/ETo analysis. During raining days, water might affect the EC 

instrument performance, therefore, the days with rainfall > 10 mm amount were also excluded. 
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After the turfgrass experienced a prolonged drought stress period, a post-stress recovery period 

of 6 days (t> 6) was considered in the ETa/ETo calculation even the SWC was greater than 50% 

AWC in the root zone due to rainfall events. In figure 2.4, the screened days with SWC> 50% 

AWC, rainfall less than 10 mm and 6 days recovery period were selected to obtain the ETa/ETo 

ratio, which were shown as shaded area.  

 

Figure 2.4. Daily rainfall, actual and reference evapotranspiration rates (ETa and ETo) and 

the ratio of ETa/ETo after screening (SWC>50% AWC, rainfall<10 mm, and 6 days of 

recovery period: shaded area) for 2011, 2012 and 2013 growing seasons.  

The seasonal ETo and ETa for the three study years showed similar trends with the 

difference in daily values. In 2011, most parts of the growing season had sufficient water in the 

root zone to enhance the ETa rate and the number of screened days were more than in other study 

years. The ratio of ETa/ETo was impossible to obtain in 2012 because the available water was 
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less than 50% for the entire growing season, and there were no days to satisfy the defined 

screening criteria (SWC>50% AWC, rain<10 mm, and recovery period of 6 days). The 2013 

growing season had slightly higher average air temperature than that in 2011, a lower rate of 

received solar radiation but higher amounts of rain amount which gained higher measured LE 

and ETa values than 2011 and 2012 study years. Due to frequent rain events in June, sufficient 

water was available to enhance ETa. The ratio of ETa/ETo was reduced from August to 

September due to a reduction in soil moisture. From the middle of September to the end of the 

growing season several rain events occurred enabling a grass recovery period for ETa/ETo 

calculation.  

Table 2.5 shows the monthly and average of daily measured ETa and calculated ETo 

values for each month of study years where the total number of days used to calculate the 

ETa/ETo ratio were based on the criteria of SWC>50%AWC, rainfall<10 mm, and considering 6 

days for recovery after heavy rain events. Only the days that satisfied the mentioned criteria were 

used to calculate the optimum ETa/ETo ratio for each day and the results are reported as a 

monthly average for each month of the study years.  
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Table 2.5. Summarized monthly and daily measured turfgrass evapotranspiration by eddy 

covariance (ETa), reference evapotranspiration (ETo), and averages monthly ETa/ETo ratio 

for turfgrass during the growing season in 2011, 2012, and 2013. 

Year Month 

Rainfall ETa  ETo 
Avg. daily 

ETa/ETo 

No. of days 

considered 

Screened 

ETa/ETo
** 

mm 
mm/month, 

(mm/day) 

mm/month, 

(mm/day) 
 days*  

2011 May 110 108 (3.5) 109 (3.4) 1.01 26 1.01 

Normal Jun. 101 134 (4.5) 140 (4.7) 1.00 26 1.00 

 Jul. 104 147 (4.7) 156 (5.0) 0.94 19 0.94 

 Aug. 73 126 (4.1) 141 (4.6) 0.90 29 0.90 

 Sep. 4 71 (2.4) 103 (3.5) 0.67 21 0.71 

 Oct. 21 - 63 (2.0) - - - 

2012 May 43 82 (2.6) 155 (5.0) 0.60 0 - 

Dry Jun. 57 109 (3.6) 165 (5.5) 0.65 0 - 

 Jul. 30 118 (3.8) 173 (5.6) 0.68 0 - 

 Aug. 21 102 (3.3) 149 (4.8) 0.70 0 - 

 Sep. 1 56 (1.9) 128 (4.2) 0.44 0 - 

 Oct. 62 32 (1.0) 56 (1.9) 0.66 0 - 

2013 May 141 142 (4.6) 122 (4.2) 1.06 23 1.05 

Wet Jun. 199 137 (4.6) 144 (4.8) 0.99 25 0.96 

 Jul. 27 136 (4.4) 152 (4.9) 0.94 25 0.95 

 Aug. 12 115 (3.7) 136 (4.4) 0.88 0 - 

 Sep. 106 82 (2.7) 96 (3.2) 0.88 12 0.93 

  Oct. 112 46 (1.5) 42 (1.5) 1.12 19 1.18 

Average          0.83               0.96 

*Only days with sufficient soil moisture (>50% AWC), rainfall<10 mm, and without the 

preceding 6 days of water stress condition were considered for ETa/ETo calculation.  
** ETa/ETo ratio from screened days 

The bimonthly ETa/ETo ratios for the three years with and without the screening are 

shown in figure 2.5. A strong relationship between the ETa/ETo ratio and the available SWC can 

be easily found. The bimonthly ETa/ETo ratio was low when the soil water status, rainfall, and 

recovery period were not considered. However, after applying the SWC, rainfall, and recovery 

period criteria, the daily ETa/ETo ratio used for the bimonthly ETa/ETo ratio calculation stayed 
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the same, but the number of days used for ETa/ETo ratio calculation was reduced and the 

screened ETa/ETo ratios were increased. 

 

Figure 2.5. Average bimonthly ratio of measured and reference evapotranspiration 

(ETa/ETo) of turfgrass (with and without considering the screening criteria) obtained from 

eddy covariance measurement for the research site in Fargo, North Dakota. 

The impact of plant stress and SWC during the growing season of 2012 decreased the 

calculated ETa/ETo values because the available soil water was not able to meet the plant water 

consumption. Due to insufficient SWC for grass growth (Fig. 2.2), the ratio of daily ETa to ETo 

in 2012 was lower than that for the other two years. Harivandi et al. (2009) reported the minimal 

rate for cool and warm season grass to survive as 0.2 and 0.4, respectively, which confirmed that 

the turfgrass in the current study would not die because of the drought stress condition. The 

minimal ETa/ETo ratio of 0.23 in 2012 showed that the grass survived by utilizing the upward 

flux water from deeper soil zones.  

Water table depth affected the groundwater table contribution to ET. For example, Zhu et 

al. (2017) found that upward flux contributed 58, 47, and 69 percent of the total ET for dry, 

normal and wet seasons, respectively. Kolars (2016) showed that the upward flux ranged from 0 

to 7.5 mm/day during the growing season due to shallow groundwater for a similar soil. 

Therefore, turfgrass may use water in deeper soil layer to satisfy water requirements during a 
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drought situation. The ETa/ETo ratio for 2013 follows the trend in 2011 with a lower ratio by the 

end of August. A large rain event in September 2013 supported the grass water requirement, thus 

the measured ETa increased and showed a higher ETa/ETo ratio than those during any other 

month of the growing season. Overall, for the chosen days based on 50% AWC, 2011 and 2013 

had the similar ETa/ETo ratios, which suggests that the turfgrass experienced similar conditions 

for both a normal and wet year during the growing season and had sufficient water for 

evapotranspiration.  

The average ETa/ETo ratios for 2011, 2012 and 2013 with all measured data were 0.91, 

0.62 and 0.98, respectively. After excluding the 50%AWC, rainy days, and recovery period after 

drought, the ETa/ETo ratios were 0.91 and 1.01 for 2011 and 2013, respectively, and there was no 

days left in 2012 for the calculation. The average screened ETa/ETo ratios on a monthly basis 

using the acceptable data were 1.03, 0.98, 0.94, 0.90, 0.82 and 1.18 from May to October, 

respectively.  

Since the ASCE-EWRI ETo method was developed with one of the primary reference 

crops as clipped grass on well-watered and ideal conditions, it was expected that the ETo was 

higher than the actual field measured ETa unless the field was comparable with favorable 

reference crop growing conditions. Based on the result obtained from EC method and 

considering the SWC, the average ETa/ETo ratio 0.96 can be recommended as a general value to 

estimate ETa in eastern North Dakota under non-stressed condition.  

In Nebraska, Kopec et al. (1988) observed a measured ETa/ETo value of 0.80 for 

moderate moisture stressed turfgrass. In California, Meyer and Gilbeault (1987) reported 0.85 as 

the mean value for cool season turfgrass. A review of grass ETa and ETo by Romero and Dukes 

(2016) stated that the ETa/ETo value for stressed turfgrasses ranged from 0.79 to 0.82. In a 
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similar study, Harivandi et al. (2009) reported that the ETa/ETo ratio for an optimally performing 

cool-season turfgrass was 0.8 for irrigation purposes. The average ETa/ETo value obtained in this 

study by including turfgrass ETa measurements during normal, dry and wet years under non-

irrigated conditions was 0.96 (Table 2.5) with the screening criteria. Therefore, this value can be 

recommended to represent trufgrass water requirement under a well-watered ideal condition for 

the region. For water conservation purposes, drought-tolerant turfgrass cultivars would be highly 

recommended, and over the growing season, adjustment of the ETa/ETo ratio for continual green 

turfgrass should be considered for maintenance purposes.  

2.5. Conclusion 

During the 2011, 2012 and 2013 growing seasons, an eddy covariance system and two 

sets of soil moisture sensors were used to measure the actual evapotranspiration rates on a mixed 

turfgrass field in eastern North Dakota. Meteorological data from the Fargo NDAWN site was 

used to calculate the grass-based reference ET rates using the standardized ASCE-EWRI 

method. Due to high variability in the precipitation amounts (411, 215 and 598 mm in 2011, 

2012, and 2013, respectively), the turfgrass ET measurements were also different. The latent heat 

flux that is equivalent to turfgrass ET comprised 73%, 62%, and 83% of net radiation in 2011, 

2012, and 2013, respectively. The mean ratio of actual turfgrass ET to reference ET (ETa/ETo) 

was estimated to be 0.96 using screened daily data from all three years when the soil had greater 

than 50% of the available water (50% AWC) in the root zone, with rainfall less than or equal to 

10 mm, and a 6 day recovery period after drought. For non-irrigated and natural condition, the 

soil moisture sensors can be useful for turfgrass stress detection, and a useful tool to select well-

watered and ideal turfgrass growing conditions for reference evapotranspiration measurements.  
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The ASCE-EWRI grass-based reference ET can be used to estimate turfgrass ET even in 

cold and sub-humid climate conditions and can be used for water management of turfgrass in 

northern climates. Since this is the first reported study on turfgrass ETa measurement in this area, 

the results can provide a baseline on turfgrass water management under various weather 

conditions. The results indicated that a monthly refinement of ETa/ETo values may be required to 

maintain the landscape turfgrasses more precisely in terms of water consumption. This research 

also verified that the standardized ETo equation can be applied in eastern North Dakota to guide 

crop water management. 
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3. DRAINAGE WATER MANAGEMENT EFFECTS ON ENERGY FLUX 

PARTITIONING, EVAPOTRANSPIRATION, AND CROP COEFFICIENTS OF CORN 4 

3.1. Abstract 

Over the past 20 years, marketplace demand for corn has prompted many farmers in the 

Red River Valley (RRV) of the north to include more corn in their crop rotations. With a very 

flat topography and heavy clayey soils, the RRV can have shallow water tables in the spring and 

fall but can be dry in the summer. Due to these field conditions, some farmers have installed 

subsurface drainage (SD) systems with structures for controlled drainage (CD, manage the water 

table in a field) and subirrigation (SI, add water to the field via the SD system) to improve corn 

production. In a CD + SI field, an eddy covariance system was used to measure and quantify 

energy flux components along with soil moisture content (SWC) and water table depth (WTD) 

measurements during four corn growing seasons in 2012, 2013, 2016 and 2017. The results show 

that the average SWC in 2012 was significantly different from the other three years. The SWC 

and WTD in 2016 were more stable compared to the other years. The CD practice had a positive 

effect during a wet year in 2013, which resulted in 26.7% higher yield than the county average. 

During the dry growing season of 2017, the use of subirrigation resulted in 6.6% higher yield 

than the county average. The corn evapotranspiration totals (ETa) were 468, 476, 551, and 

537 mm for 2012, 2013, 2016, and 2017 growing seasons, respectively. The average crop 

coefficients were 0.49, 0.73, 0.88, 0.86, and 0.69 for the initial, development, tasseling, 

reproductive, and maturity stages, respectively. They were calculated from the daily ETa, values 

                                                 
4 The material in this chapter was co-authored by Ali Rashid Niaghi, Xinhua Jia, Thomas F. Scherer, and Dean D. 

Steele was published in the Vadose Zone Journal as peer review article. Ali Rashid Niaghi had primary responsibility 

for analyzing the collected data, interpreting the results, developing the conclusion that are advanced here. Co-authors 

served as technical and editorial consultants in the development of the manuscript represented by this chapter.  

Niaghi, A.R., X. Jia, D. Steele, and T. Scherer. 2019. Drainage water management effects on energy flux 

partitioning, evapotranspiration, and crop coefficients of corn. Agricultural Water Management. 

doi.org/10.1016/j.agwat.2019.105760. 
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only from days with more than 45% of total available water in the root zone, and the ASCE-

EWRI standardized grass-based reference evapotranspiration. This study showed that the SD 

along with the CD + SI system can be used for optimal water management of field corn during 

both wet and dry years. 

3.2. Introduction 

Corn is an important cereal crop in the United States with over 385 million metric tons of 

production in 2016/2017 (US Grains Council, 2019), which accounts for about one third of 

global corn production. The planted area for grain corn in North Dakota has increased from 

about 334,000 ha in 1997 to over 1.3 million ha in 2017 (USDA NASS, 2017). The increased 

demand for corn has prompted many farmers to grow more corn in North Dakota and 

particularly in the Red River Valley (RRV) of the north. Higher yields have been achieved due to 

improvements in farming technology and higher yield hybrids.  

The RRV area has some of the most productive soils in the US, but the near flat 

topography, heavy clay soils, and increased salinity can hinder corn production due to shallow 

water table and seasonal waterlogging conditions in spring and fall. One of the most effective 

practices to aid in earlier planting and later harvest is to utilize subsurface drainage (SD) system. 

The SD system employs buried perforated pipes to drain excess water and lower the water table 

in the soil profile (Wang et al., 2004).  

