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ABSTRACT

MODELING A VARIABLE SURFACE RESISTANCE @@ FOR ALFALFA AND
ASSESSING THE ASCEPERFORMANCE IN THE REFERENCE

EVAPOTRANSPIRATION EQUATION

Accurate quantification of crop water requirement is asagy for proper irrigation water
management. The knowledge of actual crop evapotranspi(&ighis important and is
necessary for estimating irrigation water requiremebite most common procedure of obtaining
actual crop evapotranspiration (s by first calculating the reference crop evapotraaspn
(ET) and then multiplying it with the appropriate crop coefiits (k). If the surface resistance
(r9 of a particular crop can be modeled, then Ean be directly calculated without using K
The overall objectives of this dissertation were to rhedgace resistance for alfalfa reference
crop and to find an effective value of the surface rasistaf alfalfa in the ASCE Standardized
Reference ET equation. It has been found that using ke ${pgurve for different climatic
conditions can lead to significant error in estimating.Ellence it is important to find
appropriate Kfor different crops for local climatic condition. Ligseters are generally used to
determine the values of;Kas lysimety is considered a reliable method of quantifying the ET
losses from a control volume. This study found that ulysigneter ET data to obtaind€an be
problematic especially when the field is heterogeneoustder to develop Kfor various crops,
it is recommended to use some years of reliable datauwittrm healthy and unstressed crop

surface conditions both inside and outside the lysimeter.



This study was focused on to develop a model for surfaceaeses(x) of alfalfa in order to
calculate alfalfa EJin aone-step approach without the need fewv&lues. Surface resistance
was estimated by inverting the aerodynamic equation using B$ured from lysimeter and
sensible heat flux (H) measured from large apertureilfmmeter (LAS). This observed r
showed a very good correlation with leaf area index Jlahid crop height ¢h. The alfalfa ¢

was then modeled as a function of LAl andwhich is referred to as g ay and & e
respectively). Then these modelgd were incorporated into the Penman Monteith (PM)
eguation to estimate alfalfa hourly ET, which performed vegil when compared with the
measured hourly lysimeter ET. The conventional alfalfdeveloped by Allen et al. (1989) was
found to underestimate significantly especially when the crop height was sfiess than 25
cm). It was found that ETonventional_rdvas not applicable to estimate alfalfa ET when the crop
height was less than 25 cm. The modelgdh and & (n¢yare constant throughout the day, but in
reality, ; changes throughout the day. Hence hourly variables also developed based on
aerodynamic resistance)(rcanopy temperature {land vapor pressure deficit (VPD). It was
found that PM equation incorporating the hourly variableproved the alfalfa ET estimation

when compared with the conventionaapproach.

ASCE-EWRI Standardized Reference ET for tall refereamop was found to underestimate
measured ET by about 10 per cent. The equation assumedubef g for alfalfa as 30 s/m.
When the value of;was changed from 30 s/m to 10 s/m, the performance of théaqua

improved, resulting in no bias and root mean square erroS@Meduction from 0.08 mm/h
(15.3%) to 0.06 mm/h (11.4%) in 2009 and from 0.09 mm/h (14.1%) to 0.06 (@/1%) in

2010.
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CHAPTER 1

I ntr oduction

Water is the basis of life. Water plays a pivotaénol agricultural, industrial, municipal and
energy sectors. The total available water on Earth eahmMded into freshwater, which is less
than 3 per cent of the total water on Earth; and salinerviaiater on sea or ocean), which is
approximately 97 per cent of the Earth water. The salinenias little significance to human
welfare as it cannot be used without proper treatmenfgfacudtural and municipal sectors.
Agriculture is the largest consumer of the freshwagsource, as globally roughly 70% o
freshwater is used for crop production, whereas in devejaguntries, more than 90% of

freshwater is used (WWDR, 2015).

The hydrologic cycle is a continuous transport of watdeoudes in the Earth, which starts with
evaporation from the oceans and other water bodieslhasaeanspiration from the plants,
condensation, precipitation, infiltration and runoff. Boregetated surface, evaporation from the
land and transpiration from the plant surfaces are tiead@stinguish, hence a common term
evapotranspiration (ET) is often used to represent &adporation and transpiration. ET is also
termed as consumptive use of plants, since the waten &3t process is the water actually
consumed by the crop. Hence the knowledge of ET is impartdnatth hydrologic

science/engineering as well as irrigation science/engineering.

There are different ET measurement or estimation nsthwailable. Some of the common ET

measurement methods are lysimetry, eddy covarianceilleonetry, Bowen Ratio Energy



Balance System, aerodynamic profile tower and soil moishetods. Weighing lysimeter has a
load cell, which is very sensitive to the mass inside thienlgter box. When ET takes place,
there is a difference of load cell readings beforeadted certain duration. By using the
calibration equation of the load cell, the differentéoad cell readings can be converted to ET
values (in mm/h or mm/d). Weighing lysimeter is considesedree of the most precise ET
measurement techniques; however, certain conditions néedftdfilled to obtain the precise

ET values (Marek et al., 1988). It is important to find out undsat conditions lysimeter ET

can be misleading as lysimeters are often used to des@proefficients (K. Reliable k

values are necessary to optimize the irrigation w&entillometer measures sensible heat flux
and ET is indirectly measured using surface energy ba&@neaeion by measuring net radiation
and soil heat flux. The soil moisture methods such asaw probe use the soil water balance
method to estimate ET. By knowing the change in soienstbrage using soil moisture sensors,
and the measurement of precipitation, runoff and infiira ET can be indirectly calculated.
The soil moisture method can be used to measure ETomgar time period (may be weekly,
monthly or seasonal basis) whereas the other method® aesed for shorter time periods as

well (hourly or daily).

The most common ET estimation methods are FAO 56 RefereT equation and
corresponding crop coefficients; and ASCE Standardizéer&sce ET equation and
corresponding K Both of these reference ET equations are basedrond®eMonteith (PM)
eqguation. The PM equation follows a single layer or dda§approach, which considers whole
crop as one big leaf and the incoming/outgoing flux origidtom one single layer of the
canopy ( Allen, 2005; Alves et al., 1998). In recent days, resensing method is also getting

popular to estimate crop ET from larger area. It is passibfind the spatial and temporal



variation of ET using the remote sensing techniques. Howtvestimate ET in small field

scale, the remote sensing method is still not very cammo

The use of the reference ET equation agdskonsidered as a two-step ET estimation method
The FAO 56 Reference ET equation uses grass as a referepoghereas the ASCE
Standardized Reference ET equation uses either gradaltar as reference crop. It is
recommended to use the correspondigydues to use for the particular reference ET equations
as the reference ET values will be different by usinfgidht reference ET equations. It has also
been recommended to developuéalues under local conditions to incorporate local diicna
environmental, and crop management factors (Evett et al.,.280@ever, the usual practice is
to use the Kvalues recommended in FAO 56 as the/&lues have not been developed for all
crops for all places. On the other hand, there hasrepent of ET underestimation by the PM
eqguations for the arid and semiarid climatic conditions @Rzt al., 1994; Steduto et al., 1996;
Pereira et al., 1999; Todorovic, 1999; Ventura et al., 1999; §¢ll865; Lecina et al., 2002;
Lascano and van Bavel, 2007; Subedi et al., 2016). Hencertidative error in calculating
reference ET and selecting ¥alue could be significant. The issue of underestimaificASCE
Standardized equation for the arid and semiarid conditioulsl e solved by finding an

effective value of surface resistance in the PM eqnatfihere is also an alternative by using
one-step ET estimation technique instead of the twm-3tiee one-step ET estimation technique,
however, requires finding the value of surface resistagcef(a crop. The modeling of using

the weather variables and important biophysical variableddifearea index (LAI) or canopy

temperature (J) could be an option.



The overall objectives of this dissertation were to rheddace resistance for alfalfa reference
crop and to find an effective value of the surface rasistaf alfalfa in the ASCE Standardized

Reference ET equation. The specific objectives werellasvk:

To explore different ET estimation methods to date and figapain the existing

methods (Chapter 2)

e To compare lysimeter measured ET with ET measured usingmeteorological
methods; to find under what conditions these measured fiEbecaery different (Chapter
3)

e To model surface resistance for alfalfa reference @og investigate if the modeled r
performed better compared to the conventional approdwp{€r 4)

e To find an effective value of for alfalfa and recommend the value qfi€@the ASCE

Standardized Reference ET equation for the tall reéererop (Chapter 5)
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CHAPTER 2

Crop evapotranspiration (ET) estimation models. A review and discussion of

the applicability and limitations of ET methods

“A paper published on 15 May 2015 in Journal of Agricultural Science 7(6):50-68”

Overview

This is a review paper on existing methodologies to catlewdrop evapotranspiration (TWe
have attempted to present all the important ET estima@tionedures to date starting from the
simple empirical Blaney Criddle method to the comp&huttleworth model. The common
approach to calculate ETs to estimate a reference crop ET rate{elising weather variables
from nearby weather station, and multiplying it by an appadg@icrop coefficient (. Recently,
there have been attempts to calculate actual crop EJ) (E€ctly without using K The latter
method is still in the developmental phase. This studyewevithe existing literature on ET
estimation and identifies research needs in the curretosi®and technology. The extension of
the Shuttleworth model for hourly time step and the validit rmak and Mutibwaa model at
field level for various crops would be a good milestonedioe step ET estimation. Also the
development of a new variable canopy surface resis{@gceaodel which can be applicable for

different crops at different climatic conditions woldd a good contribution in this field.



List of Abbreviations Used:

A : slope of saturation vapor pressure with air temperature, kPa/°C

vy : psychrometric constant, kPa/°C

¢ : latitude of site, radians

ET : evapotranspiration rate, mm/h or mm/d or inches/d

PET: potential ET rate, mm/h or mm/d or inches/d

ETo : reference evapotranspiration rate from a grasscgyrfam/h or mm/d or inches/d
ETs: : reference evapotranspiration rate from a standaddimrface, mm/h or mm/d
ET. : crop evapotranspiration, mm/h or mm/d

u : monthly consumptive use (ET), inches/mon. or mm/mon.

U: seasonal consumptive use (ET), inches/season or moriseas

Kc: crop coefficient developed by FAO 56 method

k : empirical crop coefficient for monthly period

K : empirical crop coefficient for irrigation seasongsowing period

Ta: mean monthly/daily/hourly air temperature, °C

T mean monthly/daily/hourly air temperature, °F

t : difference between actual canopy temperature and caeoyerature in wet conditions, °C
uy: wind speed at 2m height, m/s

rs: canopy surface resistance, s/m

r . aerodynamic resistance, s/m

r . daily average stomatal resistance: s/m



r; : climatological resistance, s/m

r* : climatic resistance, s/m

RH : relative humidity, %

Rn : net radiation, MJ/fid or MJ/ni/h

Rs : incoming solar radiation, MJfd or MJ/nf/h

Ra : extraterrestrial radiation, MJft or MJ/nf/h

€, . actual vapor pressure, kPa

€ . saturation vapor pressure, kPa

D : vapor pressure deficit, kPa

p : monthly percentage of daytime hours of the year, %

f : monthly consumptive use (ET) factor

F: sum of monthly consumptive use (ET) factors for théogde

i - heat index

| : sum of the 12 monthly heat index i

S : measured sunshine hours times 100 divided by the number iblgpsasshine hours
Krs: calibration coefficient

TD : mean maximum minus mean minimum temperati@e,

K : dimensionless constant developed empirically from datdysis
C : dimensionless coefficient related to climatic parameters

G : soil heat flux, MJ/fid or MJ/ni/h

f(u) = wind speed function



J : Julian day of the year

A : latent heat of evaporation, MJ/kg

p : air density, kg/m>

C, : specific heat capacity of air at constant presslikg/K
D : zero plane displacement height, m

hc : crop height, m

Zm : height of wind measurements, m

z : height of humidity measurements, m

Zom : roughness lenth governing momentum transfer, m
Zon : roughness length governing heat transfer

k : von— Korman’s constant (0.41)

U, : wind speed at height z, m

LAl : leaf area index, Aim?

C, : numerator constant that changes with reference apdecalculation time step, K mni s
M/g/d or K mm &M/g/h
Cq4 : denominator constant that changes with referenceanygealculation time step, s/m

Waero: €mpirical weighted factor

INTRODUCTION

Water is the basis of life. In the modern world, the deh@frwater is increasing because of the

growing population as well as the increased urbanization and liadiaation. As a result, water
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for agriculture is becoming limited. For this reason, aceurastimation of crop water
requirement is very important. The problem of over iti@a or under irrigation will be
minimized if we are able to accurately estimate crop wagquirement or crop ET. The
schematic diagram of ET process is shown in Figure 2.1. steege and metabolic heat
production are usually negligible, and are excluded fromsthiéace energy balance. Various
methods have been developed so far to estimate the crojp&T Dalton (1766-1844) was the
pioneer in developing an equation for evaporation from largeer bodies, such as lakes and
reservoirs. In his equation, the evaporation rate wézileded as the product of the vapor
pressure deficit and a factor “K” which is dependent on the wind speed. Since then, various ET

methods have been developed, which are described in thils.arti

This paper reviews various ET estimation models that hage developed to date. Among these
models, the Penman Monteith (PM) equation is found to be cmnsistent over a wider range
of climatic conditions (Allen et al., 2005). The most ldraging part in the PM equation is to
calculate the canopy surface resistance. FAO 56 PM equand ASCE - EWRI
(Environmental and Water Resources Institute of AmerBaaiety of Civil Engineers) 2005
Standardized PM equation are based on the fixed canomggsudsistance approach. These two
methods calculate the reference crop ET, which along théhcrop coefficient (K is used to
calculate the actual crop ET (or fTRecently, some researchers have pointed out flawsd
technique of estimating E;Tso there have been attempts to calculatedi€ctly using variable
surface resistance values, without requiring crop caefic Katerji and Perrier (1983),
Todorovic (1999); and Shuttleworth (2006) are notable researncheasiable surface resistance
approach, which are described later in the manuscriptsdibgequent sections describe different

ET estimation techniques in the chronological order.

11



EVOLUTION OF DIFFERENT METHODS

1. Blaney-Criddle method
The Blaney-Criddle method was first developed in 1942. &nisempirical equation and very
simple to use. They developed a simple mathematical nasdgiven by equation (2.1) (Blaney

and Criddle, 1962).

u = kf (2.1)

U= kf=KF (2:2)

where,

f=Tg x p /100 = monthly consumptive use factor,

Tr = mean monthly temperature, in degrees Fahrenheit,

p = monthly percentage of daytime hours of the year,

u = Monthly consumptive use, in inches,

k = empirical consumptive use crop coefficient for nynperiod
U = seasonal consumptive use (or evapotranspiratiomjches,

F = sum of the monthly consumptive use factors forpdeod (sum of the products of mean

monthly temperature and monthly percentage of daytime hoting gkar),
K = empirical consumptive use crop coefficient foigiation season or growing period.

In metric units,
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45.7T, + 813) (2.3)

u=kp(—09

where, u = monthly consumptive use, in millimeters
and T, = mean monthly temperature, in degrees Centigrade.

Although the method was originally developed to compute ET amoathly basis, it can be
modified to estimate daily values of ET with mean da#ynperature (ASCE, 1990). As
temperature methods tend to underestimate ET in aridnegibile overestimating ET in humid
regions, local calibration of the empirical coeffitig is required to produce reliable estimates of
ET (ASCE, 1990). The advantage of this method is the siitypbnd disadvantage is that it

underestimates ET grossly compared to the measured EE y&ammis et al., 2011).

H
(Sensible Heat Flux)

ET O

(Evapotranspiration)
Rn

(Net Radiation)

G
(Soil Heat Flux)

Figure 2.1. Schematic diagram of ET process from a crop canopy (Major components of the surface ener gy
balance, excluding the heat storage and metabolic heat production terms)

13



2. Thornthwaite method

In 1948, Thornthwaite and Penman both developed potential evegmtedion equation
independently. Potential ET here refers to the maximuntHaT can occur from a given crop
surface. Penman’s equation was more mechanistic while Thornthwaite’s equation was more
empirical. It was easy to use the Thornthwaite (1948) emuéitten Penman equation as it used
less climatic dataHis equation is as follows:

PET = 16(10T,/1)® (2.4)
where,
PET = potential evapotranspiration rate, in mm per mont
Ta = mean monthly temperature, in degrees Celsius,
| = summation of the 12 monthly heat index i, where Tz/(5)"**

a = an empirical coefficient, which is calculated usingfti®wing equation:

a=0.675%107°13 —77.1« 107612 4+ 0.017921 + 0.49239 (2.5)

This method is not based on strong mathematical and gathygrinciples, as it is purely
empirical. However, as it is easy to use and gives aalskeptesult, many parts of the world still

use it to estimate irrigation water requirement.

Kumar et al., 1987 compared the Thornthwaite and Penmanodhathindia to calculate
potential ET. They found that Penman’s method seems more realistic picture of the mean annual
potential evapotranspiration distribution over India. They also reported that Penman’s potential
evapotranspiration estimates are higher than Thornthwaite’s during the winter and pre-monsoon

months and lower during the monsoon months, at mosteofnitian stations. Pereira and De
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Camargo (1989) concluded that Thornthwaite method is not apgiepor estimating ET in

advective condition, however, it can be used for irrigatscheduling purposes when fetch
requirement is met. Bautista et al., 2009 concluded thatniliwaite method worked perfect
during the rainy months in both of their research skesvever, for drier months, the use of

Thornthwaite method was not recommended without the adjosimeoefficient “16”.

3. Hargreaves Equation
Hargreaves (1975) developed an equation for estimating ET which doesn’t require wind speed

data. His equation is as follows:

ET, = 0.0075 R, T (2.6)
where,
ETo = potential ET for a grass reference surface in d@heesunits as with R

Rs = global solar radiation at the surface in equivalemater evaporation, usually mm of

evaporation
Tr = mean temperature in degrees Fahrenheit.
For degrees Celsius, the equation is modified as:
ET, = 0.0135 R, (T, + 17.8) (2.7)

Hargreaves (1977) developed the equation fpafRbelow, where Land R needs to be in the

same unit:
R, = 0.075R,S°5° (2.8)

Hargreaves (1977) developed the equation for S to be applical@eritral America as:
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S =12.5(100 — RH)%>° (2.9)
where, RH = mean monthly relative humidity, %.

Hargreaves and Samani (1982) developed an equation to detdRgifrem extraterrestrial

radiation (R), and the measurement temperature range:
RS = KRsRaTDO'SO (210)

where, Rand R are in the same unitsgKis a calibration coefficient and TD is mean maximum

minus mean minimum temperature in degree Celsius.
Hargreaves et al., 1985 obtained the following equationTgr E
ETy = 0.0022R,(T, + 17.8)TD%5° (2.11)

For months of peak demand, Hargreaves and Samani (1985) recdetibat the coefficient be
increased to 0.0023. Allen et al., 1999 in their FAO 56 paper reeoned using equation (2.11)

when solar radiation data, relative humidity data andviod speed data are missing.

Hargreaves equation is also empirical and very easy toBaseista et al. (2009) compared the
Hargreaves equation (equation 2.11) with FAO 56 PM equatiorattiee equation considering
the standard method. They found that Hargreaves methgaacedwell with PM equation with
coefficient index of 0.82. However, the coefficient indeproved to 0.91 after adjusting the
coefficient “0.0022” in equation (2.11) from 0.0021 to 0.0024 (based on seasons) for tropical
subhumid climate site and from 0.0022 to 0.0026 for semiarid clintatdRewvazzani et al., 2012
also compared Hargreaves - Samani (HS) equation to FAO 56 eqtatidaily time steps in
alpine river basins and found that HS equation didn’t perform well, as it showed overestimation

at lower elevation sites and underestimation at higevation sites. However, after using a
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correction factor, they found that the HS equation wasgery good agreement to the FAO 56

PM equation.

4. Christiansen method
Christiansen (1968) developed a simple method to estimate panrai@poand crop
evapotranspiration. According to Christiansen, theams$or using pan evaporation data were:
they were more consistent, already considerable watkbkan done to relate pan evaporation
data with consumptive use and the pan evaporation data reedily available. The

mathematical model that he developed was as follows:
E=KR,C (2.12)

where E is used in a general sense to apply to evaporati@vapotranspiration, K is a
dimensionless constant developed empirically from datdyais, and C is a dimensionless
coefficient related to climatic parameters, andidgthe extraterrestrial radiation, expressed as
equivalent depth of evaporation in the same units ashk.cbefficient C is expressed as the
product of any number of subcoefficients that are fonstiof specific climatic parameters that
are found to have a significant effect on the evaporatioevapotranspiration (Christiansen,

1968). Mathematically,
C = CTCWCHCSCE (213)

where, G, Cw, Cy, Cs and G represent the coefficients for temperature, wind, hiynid
sunshine percentage and elevation respectively. The valu¢ whs adjusted so that all
coefficients were equal to unity for standard and approximaten values of the parameter they
represent (Christiansen, 1968). Christiansen (1968) desanilolstiail about how to calculate the

different parameters in equation (2.13) using his Tabldwimtticle.
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This method is purely empirical as it is not based ongdrygical equation. This method can
somehow accurately estimate ET on monthly basis, butrtetiod cannot be used to calculate
ET on daily basis or shorter time steps. Wai et 2004 evaluated the performance oé th
Christiansen method and Penman method with respect tonélasured pan evaporation in
Malaysia. They found that Penman method compared bettertbe Christiansen method for

estimating potential evapotranspiration.

5. Penman related equations

5.1 Original Penman equation

Penman (1948) developed a mechanistic approach to calculatéH&ETused combination
approach by combining the surface energy balance equatioaeaodynamic equation. Several
ET estimation models, for example, FAO 56 PM equatiocBCE - EWRI Standardized PM
equation, CIMIS Penman method have been based on Pegumatios. The original Penman

equation is as follows:

(AR, — G) + ky (&5 — ) f(Wy) (2.14)
ET =
A(A+7y)
where,
f(u) = wind speed function sa+ by W, (Uy is the wind speed in m/s) (2.15)

w = unit coefficient (6.43 for ET in mm/d and 0.268 in mm/h)

Penman (1948) recommended the value,oéiad k), as 1.0 and 0.537 respectively for clipped
grass. Doorenbos and Pruitt (1977) in FAO 24 paper recommeraewstant of 6.61 in place of

6.43. They also recommended the values,odred ), as 1 and 0.864 for clipped grass. Wright
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and Jensen (1972) recommended the use of 0.75 and 0.993dad &, for full cover alfalfa

(Allen et al., 1989). Wright (personal communication, 1987) &sdcby Allen at al., 1989
derived an improved form of the Wright (1982) variable windction by using the normal
probability density function equation to approximate thengbkan @ and g, coefficients for an

alfalfa reference with time of season at Kimberly hialaThe equations for,and K, are:

[J —173]1\° (2.16)
a, = 04+14 EXp[— <T> ]
b,, = {0.007 + 0.004 exp |— <T> 1(86.4)

Equations (2.14) and (2.15), with, and K, calculated with equations (2.16) and (2.17) were

termed 1982 Kimberly Penman equation by Allen et al. (1989).

Sun and Song (2008) evaluated the performance of originaldeaguation with measured ET
using eddy covariance for a marshland in Northeast Chimay Tound that the Penman model
overpredicted the mean measured ET for the growing sdasd@b %. Yoder et al., 2005
compared ET estimations from eight different equatioitk measured lysimeter ET. Yoder et
al., 2005 found that FAO 56 PM equation performed best follolyedhe original Penman

equation.

5.2 CIMIS Penman Method

CIMIS Penman calculates grass reference EToXE3ing the Penman combination equation, as
modified by Pruitt and Doorenboss, with a wind functicat thias developed at the University of
California, Davis (Temesgen et al., 2005). CIMIS Penman rdetises @ = 0.29 and = 0.53

for R, >0 and @ = 1.14 and p = 0.40 for R < 0. These coefficients are applied hourly using
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equation (2.14) where ETs in mm/h, R is in MJ/nf/h and k = 0.268 (ASCE-EWRI, 2005).
Temesgen et al., 2005 showed that the CIMIS Penman methathted well with FAO 56 PM
equation for daily time step and with ASCE Standardizedtequtor both daily and hourly time
steps for 37 different studied sites in the state of CaldigitUSA. The limitation of this method
is that this method may not be applicable in diffedimbatic conditions as the coefficients were

mainly developed for the climatic condition of Califani

5.3 Penman Monteith equation

Monteith (1965) introduced some crop resistance terms iarigmal Penman equation and the
equation later became the welknown “Penman-Monteith” ET equation. This equation is the
physically based and has demonstrated the robustness as inalorequire local calibrations,
provided there are complete input data (Temesgen et al., 2085;&tlal., 1999). This equation
does not have any wind function; rather it has aerodynamicsurface resistance terms. The
wind function in the Penman equation is calculated eogliyi whereas the aerodynamic and
surface resistance terms are calculated using physicakd sl semi- empirical equations
respectively. Aerodynamic resistancg) (s the resistance to molecular and turbulent diffusibn
water vapor between leaf surfaces and the air aboveatiapyg at a reference height (Robins,
1974). Surface resistancey)(is the resistance to the diffusion of water vaporhiwitthe
evaporating surface (Monteith et al., 1965). The popularaede ET equations like FAO 56 PM
equation and ASCE Standardized Reference PM ET equatioralsmebased on Penman

Monteith equation. The equation (2.18) is the Penman-Mabregguation:

B (4R, — G) + pCy,(es — ea)/Ta) (2.18)

AE
A+y(1+r1/r,)
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In the PM equation, all other parameters excejst relatively straightforward to calculate. Some
sort of procedures has been developed to calculdte the grass and alfalfa surface. For this
reason, to calculate the actual crop ET, the trend iSrdt calculate the reference crop ET
considering the grass or alfalfa as the reference aendace and then multiplying the reference
ET by the appropriate crop coefficients. Direct use & BM equation (equation 2.18) to
calculate actual crop ET is very rare in practicghoalgh some researchers have tried this

recently, which will be discussed in subsequent paragraphs.