The SD system can be improved with controlled drainage (CD), with or without SI, to 

manage the water table elevation in agricultural fields. Using a weir or stop log, CD controls the 

time and amount of drainage outflow and keeps water table depths at a desired level. The SI 

system is defined as the “application of irrigation water below the ground surface by raising the 

water table within or near the root zone” (ASABE Standards, 2015). In recent years, SI has 
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become a supplementary part for drainage water management strategies by adding water through 

the SD system and control devices (Jia et al., 2017). Hence, the combination of CD and SI 

(CD+SI) can provide an optimal soil water condition to enhance crop production. While various 

studies reported yield increase for different crops using CD+SI (i.e. tomatoes, soybeans, and 

corn), questions remain regarding the effect of drainage water management via a CD+SI system 

on corn performance, such as the relationship between soil water content, water table depth, and 

evapotranspiration (ET) during the crop growing season. 

Among all factors (i.e. soil properties, weather variability, and salinity), ET plays a 

dominant role in crop production and is a critical factor in the hydrological cycle. Accurately 

determining the actual crop ET (ETa), which is the plants’ actual use of water in a CD+SI field 

can reveal crop water status and provide water management information to enhance crop 

production (Kandel et al., 2013; Sharma and Minhas, 2005), and improve nitrogen use efficiency 

(Mejia et al., 2000). Therefore, quantifying the ETa in field conditions could be a practical way 

to make appropriate decisions under CD+SI water management and evaluate the use of CD+SI 

on various crop stages.  

Several methods are available to measure daily ETa directly. Some of the most used 

methods are ground-based, such as soil water balance and lysimeter (Djaman and Irmak, 2013; 

Niaghi et al., 2015). Others are above ground methods, including eddy covariance (Niaghi and 

Jia, 2017;Niaghi et al., 2019; Shi et al., 2008), surface renewal (Rosa and Tanny, 2015), Bowen 

ratio energy balance (Shi et al., 2008; Uddin et al., 2013), and remote sensing technology (Nagler 

et al., 2005; Niaghi, 2014). Since ETa is an important component of water balance and 

hydrologic studies, considerable research efforts have attempted to estimate the ETa from 

weather data (Allen et al., 1998). Therefore, ETa can be indirectly determined from the reference 
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evapotranspiration (ETref) calculated from weather data and the recommended crop coefficient 

(Kc) at various stages of the specified crop. The Kc represents regional climate characteristics, 

crop type, plant density, phenology, soil water status, and other parameters (Anderson et al., 

2017), and should be developed for each study region. 

Numerous studies, both in the past and ongoing, are or have been conducted to evaluate 

different approaches for estimating ETa at the field scale (Anapalli et al., 2018; O’Brien et al., 

2018; Majnooni-Heris et al., 2013). However, studies conducted under the CD+SI condition are 

limited. To develop the Kc values for each region, accurately measured ETa in a field scale is 

necessary. The eddy covariance (EC) system is regarded as the most accurate method for in situ 

ETa measurement at scales of 0.1 –1 km (Rana and Katerji, 2000). The EC has been successfully 

used to measure ETa over different crop fields and forest lands (Facchi et al., 2013; Baker and 

Griffis, 2005) for decades. When using the EC method for energy balance research, the sum of 

sensible heat (H) and latent heat (LE) fluxes is about 10 –30% less than the available energy, Rn 

- G, where Rn is net radiation and G is soil heat flux (Russell et al., 2015). Twine et al. (2000) 

suggested to close the energy balance by assuming that the H was measured correctly with a 

sonic anemometer and then solve for LE as the residual in the energy balance equation (LE=Rn-

G-H). This procedure was also used by Chávez et al.(2009), Niaghi et al. (2019), and Payero and 

Irmak (2013) for the LE calculation.  

The EC system used by Rijal et al. (2012) in a field with CD treatment was used to 

develop new Kc values for corn in the RRV based on a one year’s data. Due to climate, corn 

hybrids, and variable farming practices, one-year data will likely not fully represent the deviation 

of ETa and Kc; therefore, their range and fluctuation remain unclear. Exacerbating the problem, 

other studies that have provided the regional Kc values were conducted several decades ago (e.g., 
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Steele et al., 1996; Stegman, 1986). Since then,  corn hybrids have evolved from conventional to 

modified hybrids with different water use and water stress characteristics (Payero and Irmak, 

2013).The overall objective of this study was to estimate corn ETa in a field for four years under 

CD+SI management, but with various climate conditions and different corn hybrids. The specific 

objectives were to (1) analyze the effect of CD+SI on soil water content and water table depth; 

(2) analyze daily, diurnal, and cumulative energy fluxes during various corn growing stages; (3) 

evaluate the crop yield along with the estimated ETa; and (4) develop new crop coefficients at 

various growing stages.  

3.3. Materials and methods 

3.3.1. Field description 

The experiment was conducted in the RRV on an agricultural field located in the Buffalo 

River watershed in Clay County, west central Minnesota (46 59’ 20’’ N, 96 41’ 06’’ W), with an 

altitude of 271 m above sea level (Fig 3.1). The area of the study field was 16.6 ha, characterized 

as poorly drainable containing a Bearden silt loam (50% of the total area), an Overly silty clay 

loam (27% of the area), and a Colvin silty clay loam (23% of the area) with an impermeable 

layer at about 3 m depth (Jia et al., 2017). 

The SD system was installed in August, 2010 with 12.2 m spacing, 0.91 m of average tile 

depth on a 0.1% grade with a drainage coefficient of 9.5 mm/day (Jia et al., 2017). The diameter 

of the drainage main was 254 mm along the west side of the field. A second main line with 152 

mm diameter corrugated non-perforated pipe was installed for SI water delivery purposes at the 

higher elevation (east) end of the field to account for slow flow caused by flat topography and 

small size of the laterals (76.2 mm). Thus, both irrigation and drainage followed the same flow 

path and direction with different application times during the season. Irrigation water for SI was 
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provided by gravity flow from a storage tank located at the north side of the field. The water 

deliver pipe to the south side of the field had an uphill grade resulting in 0.6 m elevation 

difference (Jia et al., 2017) between the base of the storage tank and the end of the irrigation 

delivery pipe. A water pump was used to fill the tank from the legal ditch on the north side of the 

field and was monitored during the entire irrigation period using a current sensor. The volume 

and flow rate of the SI water was measured with an inline propeller meter (McCrometer, Hemet, 

California).  

 

Figure 3.1. Study site in Clay County, MN. 

Corn was grown in 2012, 2013, 2016, and 2017, while soybean was planted in 2014 and 

sugarbeets was in 2015. Corn row space was 76 cm with a plant spacing of about 10 cm. 

Emergence occurred within an average of 10 days after planting, and the emergence date was 
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estimated from images taken by an automatic in-situ camera. The nitrogen fertilizer was applied 

as top dressing at the emergence stage according to the farmer. Corn height was measured 

weekly from the soil surface to the highest point of the arch of the uppermost leaf tip pointing 

downward. The grain was harvested with approximately 15% moisture, although the exact date 

changed each year. Hybrid nomenclature, planting, emergence, and harvesting dates, fertilizer 

rate, SI water application, and maximum crop heights during the four study years are shown in 

table 3.1.  

Table 3.1. Field management information and weather conditions during the experimental 

time at Clay County, MN. CD is for controlled drainage and SI is for subirrigation. 

Year/information 2012 2013 2016 2017 

Corn hybrid Dekalb 4310 Pioneer 38M58 Pioneer 9703 Golden Harvest 

90YO11 

Fertilizer* (N- P2O5) 

(kg ha-1) 

235-78.5 224-90 224-73 168-78 

Seeding date 1 May May 14 Apr. 24 Apr. 28 

Emergence date May 15 May 22 May 7 May 8 

Maximum Crop height 

(cm) 

269  251  263  264 

CD duration May 23- Nov. 12 Apr. 15- Jul. 29; 

Aug. 15-Oct. 6 

Apr. 6- Sept. 4; 

Sept. 7 - Nov. 16 

May 1- Jul. 26;  

Oct. 20 

CD weir depth from 

soil surface (cm) 

- 51.7, 23.7, 0** 164.7  42.7 

SI duration - Jul. 30- Aug. 14 Sept. 5-Sept. 6 Jul. 27-Aug. 10; Sept. 

08;  

Oct. 9- Oct. 27; 

Nov. 1 

SI amount 

(mm/season) 

0 4.1 5.2 21 

Harvesting date Oct. 15 Nov. 7 Oct. 31  Oct. 20 

Temperature (℃) 2.1-31.3 2.6-28.1 4.6-27.5 2.4-29.0 

Rainfall (mm) 182 524 428 296 

* Provided by the landowner. 
** From June 20 to June 26 in 2013, 174 mm of rainfall was measured, which filled up the ditch 

and flooded the CD structures.   
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3.3.2. Monitoring climate variables, soil moisture, and water table depth  

The climate at the study site was categorized as sub-humid with short and mild summer 

(long term average temperature of 19.8°C) and cold winter (average temperature of -8.5°C) with 

average annual rainfall between 533 and 635 mm according to North Dakota Agricultural 

Weather Network (NDAWN, 2019) data. A HOBO weather station (Onset Corporation, 

Pocasset, MA) was used near the EC system to collect daily rainfall, air temperature, and relative 

humidity data. A standard tipping bucket rain gauge with 0.25 mm accuracy was located on an 

independent support at 2.5 m above the ground and measured the rain events and amounts. 

During the crop growing season (May-October), the average temperature was approximately 

17.4, 16.1, 18, and 18.1 °C, and the measured rainfall was 182, 524, 427, and 296 mm in 2012, 

2013, 2016 and 2017, respectively. Growing season rainfall in the field was measured with a 

tipping bucket rain gauge. The off-season (October- May) precipitation was obtained from the 

Minnesota State Climatology Office for Morken Township (MN DNR, 2019). 

Pairs of Hydra Probe II sensors (Stevens Water Monitoring Systems Inc., Portland, OR), 

located on tile (1 m near the drain tile) and between two tiles (5.2 m near the drain tile) at 5, 15, 

30, 45, 60, 75, and 90 cm depths, measured the soil water by volume and temperature at 30-

minute intervals. Average of soil water volume at two locations were used to compare the 

statistical difference of the SWC for each month of the study year. For statistical analysis, one-

way ANOVA and Bonferroni-Holm test were used (Kraus, 2014). Based on HYPROP and WP4 

experiment for each 30 cm of soil profile (Roy et al., 2018), the average volumetric soil water 

contents (SWC) at field capacity (FC, 1/3 bar), permanent wilting point (PWP, 15 bar), and 

saturation for the 0-90 cm soil layer were 41%, 17% and 53.4%, respectively. The management 

allowed depletion was set at 55% of the total available water recommended by FAO56 (Allen et 
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al., 1998) and was used as an indicator for a well-watered crop. The TAW is the difference 

between the SWC in the root zone at the FC and the PWP (Allen et al., 1998). Thus, TAW was 

used to determine the number of days for crops without water stressed conditions when 

estimating the Kc values. Therefore, the days with a SWC<45% TAW were considered crops 

under stress condition and were eliminated from the Kc calculations.   

The WTD was monitored using a pair of observation wells 2 m deep, installed near the 

EC system located on tile and between the tiles, similar to the paired soil moisture sensors. The 

WTD fluctuations were measured automatically by the water level transducers (Model U 20-001-

01, Onset Computer, Pocasset, MA), with 1-hour intervals. The automatically measured WTDs 

were adjusted by manually measured WTDs on a monthly basis. Also, the measured WTDs were 

corrected for barometric pressure and air temperature compensation. The barometric pressure 

was measured for a period of time but was later eliminated due to limited space on the 

datalogger. The measured barometric pressure between the field and the NDAWN site were 

compared and did not show significant differences since the NDAWN station was located 13.7 

km away from the study site. Therefore, the NDAWN measured values were used for barometric 

pressure compensation due to the short distance and flat topography (Kolars et al., 2019). 

3.3.3. Measuring evapotranspiration and energy fluxes  

To monitor the energy fluxes, an EC station (Campbell Scientific, Inc., Logan, Utah) was 

placed at the center of the CD+SI field with more than 400 m fetch distance in all directions (Fig. 

1). The EC system consisted of a quick response three-dimensional sonic anemometer (model 

CSAT3, Campbell Scientific, Inc, Logan, UT, USA) faced into the predominant wind direction 

(northwestern) and coupled with a krypton hygrometer (KH20, Campbell Scientific, Inc, Logan, 

UT, USA) to measure the wind speed and vapor density fluctuations, respectively. The net 
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radiometer (model Q7.1, REBS, Campbell Scientific, Inc) was oriented southerly and was kept 

1.5 m above the crop canopy during the initial stages of the crop growing season. As the corn 

height increased, the sensor was raised to keep it 1 m above the crop canopy. The CSAT3 sonic 

anemometer and KH20 gas analyzer were installed on the tower with maximum height of 3 m. 

Due to the tower height limitation, the instruments were kept approximately 0.4 m above the 

canopy when corn reached its maximum height. As a rule of thumb for agricultural weather 

stations, the EC system should be kept at least 1 m above the crop canopy (ASABE Standard, 

2004) to avoid any site aridity effects. However, for a humid region with high wind speed 

conditions during most of the time, the instrumentation height would have minimal effect to the 

flux measurement (Jia et al., 2007). Additional 10 Hz flux data analysis also revealed that the 

shapes of the spectral and co-spectral analysis were valid. The CR3000 datalogger recorded 

signals from these instruments at a frequency of 10 Hz were corrected for wind speed rotation 

(based on double rotation and detrending by block method), time lags (using maximum 

covariance approaches), spike effect (plausibility range of 5 standard deviations), and amplitude 

resolution (with range variation as 7 standard deviations), while the corrected data were averaged 

over 30-minute intervals.  Two 12 V deep-cycle rechargeable marine batteries were connected in 

parallel and recharged by two solar panels (model SP70L, Campbell Scientific, Inc, Logan, UT, 

USA), which powered the EC system even in cloudy and cold climate conditions. The two 

batteries were placed inside a sealed box with small holes drilled only allowing wires to be 

extended outside the box. In this way, it prevented any animal damages and weather effects to 

the batteries. A pair of self-calibrating soil heat flux plates (HFP01SC-L, Campbell Scientific, 

Inc.) were used in 2012 and 2013. Due to frequent sensor malfunctions, they were replaced with 

a pair of HFT3-L soil heat flux plates (REBS Soil Heat Flux Plate, Campbell Scientific, Inc.) in 
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2016 and 2017 study years. These soil heat flux plates were installed in the ground at 8 cm with 

0.5 m distance to reduce the spatial variability, and two soil thermocouples were placed 2 and 6 

cm above each of the soil heat flux plates. For soil heat storage correction, a pair of soil water 

content reflectometers (model CS616, Campbell Sci., Inc, Logan, UT, USA) were installed at 5 

and 15 cm depths on the outer sides and between the soil heat flux plates.  

Using the EC system, the land surface exchange fluxes derived from all sensors were 

averaged to 30-min, including solar radiation (Rs), Rn, LE, H, and G (all in units of W m-2). Due 

to various source of errors in flux measurement by the EC, which can be related to weather 

conditions, site properties, or system maintenance, the site was visited on a weekly basis to 

download the data for post processing. The measured Rn was corrected for wind effect. The G 

was calculated from the two soil heat flux plates and corrected based on a pair of soil 

temperature sensors and water content reflectometers to account for the stored heat above the soil 

heat flux plate. The 30-min collected H values by the CSAT3 was corrected for coordinate 

rotation and sonic temperature. Moreover, because of the widely recognized energy balance 

closure problem in EC measurements, the 30-min energy fluxes were plotted each day to visually 

detect inconsistent or outlier data. Only daytime (Rn> 0 W m-2) data were used in the analysis. 

Days with rain events greater than 10 mm were not considered in the ETa and Kc calculations 

(Niaghi et al., 2019). The daily ETa values were calculated by summing up the 30-min calculated 

ETa from the calculated residual LE values. Details associated with meteorological and 

calculation procedures of the flux were reported previously (Niaghi et al., 2019). 

3.3.4. Calculation of the reference evapotranspiration and crop coefficient  

The ASCE-EWRI (2005) standardized Penman-Monteith method, recommended by the 

American Society of Civil Engineering (ASCE), is the most widely used and accepted method to 
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calculate ETref (Subedi et al., 2017) based on grass reference crop (ETo) or alfalfa (ETr). Daily Kc 

values based on grass (Kco) and alfalfa (Kcr) were derived as a ratio of daily estimated ETa by EC 

and daily calculated ETref (ETr and ETo) (Allen et al., 1998). The derived Kco curves for days 

after planting (DAP) were adjusted using relative humidity and wind speed for the study region, 

as recommended in FAO56 (Allen et al., 1998). The Kcr values from the current research will be 

compared with Steele et al. (1996) developed polynomial curves using Penman (denoted as "S-P" 

and based on Allen, 1986) and Jensen-Haise equations (denoted as "S-JH" and based on Jensen 

and Haise, 1963). 

3.4. Results and discussion 

3.4.1. Water table and soil moisture relations 

Figure 5 shows rain amounts and distribution, timing and volumetric SWC for the two 

soil layers (0–30 cm, and 45–90 cm) as a function of DAP. The FC, PWP, and 45% TAW lines 

indicate the SWC condition and water accessible to the crop. Furthermore, the WTDs on tile and 

between drainage tiles during the corn growing season in 2012, 2013, 2016, and 2017 are shown 

in Figure 3.2.  
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Figure 3.2. (a) Rainfall amount and distribution, (b) volumetric soil water content (SWC), 

field capacity (FC), 45% of the total available water (45% TAW), and permeant wilting 

point (PWP) lines, and (c) water table depth (WTD) on tile and between drainage tiles 

during corn growing season. 

The lowest amount of in-season (May–October: 182 mm) and off-season (October 2011–

April 2012: 198 mm) precipitation was recorded in 2012. The lowest SWC with an average of 

0.28 m3 m-3 was observed in both 0–30 cm and 45–90 cm soil layers in 2012. With increasing 

crop water requirements and root development, the SWC dropped to below 45% TAW for both 

0–30 cm and 45–90 cm soil layers. However, the SWC in deeper layers was close to 45% TAW 

line for a longer time without receiving moisture from either rainfall or through the SI 

application. Despite drought conditions in 2012 and low amounts of rainfall, the mild slope of 

SWC reduction for 45–90 cm soil layer revealed that the capillary rise and possible contribution 
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of the deeper WTD could contribute to crop water requirement (Beltrão et al., 1996; Fidantemiz 

et al. 2019; Niaghi et al., 2019) . 

In 2013, the SWC went above the FC line due to heavy rain events at the initial and 

development corn stages. Figure 3.2 shows the sudden WTD reduction from about 60 cm to 140 

cm below the surface due to the SD system after the first heavy rain event in 2013. The mild 

slope of the reduction in WTD from 51 DAP to about 80 DAP after a heavy rain event showed 

the CD ability that kept the SWC above 45% TAW to meet crop water requirement. Crop 

development and non-uniform distribution of rain in 2013 caused a shortage in water supply 

from 90 to 100 DAP. However, utilizing the SI system on August 3 (88 DAP) had kept the SWC 

above the 45% TAW and reduced the effect of limited SWC on the crop growth. The amount of 

off-season precipitation from 2012–2013 winter was about 332 mm (MN DNR, 2019) that 

recharged the WTD and helped with better crop growth in 2013.   

In 2016, in addition to a uniform distribution of rainfall, 322 mm off-season precipitation 

from the 2015-2016 winter season was stored in the soil profile. A small depth of water (5.4 mm) 

was applied through the SI system between September 2 and 6 (129 and 133 DAP) to keep the 

SWC near the FC point, or to test the SI system performance. Despite a good amount of rainfall 

and WTD recharge, the WTD was not measured in the range of observation wells depth (2 m).  

During the early growing season of 2017, due to sufficient stored water in the soil profile 

from the off-season precipitation (334 mm), the SWC was near the FC point at the shallower 

depth (0–30 cm) and above the FC line for the deeper layer (45–90 cm) of the soil profile early 

in the season. Therefore, application of CD was necessary to keep the infiltrated water in the soil 

profile for a longer time. With the first heavy rain event on 50 DAP, the SWC increased for the 

0-30 cm and 45-90 cm soil layers, and the WTD was raised from 190 cm to 140 cm below the 
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soil surface. At 59 DAP, water was applied to the field through the SI system to keep SWC near 

the FC point. Following the crop growth, the plant water uptake caused the WTD to drop from 

140 cm to 190 cm and decreased the SWC to below the FC point. For the days when the SWC of 

the 0-30 cm layer was below the 45% TAW, the deeper layers had enough moisture to support 

the crop water requirement since they stayed above the 45% TAW until the end of the growing 

season.  

Table 3.2 summarizes the monthly differences of the volumetric SWC for all study years 

obtained from one-way ANOVA and Bonferroni-Holm tests (Kraus, 2014). The table shows a 

diagonal matrix with upper triangle for the surface soil (0–30 cm) and lower triangle for the 

deeper layer (45–90 cm), respectively. Among the study years, almost all months during the 

2012 growing season had significant differences (P ≤ 0.05) in SWC with other study years and 

experienced a lower SWC (drier condition) than the other years due to the lowest amount of 

rainfall. Despite a 97 mm difference of in-season rainfall between 2013 and 2016, the statistical 

analysis showed non-significant SWC differences between the 2013 and 2016 study years. 

Furthermore, with 296 mm of in-season rainfall in 2017, it showed a non-significant SWC 

difference with 2016 for May, July and August. Therefore, this implied that the off-season 

precipitation had an important effect on soil moisture recharge, and thus, on crop growth during 

the growing season.  
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Table 3.2. Percentage differences of monthly average soil water content (SWC) (May–

October) for the 0–30 cm (upper right triangle) and 45–90 cm (lower left triangle, shaded 

grey) soil layers. 

 Year 2012 2013 2016 2017 

Year  SWC- differences (%) 

2012 - 3*,8,9,6,16,8 2,4,9,10,12,3 2,6,9,8,8,5 

2013 -4*,-11,-14,-7,-5,-16  -1,-4,0,4,-4,-5 -1,-2,0,2,-8,-3 

2016 -7,-8,-15,-15,-13,-13 4,-4,1,8,8,-4  0,2,0,-2,-5,2 

2017 -11,-13,-17,-12,-7,-9 -8,-1,-4,-5,-3,7 -4,-5,-3,3,5,3 - 

Note: For a given row, numbers illustrate the differences of average of SWC for May, June, July, 

August, September, and October, respectively between that year and the corresponding SWC for 

the year of the corresponding column. 

* For example, SWC for May 2013 at top 30 cm depth was 3% higher than that for May 2012, 

and SWC for May 2012 at 45-90 cm depth was 4% (-4) lower than that for May 2013. Non-

significant (italic) and significant variance (bold).  

To study the WTD, SWC, and energy balance partitioning effect on crop performance, 

the growing season in each year was divided into five stages: initial, development, tasseling, 

reproductive and maturity. Figure 3.3 summarizes the cumulative amounts of in-season rainfall 

for each stage, while Figure 3.4 summarizes the analysis of SWC and WTD as boxplots for the 

five growing stages of the four study years. The range of SWC variation for the 0-30 cm soil 

layer was higher than that for the deeper soil profile in all four years. This range was 0.22, 0.22, 

0.15, and 0.20 m3 m-3 for the 0–30 cm soil layer and 0.11, 0.20, 0.10, and 0.18 m3/m3 for the 45–

90 cm soil layer in 2012, 2013, 2016, and 2017, respectively. The WTD in 2012 had the lowest 

fluctuation of about 4.3 cm and 9.2 cm for on tile and between tiles locations, respectively. These 

ranges were 17.8 cm and 12.6 cm for on tile and between tiles in 2016. The largest range of 

variation was observed in 2013 due to the recharged soil profile with pronounced off-season 

precipitation, early snow melting, and several rain events during the growing season. The 

shallowest WTD in 2013 was observed as 117 cm for on tile and 81 cm for between tile 

locations, respectively. The WTD variation was high during tasseling stage in 2017 due to the 
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application of SI, and the WTD fluctuation for both on tile and between tile locations were about 

54 cm. Application of SI and rain events decreased the WTD from the soil surface during the 

development and tasseling stages in 2017. The SI application also recharged the soil profile and 

increased the potential for capillary rise. 

 

Figure 3.3. Cumulative rainfall at each stage of the study year. 

 

Figure 3.4. (a,b) Box-plot of daily soil water content (SWC) for the top 30 cm and 45-90 cm 

soil layers, and (c,d) histogram of water table depth (WTD) for on tile and between tiles 

locations during different corn growing stages, respectively. 
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The SWC and WTD analysis showed that the highest SWC was found in 2013 during the 

development stage, and the WTD was about 110 cm from the soil surface. In the tasseling stage, 

the SWC was similar in 2013, 2016, and 2017, but the WTD in 2013 and 2017 was closer to the 

soil surface than that in 2016. During the reproductive stage, the highest SWC was found in 

2016. During the maturity stage, a higher SWC variability was found in 2013 for the 45-90 cm 

soil layer. Overall, 2016 experienced more stable SWC and WTD than all other study years, and 

2013 had the highest range of SWC and WTD fluctuations. The SWCs in 2013 and 2016 were 

always above the 45% TAW for all growing stages, indicating that they had the optimal 

condition for crop growth.  

A field study by Mejia et al. (2000) found that corn yield was greater in the CD plots than 

that in the free drainage plots. Ghane et al. (2012) reported an average 6% increase on corn yield 

due to the CD practice in northwest Ohio. In addition, Jia et al. (2014) found that a CD+SI field 

had 10% higher yield than the CD field. Ng et al. (2002) reported a 64% increase in corn yield 

by using a CD+SI system. Cooper et al. (1991) found a 58% yield advantage for a CD+SI system 

over a non-irrigated field. Overall, different studies have shown the advantages of the CD and SI 

application for crop production. However, depending on the climate, and regional and land 

characteristics, the effect could be different. For this current study, according to the SWC and 

WTD observations, the best crop yield was observed in 2013 (wet year) due to the CD practice 

and in 2017 (dry year) due to the SI application as expected. 

3.4.2. Energy fluxes  

All measured energy fluxes (Rn, G, and H) and the calculated LE using the residual 

approach showed high day to day fluctuations due to weather conditions, crop stages, canopy 

coverage, and soil water availability. Due to the drought condition in 2012, the gap between the 
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estimated LE and Rn was the highest among all four years. Crop stress and lack of water in 2012 

decreased the LE/(Rn-G) ratio. Therefore, the remaining available energy (Rn-G) enhanced the 

measured H and G values and increased the H/(Rn-G) ratio. The measured energy fluxes in 2013 

were affected by rain events, SWC, and WTD. Daily energy flux pattern also showed high 

variation for the estimated LE and H among the four seasons. This variation was related to the 

SWC or the WTD fluctuation or the variation in the climate condition. By following the growing 

season with rain events and following the crop to reproductive and maturity stages in 2013, the 

estimated LE and H become similar in terms of ratio to the available energy. The daily trend of 

measured fluxes in 2016 illustrated an increase in the estimated LE and decrease in measured H 

from planting to the reproductive stages. Among the study years, the highest partitioned energy 

to LE was in 2016. At crop maturity, the estimated LE was reduced and the H was increased. 

Keeping the SWC near the FC point using the CD practice until 60 DAP resulted in a greater LE 

estimate in 2017, with the LE/(Rn-G) ratios 0.57 and 0.68 in May and June, respectively. After 

the SI application, the water was held in the soil profile with the CD practice, therefore, the 

CD+SI provided benefits over an extended period that might enhance the LE and the LE/(Rn-G) 

ratio. Table 3.3 summarizes the average measured energy components for each month.  
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Table 3.3. Monthly amount of rainfall (mm), daily average net radiation (Rn), soil heat flux 

(G), sensible heat flux (H), and latent heat flux (LE), (all in MJ m-2), and daily average 

H/(Rn-G) and LE/(Rn-G) during the study years. 