6. Priestley Taylor method
Priestley and Taylor (1972) developed a semi-empirical equdiio calculate potential

evaporation, which is applicable for partial equilibriunmdibion. Their equation is as follows:

A(R, — G) (2.19)

AE =
@ A+y

where o is a variable that can range from 1.15 to 1.50 depending on the surfaces, climate and
season. For water surfaces under condition of minimatcawn, Priestley and Taylor (1972)
approximated the value of a as 1.26. The value of a will be different for different crops and open
water lodies. Researchers are still working on finding appropriate value of o for different
surfaces. Hobbins et al., 2001 found the value of a as 1.3177 for vegetation while using a
calibration subset of 92 basins. This method is moraldeitto find the ET rate on a large scale
which is more applicable on hydrology. The disadvantagehisf method is that it is not
applicable in advective condition. This method is simpdeuse than the PM equation as it has

less parameters.
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7. Fixed Surface Resistance Approach
Allen et al. (1998) developed guidelines for computing crop waterresgents or crop ET, in
the FAO 56 paper. They recommended using Penman - Mongei#tti@n to calculate reference
grass ET based on surface canopy resistance and aerocyasistance. They also tabulated the
crop coefficient (K) values for the initial, mid and end stages for variotgpg based on
previous researchers’ findings. The FAO 56 equation was mainly developed to calculate daily
crop ET, however, the authors claimed that it can adsosed to calculate hourly crop ET if the
hourly weather data are available. FAO 56 method assunwvesdastirface resistance of 70 s/m
for whole day or for whole 24 hours. The fixed surfacéstasce value for 24 hours has been

used for the daily or hourly FAO 56 equation.

In many parts of the world including the US, grass cannot isutathe entire year, hence
alfalfa is used as another reference crop. Alfalfa o@ardte harsh weather condition compared
to the grass surface cover. Keeping this in mind, in 1999, Irtigation Association (IA)
requested the Evapotranspiration in Irrigation and Hydso@gmmittee of American Society of
Civil Engineers (ASCE) Environmental and Water Resources Institute (EWRI) tabésh and
define a benchmark reference evapotranspiration equatien.the committee in 2005 came up
with a reference evapotranspiration equation whiclpieable for both tall (alfalfa) and short
(grass) reference crops. As a part of the standardizatie ASCE PenmanMonteith (ASCE-
PM) equation and associated equations for calculating asmody and bulk surface resistance
have been combined and condensed into a single equatiois taplicable to both surfaces
(ASCE - EWRI, 2005). For the ASCE standardized PM equation, tleeone fixed surface
resistance for daytime and another fixed surface resistir nighttime for each reference crop,

hence this method is improved version of FAO 56 PM equation.
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7.1 FAO 56 Penman M onteith equation

FAO 56 equation was based on the Penman Monteith equahierAO 56 method defines the
reference crop as a hypothetical crop with an assumedhthefg0.12 m having a surface
resistance of 70 s/m and an albedo of 0.23, closely resgrthie evaporation of an extensive
surface of green grass of uniform height, actively groveind adequately watered. Equation
(2.18) can be approximated to equation (2.20) after using thdyaamic and surface resistance

equations, which is the FAO 56 equation.

900
0.408A(Rn —-G)+ (ﬁ) uz(es - ea) (220)

(A +y(1 + 0.34uy)

ETO =

where,
ETo = grass reference ET (mm/d),

. = net radiation at the crop surface (M%),
G = soil heat flux density (MJ/fd),

The equations used for aerodynamic and surface resistahdegleriving FAO 56 equation are

as follows:

=Y

fa = k2U,

where g is the aerodynamic resistance (s/m) for neutral spimeric conditions, zis height of
wind measurements (m),, zs height of humidity measurements (m), d is zero plane
displacement height (m) = 0.64H is the crop height (m),oz = 0.123 B is the roughness

length governing transfer of momentum (m), z 0.1 zn, is the roughness length governing
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transfer of heat and water vapor (m) (Allen et al., 19993, lonKarman’s constant (taken as

0.41), and wis wind speed at height z (m/s).

__n (2.22)
0.5LAI

Ts

where g is the canopy resistance (s'nr is the daily average stomatal resistance (which is

assumed as 100 s™nfor clipped grass and full cover alfalfa), and LAl is laeda index.

Lopez et al.,, 2006 found that FAO 56 PM equation performed wetr semiarid climatic
conditions of Albacete, Spain, as it agreed better thithmeasured lysimeter ET compared to

the other versions of Penman equations and Hargreavesoaquati

7.2 ASCE-EWRI Standardized Penman Monteith Evapotranspiration equation

The ASCE Standardized Reference Evapotranspirationtisquas based on the Penman-
Monteith equation, with some simplification and standarairatn the aerodynamic and surface
resistances. This equation is applicable for both atlifa) and short (grass) reference surfaces.
A grass reference crop is defined as an extensive, uniforface of dense, actively growing,
cool-season grass with a height of 0.12 m, and not sehedil water; whereas a full cover alfalfa
reference crop is defined as an extensive, uniform suofadense, actively growing alfalfa with

a height of 0.50 m, and not short of soil water (ASCE-EVZB05). The equation is as follows:

0408A (R, —G) + y C, u,
A+y(1+C,U,)

€s — €4
T 273
ETsz = ot

(2.23)
where,

ETs, = standardized reference crop evapotranspiration fot sinop (grass) (EX) or tall crop

(alfalfa) (ET;s) surfaces (mm/d for daily time steps or mm/h for hounhetsteps)
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R, = calculated net radiation at the crop surface (Mdrfor daily time steps or MJfth for

hourly time steps)

G = soil heat flux density at the soil surface (MJthfor daily time steps or MJAth for hourly

time steps)

The values for gfor the short and tall references are 900 and 1600 regglgckor the daily
time steps whereas 37 and 66 for hourly time steps. $Synile values for ¢for short and tall
references are 0.34 and 0.38 for daily time steps whereas @23 % for short-daytime and
short-nighttime respectively and 0.25 and 1.7 for long-daytindel@ng-nighttime respectively.
Cn is a function of the time step and aerodynamic r&stgt whereas {Is a function of the time

step, surface resistance and aerodynamic resistan@GE(AEWRI, 2005).

Irmak et al., 2005 found good correlation between ASCE Stdizéar ET, and FAO 56 EJ
calculated on hourly time steps, but FAO 56 estimated 5 8o% lower ET compared to the
ASCE Standardized ET They explained it due to the higher surface resistaatiees during
daytime periods in the FAO 56 equation. The authors alspa@u the daily EJ given by
ASCE Standardized daily equation with the sum of the ld&iF, calculated using the ASCE
Standardized hourly equation. They observed that the Haiyvalues were generally higher
than the sum of the hourly E&nd they recommended to use the hourly ¥lues especially in

advective condition.

7.3 Valiantzas M odel

Valiantzas (2006) developed a set of equations to determine tETwtach was based on
simplifications made to the Penman (1963) equation. His pumgaséo enable ET computation

with limited meteorological data. Valiantzas (2013 a) timgoroved these equations and claimed
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that his model performed equivalent in accuracy to the Ber(@®63) equation. His simplified

eqguation to calculate reference ET (grass surface)fsllaws:

RH
100

(2.24)

ET, =~ 0.0393R\/T, + 9.5 — 0.19R,*¢¢%15 + 0.048(T, + 20)(1 — —)u,°’

where ET is the grass reference ET (mm/d), iR the measured or estimated incoming solar
radiation (MJ/m¥d), T is the mean daily air temarature (°C), ¢ is the latitude of the site
(radians), RH is the relative humidity (%) andisithe mean wind speed at 2 m height (m/s). He
also developed an equation to calculate reference ET thibenind speed data is not available.

The equation is as follows:

RH 2.2
ET, ~ 0.0393R;\/T, + 9.5 — 0.19R,*®°15 4 0.078(T, + 20)(1 — —— (2.25)

100)

Valiantzas (2013 b) also developed a set of equations talai@ reference ET for arid and
humid regions. His equation to calculate reference ET twih different aerodynamic term

weighted factors is as follows:

g—zf —0.024(T, + 20) (1 - ﬂ) (2.26)

ET, ~ 0.0393R,\/T, + 9.5 — 2.4( 00

RH
+ Waero 0.066(Tg +20) )(1 = 5 )u’®

where, R is the extraterrestrial radiation (MJiu) and Wero is an empirical weighted factor.

The value of Weois as follows:
Waero= 0.78 when RH > 65 %
Waero= 1.067 when RH < 65 %.

Again, when the wind speed data is not available, he devetbpddllowing equation:
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Rs\2 RH (2.27)
ET, ~ 0.0393R,/T, + 9.5 — 2.4 (—) +C,y(T, + 20) (1 _ —)
R, 100

C,=0.054 when RH > 65 % and 0.083 when RH < 65 %.

Valiantzas model might be a good substitute when some weddlerare missing. However,
when there is good data available, the use of the methaP&nman Monteith equation seems

more justifiable than the empirical methods.

8. Variable Surface Resistance Approach

All of the above mentioned equations in section 7 caleual for a reference crop surface,
which is either grass or alfalfa. In order to calcutageactual crop ET, the current practice is to
multiply the reference crop ET with a crop coeffici€Kt). The crop coefficients have been
developed for different crop stages for various cropsvever, Katerji and Rana (2006) have
pointed out that the difference of £ 40% could be obsebetween the Kvalues reported by
Allen et al. (1999) and the experimentally obtainedvKlues from different researchers. Based
on previous researchers’ findings (Rana et al., 1994; Steduto et al., 1996; Ventura et al.; 1999
Lecina et al., 2003; Pereira, 2005; de Medeiros et al., 200§) jnteated that there is up to
18% of underestimation and 13.4% of overestimation ig BTsemi-arid regions and hudhi
regions respectively due to the use of fixegdHence the cumulative error from reference ET
calculation and the use ofc.kseems very significant and is of concern for irrigativater
management. In order to address this problem, some reeeatttave started to use variable
surface resistance instead of fixed surface resistancdctdata actual crop ET directly without

using crop coefficient approach. This approach is alsectalhe step ET estimation approach as
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there is no need of using the crop coefficients. The@abk surface resistance approaches that

have been developed so far are discussed below:

8.1 JarvisModd

Jarvis (1976) developed a multiplicative model to calcultdenatal resistance from weather
parameters including air temperature, vapor pressure ¢edéaft water potential and ambient
carbon dioxide (Cg concentration. However, Penman-Monteith equation neelitsdorface

resistance and hence the knowledge of stomatalaesestonly may not be enough to calculate
ET. The upscaling of the stomatal resistance to thepgalevel is required to calculate the bulk
surface resistance. Alves and Pereira (1999) objected the mietippddopted by Jarvis, as they
guestioned the validity of the multiplicative model and albey expressed doubt in the

assumption of weather parameters acting independently.

8.2 Katerji and Perrier (KP) Mode

Katerji and Perrier (1983) found that a linear relationship mamstablished between the two
ratios £/ ry and r* / g, where r* is a climatic resistance. They developeddhewing empirical

relation:

T r* .
L (2.28)
Ta ra

where a and b are empirical calibration coefficientpiiing experimental determination. The

resistance, r*, is defined as:
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Aty oD (2.29)
"~ Ay R,—G

where the units of Rand G are W/m2.