Year Month Rainfall Rn G H LE H/(Rn-G) LE/(Rn-G) 

 5 48 27.1 3.4 11.8 12.0 0.50 0.50 

 6 61 30.3 5.4 9.1 15.8 0.36 0.64 

2012 7 14 30.8 3.5 7.9 19.4 0.29 0.71 

 8 43 28.1 2.7 8.1 17.3 0.32 0.68 

 9 1 20.0 3.3 9.0 7.8 0.54 0.46 

 10 14 12.3 0.9 4.9 6.5 0.43 0.57 

 
Average 

Std* 
 

24.8  

(6.4) 

3.2  

(1.7) 

8.4  

(3.6) 

13.1  

(3.7) 
0.41 0.59 

 5 120 23.2 2.6 10.0 10.5 0.49 0.51 

 6 147 25.4 4.7 6.8 13.9 0.33 0.67 

 7 22 25.6 2.2 4.9 18.5 0.21 0.79 

2013 8 21 21.0 1.9 5.7 13.3 0.30 0.70 

 9 109 18.1 1.4 7.2 9.5 0.43 0.57 

 10 104 11.8 0.2 6.4 5.3 0.55 0.45 

 
Average 

Std 
 

20.8  

(7.5) 

2.2  

(1.3) 

6.8  

(4.2) 

11.8 

 (4.3) 
0.38 0.62 

 5 39 25.9 2.6 12.4 10.9 0.53 0.47 

 6 50 27.7 2.7 8.6 16.4 0.35 0.65 

2016 7 179 24.5 1.5 3.6 19.4 0.16 0.84 

 8 59 23.9 0.9 4.6 18.3 0.20 0.80 

 9 58 17.3 0.6 4.4 12.3 0.26 0.74 

 10 47 11.1 0.1 4.2 6.8 0.38 0.62 

 
Average 

Std 
 

21.7  

(6.8) 

1.4  

(1.0) 

6.3  

(3.6) 

14.0 

 (4.1) 
0.31 0.69 

 5 29 22.5 2.9 9.5 11.2 0.49 0.57 

 6 87 26.3 2.7 7.7 16.1 0.33 0.68 

2017 7 34 29.3 2.2 5.9 21.0 0.22 0.77 

 8 45 23.8 0.9 6.8 15.9 0.30 0.69 

 9 79 18.0 0.9 7.0 10.2 0.41 0.59 

 10 23 9.3 -0.3 7.2 5.0 0.75 0.52 

 
Average 

Std  
 

21.5  

(7.3) 

1.5 

 (1.9) 

7.4  

(4.4) 

13.2  

(4.3) 
0.42 0.64 

* Std: Standard deviation. 
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3.4.3. Diurnal and growth stage processes 

Figure 3.5 shows the diurnal pattern of the energy flux components for each stage of the 

study years. The LE, H, and G showed a parabolic pattern during the various growing stages, 

corresponding to the diurnal Rn changes. The effect of different planting dates in each year 

resulted in different peaks and trends of the energy fluxes. Based on the diurnal comparison in 

the initial stage, a higher Rn value was measured in the early time of the day (12 pm) in 2016 and 

2017 but delayed in 2012 and 2013 (2 pm) due to the late planting dates (Table 3.4). The higher 

estimated LE value was measured at the initial stage in 2016 due to the higher Rn value and 

longer day time, as well as a higher SWC. The other study years showed a similar trend for 

estimated LE and H values at the initial stage of the crop growth. 
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Figure 3.5. Average 30-min estimated energy fluxes (Rn: net radiation, H: sensible heat 

flux, G: soil heat flux, LE: latent heat flux) for different corn growing stages in Clay 

County, MN. 

During the development stage, higher amounts of rainfall in 2013 led to a near saturation 

point of SWC, which increased the estimated LE compared to the other study years. The longer 

duration of Rn in the development stage was observed in 2012 and 2016, however, due to the 

limited SWC in 2012, the estimated LE was not as high as in 2016.  

The tasseling stage is critical for corn yield since the yield components of ear and kernel 

number can no longer be increased by the plant growth and the potential size of the kernel is 

defined in this stage (Ransom and Endres, 2014). Thus, optimal soil water conditions should be 
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provided to obtain better crop performance in the tasseling stage. The SWC was limited during 

the tasseling stage in 2012 (Fig. 3.2) compared to the other study years. Despite the sufficient 

SWC in 2013, the average daily estimated LE was less than that in 2016 and 2017. This 

indicated that both SWC and Rn had higher effects on the estimated LE.  

During the reproductive stage, the highest and lowest LEs were measured in 2017 and 

2013, respectively. The estimated LE was the lowest in 2013 due to the rainy days and cloudy 

conditions. As the crop approached the maturity stage, the estimated LE decreased, and most of 

the available energy was partitioned into H and G. However, due to the optimal SWC at maturity 

and reproductive stages in 2017 and higher Rn than the other study years, the estimated LE was 

higher, and therefore, the crop growth was also better.  

3.4.4. Cumulative energy fluxes 

Figure 3.6 shows the cumulative energy fluxes versus DAP for the study years. The 

difference between the cumulative LE and H illustrated how well the available energy had 

partitioned between the LE and the H. In 2012, the highest cumulative Rn (4377 MJ m-2) and the 

lowest cumulative LE (2320 MJ m-2) was observed. In 2013, the cumulative Rn (3698 MJ m-2) 

was lower than the all other study years due to cloudy conditions and several rain events. 

Although it had the lowest cumulative Rn, the slope of cumulative LE (14.3 MJ m-2 d-1) and H 

(6.5 MJ m-2 d-1) in 2013 was higher than that in 2017 (LE: 13.5 MJ m-2 d-1
, H: 6.3 MJ m-2 d-1). 

The highest cumulative LE was observed in 2016 (2507 MJ m-2) that led to better crop growth 

and yield.  

In comparison with the other study years, the highest slope of the estimated LE was 

observed in 2016 (16.6 MJ m-2 d-1), which was related with the potential ETa. 
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Figure 3.6. Cumulative daily measured energy flux (Rn: net radiation, H: sensible heat 

flux, G: soil heat flux, LE: latent heat flux) from planting to harvesting date in Clay 

County, MN. 

For all of the study years, regardless of the weather conditions, partitioning of available 

energy to H was more positive during the early season than the later season. Following crop 

development, increased demand for water and ground surface coverage by vegetation, the 

measured H and G values were reduced to minimal rates. However, this reduction in H and G 

was higher in years with higher SWC and available energy than that in the other years. 

Therefore, during crop development, tasseling, and reproductive stages, most of the available 

energy was partitioned into LE, instead of H and G. 

Application of SI showed a significant impact on keeping the SWC above the 45% TAW 

threshold. The time of the SI application showed the most important impact on LE according to 

the measured fluxes, its diurnal analysis, and its cumulative product of the energy components. 

The CD practice was effective, especially when the SWC remained near the FC point at the 

development and tasseling stages. Furthermore, the SI application during the maturity stage is 

important and can influence crop yields (Stegman, 1986), and increase corn kernel moisture 

before harvesting.  

3.4.5. Evapotranspiration  

The daily ETa values were calculated by summing up the 30-min estimated LE data. 

Figure 3.7 shows the estimated ETa, calculated ETo, and ETr for the growing season of the study 
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years. As it was expected, in all of the study years, the ETa rate was increased by increasing 

canopy cover throughout the season from cold spring to warm summer and then decreased in the 

fall season after crop maturity. The highest ETa rates were observed in June and July, when corn 

was at tasseling and reproductive stages with a complete cover over the soil surface.  

 

Figure 3.7. Daily estimated evapotranspiration (ETa) by eddy covariance, and calculated 

reference grass and alfalfa evapotranspiration (ETo, ETr) rates for the growing seasons of 

the study years. 

Table 3.4 summarizes the cumulative ETa along with the yield and the county average 

yield for the study region. Although the energy flux components and meteorological analysis in 

2013 showed less suitable conditions for crop production than that in 2016, the optimal SWC due 

to CD resulted in a higher yield (26.7%) than the county average yield. On the other hand, due to 

several heavy rain events in 2013, most farm lands had ponding and waterlogging problems that 

caused a lower county yield. At the study site, SD prevented the land from a ponding situation in 

2013 and enhanced the crop productivity. 
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Table 3.4. Measured in-season and reported off-season precipitation (MN DNR, 2019), 

cumulative estimated evapotranspiration (Cum. ETa), measured yield, and county average 

yield for the study years. 

*In-season: May-October; Off-season: November of previous year-April  

In 2012, a perforated irrigation water delivery main was used for the SI system, which led 

to the inability to supply enough water during the drought conditions. In addition, a late season 

corn variety was planted (93 day) which resulted in poor germination and could be visually 

observed (Jia et al., 2014) in the spring of 2012.  

In 2013, due to heavy rainfall events in June, the field benefited from the CD practices 

because additional water was held in the soil profile instead of flowing away. Another study in 

2013 in the same region showed that an undrained field was under waterlogged conditions for a 

long period of time, and a lower crop yield was obtained due to the wet conditions (Jia et al., 

2014). Further, Jia et al. (2014) observed that more than 75% of drainage water was kept in the 

field due to the CD practices compared to the drainage outflow from a conventional drainage 

field. 

Despite 29% less rainfall in 2016 than that in 2013, the highest yield was measured in 

2016. Uniform distribution and sufficient rainfall at tasseling and development stages in 2016 

enhanced the crop production. Furthermore, the CD practices kept the soil moisture near the FC 

and increased crop productivity. Not only did our study have the highest yield in 2016, but also 

the county average had the best yield compared to all other study years. This indicated the 

Year 

Precipitation (mm) 
Cum. ETa 

(mm) 

Yield (Kg/ha) 
Yield gain at 

study site (%) In season* Off-season* Obtained 
County 

average 

2012 182 198 468 8,850 9,315 -4.9 

2013 524 322 476 11,100 8,756 +26.7 

2016 427 322 551 12,365 11,405 +8.4 

2017 296 334 537 11,110 10,419 +6.6 
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growing season in 2016 had the best conditions for crop production in terms of available energy, 

soil moisture storage, and weather condition. The rainfall amount and weather conditions in 2012 

and 2017 were similar; however, because of 12 mm SI application and 334 mm off-season 

precipitation, the crop growth increased in the 2017 development stage. Application of SI at high 

water demand periods caused a greater ETa in 2017 compared to that in the 2012 growing 

season. More irrigation was applied in September and early October 2017 to increase the soil 

moisture, but the amount was not significant and did not affect the yield in 2017. Instead, it 

might benefit the yield in 2018. 

3.4.6. Crop coefficients 

The highest Kcr and Kco values for the study years occurred between 80 and 90 DAP, 

which was between late July and early August. Rapid increases of Kc were observed after the 

rainfall and SI application. Figure 3.8 shows the calculated Kco and Kcr for days with SWC>45% 

TAW for the study years.  
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Figure 3.8. Developed crop coefficient based on grass and alfalfa (Kco and Kcr) reference 

evapotranspiration for measurements corresponding with soil water content (SWC) 

greater than 45% of total available water (TAW) in comparison with a) the FAO56 

recommended curve for Kco, and b) the Kcr developed by Steele et al. (1996) based on the 

Penman (S-P) and Jensen Haise (S-JH) equations for the study years of corn growing 

season. 

The developed Kco reasonably followed the FAO56 recommended Kco curve for corn in 

2016 and 2017 but not in 2012 and 2013. Although all the years were screened for SWC greater 

than 45% TAW, the best fit was observed in 2016 that had the highest cumulative LE and near 

the FC point of SWC during high water demand stages of crop growth. This manner was similar 

for the calculated Kcr in 2016 that matches better with the S-P polynomial curve. Overall, the 

calculated Kco and Kcr values for the field with CD+SI in all study years followed similar manner 

as the recommended FAO56 and previously developed polynomial curves. However, the SWC 

was not the only factor limiting the crop productivity. The energy flux analysis in the previous 

section showed that it had the highest Rn values in 2012, but limited SWC condition. Although 

the SWC was not limited in 2013, the cumulative Rn was less than that in 2016 and 2017. The 

combined higher cumulative Rn and higher partitioned available energy to LE in 2016 and 2017 

resulted in higher crop yield.  
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The comparison between the calculated Kcr and the developed Kcr by the S-P method 

showed a good agreement. Similar to this study, the Kcr values developed by Steele et al. (1996) 

included non-stressed and stressed crop conditions. For example, Prunty and Montgomery, 

(1991) water balance data for 1985–1988, later used by Steele et al. (1996), included non-

stressed conditions of 30–40% depletion of soil water throughout the season as well as 70% 

depletions early in the season and 60% late in the season. The water stress conditions imposed by 

Prunty and Montgomery (1991) did not cause yield reductions. For the initial growing stage, a 

significant difference was observed between the Kcr values from Steele et al. (1996) and the 

calculated Kcr values in this study. This could be due to the weaknesses of single Kc or developed 

polynomial curve approach for initial crop stage, in which the crop did not cover the soil surface, 

and a significant amount of evaporation was taken into account to the measured ETa value.  

Figure 3.9 shows the median, average, and first, second, and thirds quartiles of calculated 

Kco and Kcr for each 10-days. The highest average Kco and Kcr occurred at 90 DAP (late July and 

early August). Because of the variable climate conditions during the four study years, the 

deviation of the calculated Kc was considerable. The median and the average Kcr and Kco values 

during the mid-season were nearly the same with a symmetric distribution, which implied that 

the measured results are not skewed with outliers. For the early and late season, the mean is 

greater than the median, which indicated the distribution was skewed to the right, and most of the 

calculated values were slightly lower than the average value.  
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Figure 3.9. Average 10-day boxplot of calculated reference crop coefficient based on grass 

and alfalfa (Kco, Kcr) controlled drainage and subirrigation (CD+SI) at Clay County, MN. 

Table 3.5 shows that the calculated Kco and Kcr after screening with the SWC for each 

growing stage agreed well with the reported Kc values from the previous studies in the region. 

Furthermore, for irrigation scheduling purposes, the polynomial equation developed based on 

daily obtained Kc values are also provided in table 5. 

Table 3.5. Average of the calculated Kco and Kcr (grass and alfalfa-based crop coefficients, 

respectively) and developed polynomial equations based on days after planting (DAP) by 

considering soil water content (SWC> 45%TAW) condition in a corn field with controlled 

drainage (CD) and subirrigation (SI) at Clay County, MN. 