Katerji and Rana (2006) reported that the coefficientsdabahave already been developed for
alfalfa, rice, grass, lettuce, sweet sorghum, sunfloweaingsorghum, soybean, clementine
orchard and sloping grassland. The coefficients have laésn adapted for water stress
conditions (Rana et al., 1997; Rana et al., 2001). Rara(@987) claimed that the coefficients
“a” and “b” have multi-local validity (i.e. they do not change with the ditg only with the crop
species).

The downside of this method is that there is no physieaning of these coefficients. Also the
coefficients need to be tested for different speciesed\land Pereira (1999) indicated that

equation (2.28) is only valid for periods where the Bowen raties between -0.3 and 0.3.

8.3 Todorovic Modd

Todorovic (1999) came up with a mechanistic approach to eédcalrface resistance using the

weather parameters. His methodology in summary is svil

y D (2.30)

t:Z(A+y)

At first, t which is the difference between actual cantgmperature and canopy temperature
(°C) in wet conditions is calculated using equation (2.3B&nT using quadratic equation (2.31),

X, which is the ratio of surface resistancg {@ climatological resistance)ris calculated.

a+vb? —4ac (2.31)
2a

X =
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where,

A4 +yA (2.32)
= D
A+y Y
b =—yYt (2.33)
c=—(UA+yt (2.34)

The climatological resistance)(can be calculated using:

. pc,D (2.35)
' )/(Rn - G)

In equation (2.33), Y is the ratio of climatological resmme (1) to aerodynamic resistance)(r

The unit of all the resistances, which is the reciprotalonductance, is in s/m. The units of R

and G in equation (2.35) are Wim

Then, after finding X, Jwill be calculated by multiplying X and.rThe calculatedsrwill be
inserted in the Penman Monteith equation (2.18) to catetitet actual crop ET. The actual crop

ET can be defined as the rate of ET that occurs inglkdondition.

Lecina et al., 2003 evaluated the KP and Todorovic modetllaseneasured ET from lysimeter
and eddy covariance. Based on their finding, they recometeto use the Todorovic model to
calculate the hourly ET under the semiarid anddw topographic condition. They didn’t find

any improvement in ET estimates using the KP model. Oottiex hand, Shi et al. (2008) found

that the KP model agreed better with the measured eddyianove ET values for half hourly
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and daily ET by summing the halfhourly ET values. They reported that the Todorovic model

overestimated ET by about 30 % in their experimentalisiChina.

84 Lietal mode
Lie t al., 2009 found some error in Todorovic model in the derivation of “t”. Li et al., 2009
derived “t” as”

,__¥DC (2.36)
AL+ Y)

Li et al. proved that Todorovic missed the term C while deriving “t”. The missing parameter C

was as in equation (2.37):

(-G

DR OO e

C =

In their article, Li et al., 2009 replaced C with (1 + D d),Dwhere B is a parameter which
accounts for the response of t to vapor pressure defiogy used b as 1.5 kPa for their
research, which they claimed is applicable for the wingzat crop in North China Plain. They

also mentioned that the value of €an vary with crops and climatic conditions.

Li et al., 2009 showed that Todorovic model severely underatsd the canopy temperature
and sensible heat flux and severely overestimated téet laeat flux. On the other hand, their
model gave acceptable results for latent heat flux &t balf — hourly and hourly time scales.
The limitation of this method is that there is no phgsimeaning of @ and the value of Dis

needed to compett” and ultimately “rs”.
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8.5 Shuttleworth model

Shuttleworth (2006) introduced the concept of the crop indepérdiending height (50 m) to
use as a reference height instead of 2 m referencet heiginable one step ET calculation for
different crops. Shuttleworth and Wallace (2009) used theimxid®M equation and then
calculated ¢ as a function of weather variables angJélues documented in FAO - 56. They
worked on daily time step instead of hourly; hence their msdebt applicable for hourBeT
estimation. They concluded that the use of fixed croffficants (K¢) to calculate actual crop
ET can be problematic. The authors mentioned that dtemmended Kvalues are said to be
appropriate for wind speeds of 2 m/s and “humid” conditions with 45 % relative humidity.
Whenever the weather conditions change, the reportedsvafuié; cannot provide reasonable
estimates of ET. The authors also mentioned thaEA@ — 56 equation and Priestley Taylor
equation with a = 1.26 give identical ET values in “humid” conditions. They showed from their
equation (2.11) that the ambient weather changes the wvhltlee K. via the values of the
climatological resistance and wind speed. They developedeiationship between and K
where g was a function of K rs- and €&, where ¢ and ¢ could be calculated using their
equations (2.14 and 2.15) or performing interpolation from thelle 2.1 (See Appendix at the
end of this chapter). The authors concluded that use iofajiyeroach will yield estimates of ET
as good as those given by FA(H6 in humid conditions whereas it improves ET estinmaiio

arid climates and with taller crops.

8.6 Irmak and M utibwaa model

Irmak et al. (2008) were able to upscale stomatal resist@geaescale) to the whole canopy

surface resistance for maize using photosynthetic phddandénsity (PPFD), leaf area index
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(LAI) for sunlit and shaded leaves, solar zenith angiect and diffuse solar radiation. They
measured the stomatal resistance using porometer. Thelpded their model for corn and then
successfully validated it for soybean with recalibration soine parameters (Irmak and
Mutiibwa, 2008; Irmak et al., 2008; Mutiibwa and Irmak, 2010; Mutiibwd &mak, 2012;
Irmak et al., 2013). Irmak and Mutiibwa (2009) showed that esbmaf crop ET using one
step approach was superior compared to the two step appreacising the reference crop ET
multiplied by the crop coefficients. The one step apprda€hwas within 2 per cent of the
measured ET using the Bowen Ratio instrument whereasidomio step ET calculation, there
was no distinct pattern of over or under estimation. l@&nather hand, the two step ET method
underestimated actual ET (measured) especially when therbigtagvaporative demand, this
suggests that the use of fixed surface resistance while atitgylthe reference ET is illogical

(Irmak and Mutibwaa, 2009).

Irmak and Mutibwaa (2009) were able to modify the Jarvis modeich they referred to as
Modified-Jarvis-model (NMJ) and showed that their modearsimprovement of the older
version, as NMJ model improved the stomatal resistagtmation by 10 % in RMSD (root
mean square deviation) when compared to the measured ataegstance using dynamic
diffusion porometer. Irmak and Mutiibwa (2010) developed taofeempirical equations for
nonstressed maize crop to calculattkam weather variables. They used the measured ET from
Bowen Ratio instrument, then inverted the PM equation t& bafculate ¢ Then they used
linear regression technique to find the relationship; @fith sets of weather variables. Irmak et
al. (2013) also developed similar set of empirical equationsdybean crop to calculatefrom

weather variables.
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Table 2.1 has summarized all the methods that have bsemnssed in the text and the main
equations associated with those equations whereas Table.Qummarized the advantages,

limitations and application timestep of all the modets tlave been discussed.

Table2.1: Summary of Different ET Estimation M ethods

Methods Equations
1. Blaney-Criddle  Methog u=kf
(1942)
2. Thornthwaite Methoo PET = 16(10T,/1)*
(1948)
3. Hargreaves Equatio ET, = 0.0075 R, T
(1975) (for deg. F)
For deg. C ET, = 0.0135 R, (T, + 17.8)
4, Christiansen Metho E=KR,C
(1968)

Penman Related Equatior

5.1 | Original Penman Equatio _ (AR, —G) + ky(es — e)f(Wy)

(1948) B AB+7)
f@) =ay, +byu,
5.2 | CIMIS Penman Method a,=0.29, R =053for R>0
a,=1.14, L =0.40for R<0
5.3 | Penman Monteith Equatio _ Y900 _
e, . 0.408A(R,, — G) + (Ta ) (e — )
(A+y(1+0.34u,)
6. Priestley Taylor Methog AE=aA(Rn—-G)/(A+y)
(1972) where o = 1.26 for water surfaces with minimum advection
7. Fixed Surface Resistang
Approach
7.1 | FAO 56 PM Equation _ Y900 _
(1096) o 0.408A(R,, — G) + (Ta ) Uz (es — eg)
0 (A+y(1+0.34u,)
7.2 | ASCE-EWRI Standardize (es —eg)

0.408A(R,, — G) +yCphu, T. + 273
A+y(A+Cauy)

PM Equation (2005)

ET,, =

7.3 | Valiantzas Model (2006

RH
2013) ET, ~ 0.0393R,/T, + 9.5 — 0.19R,*® %> + 0.048(T, + 20)(1 — m)u‘”

8. Variable Surface
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Resistance Approach

8.1 | Jarvis Model (1976)
8.2 | Katerji-Perrier Model L
(1983) Lo n
., A+y pcyD
Ay R,—G
8.3 | Todorovic Model (1999) r=Y D
A(A+Yy)
8.4 | Li et al. Model (2009) __rbe
A(A+y)
A 1 1
&5
NAYAA AT
(1+5E)+®E)
Table2.2: Advantages, Limitations and Application Timestep of Different ET Estimation Models
Methods Variables Advantages Limitations Application
Used Timestep
1. Blaney-Criddle Ta Tr P, Kk, K | Simplicity ET underestimation il Monthly
Method (1942) general
2. Thornthwaite Method T, Simplicity ET underestimation il Monthly
(1948) advective condition
3. Hargreaves Equatio| Ry, Tr. T, Ry | Simplicity Problems of over an{ Weekly
(1975) under estimation of ET|
4, Christiansen Methoq K, R,, C More or less accurat| Not accurate td Monthly
(1968) to predict ET for| calculate ET for daily
monthly timestep or shorter timesteps.
5. Penman Relate
Equations
5.1 | Original Penmarn A, R,, G, g, | Physical equatior| Wind speed function iy Daily, hourly
Equation (1948) ea, v, f(u), A based on thq difficult to obtain. The
combination of| equation was mainly
surface energy developed for
balance equation an evaporation from fregq
aerodynamic equatiorl water surfaces.
5.2 | CIMIS Penman A, R,, G, es,| a, and ly coefficients| The coefficients use( Hourly
Method &, v, flu), A used in f(u) are eas| in this equation werg
to  obtain.  Also| developed for
applicable for hourly| Californian condition,
timesteps. hence may not b
applicable elsewhere.
5.3 | Penman Monteitll A, R,, G, &, | Physical equatior| It is difficult to directly | Daily, hourly
€ ¥, P> Cp I | With the inclusion of| implement this
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equation (1965)

Is

e

equation to calculat
actual crop ET, as s
difficult to obtain.

6. Priestley-Taylor a, A, v, Ry, G | Relatively simple ET  underestimation Daily
Method (1972) mainly in advective

condition.

7. Fixed Surface
Resistance Approach

7.1 | FAO 56 PM| A, R,, G, g | Considered very May not be applicablg Daily
Equation (1998) € 7, Ta, uy accurate to calculat| to apply for hourly

grass reference ET ¢ timestep.
daily basis.

7.2 | ASCE-EWRI A, R,, G, g | It can calculate botll Kc needs to bg Daily, hourly
Standardized PM e, v, Ta, uy grass and alfalf developed also fo
Equation (2005) reference crop ET ol alfalfa reference

both hourly and daily surfaces. The use (

timesteps. fixed r, for entire day|
may induce somg
errors in  estimating
reference ET.

7.3 | Valiantzas Model T, R, ¢, RH, | Relatively simple, car| It is semi-empirical, sq Daily
(2006, 2013) U, be used when som may not be accurat

parameters like win¢ enough as PM
speed is missing. equation.

8. Variable Surface
Resistance Approach

8.1 | Jarvis Model (1976) New concept tqg It is not easy to obtail

calculate stomatg canopy resistance Jr
resistance from stomatal
resistance.

8.2 | Katerji-Perrier Model| A, R,, G, g, | Relatively simple tg This is empirical| Daily, houty
(1983) € v, Ta W a, | calculate actual cro| method. The

b, r ET in one stef coefficients “a” and
process. “b” needs to be tested
for different specieg
and also for differen
climatic conditions.

8.3 | Todorovic Model| A, R,, G, g, | Mechanistic equatiofl Some flaws in thg Hourly

(1999) €, 7, Ta W, I, | to calculate g procedure as shown b
Li et al. (2009).

84 | Li et al. Model| A, R,, G, g | Relatively simple tg Only applicable for| Hourly

(2009) €, 7, Ta W, I, | implement. winter wheat crop in
North China Plain.
8.5 | Shuttleworth Model A, R,, G, g, | Provides one step E| Complicated to use1 Daily
(2006, 2009) €, v, Ta, uy | for daily timestep|is a function of FAO
ra Ke based by calculating | 56 Kc values, in othe
based on K words, ¢ depends o
the accuracy of K
8.6 | Irmak and Mutibwag PPFD, LAI Already implementeq Complicated to use Hourly
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Models (2008, 2009 their models| Needs many variable
2010, 2013) successfully for corr| to calculate g
and soybean. including PPFD
(photosynthetic photor
flux density).

DISCUSSION

Accurate estimation of crop ET is important and significaontributions from various

researchers have been made until now. The full vePs#mman Monteith equation is considered
a robust method to calculate crop ET. However, it adsdome limitations. The equation uses
aerodynamic and surface resistance terms, where aamdymesistance is relatively straight
forward to calculate. However, the calculation of surfeesstance is not easy. The use of fixed
surface resistance approach is a simplification oftthe diurnal dynamics of this resistance,
even for a reference crop under standard conditions. Heheemodelling of the surface

resistance would help in estimating crop ET with moreiiaaxy.

Some authors (Lascano and van Bavel, 2007; Lascano, &z, B Evett, 2010; Paw, U, 1987,
1988, 1992; Tracy et al., 1984) point out that the exclusi@uidace temperature while deriving
the PM equation can induce some errors especially whersutiace temperature and air
temperature are significantly different. The other pnobis with the linearity assumption of
saturation vapor pressure and temperature curve. Lasndndaa Bavel (2007) and Lascano et
al. (2010) calculated the surface temperature and ET sinealtisly by iteration technique using
fixed surface resistance (which they referred as RCMds#) concluded that RCM vyielded ET
rates very close to the measured lysimeter ET while theefb&tion underestimated RCM as
much as 25 %. Paw U (1988, 1991) developed the fourth order, third arvdesecond order

eguation to solve the energy budget equation for latertfliaanalytically and claimed that
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these methods are superior compared to the PM methttk esror associated with the linearity

assumption is corrected by using higher degree polynomials.

Some researchers (Dodds et al., 1997) point out that thefuB& equation in advective
condition would underestimate ET as the equation ispaigie of incorporating the horizontal

flow of sensible heat flux.

Shuttleworth and Wallace (1985) developed a two layer ET modethwduuld incorporate
evaporation from the ground surfaces as well as the fratisp from the plant canopy. Their
model is thus different from the Penman and Penman dedgfeations which are basically a big

leaf one layer ET model. Their model is more usefubdoutate the ET rate from sparse canopy.

Regarding the one step ET estimation, KP model lacksigdiysieaning and it can only be
applied when Bowen ratio is in between -0.3 and 0.3 (Alves andrdP¢2®00) as cited by
Lecina et al. (2003)). Also the coefficients used in the #muanay vary among locations
(Lecina et al. (2003)). The Todorovic model (1999) is a mestiamodel to calculate surface
resistance, however, Li et al. (2009) showed a missingitehis equation. Li et al. in their 2009
article didn’t try to use the improved Todorovic model, but instead used the simpler empirical
relation to get the missing term, which was only applicdble winter wheat crop. The
Shuttleworth model (2009) is an improved model of the existimjhod of two step ET
estimation; however, the surface resistance used in ddelms a function of FAO56 crop
coefficient, which may not be transferable accuratelygifferent environmental, crop and soil
conditions. In addition to that, Shuttleworth model idycapplicable for daily time step, so it
cannot work for hourly time step. Irmak and Mutibwaa tiedupscale the surface resistance
from the measured stomatal resistance; however, thhotheneeds several field level data

including the photosynthetic photon flux density, which iseasy to obtain.
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FUTURE WORK

By reviewing the findings to date from various researchieisevident that still there is room to

improve the estimation of reference as well as actog ET. The calculation of actual crop ET
with the one step approach, which does not use crop ceatgciseems challenging. However, if
it can be done, then the error by using the fixed surfasestance as well as from crop
coefficient could be minimized. There has been some progeesar in calculating the surface
resistance directly, especially works from Katerji amdriér, Todorovic, Li et al, Shuttleworth,

ard Irmak and Mutibwaa. The extension of Shuttleworth moaiehburly time step to calculate

rs could be an advancement for better ET estimatiorgumne step approach. Also the validation
of Irmak and Mutibwaa model at field level for variou®ms could be another milestone.
Another alternative would be to develop a newnodel which is robust enough to apply for

different crops at different climatic conditions.
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CHAPTER 3

I nter comparison of alfalfa evapotranspiration rates measured by weighing

lysimeter and micr ometeor ological instruments

Overview

Monolithic weighing lysimeters are considered as one ofribst accurate methods to measure
crop water evapotranspiration (ET) rates. The advantagelygsimeter compared to other ET
measurement methods is that it can measure ET precdsiely the soil water balance method.
Lysimeters being considered as a reliable and accurateod)ehave been used globally to
determine the crop coefficients Kof various crops. This study explores the possibleatas
when lysimeter conditions may not be ideal to deternteel’s. Large precision monolithic
weighing lysimeters were found to be non-representativeeotntire field when the lysimeter
surface condition was different than the field surfe@edition. Based on the data analysis from
2009 to 2013 from the experimental alfalfa lysimeter field of €mlo State University (CSU)
Arkansas Valley Research Center (AVRC) near Rocky Roothrado, it was found that in most
of the occasions, crop biomass and soil moisture comiaa greater inside the lysimeter box
compared to the rest of the field. This condition calaeger alfalfa evapotranspiration (ET)
rates at the lysimeter box compared to the micrometeagicalbbased ET measurement methods
(viz. large aperture scintillometer (LAS), eddy covar@afEC) and surface aerodynamic tower
(SAT)), which measured ET from a larger footprint than lsmeter. LAS, EC and SAT

measurements of ET agreed reasonably well among each lottzgtdition, when the air was
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drier, there was more discrepancy (up to 40 % mean biasedref012) between lysimeter ET
and the micrometeorological methods. On the other hahen the weather was more humid as
in years 2009 and 2010, the agreement of lysimeter ET with miceorodogical methods was
good. The performance in 2009 was best among all the studies] ydach is attributed to the
good rainfall and the larger alfalfa field compared to theerotyears. When the field is
heterogeneous especially in arid regions, the use of lieir&d in developing crop coefficients
could cause serious errors as shown in this study. Gdddni@nagement practices is essential

to obtain high quality lysimeter data.

INTRODUCTION

Large monolith weighing lysimeter is considered a reliablehatefor measuring the
evapotranspiration (ET) fluxes. The quantificatioredfis important in both hydrology and
irrigation fields. In hydrology, ET is a component oé thiater cycle with iteccuacy related
with accurate prediction of runoff and floods. In irrigawi ET is considered as a consumptive
use of crops, which needs to be replenished by applying irmigatiaveighing lysimeter uses
load cell which is very sensitive to the mass present ink&#/simeter box. In daytime, when
ET occurs, the lysimeter mass keeps decreasing, which edseyshe load cell. The change in
mass before and after certain duration is used to quamgifig T in that particular duration using
a calibration coefficient of the load cell. In usuettigs the lysimeter is situated in the center of
a field and both the field and lysimeter have same ondthssimilar biomass and moisture
condition. However, many reports have shown that the growth inside and outside the

lysimeter can be different. A lysimeter giv@point measurement of ET, hence, if the lysimeter
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microenvironment is different from the rest of thedijghen ET fluxes measured by the
lysimeter may not represent the entire field ET. In sucbndition, it may be necessary to adjust

the lysimeter ET in order to represent the entire field.

Evett et al. (2012) found that the lysimeter ET fluxes werou@ % larger than the overall
field ET. They emphasized correction of the lysimetBibBsed on the network of neutron probe

access tubes, which is used to measure soil moisture tentba surrounding field.

Lysimeters are often used to develop a crop coefficiegtqltve for different crops. One of the
main objectives of the Rocky Ford lysimeter proje¢bigevelop alfalfa based crop coefficients
for major Southeastern Colorado crops like alfalfa, ceonghum, winter wheat, etc. The crop
coefficient is the ratio of actual crop ET to the refere crop ET (which can be either grass
based reference ET or alfalfa based reference ET). Toaete¢ K, actual crop ET is generally
measured by lysimeter whereas reference ET is generédiylated using the ASCE
Standardized reference ET equation (Allen et al., 2005) KT lué alfalfa using the alfalfa based
reference ET equation () should not be significantly larger than 1 or in sarases may be
slightly smaller or larger than 1, as it is the rationeasured alfalfa ET to calculated alfalfa ET.
In other words, it is not expected to have a huge differbeteeen the measured and calculated
reference ET at reference condition. However, AlWah@idil) in his PhD dissertation showed
that in Rocky Ford lysimeter project in some casesfdf alfalfa went up to 1.3, which is a big
concern. The higher &most probably means that the lysimeter perhaps is capaddigonal
evaporative energy that is not accounted for by therétieal reference ET equation. If the
developed Kvalues for major crops are significantly higher, thearehwill be overestimation of
irrigation water requirements. This could lead to wa$tarecious irrigation water in agriculture,

which could have been used for other useful purposes. Oveioridaads to waste of water,
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waste of money, water logging on the field, water qualitplenas, and also reductions i
yields. Hence there is a huge monetary loss as wellnas sovironmental concerns associated
with overirrigation. In order to mitigate this, it would &ppropriate to find the reasons behind
this high K; values and possible solutions to address the problem béddiegsto find K; for
other field crops. The specific objectives of this studye to evaluate lysimeter ET rates for
alfalfa based on other micrometeorological measurenfeAsS, EC, SAT) for homogeneous
and heterogeneous crop surface conditions around the ngighimeter at the CSU-Arkansas

Valley Research Center, Rocky Ford, CO.

MATERIALSAND METHODS

Study Area

The study was conducted at the Colorado State Unive@8Y]) Arkansas Valley Research

Center (AVRC) near Rocky Ford, Colorado.

The geographic coordinates of the site is 38° 2” N and 103° 41° W and the elevation is 1,274 m
above mean sea level. There are two large precisiaghimegi lysimeters, one is called the crop
lysimeter (CL) and the other is called the reference Iy&mM®&L). The dimension of the crop
lysimeter field is 160 m by 250 m (4 ha or 10 acre area) aralfdita was grown on the field
from 2008 to 2012. Alfalfa was grown in CL until 2012 followed by cor@013 and 2014. A
large monolithic weighing lysimeter (3 m x 3 m x 2.4 m) wastied in the middle of the CL
field. As part of the instrumentation in the field, thevas a net radiometer (Q 7.1 net
radiometer, REBS, CSI, Logan, Utah, USA), two infrattefmometers (IRT Apogee model SI-

111, CSI, Logan, Utah, USA) to measure crop radiometric sutéageerature, soil heat flux
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plates (REBS model HFT3, CSI, Logan, Utah, USA) burietthénground at the lysimeter
locations, with depthef 10 cm, along with soil temperature and soil water corgensors, for
the estimation of soil heat flux at the ground surfd¢e fieldwas irrigated with furrow
irrigation system using siphons and a head ditch. Theereferlysimeter field is triangular in
shape, where a weighing lysimeter (1.5 m x 1.5 x 2.4 m) is haatbe middle of the field.
This field was vegetated with alfalfa from 2011 and is planned kejewith alfalfa until 2015.
Similar instrumentation is provided in the RL field a<in field. Figure 3.1 shows the layout of
the lysimeter fields. Point 1 is the reference lysimketeation whereas point 2 is the crop

lysimeter location.

The average annual maximum temperature is 21.1° C (70° F)v&hega annual minimum
temperature is 2.4° C (36.3° F). The long-term average apre@pitation at the site is 301 mm
(11.85 inches) with approximately two-thirds of the annual tatalirring from May through
September. The total average annual snowfall is 589 mm (&$h&g). The average date of the
last spring frost (0° C or 32° F) occurs at about May 1 th@dwverage date of the first fall frost
occurs October 5. Thus, the average length of the growisgrséar warm-season crops like

corn is 158 dayshftp://www.wrcc.dri.edu/cgi-bin/cliMAIN.pl?corockas cited by Berrada et al.

(2011).
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Figure 3.1: Lysimeter fieldslayout, point 1 showing thereferencelysimeter box with triangular field and
point 2 showing the crop lysimeter box with rectangular field.