DAP Stage 
Grass based 

  

  

Alfalfa based 

FAO56* Rijal* Kco Rijal  S-JH S-P Kcr 

0-20 Initial 0.3 - 0.49 (0.18) - 0.19 0.09 0.34 (0.15) 

21-60 Development 0.78 0.55 0.73 (0.26) 0.45 0.47 0.37 0.56 (0.23) 

61-80 Tasseling 1.15 0.78 0.88 (0.19) 0.63 0.97 0.84 0.69 (0.18) 

81-110 Reproductive 1.1 0.83 0.86 (0.20) 0.70 0.99 0.88 0.67 (0.19) 

110-150 Maturity 0.45 0.63 0.69 (0.21) 0.51 0.49 0.43 0.53 (0.18) 

Developed 

polynomial 

equations 

Kco = 8.664E-09(DAP)4 - 2.513E-06(DAP)3 + 1.645E-04(DAP)2 + 3.904E-03(DAP) + 4.474E-01 

Number of points: 150, Standard Error=0.121, R2= 0.506 

Kcr = 5.921E-09(DAP)4 - 1.664E-06(DAP)3 + 8.318E-05(DAP)2 + 6.212E-03(DAP)+ 2.745E-01 

Number of points: 150, Standard Error=0.107, R2= 0.527 

* FAO56 (Allen et al., 1998) is based on adjusted grass-based reference evapotranspiration; 

Rijal: Rijal et al. (2012) developed Kc based on ASCE-EWRI grass and alfalfa reference 

evapotranspiration for corn using eddy covariance; S-P and S-JH: Steele et al. (1996) developed 

Kcr based on Penman and Jensen-Haise reference evapotranspiration. Standard deviations are 

shown inside the parenthesis for this study. 
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In comparison with the previously reported Kco and Kcr values (Steele et al., 1996), the 

calculated Kc values were higher during the early and late growing seasons. Irmak et al. (2008) 

also observed significant energy loss during both early and late stages of crop development. 

Thus, development of the single Kc from energy flux components, which was the method used in 

current study, might not be the best option to use for the early and late growing season when 

crop canopy incompletely covers the surface, or crop leaves are dropping during senescence 

stages.  

The result of this study showed that the CD+SI treatment produced higher yield than the 

county averages in 2013 and 2017. The calculated Kc with the CD + SI practices were lower than 

the FAO56 recommended values and the Kc values by Steele et al. (1996). Therefore, the CD+SI 

practices has the capability to provide optimal moisture for the highest crop production.  

3.5. Conclusion 

Energy balance and evapotranspiration rates were measured in a corn field with 

controlled drainage and subirrigation practices using an eddy covariance system during the 2012, 

2013, 2016, and 2017 growing seasons in the Red River Valley. Soil water content, water table 

depth, and precipitation were monitored for the growing season and the off-season. The off-

season precipitation recharged the soil profile and was beneficial for better crop growth in the 

spring. The application of controlled drainage and subirrigation kept the soil water content at 

optimal conditions during the growing season. The measured energy fluxes showed that the 

application of subirrigation enhanced the measured evapotranspiration rates. The largest benefit 

of controlled drainage and subirrigation practices was found during a wet year (2013) and dry 

year (2017). With more available energy for crop production and optimal soil water status, the 

crop yield in 2016 was the highest among all other years. The corn evapotranspiration rates were 
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468, 476, 551, and 537 mm for 2012, 2013, 2016, and 2017 growing seasons, respectively. 

Furthermore, crop coefficient curves were developed using the estimated evapotranspiration 

rates, screened for days with more than 45% of total available water in the corn root zone, and 

the standardized reference evapotranspiration equations. The grass reference-based crop 

coefficients were 0.49, 0.73, 0.88, 0.86, and 0.69 for initial, development, tasseling, 

reproductive, and maturity stages, respectively. This study showed that good drainage water 

management with controlled drainage and subirrigation provided good corn production during 

both wet and dry years.  
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4. NEW APPROACH TO IMPROVE THE SOIL WATER BALANCE METHOD FOR 

EVAPOTRANSPIRATION ESTIMATION5  

4.1. Abstract 

As an important component of the water budget, quantifying actual crop 

evapotranspiration (ET) will enable better planning, management, and allocation of the water 

resources. However, accurate ET measurement has always been a challenging task in agricultural 

water management. In the upper Midwest, where subsurface drainage is a common practice due 

to the shallow ground water depth and heavy clayey soil, ET measurement using traditional 

ground-based methods is more difficult. In this study, ET was measured using the eddy 

covariance (EC), Bowen ratio-energy balance (BREB), and soil water balance (SWB) methods 

during the 2018 corn growing season, and the results of the three methods were compared. To 

close the energy balance for the EC system, the residual method was used. For the SWB method, 

capillary rise was included in the ET estimation and was calculated using the measured soil 

water potential. The change of soil water content for ET estimation using the SWB method was 

calculated in four different ways, including daily average, 24:00–2:00 average, 24:00–4:00 

average, and 4:00 measurement. Through the growing season, six observation periods (OPs) with 

no rainfall or minimal rainfall events were selected for comparisons among the three methods. 

The estimated latent heat flux (LE) by the EC system using the residual method showed a 29% 

overestimation compared to LE determined by the BREB system for the entire growing season. 

After excluding data taken in May and October, LE determined by the EC system was only 10% 

                                                 
5  The material in this chapter was co-authored by Ali Rashid Niaghi and Xinhua Jia was submitted to the Water 

Journal as peer review article. Ali Rashid Niaghi had primary responsibility for analyzing the collected data, 

interpreting the results, developing the conclusion that are advanced here. Dr. Xinhua Jia served as technical and 

editorial consultant in the development of the manuscript represented by this chapter.  

Niaghi, A.R., X. Jia, D. 2019. Measuring crop evapotranspiration by eddy covariance, Bowen ratio, and soil water 

balance methods. Water, 11(12), 2478; https://doi.org/10.3390/w11122478 

https://doi.org/10.3390/w11122478
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higher, indicating that the main difference between the two systems occurred during the early 

and late of the growing season. By considering all six OPs, a 6%–22% LE difference between 

the EC and the BREB systems was observed. Except during the early growing and late harvest 

seasons, both systems agreed well in LE estimation. The SWB method using the average soil 

water contents between 24:00 and 2:00 time period to calculate the daily capillary rise produced 

the best statistical fit when compared to the ET estimated by the BREB, with a root-mean-square 

error of 1.15 mm/day. Therefore, measuring ET using the capillary rise from a shallow water 

table between 24:00 and 2:00 could improve the performance of the SWB methodology for ET 

measurement. 

4.2. Introduction 

Precise estimates of actual crop evapotranspiration (ET) are crucial for the understanding 

of land and atmosphere energy exchange, especially for agricultural production. Knowledge 

about measurement techniques and their related errors is essential for agricultural water 

management. Over the last decade, development of instrumentation, data acquisition systems, 

and remote sensing have enhanced the ability of ET measurement over large areas and have 

significantly intensified the knowledge of ET measurement (Fisher et al., 2017). Numerous 

methods and techniques are now being used either remotely (Reyes-González et al., 2017) or in-

situ (e.g., eddy covariance, Bowen ratio, soil water balance, and lysimeter) (Fidantemiz et al., 

2019; Verstraeten et al., 2008; Zhang et al., 2008) for ET estimations. However, most of the ET 

methods, developed ET models, or proposed ET equations have large discrepancies and exhibit 

systematic and random errors depending on the measurement device’s location and climate 

conditions (Dragoni et al., 2007). Despite the development of many methods and equations 

through past decades, accurate ET estimation is still a challenging task (Amatya et al., 2016), and 
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more efforts is required to increase our knowledge and the benefits of the available methods, 

while limiting their drawbacks. 

In the upper Midwest, where subsurface drainage is a common practice due to the 

shallow ground water depth and heavy clayey soil, ET measurement is usually conducted using 

the soil water balance (SWB) method. However, due to the existence of a shallow water table, 

the accuracy of estimated ET with the SWB method is in doubt. To examine the performance of 

the SWB method, more precise instrumentation is needed. The eddy covariance (EC) and Bowen 

ratio-energy balance (BREB) systems are the two dominants in situ measurement methods that 

can provide ET with finer resolution compared with the SWB method. Furthermore, the results 

from the EC and the BREB methods may be used to improve the accuracy of the SWB method in 

the Red River Valley (RRV) region with a shallow water table and heavy clayey soil. 

The EC method is one of the most established techniques to determine the exchange of 

water, energy, and trace gases between the land surface and the atmosphere (Allen et al., 2011). 

The EC method measures the covariance between vertical wind speed and water vapor density 

and aims to calculate the vertical moisture flux (and thus, ET) in high frequency (Gebler et al., 

2015). With the development of flux measurements, the use of EC is extending rapidly to more 

heterogenous stands (Gong et al., 2016; Wilson et al., 2002), and this method has been compared 

with other ET methods (Consoli and Vanella, 2014). Gebler et al. (Gebler et al., 2015) showed a 

good correlation between ET values measured by lysimeter and EC in the summer. However, the 

comparison of ET values determined by the EC and other methods is poorly documented for 

regions with a shallow water table and heavy clay soil. 

The BREB method, which is considered a fairly robust and successful tool in ET 

estimation, depends on the energy balance between the surface energy fluxes and the gaseous 
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properties of water vapor (Allen et al., 2011; Irmak et al., 2014). Bowen ratio, which is the ratio 

of the sensible heat flux (H) to the latent heat flux (LE), operates on the basis of the concept of 

sensible and latent heat diffusion. In general, the BREB method can provide a high measurement 

accuracy if a reasonable set of criteria are adopted (Ohmura, 1982; Perez et al., 1999). The 

BREB method has been used to estimate ET for various crops, land surfaces, and ecosystems 

(Brotzge and Crawford, 2003; Watanabe et al., 2004). This method has been compared with 

other methods, such as weighing lysimeters, EC, and SWB methods, and most of the studies 

showed close agreement in the absence of sensible heat advection (Gong et al., 2016; Watanabe 

et al., 2004). 

The shallow ground water table can have a great contribution to ET. For example, 

(Kolars et al., 2019) found the shallow ground water contributed an average of 39 to 51% of ET 

on clayey soils during the corn growing season in the Red River Valley (RRV). In the presence 

of a shallow water table, significant quantities of water can move into the root zone or be directly 

extracted by roots through root water uptake and capillary rise. A number of studies have shown 

that ET can be between 20% to 40% due to capillary rise at water table depths of 0.7–1.5 m 

(Ragab and Amer, 1986; Wallender et al., 1979). Prathapar (Prathapar and Meyer, 1993; 

Pranthapar et al., 1992) reported a 16%–29% contribution of capillary rise to ET in a clay loam 

soil. Ragab and Amer (Ragab and Amer, 1986) found that a shallow water table and 

subirrigation application can contribute about 40% of ET over a 75-day period during corn 

growing season. Thus, it is important to quantify and validate the accuracy of the SWB method 

by considering capillary rise and compare the estimated values with those obtained from other 

methods, such as the EC and BREB methods. 
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Comparisons of the EC, BREB, and SWB methods in ET measurement in the RRV are 

rare due to experimental limitations. Due to the high required maintenance and expense of the 

EC and BREB systems, the SWB is more commonly used but often inaccurate, particularly in 

areas with a shallow water table. Therefore, a comparison of the three methods may fill a 

knowledge gap and enhance the SWB method accuracy by considering the capillary rise using 

the soil moisture values at nighttime. This would benefit many researchers who have access only 

to the SWB method.  

In this study, we evaluated the performance of the residual method to close the energy 

balance of the EC system in comparison with the BREB system. For the SWB method, we 

calculated the capillary rise using soil water content in different time periods. We then evaluated 

which method provided the best results by comparing the ET values determined by the three 

methods. Finally, we compare the ET values obtained with the SWB, BREB, and EC methods in 

the selected observation periods without climate uncertainties. Specific advantages and 

limitations of each methods are discussed. 

4.3. Materials and methods 

4.3.1. Study site, climate, and soil properties 

The study site is located in the Buffalo-Red River watershed in Clay County, west central 

Minnesota (46° 59′ 20” N, 96° 41′ 06” W) at an altitude of 271 m above sea level (Figure 4.1). 

The climate of the region is sub-humid, with a cold winter and a mild and humid summer. The 

location receives a mean annual precipitation between 533 and 635 mm, with 428 mm rainfall 

during the growing season in 2018. 
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Figure 4.1. Aerial view of the instruments at the study site in Clay County, MN. 

The study site is on 54 ha field with less than 1% slope where a subsurface drainage 

system had been installed in 2011 (Niaghi et al., 2019b), On May 14, 2018 corn was planted in 

the east west direction with a 76.5 cm row spacing. Corn had fully emerged on 24 May and was 

harvested on 11 November. From July 23 through July 27 2018, a small amount of water was 

subirrigated through the drain tile.  

Soils in the field are predominantly classified as poorly drained with parts having a 

Bearden silt loam (50% of the total area), an Overly silty clay loam (27% of the area), and a 

Colvin silty clay loam (23% of the area), with an impermeable layer at about 3 m depth (Niaghi 

et al., 2019b).  

The soil properties for the different soil layers near the EC and BREB towers were 

measured by the cylindrical core method (Doran et al., 1996) by the end of the soil release curve 

measurement at saturation condition. The particle analysis was performed by the pipette method 

(Gee and Or, 2002). The results are shown in Table 4.1. 
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Table 4.1. Soil particle size for different soil layers  

Layer Sand Silt Clay 

cm percent 

0-30 1.1 61.7 37.2 

30-60 0.5 71.8 27.8 

60-90 1.0 50.5 48.6 

90-120 1.2 65.2 33.7 

 

4.3.2. Evapotranspiration measurement 

4.3.2.1. Eddy covariance 

Details about the EC system, associated meteorological measurements, soil water and 

water table depth monitoring, and data processing were previously described by Niaghi et al. 