Description of crop lysimeter

The crop lysimeter is a large precision weighing lysiméerrada et al. (2011) has given a
complete description regarding this lysimeter. The lysimstasists of an inner soil monolith
tank with dimensions of 3 m x 3 m x 2.4 m and an outeragamient tank. It consists of a load
cell which is connected to a Campbell Scientific CR7 dagger that records the mass of the
inner tank and soil. Load cell readings are recorded iivaiik per volt (mV/V) and converted
to equivalent load values using the field calibration. The edldom equation of the load cell was
y = 685.4 x- 142.9 (y is mass in kilograms and x is the load cell outporV/V), with standard
deviation of the weight measurements less than 0.02 %aAge of 1 mV/V in the load cell
output is equivalent to a water depth change of 76.1 mmeolygimeter, which is simply

obtained by dividing 685.4 by 9, where § imthe evaporative area of the lysimeter. Andales
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(personal communication) corrected the effective eatp@r surface area of the lysimeter by
including the half thickness of the rubber seal, which segmthe monolith interior wall from

the external retainer wall of lysimeter. By doing se, liflsimeter effective surface area increases
to 9.18 M from previous 9 hand so the calibration coefficient changes from 76.1 1 i /
(mV/V). Hence, changes in load cell output are multiplied by @dbtain the amount of water

lost by ET or amount of water gained through precipitatioirrigation.

Description of reference lysimeter

The reference lysimeter is also a precision weighing lggm however, it is smaller compared
to the crop lysimeter. This lysimeter also has a sinmitrumentation as in the crop lysimeter.
Load cell (11.36 kg capacity; Interface, Inc. model SM-25)iregs are recorded in millivolts
per volt (mV/V) and then converted to equivalent mass valuag tise field calibration similar
to the one for the crop lysimeter. The load cell isnawted to the lysimeter monolith through a
system of levers with a total mechanical advantage of Tl@s, the load cell can effectively
detect a maximum change in mass of 1136 kg. The calibmattibe load cell was y = 353.71x
63.44 (y is mass in kg and x is the load cell output in mV/\3hange of 1 mV/V in the load
cell output is equivalent to a water depth change of 157.2 mtheolysimeter, which is obtained
by dividing 353.71 by 2.25, where 2.25 s the evaporative area of the lysimeter. Andales
(personal communication) corrected the effective eatp@r surface area of the reference
lysimeter by including the half thickness of the rubber €&&atoing so, the lysimeter surface
area increases to 2.34% from 2.25 M, which changes the calibration coefficient from 157.2 to

151.09 mm/(mV/V). Therefore, changes in load cell output ardphedt by 151.09 to obtain the
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amount of water lost by ET or amount of water gained thrgugbipitation or irrigation for the

reference lysimeter.

Description of Large Aperture Scintillometer (LAYS)

Kipp and Zonen large aperture scintillometers (LAS) were degloyéhe lysimeter fields from
2009 to 2013. LAS was installed in the CL field from 2009 to 2011 wharehe RL field in
2012 and 2013. LAS does not directly measure ET; however, iumnesasensible heat flux (H)
using measured net radiation,{Rsoil heat flux (G) and atmospheric stability (mairtgtde or
unstable condition) (Samain et al., 2012). Soil moistune@s were also installed along with
the soil heat flux plates, which are required in tHeudation of G. In order to obtain H from
LAS, first Bowen ratio (B) is guessed, which outputs temperature structure parameter,

temperature scale and Monin Obukhov length simultanedusttion velocity can be calculated
after finding the Monin Obukhov length. Then H can bewated using the friction velocity and
temperature scale, however, this H is not the final H.efeegy balance equation is then solved
with this H and measured,Rlong with G ad again new p is obtained. Again this new f is used
and new H will be obtained and so on. Several iteratimnseguired in this process to stabilize
all the parameters to get the final H, viz. Bowen ratio penature structure parameter,
temperature scale, friction velocity, Monin Obuknov lergytld finally H. Rambikur (2012) has
provided the detailed description of this procedure. After pioigithe final H, then LE can be
obtained using the energy balance equation (L =®&- H), as heat storage and metabolic

heat production terms are considered negligible.
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Description of Eddy Covariance (EC)

Campbell Scientific CSAT3 Three Dimensional Sonic Aneratamand KH20 Krypton
Hygrometer were used as components of eddy covariancar(&@ment. The EC was installed
in 2011 on crop lysimeter field whereas in 2012 and 2013 on refdyemoeter field. EC
measures both H and LE flux, so it is considered aseatd#T measurement method. H and LE
were obtained using EdiRe software (Available at:
http://lwww.geos.ed.ac.uk/abs/research/micromet/EdiRe/). EC metkduktka found to
underestimate especially the LE flux (Foken, 2008), which nieeos adjusted using energy

balance closure methods.

Description of Surface Aerodynamic Tower (SAT)

Surface aerodynamic towers were also installed in bothr@LRL fields. Six arms having
almost one meter distance vertically were used in tagér, each arm having 3 way cup
anemometer to measure wind speed as well as air tempeaaturelative humidity sensors.
Arya (2001) has explained in detail the procedure to calctiiatel and LE fluxes using this
method. Also, net radiation was measured in each towesalnohoisture sensors along with the
soil heat flux plates to calculate G. Only the second laadorth arms from the tower were

used to calculate the latent heat flux for this study.
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Soil moisture, surface temperature and crop height measurement

Soil moisture was measured by using neutron probe methodadeess tubes were installed
inside the monolith and four were installed immediately outsiddysimeter. A CPN 503 DR
neutron probe was used to measure the soil water content\@tuoye) at 0.1, 0.3, 0.5, 0.7, 0.9,
1.1,1.3, 1.5, 1.7 and 1.9 m depths in the solil profile (Beri2@ikl). The calibration of the
neutron probe was performed according to the method suggedtetibet al. (2003) as cited

by Berrada (2011).

Crop height measurement was done every week in bothingilysimeters. In CL, four
harvests of alfalfa was possible from 2008 to 2011, while in 201 2charvests were possible
as the field was getting transitioned from alfalfa to cériinear interpolation was then

performed to get the daily crop height from the measuredlywesdp height.

In 2012 and 2013, crop height measurements and canopy surfgegdeures (J were taken

for the whole lysimeter fields. Both the fields were diddeto a network of grids as shown in
Figure 3.2. The crop height readings were taken manuadigdh grid and also on the lysimeter
surfaces. The measurements giEre taken using an infrared thermometer (IRT) temperature

sensor also in each grid and on the lysimeter surfaces.
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Figure 3.2: Lysmeter Field grids

Comparison of Tg

The reading of Jin each grid was taken manually by using a temperature sém$mth
lysimeters, infrared (IRT) thermometers were installed, whaeclrded crop surface temperature
automatically. When the crop is stressed, s Bupposed to be higher compared to the
unstressed crop at the same time. It would be ideal tde¢akmerature measurement in all the
grids at the same time in order to evaluate the cropsstoeglition. Nevertheless it was not

possible to record the reading at same time manually. RetérSvett (2004) developed an
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equation to extrapolate the b different daytime using pre-dawn canopy temperatur@pgan
temperature from the reference location at the saneeinterval that we are interested, one time
measured canopy temperature at the remote location easlined reference temperature from
the time that the remote temperature measurement i&s fBhe equation is as follows:

(Trmt,t - Te)(Tref - Te) (31)

Tome = T, +
rmt e Tref,t _ Te

where,

Te = pre-dawn canopy temperature throughout the whole field (°C

Tmi= calculated canopy temperature at the remote locéton

Tret = canopy temperature from the reference locationeasame time interval as[ (°C),

Tmtt= One-timeef-day canopy temperature measurement at the remot®loaa any daylight

time t (°C),

Trett= measured reference temperature from the time thaeéthete temperature measurement

was taken (t).

Data Selection

EC data was not available in 2009 and 2010. EC was installed iro20TL field. LAS was
deployed in CL field from 2009 to 2011 and on RL field in 2012 and 2013tduns, LE

comparison among all measurement methods was performedGisirgjd data from 2009 to
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2011 and RL field data in 2012 and 2013. The data was selected wlsfalthevas at least 30

cm tall.

Evaluation Criteria

Several performance indicators were used to evaluafetf@mance of the lysimeter ET rates
with respect to the micrometeorological methods. Hodeha was used for the evaluation

process. The performance indicators that have been wesed &llows:

Slope and y-intercept: The slope and y-intercept of the béstregression line can indicate how
well simulated data matched measured data (Moriasi, 2007)pA efdl and y-intercept of zero
indicate that the model perfectly reproduces the magnitudkesiaasured data (Wilmott, 1982).
The slope and y-intercept are commonly examined under shenpsion that measured and
simulated values are linearly related, which implies thatfahe error variance is contained in

simulated values and that measured data are error figadity 1982).

Co-efficient of determination (R?): This is a measure of the proportion of variance éasured
data that is explained by a model. It allows one to deterthneertainty of making a prediction
from a model. It ranges between 0 and 1, with a value oing bee optimal. Mathematically,’R

is obtained by using equation (3.2).
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(ZF-1(0; — 0)*(M; — M))? (3.2)

R? = ) —2
(0 -0) XE,(M; - M)

where, O is the observed or measured and M is the predictiedieed value. The bars above

the variables indicate mean value.

Mean Bias Error (MBE): This indicator is usually used to calculate the mean himas or
mean over or under prediction. MBE is obtained by avegatiie difference between predicted
and measured values. Positive values indicate model stiaration bias, and negative values

indicate model under-estimation bias (Willmott, 1982), and &tcate that there is no bias.

1% (3.3)

Root Mean Squared Error (RM SE): This is a commonly used error index statistic. A smaller
RMSE value indicates a smaller error spread and varamd¢herefore a better model
performance. It measures the magnitude of the spreadbos.€lt is calculated by squaring the
differences between predicted and measured values, teeygag them and finally taking the

square root of the average.

n
1
RMSE = —Z(Ml— —0,)?
ne (3.4)
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Index of agreement: Index of agreement is how close the model value agriteshe measured
value. It can be obtained by using equation (3.5). The indagreEment of 1 indicates a perfect
agreement between the measured and predicted values, ambli=i®s no agreement at all
(Wilmott, 1982).

X (v — x)? (3.5)
=1 (i —x;)?

d=1-

where, d is the index of agreementagd x are the calculated and the measured values

respectively; y =y — x” and x;” = xj — x” and N is the total number of observations.

Nash-Sutcliffe Coefficient of Efficiency (NSCE): This is usually used to assess the predictive
ability of a model. To determine NSCE, the sum of absolytared differences between the
predicted and observed values, normalized by the varidrihe observed values is subtracted
from 1. NSE values range betweemnand 1. The closer the model efficiency is to 1, the more
accurate the model is, with values above zero indigatn acceptable performance level, while
values less than zero indicate unacceptable perfornflliasé and Sutcliffe, 1970; Moriasi et.

al., 2007). NSE is obtained by using equation (3.6).

n 2 n 2
10— 0)2 =X (M; — 0)) (3.6)
NSE = = . —
i=1(0i - 0)
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where, M is the model estimation value, O is the medsnrebserved value and n is the number

of observations.

RESUL TS AND DISCUSSION

Comparison of the latent heat fluxes

In 2009 and 2010, large aperture scintillometer (LAS) and suafwalynamic tower (SAT)
were installed in the CL field. Figures 3.3 and 3.4 show oneparison of the latent heat flux
(LE) from these instruments with the precision weighirggnheter. LAS and lysimeter agreed
very well in 2009 as the slope of the regression linecles® to one. SAT and lysimeter data
also agreed well though there was some noise. It is expdut there is more noise in the SAT
data compared to the LAS and lysimeter data because thelprede affected by the accuracy
of the air temperature and relative humidity sensagsiré 3.5 shows the comparison of LE

from SAT and LAS. The agreement in general is good withesscattered points.

Likewise, Figures 3.6 and 3.7 show the comparison of LASS#&Wwith lysimeter. In 2010,
both LAS and SAT measure less LE flux compared to thienlgter. The slope of the regression
line was 0.85 when LAS was compared with lysimeter whereas i0\88swvhen SAT was
compared with lysimeter. However, there was a good agreement LAS and SAT were
compared (Figure 3.8), the slope being 1.02. The comparison inn@&lBetter than in the

following years.

In 2011, eddy covariance (EC) was also deployed in theeld. £C method is considered a

reliable method of measuring fluxes, but it underestimiesurface scalar fluxes and thus fails
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to close the energy balance (Mahrt, 1998; Aubinet et al., 1999 et al., 2007; Wilson et al.,
2002). Previous researchers have provided two options to ctiredtiixes from EC, first option
is assuming H was correctly measured and LE being the residhal @nergy balance and the
second option was to adjust both H and LE maintaining the Bamen Ratio. In this research,
first option was chosen to adjust the EC fluxes, thathie discrepancy (summation of measured
net radiation, soil heat flux, sensible heat flug #atent heat flux) was added to the measured
LE flux for the adjustment. Figures 3.9 through 3.11 shovetimeparison of LE fluxes from

LAS, EC and SAT respectively with the lysimeter. In 201ASlwas covering larger area than
just CL field, so the measured flux was affected by otheoanding fields.. So it is expected
that 2011 LAS data has some noise. Comparison of EC withdiar was better, though there is
serious underestimation of LE from EC compared to the Bt®mThe slope of the regression
line was 0.72 when EC was compared with lysimeter whereass Dwéd when SAT was
compared with lysimeter. Figures 3.12 and 3.13 show the comparfdiom LE fluxes when

LAS and SAT were compared with EC. In general, LAS andag@ed well, although there
were some significant number of scattered points beczubke set up issues with LAS. SAT

and EC also agreed very well except for some scatteredpoint

In 2012, RL field was used for the comparison. LAS, EC and &AfTere installed on the field
and LE fluxes from these instruments were comparedlygtineter data (Figures 3.14 through
3.16). It is evident that all of these instruments had aisibpes (0.72 to 0.74) when compared
to the lysimeter. This means lysimeter ET was 26 to 28 % md@&@12 compared to the other
instruments. Figures 3.17 and 3.18 show the comparison oBhASSAT with EC flux. The
agreement in both cases was good although there wasssattered point when SAT was

compared (Figure 3.18).
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In 2013, RL field was used for the comparison. All of thoseriments were installed and then
LE fluxes were compared with lysimeter data (Figures 3.1dutr 3.21). Also in 2013, all of
these instruments yielded similar slopes (0.77 to 0.79) when cooijoatiee lysimeter. Figures
3.22 and 3.23 show the comparison of LAS and SAT with EC Tlae agreement was very

good in both cases, even SAT performing very well in 2013.
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Figure 3.3: Comparison of latent heat fluxes from LAS and lysimeter in 2009
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Figure 3.4: Comparison of latent heat fluxes from SAT and lysimeter in 2009
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Figure 3.5: Comparison of latent heat fluxes from SAT and LAS in 2009
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Figure 3.6: Comparison of latent heat fluxes from LAS and lysimeter in 2010
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Figure 3.7: Comparison of latent heat fluxes from SAT and lysimeter in 2010
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Figure 3.9: Comparison of latent heat fluxes from LAS and lysimeter in 2011
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Figure 3.10: Comparison of latent heat fluxes from EC and lysimeter in 2011
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Figure 3.11: Comparison of latent heat fluxes from SAT and lysimeter in 2011
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Figure 3.12: Comparison of latent heat fluxes from LAS and EC in 2011
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Figure 3.13: Comparison of latent heat fluxes from SAT and EC in 2011
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Figure 3.14: Comparison of latent heat fluxes from LAS and lysimeter in 2012
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Figure 3.15: Comparison of latent heat fluxes from LAS and lysimeter in 2012
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Figure 3.16: Comparison of latent heat fluxes from SAT and lysimeter in 2012
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Figure 3.17: Comparison of latent heat fluxes from LAS and EC in 2012
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Figure 3.18: Comparison of latent heat fluxes from SAT and EC in 2012
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Figure 3.19: Comparison of latent heat fluxes from LAS and lysimeter in 2013
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Figure 3.20: Comparison of latent heat fluxes from EC and lysimeter in 2013
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Figure 3.21: Comparison of latent heat fluxes from SAT and lysimeter in 2013
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Figure 3.22: Comparison of latent heat fluxes from LAS and EC in 2013
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Figure 3.23: Comparison of latent heat fluxes from SAT and EC in 2013
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Data Investigation

It is evident from Figures 3.3 through 3.23 that there were sattfier points in the plots. Since
LAS, EC and SAT data agreed very well and LAS data wasaalaifor all of these years, only
LAS data was analyzed in more detail in all years except.202D11, however, EC data was

used as LAS data had some setup problems.

The investigation was first started for the 2009 data. Masteodutlier points were from 8/22
and 8/23. It was later found that the field was harvested on 8/@feadthe lysimeter was
harvested on 8/24. This resulted in the LE flux from LA®dsmaller as the field was already
harvested. On the other hand, lysimeter LE was larger dte twasis and clothesline effects.
Hence data from 8/21 to 8/23 were excluded. Also there were sohee paoints, where the
wind speed was greater than 4 m/s. When wind speed was, highas observed that the
difference of LAS and lysimeter flux was higher. Generallgen the wind speed is high and
there is surface inhomogeneity in field (higher soil moestiontent inside lysimeter compared
to the field), lysimeter ET was found to be higher. This hig¥ied speed brings the advected
heat from other sources and since the inside lysimesembae moisture content, the difference
between lysimeter ET and LAS becomes higher. All of tloagker points were filtered and then
Figure 3.24 was obtained for the comparison of LAS and 8t&nlLE flux. The agreement was

very good as the slope was close to one, meaning most pditits follow one to one line.

In 2010, the same issue was observed. Most of the owtlesidentified from the days when
the field was harvested but not the lysimeter. Likewlsere were some outlier points with high
wind speed (larger than 4 m/s). All of those outliers vitexed and then Figure 3.25 was

obtained comparing LAS and lysimeter LE fluxes. In thise; LAS slightly underestimated
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lysimeter (slope being 0.89). Same procedure was followed in yehes and Figures 3.26

through 3.28 were obtained for years 2011, 2012 and 2013 respectively.

The regression equation obtained from Figures 3.24 througlt&28e used to adjust the

lysimeter LE in order to make it representative of te@fET.
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Figure 3.24: Comparison of latent heat fluxesfrom LASand lysimeter in 2009 after filtering some outliers
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Figure 3.25: Comparison of latent heat fluxesfrom LASand lysimeter in 2010 after filtering some outliers
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Figure 3.26: Comparison of latent heat fluxesfrom EC and lysimeter in 2011 after filtering some outliers
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Figure 3.27: Comparison of latent heat fluxesfrom LASand lysimeter in 2012 after filtering some outliers

1200
y=0.82x+5.9
1000 - RZ = 090
800
' Y
£ P, J *
S 600 A Q%
< FI}
L)
- °
= °
1) 400 ® °
< ° °
- .. ° o
200 ~ >
L4 ()
0- 2
-200 T T T T T T
-200 0 200 400 600 800 1000 1200

Lysimeter LE (W/m?)

Figure 3.28: Comparison of latent heat fluxesfrom LAS and lysimeter in 2013 after filtering some outliers
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Crop height, canopy surfacetemperature (Ts) and Irrigation Frequency analyss

Crop height readings were analyzed for CL field in 2012 an®ifofield in 2012 and 2013. The
difference in crop height of each grid with the lysieratrop was calculated and the average
differenceon each measurement day on both lysimeters were calduledble 3.1 shows the
average difference of crop height within the field whempared with the reference lysimeter
crop height in 2012. The second column shows the cropthegjde the lysimeter whereas the
third column shows the average difference in crop helglst apparent that in all of the cases,
mean bias error (MBE) was negative, or in other wardy height inside the lysimeter was
larger than the average crop height of the field. Istrodthe cases, when the crop height
increased, it was found that the difference in crop heifglatincreased. Likewise, Table 3.2
shows the difference of crop height within the crop hetn field for 2012. Also in this case,
crop height inside the lysimeter was always greater tiamverage crop height of the field.
Similarly Table 3.3 shows the difference of crop heiglhiwithe reference lysimeter field for

2013. Same result was found as in the previous two cases.

Table 3.4 shows the difference of surface temperatyenthin both lysimeter fields in 2012.
All of the measured Jdata were adjusted to the time when thatTthe lysimeter surface was
recorded using equation (3.1). When the crop is stressjts surface temperature reading is
higher compared to the unstressed crop at a given timen btecmferred from Table 3.4 that the
lysimeter fields were stressed in 2012 most of the timbeaaverage difference in,Wwas
consistently higher than 2 degree Celsius except for emffccasions. Table 3.5 shows the
difference of T within both fields in 2013. Also in 2013, the average diffeecof Ts was

positive in all occasions, however, the magnitude of itierdnce was lower compared to 2012.

This means that the field was less heterogeneous in 2013 @zhtpa2012.
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Table 3.6 shows the irrigation frequency inside the lysmand outside field. It can be
observed that in all of the years in both lysimetirs lysimeter monolith was irrigated more
frequently compared to the outside field. Note that lysimetigations were applied in order to
maintain similar soil water content profiles inside antswle the lysimeter. However,
limitations in irrigation water supply via the irrigation ehprevented concurrent irrigation of
the entire surrounding field all at once. This meantysieneter monolith received more
irrigation water compared to the rest of the field. The® a&lgreed with the data from Tables 3.1

to 3.3 because more crop height can be related with may&tion water.

In 2009 and in 2010, lysimeter ET agreed better with the otleeometeorological methods.
The lysimeter field was larger in 2009 as the adjacemt, feslst of CL field was also planted
with alfalfa. The lysimeter field area was 5.7 hectar2d@9 whereas it was only 4 hectare in
other subsequent years. The predominant wind in the stu@iadsarom Southwest direction, so
increasing the alfalfa field in the predominant wind direceoabled the lysimeter to capture the
flux footprint most of the times. Hence the largerikade fetch may be one reason behind the
good agreement of lysimeter ET with other ET measuremettiods in 2009. Normalized
Difference Vegetation Index (NDVI) was computed for two day&009 when the airborne
multispectral remote sensing system was used. The twgesnaere acquired on July 6 (DOY
187) and August 7 (DOY 219) over the crop lysimeter field. Fi§u2é shows the image
acquired on August 7, 2009. The image from CL field looks xexty which suggests there is
healthy crop growing with high ET rates. Sixteen pointseveedected (Figure 3.30)
systematically (matrix of 4 by 4) and the NDVI of each poimere calculated. Tables 3.7 and
3.8 show the NDVI values of each point on DOY 187 and DOY 219 regelyctit is evident

from the Tables that NDVIs were very high for all the paitligher NDVI is associated with
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higher crop biomass and higher soil moisture contentnidan NDVIs of DOY 187 and 219
were 0.924 and 0.940 respectively. The coefficient of vanatfdNDVIs for those two days was
0.007 and 0.012 respectively. These results suggest that thedelery homogeneous on both

of those days.

However, in 2011, 2012 and 2013, lysimeter ET was significantly hggimapared to the other
methods. This could be due to the fact that the crop heigidiei the lysimeter was greater than
the rest of the field and also the soil moisture ingigelysimeter was higher compared to the
field. All of the other methods viz. eddy covariancegéaaperture scintillometer and surface
aerodynamic tower cover a larger portion of the fieldjrdglarger footprint, hence ET
measured by these instruments better represent field EtheGrther hand, ET measured by the
lysimeter, when the monolith surface condition insidéifierent than the field surface

condition, the lysimeter ET cannot represent the whelig.

Precipitation analysis revealed that 2009 and 2010 were wetires whereas 2011, 2012 and
2013 were drier years. The total annual growing season préoipita a calendar year for 2009
2010, 2011, 2012 and 2013 were 247.6 mm, 294.6 mm, 144.8 mm, 97.8 mm and 107.4 mm
respectively. Year 2012 was the driest year and also Colora@doezuff/ith huge wildfires. It

can be observed that when the weather was more hunmid/@ars 2009 and 2010, lysimeter
agreed better with other methods. On the other hand, lysiagteed less with other methods
when the weather was drier. When the weather is veryrdtyree monolith is irrigated more, the
lysimeter gets more energy from the surrounding because ofasis effect. When the lysimeter
gets more energy, certainly there will be more ET meashy the lysimeter in order to satisfy
the energy balance. Again when the lysimeter has moredsis than the field, then the

evaporative area inside the lysimeter is higher comparéetiield because of the clothesline
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effect. The higher evaporative area inside the lysimet#so responsible behind this
overestimation from lysimeter. This can be cleabtigarved in 2012. In 2009, even though the
monolith was irrigated more frequently compared to tHd,fimore precipitation might have
offset the effect. This could be the reason why the lygin@mpared well with LAS in 2009

and in 2010 compared to the other years.