(Niaghi et al., 2019b; Niaghi and Jia, 2017). The EC was installed in the middle of the field with 

fetch over 150 m in all directions. Considering that the field is sufficiently flat and homogenous, 

the exchange fluxes are one-dimensional and can be calculated using covariance between vertical 

wind speed and the scalar of interest. H fluxes at the EC site were estimated directly using a 

CSAT3 sonic anemometer (Campbell Scientific, Inc., Logan, UT, USA). Due to the limitation on 

the tower height, the instruments were kept approximately 0.6 m above the canopy when the 

corn reached its maximum height. As a rule of thumb for agricultural weather stations, the EC 

system should be kept at least 1 m above the crop canopy to avoid any site aridity effects 

(ASABE Standards, 2004). However, for a humid region with high wind speed conditions (>2 

m/s) most of the time, the instrumentation height would have a minimal effect on the flux 

measurement (Jia et al., 2007). Additionally, the analysis using the 10 Hz flux data revealed that 

the shapes of the spectral and co-spectral analysis were valid (Niaghi et al., 2019b). The CR3000 

datalogger (Campbell Scientific, Inc., Logan, UT, USA) recorded signals from the EC system at 

a frequency of 10 Hz, which were corrected for wind speed rotation (based on double rotation 
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and detrending by the block method), time lags (using maximum covariance approaches), spike 

effect (plausibility range within 5 standard deviations), and amplitude resolution (with range 

variation within 7 standard deviations) (Niaghi et al., 2019b). The corrected data were averaged 

over 30 min intervals for ET calculations. The soil heat flux (G) was measured with a pair of 

HFT3-L soil heat plates (REBS Soil Heat Flux Plate, Radiation and Energy Balance Systems, 

Inc., Bellevue, WA, USA). These sensors were installed at 8 cm depth and at 0.5 m distance 

between each other to adjust for the spatial variability, and two soil thermocouples were placed 

at 2 and 6 cm above each of the soil heat flux plates. The measured G was corrected for soil heat 

storage by considering the soil water content. Finally, the residual method was used to close the 

energy balance for the EC system by assuming that the H was measured correctly. More details 

on the EC system and method were described in previous studies (Niaghi et al., 2019b, 2019a). 

4.3.2.2. Bowen ratio system 

The BREB system was used to directly measure a vertical gradient of temperature and 

relative humidity. BREB included fan-aspirated housings mounted on a chain-driven automatic 

exchange mechanism (AEM, Radiation and Energy Balance Systems, Bellevue, WA, USA). The 

AEM switched the gradient measuring positions between the top and bottom every 15 minutes to 

reduce the effects of instrument offsets. Each arm of the AEM had a Vaisala T/RH probe inside 

an air-aspirated shield with 1 m separation between the arms to measure temperature and relative 

humidity at two heights. Furthermore, each probe included two calibrated thin film platinum 

resistance temperature sensors (PRTDs) (Vaisala Inc., Model #s HMP 35A and HMP 35D, 

Finland), one of them measuring the air temperature for a temperature gradient calculation, and 

the other measuring the air temperature of the humidity sensor cavity of the probe for a saturated 

vapor pressure calculation. To measure the net radiation (Rn), measurements from two REBS 
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Q*7.1 net radiometers (Campbell Scientific, Inc., Logan, UT, USA) at 1 m above the crop 

canopy, with an adjustment by crop growth, were averaged, and the measured values were 

corrected for a wind speed effect [30]. For the G measurement and correction, 3 sets of soil 

moisture probes at a 0.5 m distance and 2.5 cm depth (REBS SMP-1), soil heat flow plates at 5 

cm depth (REBS-HFT-3), and soil temperature probes integrated at 0 to 5 cm depth (STP-1) 

were used. G measured by the soil heat flux plates was corrected for heat storage above the 

plates and the moisture effect. A Met One barometric pressure sensor (Met One Instruments Inc., 

Grant Pass, OR, USA), (in enclosure), a Met One 020 C wind direction sensor 2 m above the 

crop canopy, and a Met One 010 C wind speed sensor 2 m above the crop canopy were used. For 

data collection and storage, a CR1000 data logger (Campbell Scientific, Inc., Logan, UT, USA), 

with AM16/32 multiplexer was used. To supply the required energy and charging the battery, a 

65-watt solar panel model M1910 (Radiation and Energy Balance Systems, Bellevue, WA, USA) 

was used. 

The Bowen ratio (β) was estimated from the vertical gradient of temperature (T1, T2) and 

vapor pressure (e1, e2) at two heights using the AEM with 1.2 m separation and a lower arm with 

a 1 m height above the crop canopy. β can be calculated as follows (Perez et al., 1999): 

 β =
P.Cp

ε.Lv

Kh

Kw

(T1−T2)

(e1−e2)
=

H

LE
 (4.1) 

where P is atmospheric pressure (kPa), Cp is specific heat of dry air (1 KJ/kg·°C), T1 and 

T2 are measured temperatures at two heights above the crop canopy (oC), ε is the ratio between 

the molecular weights of water vapor and air (0.622), Lv is the latent heat of vaporization (2,260 

KJ/kg), e1 and e2 are vapor pressures measured at two heights above the crop canopy (kPa), and 

Kh and Kw are the eddy diffusivities for heat and water vapor, respectively, assumed to be equal. 

H is estimated as the residual of the energy balance, and LE is estimated as follows: 
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 LE =
Rn−G

1+β
 (4.2) 

When β approaches “−1”, the calculated fluxes approach infinity. This situation normally 

occurs in early mornings and late afternoons, when H changes its sign due to irrigation, 

precipitation, or low values of vapor pressure difference (close to the resolution limit of the 

sensor) during times of low available energy (Perez et al., 1999). In practice, when β is close to 

“−1”, LE and H have their minimal values and can be considered negligible. To process and 

check the quality of the data, the screening criteria described by Perez et al. (Perez et al., 1999) 

and Ohmura (Ohmura, 1982) were used to exclude the time stamps whenever β approached 

“−1”. Perez et al. (Perez et al., 1999) showed that the range of excluded interval for β around −1 

depends on the measured vapor pressure gradient in each period and the resolution of the 

sensors. Therefore, by considering the resolution of the temperature (0.06 °C) and vapor pressure 

sensors (0.01 kPa), the excluded range for β (−1±∈) is calculated as follows: 

 ∈=
δ∆e−γδ∆T

∆e
 (4.3) 

where δ∆e and δ∆T are the resolution limits for the vapor pressure and temperature gradient and 

𝛾 is a psychrometric constant (
P.Cp

ε.Lv
). During the growing season, only 3.8% of the BREB data 

was rejected during the early morning and evening time.   

ET can then be estimated from the LE values measured by the EC and BREB systems 

using the following equation: 

 ET =
LE

Lv
∗ 1800 (4.4) 

where ET is in mm 30-min-1, LE is latent heat flux (W/m2), Lv is latent heat of vaporization 

(kJ/kg), and 1800 corresponds to 30 min in seconds.  
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4.3.2.3. Soil water balance 

Two observation wells (depth 2 m) were installed near the EC and BREB towers to 

continuously monitor water table fluctuation using on a half hourly basis. The soil moisture was 

measured using impedance dielectric sensors (Hydra Prob II, Stevens Water Monitoring System, 

Inc., Portland, OR, USA) that were placed as a pair on a tile and between tiles at 8 depths (0–5, 

5, 15, 30, 45, 60, 75, and 90 cm) near the two towers; the average of each depth was used as a 

volumetric soil water content (SWC) of the layer. Due to a datalogger malfunction, the recorded 

soil moisture data were not available during the second half of June. 

Due to the shallow water table depth and clayey soil of the study site, frequent capillary 

rise could increase the soil water content above the water table depth. Guderle and Hildebrandt 

(Guderle and Hildebrandt, 2015) observed that the uncertainties of the soil water sensors on root 

water uptake and capillary rise differ considerably among different approaches (e.g., the multi-

layer regression method obtained the best estimation for selected 33 days during a dry period 

under possible measurement uncertainties). Therefore, an independent measurement of soil water 

potential may help to improve the estimate of the water table contribution to ET. To measure the 

hydraulic gradient at the lower boundary of the soil profile (1 m), six soil potentiometers 

(TEROS 21, Meter, Pullman, WA, USA) were installed at a paired location, on a drain tile and 

between two drain tiles, at 30, 60, and 90 cm depths. The measured water potential was used 

along with the soil moisture sensors to calculate the contribution of the water table to capillary 

rise. The average of the measured soil water potential at the two locations was used for 30, 60, 

and 90 cm soil layers to calculate the hydraulic gradient. 

To calculate the capillary rise amount, the averaged soil potential in kPa for each soil 

layer was converted to a head of water and summed with the difference between the water table 
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and the soil layer depth. The soil surface was considered as a datum, and positions below that 

were considered as negative depth. Therefore, potential hydraulic gradients were calculated in 

soil layers between the water table and 90 cm depth, between 90 and 60 cm depth, and between 

60 and 30 cm depth. With the information in Table 1 and the soil retention curves developed 

using the HYPROP and WP4 methods, Van Gunechtan–Maulem parameters were estimated 

(Roy et al., 2018). Along with the measured soil water content in the 30, 60, and 90 cm-depth 

layers, the hydraulic conductivity and effective hydraulic conductivity for each soil layer were 

obtained:  

 k(θ) = ksθs
0.5[1 − (1 −

θ−θr

θs−θr
)1−1/n]2 (4.5) 

where k(θ) is hydraulic conductivity (cm/day), ks is saturated hydraulic conductivity (obtained 

from web soil survey; 8.64 for 0-30 cm and 0.87 cm/day for 30-90 cm soil layers, respectively),  

θ, θr, and θs are soil moisture, residual soil moisture, and saturated soil moisture content of each 

soil layer (cm3/cm3), and n is a constant. Thus, using the 1-D Richards equation between the 

water table depth and different soil layers for each half-hour time step, the capillary rise can be 

calculated as follows: 

 q = 
∂θ

∂t
=

∂

∂z
[k(h) (

∂h

∂z
+ 1)] (4.6) 

For Darcy’s equation, q is the flux rate (cm/day), h is the soil matric potential in cm, 

∂H/ ∂z  is a gradient of water for each half-hour measurement timesteps and study layer (∆z), in 

cm of water. 

To calculate the ET by SWB method and the change of water storage in the root zone 

(considered as 90 cm depth), the following equation was used: 

 θi = θi−1 +
(Pi−ROi)+Iw−ETc−DPi+qi

1000 zr
 (4.7) 
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where P is precipitation in mm, RO is surface runoff in mm, which was ignored due to the low 

rainfall, flat topography, and dense planting during the observation periods (Ops), Iw is applied 

irrigation in mm, DP is deep percolation (mm), which is assumed as zero when θ is less than the 

field capacity, q is ground water contribution as an upward flow (mm/day), and zr is root depth in 

mm, all referred to day i. Thus, the ET by the SWB method was calculated as: 

 ETi = Pi + qi − 1000(θi − θi−1) zr (4.8) 

To calculate ET using the SWB method, different time periods were considered to obtain 

the most reliable results (Malek, 1993). ET by the SWB method was calculated using four 

different time approaches, including daily average of the 30 min soil moisture data, average soil 

moisture between midnight and 2:00, average soil moisture between midnight and 4:00, and 

average soil moisture at 4:00. 

4.3.3. Available energy analysis 

Net radiation is important for LE estimation using the BREB and EC systems, and the net 

radiation measured by different instruments can vary considerably. To avoid measurement 

errors, two Q7.1 net radiometer (REBS, Bellevue, WA, USA) used in the BREB and EC systems 

were compared to a CNR1 net radiometer (Kipp and Zonen, Delf, The Netherland), where 

showed a good agreement with no significant difference. In this study, the average net radiation 

from the two Q7.1 net radiometer was used. Similarly, the average G from the two systems was 

used in the analysis. 

4.3.4. Comparison during observation periods 

Days with missing data or rainfall events (>10 mm) were excluded in the comparison. 

From 14 May to 17 October, we recorded 20% and 24% of data by the EC and the BREB 
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systems, respectively, due to system malfunction or lost power, which were excluded from the 

final analysis. 

Imukova et al. (Imukova et al., 2016) observed that the ideal conditions for applying the 

water balance method are periods with low rainfall and low or absent seepage. Therefore, to 

minimize the uncertainties in drainage and seepage calculations, dry periods that met the 

mentioned criteria were selected from the growing season, which led to 6 OPs from May through 

October. Figure 4.2 shows the climate pattern of the growing season including the selected 

observation periods. 

 

Figure 4.2. (a) Average daily soil water content (SWC), and (b) average daily temperature, 

relative humidity, and rainfall amount during the 2018 growing season. Tan colored zones 

show the observation periods (OPs). 

After measuring H with the EC and BREB systems, the accuracy of the residual method 

was compared between the two systems for both the entire growing season and the selected OPs. 

The error of the BREB system was examined during the study period. The SWB was applied to 

each OP, and the obtained ET values with and without considering the capillary rise were 

compared with those measured by the EC and BREB systems. 
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4.4. Results 

4.4.1. Residual method 

The validity and accuracy of the residual method for LE estimation using the EC system 

was evaluated with the BREB method as an independent method. Because the same available 

energy (Rn-G) was used for both systems, any difference in H could lead to an LE difference. 

Figure 4.3 illustrates the scatterplot for the measured H during 30 min between the BREB and 

the EC systems for the entire growing season and the OPs. The H values agreed well between the 

EC and the BREB systems when excluding the initial and harvesting months in May and 

October, respectively. 

 

Figure 4.3. Comparison of measured sensible heat flux (H) using eddy covariance (EC) and 

Bowen ratio (BREB) methods for the entire growing season (a) and the observation periods 

(OPs) (b). The right corner of the plots listed the fitting equations when excluding data in 

May and October for all data in a), and OP1 and OP6 for Ops in b). 

The statistical analysis of the data for the entire growing season and the OPs showed no 

significant differences (alpha = 0.01) between LE measured with the BREB system and LE 

estimated with the EC system. This indicated that the measured H by the EC system agreed well 

with the H determined by the independent BREB system, and thus, the accuracy of the residual 

method to estimate H was observed due to rejecting a null hypothesis. 
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4.4.1. EC and BREB comparison 

The diurnal fluctuation of temperature and the vapor pressure deficit (VPD) for the 

BREB measurements are shown in Figure 4.4. The highest measured error for β during the entire 

growing season was observed in August and September, when the crop reached its maximum 

height with a considerable stored energy within the crop canopy. The result agrees well with 

findings by Ohmura (Ohmura, 1982), indicating that the counter gradient flux during the early 

morning hours (6:00 am - 8:00 am) and late evening (7:00 pm – 8:00 pm) was a significant 

component of the energy balance when the H flux was toward the crop canopy. The standard 

deviation of measurement error fluctuated between 0.03 in July and 0.17 in September with the 

highest estimated error during 7:00 am - 8:30 am.  

 

Figure 4.4. (a) Diurnal fluctuation monthly averages of air temperature (dTa) and vapor 

pressure deficit (VPD), and (b) measured monthly average Bowen ratio (𝛃) and the 

calculated error for 𝛃 on a diurnal basis (error bars represent standard deviations). 
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Diurnal variation of LE and H from the BREB and EC systems were examined by 

averaging the half-hour fluxes over each month of the growing season and during the OPs 

(Figure 4.5). Figure 4.5 indicates that the BREB and EC systems acted differently on partitioning 

the available energy during the early and late growth stages but agreed well for the mid-growth 

stage.  

 

Figure 4.5. Average diurnal latent heat (LE) and sensible heat (H) flux using eddy 

covariance (EC) and Bowen ratio (BREB) systems for each month of the growing season 

and the observation periods (OPs). 

Table 2 shows the average climate condition and measured energy balance components 

for the OPs. Higher wind speed (U) and VPD were observed for OP1, in which measurements by 

the BREB and the EC systems showed the highest difference compared to those for other OPs. 

With crop growth and more ground coverage, the LE values increased for both systems.  
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Table 4.2. Summary of daily averages of climate variables and energy balance components 

for each of the selected observation periods (OP) during the corn growing season in 2018. 

Air temperature = T, wind speed = U, vapor pressure deficit= VPD, Rn= net radiation, G= 

soil heat flux, H= sensible heat flux, LE= latent heat flux, and β = Bowen ratio. 

Observation  OP1 OP2 OP3 OP4 OP5 OP6 

Period 5/20-5/25 6/20-6/28 7/14-7/18 8/10-8/18 9/7-9/19 10/14-10/17 

Stage Initial Development Reproductive Tasseling Maturity Harvesting 

Average climate data 

T, °C 23.0 (6.0)* 25.1 (3.7) 24.3 (4.0) 24.8 (5.6) 21.0 (5.9) 3.4 (3.6) 

U, m/s 3.2 (1.9) 1.9 (0.9) 1.2 (0.5) 1.2 (0.6) 2.0 (0.9) 2.4 (0.6) 

VPD, kPa 1.7 (1.0) 1.4 (0.7) 1.3 (0.6) 1.3 (0.8) 1.1 (0.8) 0.3 (0.2) 

Rainfall, mm 0.8 0 1.3 1 3.3 0.2 

Energy, W/m2 

Rn 246 (79) 313 (28) 390 (70) 322 (48) 233 (79) 148 (75) 

G 35 (45) 63 (15) 57 (57) 44 (12) 31 (14) 6 (9) 

H_BREB 158 (84) 94 (14) 87 (38) 69 (45) 82 (35) 94 (65) 

H_EC 89 (23) 66 (12) 68 (22) 77 (19) 75 (27) 70 (38) 

LE_BREB 63 (21) 156 (18) 246 (43) 208 (56) 120 (54) 46 (15) 

LE_EC 126 (36) 184 (23) 230 (41) 189 (33) 124 (53) 65 (39) 

β _BREB 2.3 (0.3) 0.5 (0.1) 0.3 (0.1) 0.4 (0.4) 0.7 (0.5) 1.8 (1.1) 

β _EC 0.8 (0.3) 0.4 (0.1) 0.3 (0.2) 0.4 (0.1) 0.7 (0.3) 1.3 (0.9) 

*All values inside the parenthesis indicate standard deviation 

4.4.2. Soil water balance and capillary rise 

Even though some observed an 80% agreement on the ET measurement by EC and SWB 

methods (Wilson et al., 2002), uncertainties remained for others because the ET measurements 

were highly variable during periods with rainfall and rapid water movement within the soil 

profile. Figure 4.6 shows the average measured soil water potential and the calculated capillary 

rise along with the water table depth on a daily basis. Figure 4.6a illustrates the soil water 

potential in the soil profile during the dry periods from July to October. The water potential at 

the 90 cm depth had the lowest value (more negative), indicating a higher water movement from 

a deeper layer to the 90 cm layer. The water potential in the 60 cm layer was higher compared to 

that in the 90 cm depth, but there still was some water movement. The sudden decrease of soil 

water potential at the 30 cm depth during the mid-season after a rainfall event might have been 
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caused by soil surface cracking and air entry into the sensor. Figure 4.6b shows that the water 

table depth was almost stable during the growing season, except in July when subirrigation was 

applied. The water table changed from below 185 cm on 22 July to 142 cm below the soil 

surface on 28 July. The estimated capillary rise from the soil water potential sensors clearly 

showed the effect of subirrigation, which increased the water potential in the soil profile and 

enhanced crop water uptake.  

 

Figure 4.6. a) Daily average soil water potential at three depths during the observation 

periods (OP), and b) daily average water table depth (WTD) and calculated capillary rise 

from shallow water table.   

4.4.3. Estimated evapotranspiration 

Table 3 summarizes the calculated daily capillary rise, the average water table depth 

below the ground surface, and the average ET using the EC and BREB systems. The calculated 

average ET with and without considering the capillary rise effect for the different SWB 

approaches are also shown in Table 3. The ET values by the BREB method were compared with 

the ET values obtained from the EC and the SWB methods. ET determined by the EC method 

was, on average, about 10% higher than ET determined by the BREB method. For all OPs, the 

best agreement between ET values determined using the different SWB approaches and those 

determined by the BREB method was achieved for the soil water data for the 24:00–2:00 time 

period.   
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Table 4.3. Summary of measured and estimated crop evapotranspiration (ET) using eddy 

covariance (EC), Bowen ratio (BREB), and soil water balance (SWB) methods with 

different approaches for the capillary rise calculations at different observation periods 

(OPs). 

Observation period OP1 OP2 OP3 OP4 OP5 OP6 

Date 5/20-5/25 6/20-6/28 7/14-7/18 8/10-8/18 9/7-9/19 10/14-10/17 

Stage Initial Development Reproductive Tasseling Maturity Harvesting 

Rainfall, mm 0.8 0 1 1 3.3 0 

Capillary rise, mm - - 1.2 ± 0.2 4.1 ± 0.5 2.6 ± 0.1 - 

Water table depth, cm -184.6 -184.5 -184.4 -187.4 -189.4 183.6 

Average ET, mm/day 

ET reference 5.2 ± 1.2* 5.2 ± 0.6 5.3 ± 0.8 4.5 ± 1.1 4.1 ± 1.6 1.8 ± 0.5 

ET by EC 2.5 ± 0.8 3.7 ± 0.5 4.6 ± 0.8 3.5 ± 0.6 2.1 ± 0.9 0.9 ± 0.6 

Total  15.3 (0.85) ** 33.2 (0.89) 22.9 (0.48) 32.7 (0.50) 27.4 (0.33) 4.3 (0.31) 

ET by BREB 1.9 ± 0.6 3.7 ± 0.6 4.7 ± 0.7 3.5 ± 0.9 2.1 ± 0.9 0.9± 0.3 

Total 11.1 28.8 22.6 33.1 26.1 3.7 

S
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ef
fe
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daily  0 ± 2.7 - 1.5 ± 4.7 0.2 ± 2.9 0.2 ± 4.5 0 ± 3.1 

12-4 am  1.3 ± 1.0 - 6.2 ± 2.2 2.6 ± 1.3 3.2 ± 3.4 1.6 ± 0.9 

4 am  1.6 ± 2.0 - 5.5 ± 2.2 2.6 ± 1.3 3.2 ± 3.4 1.1 ± 1.1 

12-2 am  0.6 ± 0.4 - 2.7 ± 1.6 1.2 ± 0.5 1.7 ± 1.0 0.7 ± 0.6 
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daily  0 ± 2.7 - 2.1 ± 4.6 4.2 ± 2.8 2.8 ± 4.5 0 ± 3.1 

12-4 am  1.3 ± 1.0 - 5.2 ± 0.8 4.3 ± 0.9 3.2 ± 1.7 1.6 ± 0.9 

4 am  1.6 ± 2.0 - 5.2 ± 0.8 4.3 ± 0.8 3.2 ± 1.7 1.1 ± 1.1 

12-2 am  0.6 ± 0.4 - 4.5 ± 1.3 4.1 ± 0.5 3.4 ± 1.0 0.7 ± 0.6 

* Standard deviation; ** value inside the parenthesis indicates root means square error  

4.5. Discussion 

The discrepancy between H values measured with the EC and BREB methods was 

probably due to a rapid corn growth during the early stage and the different in the instruments’ 

heights. As indicated by Niaghi et al.(Niaghi et al., 2019b), the EC system was initially set up at 

2.5 m in height and was later increased to about 3.2 m, whereas the BREB system was installed 

at 2 m in height (lower arm) and was increased up to 3.5 m in height (lower arm) in August. In 

addition, when the corn canopy did not cover the ground, advection and heat transfer from the 

surrounding area may have introduced an error in both systems. Schmid (Schmid, 1997) reported 

that the footprint of the EC system is not fixed and varies in space due to wind direction and 
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sensor height. The various wind speeds and directions in the study region during the early season 

may have led to a lack of accuracy for the early growing stages when the ground was not fully 

covered by crop (Grare et al., 2016). When the corn grew and covered the ground, both the EC 

and the BREB systems had a similar footprint. Moreover, when compared to the H estimation by 

the BREB system, the underestimation of H by the EC system can be explained by the sonic 

anemometer frequency response, given atmospheric stability, canopy height, and wind speed. 

Dugas et al. (Dugas et al., 1991) indicated that a correction of H due to the sonic anemometer 

frequency response would make H approximately 5% more negative. Another reason for H 

underestimation could be the short averaging period of the reference temperature time constant 

for sonic temperature correction (Moore, 1986). On the other hand, for a stable condition when 

the ratio of heat and vapor diffusivity (β) was less than 1 (indication of BREB system failure) 

due to local advection, the measured β with the BREB system would be increased, and the H 

value would be more similar to the H value measured by EC. 

Most research has shown that the sum of H and LE from EC instrumentation was always 

less than the available energy (Imukova et al., 2016; Leuning et al., 2012; Niaghi et al., 2019a). 

Thus, using the residual method, which accounts for the residual energy on LE, can lead to 

overestimation of LE (or ET) by the EC method with respect to the BREB method. However, LE 

overestimation by the EC method with respect to LE determined by the BREB method was 

2.8%, −3.4%, and 4.9% for the development, tasseling, and reproductive stages, respectively. 

Therefore, in the current study, LE determined by the BREB method was compared with LE 

determined by the EC method, and the results revealed that the EC method is as accurate as the 

BREB method when crop is fully developed (fully covered ground) and when the residual 

method is applied to close the energy balance for the EC method. From OP2 to OP5, the 
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available energy partitioning obtained by the EC and BREB systems showed a non-significant 

statistical difference. The lowest β value was observed for OP3, indicating a higher ratio of LE to 

H due to the higher crop water demand and more extensive ground coverage at the reproductive 

stage. The error and the standard deviation of the estimated β increased from OP5 to OP6 

compared to the previous OPs. This error could be the result of stored heat within the crop 

canopy and exchange of that heat during early morning and late evening. 

The BREB method has the advantage of obtaining ET independently without requiring 

information about the aerodynamic characteristics of the land surface (Shi et al., 2008). 

However, due to the low available energy and large temporal Rn change around sunrise, the 

BREB method does not work properly, and the β value approaches “−1” at this time of the day. 

Thus, the equality assumption of the BREB method of turbulent exchange coefficient for heat 

and water vapor is not always met (Barr et al., 1994), and the recorded LE during this period 

needs to be either excluded or replaced using an interpolated value. Todd et al. (Todd et al., 

2000) observed that 91% of half-hour daytime LE observations by the BREB system are valid. 

The comparison between ET values determined by a lysimeter and the BREB method showed 

that the greatest difference during the early growing season for alfalfa, while the ET values 

determined by the two systems were in agreement for the rest of the growing season (Todd et al., 

2000).  

Several approaches were attempted to quantify the water table contribution to ET. 

However, insufficient literature is available to address the effect of upward flux on the final 

SWB methodology and improve the accuracy of the SWB method. Using different approaches to 

calculate the soil water exchange on a day-to-day basis, we showed that the average nighttime 

soil moisture works better than the entire day average for ET calculation, due to the unstable 
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conditions and uncertainties during daytime. In addition to the nighttime averaging method, 

considering the upward flux effect on the final ET calculation using the SWB method in areas 

with shallow water table can improve ET estimation, when compared to the in-situ 

measurements of ET by the BREB and EC methods. 

 Figure 4.7 shows the boxplot comparison of ET determined at the different times with 

the SWB method with ET determined by the BREB and the EC method in OP3, OP4, and OP5. 

As shown in Figure 4.7, using the daily average soil moisture data to calculate the soil water 

exchange gave the worst ET result. Among the different approaches, using the average 24:00–

2:00 soil water content for the daily ET calculation provided the best result in comparison with 

the ET values determined by the BREB and the EC methods and, statistically, showed no 

significant differences at a 95% confidence level.  

 

Figure 4.7. Boxplot of estimated crop evapotranspiration (ET) using soil water balance 

(SWB) method with different approaches (daily average soil moisture: daily, 12-4 am 

average soil moisture: 12-4 am, 4 am soil moisture: 4 am, and 12-2 am average soil 

moisture: 12-2 am), Bowen ratio (BREB), and eddy covariance (EC) methods without 

(before) capillary effect and with (after) capillary effect for July, August, and September 

observation periods (OP3, OP4, and OP5). 
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Using the soil water exchange during the specific study period provides valuable 

information to calculate ET. This becomes more important during dry periods with high 

atmospheric demand (Guderle and Hildebrandt, 2015; Hupet and Vanclooster, 2002). The 

distinction between soil water exchange through the soil profile and water extraction by 

evaporation or transpiration is the major challenge of SWB application (Guderle and 

Hildebrandt, 2015), since these fluxes occur concurrently during daytime (Feddes and Raats, 

2004). Using the nighttime approach, this problem may be avoided. Li et al. (Li et al., 2002) used 

a similar approach to derive the root water uptake pattern from soil moisture exchange using 

different time approaches. When using soil water content at nighttime, it can be inherently 

assumed that both nighttime evapotranspiration and hydraulic redistribution are negligible. 

4.6. Conclusion 

ET obtained from the EC system using the residual method to close the energy balance 

was evaluated with the BREB system for the entire growing season and for the selected OPs. The 

estimated LE by the EC system using the residual method showed a 29% overestimation 

compared to LE determined by the BREB system for the entire growing season. After excluding 

data in May and October, LE by the EC system was only 10% higher, indicating that the main 

difference between the two systems occurred during the early and later parts of the growing 

season. The overestimation of H by the EC method compared to the BREB method was about 

24% for the total growing season and 22% for the OPs. These values decreased to 10% and 6% 

for the entire growing season and OPs, respectively, after excluding data in May and October. 

Overall, the comparison of H values measured by the EC and the BREB systems showed the best 

agreement when corn was fully developed (fully covered ground) and illustrated the advantages 

of using the residual method to close the energy balance in the EC method. The average diurnal 
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LE and H showed good agreement between the EC and BREB methods during corn 

development, tasseling, and reproductive stages. In general, ET measured with the EC method 

was slightly higher than that determined by the BREB system. The current study shows that the 

residual method can be a reliable post-closure method with a higher accuracy when corn has 

covered the ground. 

To compare and improve corn ET using the SWB method, four different time approaches 

(daily average, 24:00–2:00 average, 24:00–4:00 average, and 4:00 measure) were studied with 

and without considering the effect of capillary rise. Among the different time approaches, ET by 

the SWB method using the average soil water contents between 24:00 to 2:00 time period 

showed the best agreement with the ET measured by the BREB system. When considering the 

daily calculated hydraulic conductivity and upward flux in the soil water balance equation, ET 

accuracy was improved for all SWB approaches. For the 24:00–2:00 approach, the root-mean-

square error (RMSE) and standard error values were calculated as 1.15 and 0.28 mm/day, 

respectively. Non-significant differences (alpha = 0.05) were observed between the daily ET 

obtained with the 24:00–2:00 SWB approach and that obtained with the BREB system for OPs, 

indicating equal variance of the two methods. The shallow water table can significantly 

contribute to ET and therefore, improve the ET measurement by the SWB method when the soil 

water condition is a limiting factor. The application of the capillary rise to ET estimation using 

the SWB method during the mid to late crop stages can be as accurate as other expensive and 

complex ET methods, such as the EC and BREB methods. 
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5. GENERAL CONCLUSION 

An eddy covariance (EC) system and two sets of soil moisture sensors were used to 

measure the actual evapotranspiration rates on a mixed turfgrass field in eastern North Dakota. 

Meteorological data from the Fargo NDAWN site was used to calculate the grass-based 

reference evapotranspiration (ETo) rates using the standardized ASCE-EWRI method. Due to 

high variability in the precipitation amounts, the turfgrass ET measurements were also different. 

The mean ratio of actual turfgrass ET to ETo (ET/ETo) was estimated to be 0.96 using screened 

daily data from all three years when the soil had greater than 50% of the available water (50% 

AWC) in the root zone, with rainfall less than or equal to 10 mm, and a 6-day recovery period 

after drought. For non-irrigated and natural condition, the soil moisture sensors can be useful for 

turfgrass stress detection, and a useful tool to select well-watered and ideal turfgrass growing 

conditions for reference evapotranspiration measurements.  

The ASCE-EWRI ETo can be used to estimate turfgrass ET even in cold and sub-humid 

climate conditions and can be used for water management of turfgrass in northern climates. 

Since this is the first reported study on turfgrass ET measurement in this area, the results can 

provide a baseline on turfgrass water management under various weather conditions. The results 

indicated that a monthly refinement of ET/ETo values may be required to maintain the landscape 

turfgrasses more precisely in terms of water consumption. This research also verified that the 

standardized ETo equation can be applied in eastern North Dakota to guide crop water 

management. 

Energy balance and ET rates were measured in a corn field with controlled drainage and 

subirrigation practices using an EC system during several corn growing seasons in the Red River 

Valley. Soil water content, water table depth, and precipitation were monitored for the growing 
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season and the off-season. The off-season precipitation recharged the soil profile and was 

beneficial for better crop growth in the spring. The application of controlled drainage and 

subirrigation kept the soil water content at optimal conditions during the growing season. The 

measured energy fluxes showed that the application of subirrigation enhanced the measured ET 

rates. The largest benefit of controlled drainage and subirrigation practices was found during a 

wet and dry year. Furthermore, crop coefficient curves were developed using the estimated ET 

rates, screened for days with more than 45% of total available water in the corn root zone, and 

the standardized reference ET equations. This study showed that good drainage water 

management with controlled drainage and subirrigation provided good corn production during 

both wet and dry years.  

ET obtained from the EC system using the residual method to close the energy balance 

was evaluated with the BREB system for the entire growing season and for the selected OPs. 

Overall, the comparison of H values measured by the EC and the BREB systems showed the best 

agreement when corn was fully developed (fully covered ground) and illustrated the advantages 

of using the residual method to close the energy balance in the EC method. In general, ET 

measured with the EC method was slightly higher than that determined by the BREB system. 

The current study shows that the residual method can be a reliable post-closure method with a 

higher accuracy when corn has covered the ground. 

To compare and improve corn ET using the SWB method, four different time approaches 

(daily average, 24:00–2:00 average, 24:00–4:00 average, and 4:00 measure) were studied with 

and without considering the effect of capillary rise. Among the different time approaches, ET by 

the SWB method using the average soil water contents between 24:00 to 2:00 time period 

showed the best agreement with the ET measured by the BREB system. Non-significant 
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differences (alpha = 0.05) were observed between the daily ET obtained with the 24:00–2:00 

SWB approach and that obtained with the BREB system for OPs, indicating equal variance of 

the two methods. The shallow water table can significantly contribute to ET and therefore, 

improve the ET measurement by the SWB method when the soil water condition is a limiting 

factor. The application of the capillary rise to ET estimation using the SWB method during the 

mid to late crop stages can be as accurate as other expensive and complex ET methods, such as 

the EC and BREB methods. 
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APPENDIX A. COESPECRUM ANLAYSIS 

The variance or energy spectrum quantifies the amount of variance (or energy) associated 

with a particular frequency or wavelength scale. The energy spectrum of a scalar or a wind 

velocity component is derived through a Fourier transformation of a temporal (spatial) series of a 

given variable. The Fourier transform (Fourier, 1822) converts the time (or space) series into a 

frequency domain by representing it as an infinite sum of sine and cosine terms. Integration of 

spectral energy densities (Sww) across the whole range of significant frequencies yields the total 

variance of the velocity (w’w’) or scalar quantity under scrutiny.  

 𝑤′𝑤′̅̅ ̅̅ ̅̅ = ∫ 𝑆𝑤𝑤(𝜔)𝑑𝜔
∞

0
 (A.1) 

In a similar way, the real component of the cross-spectrum, co-spectrum (Swc) quantifies 

the amount of “flux” that is associated with a particular scale.  

 𝑤′𝑐′̅̅ ̅̅ ̅ = ∫ 𝑆𝑤𝑐(𝜔)𝑑𝜔
∞

0
 (A.2) 

In a natural environment, a distinct property of turbulence is a wide spectrum of motion 

scales (eddies) associated with the fluid flow. The largest scales of turbulence are produced by 

forces driving the mean fluid flow. The large eddies break down into progressively smaller 

scales and this breaking down continuous until the eddies are so small that energy is consumed 

by working against viscous forces that convert kinetic energy into heat. Therefore, in application, 

the method must acquire both short and long scale contributions to the turbulent flux. However, 

this dependency, imposes several constrains on instrument design, measurement principles, and 

sensors sampling. Reviews of EC method have been produced by numerous investigators and 

further detail can be found here (Baldocchi, 2010; Baldocchi, 2003; Massman & Lee, 2002). 

Overall, with regards to instrumental placement, design and implementation, the accuracy of any 

flux measurement will be influenced by: 
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• 1)Sensor size 

• 2) separation of instruments 

• 3) placement height and position 

• 4) mechanical filtering or distortion of turbulence 

• 5) rotation of coordination, and 6) flow interference by towers and booms 

As fluxes are calculated over a 30-min averaging period, longer-term turbulent 

contributions are under sampled, and resulting in flux losses. Therefore, the high-pass filtering 

correction is applied in EddyPro based on Moncrieff et al. (2004). In addition, fluxes are 

attenuated due to the actual damping of the small-scale turbulent fluctuations, as well as 

instrument and setup limitations that do not allow measuring the full spatiotemporal turbulent 

fluctuations. The correction for these flux losses is called low-pass filtering correction and the 

correction method from Moncrieff et al. (1997) is used.  

In the current study, the CSAT3 sonic anemometer and KH20 gas analyzer were installed 

on the tower with maximum height of 2.5 m. Due to the tower height limitation, the instruments 

were kept approximately 0.6 m above the canopy when corn reached its maximum height. As a 

rule of thumb for agricultural weather stations, the EC system should be kept at least 1 m above 

the crop canopy to avoid any site aridity effects. However, for a humid region with high wind 

speed conditions during most of the time, the instrumentation height would have minimal effect 

to the flux measurement (Jia et al., 2007). Additional 10 Hz flux data analysis also revealed that 

the shapes of the spectral and co-spectral analysis were validated. 

To show the quality of the measured fluxes using eddy covariance, worst case scenario 

has been selected based on Monin-Obukhov length equation and height of measurement. 
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Basically, we looked at typical case and worst case and based on that argued that the CSAT3 

could capture either low or high frequency fluxes. 

 What is most undesirable is that the lost flux is correlated with crop growth, because the 

crop grows closer to the sensor, and so it is confounding to the analysis itself. Therefore, we 

looked at the cospectrum of the collected data by CSAT3 during 2016 and 2017 growing season. 

as example here, we looked at time of day in 2016 and 2017 when the canopy height was about 

1.5 m and reach to the maximum height in August. We believe that these are exactly the 

evidence to prove the quality of collected data by neglecting the height of eddy covariance.  

In most of the literatures, minimum recommended height to measure the flux above the 

crop canopy is to provide an ability to capture both large and small eddies. Figure A.1 shows that 

how the cospectrum goes to zero at higher frequencies which mean that all eddies are captured 

from large to small. It would be expected that as we get closer to the canopy, the cospectrum 

would shift to the right, and we would lose some flux in the highest frequencies. This may be 

true in some cases, however, in our study, we showed that all eddies are captured and the fluxes 

carrying the scalars we care about.  

By looking to the "worst case" situations, as |z/L| => 0, "Given the proximity of the 

sensor to the canopy, cospectra were inspected to verify that they assumed to be zero, 

particularly at the highest frequencies, particularly under worst case scenarios when z/L 

approached zero (Wolf and Laca 2007)". Therefore, cospectral analysis for 2016 and 2017 in 

august when the crop had the highest height showed that the eddy covariance was capable to 

capture all eddies that we were looking for.  

In summary, based on the communication with Dr. Adam Wolf (arable labs Inc.) who has 

several publications on eddy covariance analysis, he was in agree with the result of cospectral 
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analysis that we provided. Figure A.1 shows that the required eddies are captured, and the 

atmospheric turbulence is properly sampled. Therefore, we can use the recorded data to calculate 

sensible heat flux with an acceptable accuracy. Thus, the ET can be calculated by using the 

calculated LE from residual method. The raw collected 10 Hz data was processed and statistical 

tests for raw data screening were applied as follow: 

• Wind speed rotated based on double rotation method and detrend using block method. 

Time lags also detected with maximum covariance approaches.  

• Spike count/removal based on Vickers and Mahrt (1997) considering accepted spikes 

as 1%, replacing spikes with linear interpolation, maximum number of consecutive 

outliers as 3, and plausibility range of 5 std. for wind speed in 3 directions. 

• amplitude resolution correction with range of variation as 7 std, number of bins as 

100, and accepted empty bins of 70%. 

• drop-outs correction with 10 bins and accepted central and extreme drop-outs as 10 

and 6%, respectively. 

• Absolute limits correction of (-30, 30) for U, (-5, 5) for W, (-40,50) for T sonic. 

• skewness and kurtosis correction and time lags correction.  

• To derive the cospectra, frequency bins for cospectra reduction selected as 50. 

Minimum friction velocity for unstable condition was 0.2 m/s, 0.05 m/s for stable 

condition and maximum of 5 m/s. minimum number of cospectra for valid averages 

was 10. The spectra and cospectra were filtered according to Vicker and Mahrt (1997) 

test result and low data quality was flagged according to micrometeorological quality 

test result by Mauder and Foken (2004). To correct the spectral, Moncrieff et al. 
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(2004) methodology was used for high-pass and low-pass filtering effect (fully 

analytic method).  

d in the figure is the displacement height (or zero plane displacement height) of a vegetated 

surface which is the height at which the wind speed would go to zero if the logarithmic wind 

profile was maintained from the outer flow all the way down to the surface (that is, in the 

absence of the vegetation). 

Table A1. List of figures to represent the analyzed days for coespetrum analysis 

Figure No. Date and time 

Wind 

Speed 

(m/s) 

Measuring 

height (m) 
Z/L U* 

a 2016/08/06-12:30 0.16 1 m 0.4 0.19408 

b 2016/08/08-1630 pm 2.36 1.4 
0.000056213 (Neutral 

condition) 
0.76 

c 2017/06/30-13:00 PM 3.59 1.7 -0.022 0.5 

d 2017/07/07-10:00 am 3.60 1.5 -0.010967 0.71 

e 2017/07/07-10:00 am 3.60 1.5 -0.010967 0.71 

f 2017/08/16-13:30 pm 0.4 1.258 -0.11437 0.13 

g 2017/08/16-13:30 pm 0.4 1.258 -0.11437 0.13 
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Figure A1. Cospectral analysis of eddy covariance for the selected days during the corn 

growing season in 2016 and 2017. 
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APPENDIX B. FOOTPRINT ANALYSIS 

For footprint analysis, Kljun et al. (2004) method was used and for some figures, the 90% 

footprint coverage included.  

 

Figure B1. Footprint analysis using Kljun et al. (2004) methodology by considering the 

maximum crop height at 2.6 m and sonic anemometer at 3 m above the ground.  
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