Possible reasons for the differencein ET

The following list summarizes the possible reasonssardpancies between the lysimeter

measured ET and micrometeorological measured ET:

e More biomass inside the lysimeter box compared to tredsufield.

e Lysimeter getting more moisture (more irrigation) compéaoetthe outside field.

e The other reason could be the footprint of the instrasadtysimeter is a point
measurement whereas the other micrometeorological detense larger area and are
also more affected by the condition even outside ofi¢the

e The accuracy of the instruments used also plays solmeHor example, when LAS is
used, in order to get ET, net radiation (Rn) and soil theai ) also need to be known.
Hence the measurement accuracy in klaRd G also will impact in the determination of

LE or ET.
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Figure 3.29: Aerial image taken on 8/7/2009 (Day of Year 219) showing CL alfalfafield
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Figure 3.30: Position of sixteen pointsthat were used to record NDVI values on 7/6/2009 and 8/7/2009
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Table 3.1: Data showing crop height inside lysimeter and aver age difference of height inside lysimeter and
outside field in 2012 for reference lysmeter field

2012 RL | Crop height inside the lysimeter (centimetg MBE (centimeters
7/11/2012 20.32 -6.67
7/18/2012 40.64 -9.62
7/25/2012 60.96 -10.80
8/2/2012 68.58 -9.47
8/13/2012 15.24 -3.39
8/24/2012 40.64 -14.78
8/31/2012 55.88 -22.63
9/8/2012 60.96 -21.09

Table 3.2; Data showing crop height inside lysimeter and aver age difference of height inside lysimeter and
outside field in 2012 for crop lysimeter field

2012 CL | Crop height inside the lysimeter (centimete MBE (centimeters
7/11/2012 20.32 -3.39
7/18/2012 40.64 -4.62
7/25/2012 63.5 -9.67
7/31/2012 63.5 -1.15
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Table 3.3: Data showing crop height inside lysimeter and aver age difference of height inside lysimeter and
outside field in 2013 for reference lysmeter field

2013 RL | Crop height inside the lysimeter (centimete MBE (centimeters
8/9/2013 50.8 -11.35
8/14/2013 58.4 -6.60
8/22/2013 71.1 -8.04
9/5/2013 20.3 -9.02
9/20/2013 43.2 -14.56
9/27/2013 50.8 -15.24
10/5/2013 63.5 -19.98

Table 3.4: Data showing canopy surface temperature (T) and average difference of Tsinsidelysmeter and
outside field in 2012 for both lysimeter fields

CL RL
Ts MBE (°C) T MBE (°C)
7/11/2012 30.5 3.3 34.1 3.1
7/18/2012 27.4 2.4 27.9 0.6
7/25/2012 23.6 3.3
8/13/2012 30.7 3.7
8/24/2012 27.0 2.6
8/31/2012 26.0 0.9
9/8/2012 21.3 2.8
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Table 3.5: Data showing canopy surface temper ature (T) and average difference of Tsinsidelysmeter and
outside field in 2013 for both lysimeter fields

CL RL
Ts MBE (°C) Ts MBE (°C)
7/9/2013 26.5 0.3
8/9/2013 22.8 0.8
8/14/2013 24.4 0.2
8/22/2013 23.6 0.8
8/23/2013 30.2 1.0
8/30/2013 30.7 0.4
9/6/2013 30.3 0.4
9/20/2013 22.4 0.3 16.6 1.4
9/27/2013 25.3 1.1
10/5/2013 19.1 0.2 11.6 0.2
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Table 3.6: Data showing theirrigation frequency in both lysmeter s (monalith and outside) in different years

Irrigation Frequency

Year CL RL
Monolith Field Monolith Field

2009 13 6

2010 11 7

2011 12 6 12 8

2012 8 4 9 7

2013 11 8 8 5

Table 3.7: Data showing the NDVI of different pointsin CL Field on July 6, 2009

0.918 0.907 0.932 0.916
0.930 0.930 0.933 0.926
0.924 0.936 0.926 0.927
0.928 0.931 0.933 0.892

Table 3.8: Data showing the NDVI of different pointsin CL Field on August 7, 2009

0.931 0.933 0.936 0.937
0.939 0.940 0.948 0.941
0.941 0.952 0.942 0.938
0.946 0.950 0.935 0.933
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CONCLUSION

When there are differences in crop biomass and sosdtarei inside and outside the lysimeter,
then it was found that the lysimeter ET cannot be repraten of the field ET. When the
weather is very dry, the discrepancy in ET between lytimand other micrometeorological
methods tends to be higher as it was observed in 2012. @th#rehand, the agreement was
better when the precipitation was higher as shown irsy2209 and 2010. The agreement was
best when the field size was larger and the precipitat@nalso higher as shown in year 2009.
It was found that when the field was not uniform, in other wostign the lysimeter inside had
more soil moisture and crop biomass compared to thefrés Geld, lysimeter ET was higher
than ET measured from other micrometeorological methHbuss also found that the agreement
among LAS, EC and SAT was very good for all years. In 20@9lysimeter ET agreed very
well with the ET obtained from micrometeorologicalthes. The good agreement in 2009 can
be concluded because of the surface homogeneity indimeetier field. In conclusion, surface
heterogeneity of the field played a big role in the dpancy of the lysimeter with other
micrometeorological methods. In all the years, thpesiof the regression line between lysimeter
and micrometeorological instrumentss different, which perhaps is a function of surface
heterogeneity (difference in soil moisture and crop bisshand aridity. When the field is

heterogeneous, then care must be taken before usingitneter ET as a reference.

RECOMMENDATIONS

It is recommended to have same irrigation frequency and saapéiomass inside and outside
the lysimeter to make lysimeter ET representative oihale field. The change in irrigation
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system from surface to sprinkler or drip would be helpdutrigate evenly and have uniform soil
moisture content inside and outside the lysimeter. Iss@commended to have a larger alfalfa
field in order to lessen the impact of advection fronerdregions. It is recommended only to use
the good year data from lysimeter such as 2009 and 2010 (whegsitheter field was more
homogeneous) to develop the crop coeffici€kt3 of important agricultural crops. If & which

is the ratio of measured crop ET to reference crop Edeveloped using faulty (non-
representative) measured data, then it results ovwerdar irrigation, which is not considered

good for agricultural water management.
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CHAPTER 4

Model Development for Surface Resistance (r) of Alfalfa

Overview

In chapter two, different crop evapotranspiration (ET) notlat have been developed to date
were summarized and also the advantage of one step Ehtgstirover the two step ET
estimation was pointed out. In order to calculate aciagd ET in one step process, canopy
surface resistance to vapor transferfeeds to be known a priori. A new approach is suggested
to estimate daily variable,rasa function of either leaf area index (LAI) or cropghe (h).

Another alternative is also suggested to estimate daytimdy variable & which depends on
weather and biophysical variables including aerodynamic resei@), canopy temperature {T

and vapor pressure deficit (VPD).

The modelledgwas then used for hourly computation of alfalfa ET usiegittnman-Monteith
(PM) equation. The alfalfa ET using the daily variaklis ebbreviated here as E{ay or

ETs hoand using the hourly variableis abbreviated as Eduny s The PM equation withsias
suggested by Allen et al. (1989) was also used to calculate ladfaifg ET rates, which is
abbreviated here as Eulventional_rs The statistical analysis suggested thag Ay or ETis (ncywas
superior compared to the Blvenional rsvhen data of all crop heights were included. When the
data was grouped as crop heigh) (bss than or greater than 25 cm, then the perfornance
ETrs @any or ETis ngwas much better than Bohventional_rvhen i was less than 25 cm and slightly

better when hiwas greater than 25 cm. The value dbr alfalfa as computed by the Allen et al.
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procedure was found to be grossly underestimated wheadless than 25 cm, which resulted
in higher hourly alfalfa ET rates (20% in 2009 and 41.5% in 2@6t@n compared with the
measured lysimeter ET rates. However, when the &f or ETis (ncywas used for yx25cm, in
2009, the underestimation of ET was around 7%; whereas in 2@1@yehestimation of ET was
around 7%. The performance of &fentional 1N 2010 for | <25 cm was poor as the Nash-
Sutcliffe coefficient of efficiency was negative. Tixerformance of Edouny rsWas also superior
compared to the Ednventional_rfOr crop heights greater than 35 cm. When larger datasse

used, the modelled performed better than the conventionahrestimating alfalfa ET rates.

INTRODUCTION

The global competition for fresh water resources iseimging day by day. Agriculture has been
the largest sector of water consumption in most countiis the increase in human population
and increase in urbanization and industrialization, watgitadoility for the agricultural sector is
slowly decreasing with time. Over irrigation and undegation both are considered negative
for optimum yield. When there is over irrigation, p&mtill have difficulty in root growth and
root respiration; leaching problems; and in the worst cases ptants can even lodge due to
poor stability in the submerged condition. Hence not only thenigwasted, also the
productivity decreases with over irrigation. On the otlardh with under irrigation, plants are
water stressed, which also results in low yield. In ordéate the good yield, there should be
proper water application on agricultural fields. Proper mapglication requires accurate

estimation of crop evapotranspiration (ET). Evapotraaspin represents the loss of water from
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theearth’s surface through the combined processes of evaporation (from soil and plant surfaces)

and plant transpiration (internal evaporation) (Allealet2005).

There are different ET determination techniques availablmeSf them are lysimetry, eddy
covariance, scintillometry, Bowen Ratio method, rensetesing methods and various ET
estimation models as have been discussed in ChapteAimang them, the lysimetric technique
is considered the most precise method as it directisunea the evaporated water from the
control volume using the soil water balance method. y$iektric and the eddy covariance
methods are the only methods considered as direct neettiodeasuring ET. This study focuses
on the one step ET estimation technique, which is orggipte after modelling the surface
resistance § term in PM ET model. This study focuses on the devedopraf a surface

resistance model and then validating the model using theuneshalfalfa lysimeter data.

Evapotranspiration process

In an agricultural field, evaporation from soil surfac®l transpiration from plant canopy are
difficult to distinguish, hence it is common to use a owmn term, evapotranspiration (ET) to
represent both evaporation and transpiration. Whenahepy cover is low, evaporation is the

main contributor of ET whereas when the canopy cavhigh, transpiration plays the main role.

During the process of transpiration, water is transpdrted the soil through plant systems
towards the atmosphere. If there is no soil water ggaduring the daytime, stomata in the leaf
fully open for carbon dioxide assimilation (photosynthescess) and water is lost into the
atmosphere during the process, which is called transpir&tmnever, if there is water shortage,
stomata don’t fully open, which limits the transpiration rate and alffects the photosynthesis
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rate. Previous research has shown that there is astoorelation between crop growth and the
rate of transpiration (Seckler, 2003). Hence the proddsarsspiration is necessary for plants in
order to complete the photosynthesis process. Transpi@tgo helps to cool plants under
extremely high temperatures and it also helps in the mewmeof sap, nutrients and moisture

from the roots to the leaves (Seckler, 2003

Aerodynamic equation of heat fluxes

The energy available for a given system is utilized eitbvdeat the system itself or to change
the state of water from liquid to vapor. When the tempegaitithe system is changed, it is
referred as sensible heat flux (H) and when the liquid vei@nges to vapor, it is referred as
latent heat flux (LE). The sensible heat flux cardb&ned as in equation (4.1) below (such as
used in Chehbouni et al. 1997; and Chavez et al., 2010).

H = pCp(To - Ta) (41)
= —ra

where, H is the sensible heat flux (Wi is the air density (kg/m°), G, is the specific heat of

air at constant pressure (J/kg/K),i§ the aerodynamic temperature (K),i§ the air temperature
(K) and g is the aerodynamic resistance to heat transfer ($im)latent heat flux can be defined
as in equation (4.2) (such as used in Chehbouni et al., 199Zhandne et al., 1994).

0.622 1p ey (T,) — ey (T,) 4.2)

AET =
p (ra+715)
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where, AET is the latent heat flux (W/A), T, is the aerodynamic surface temperature (°G)s T
the air temperature (°C)s 8 the saturation vapor pressure (kPg)s ¢he actual vapor pressure
(kPa), M is the latent heat of evaporation (J/kg), p is the density of moist air (kg/mi), P is the
atmospheric pressure (kPa)jsrthe aerodynamic resistance (s/m) and the bulk surface
resistance of the canopy (s/m). If we divide both sides of the equation by A, then we obtain ET

flux in kg/(n?.s). In order to obtain the ET rates in common uriis fam/h or mm/d, then it
should be divided by the density of water (which can be appreeihses 1,000 kg/fhand

multiplied by 3.6x 10¢ (for hourly unit) or 3.6x 106 x 24 (for daily unit).

Latent heat of evaporation (1) to calculate evaporation flux (in mm per hour or mm per day)

be calculated using equation (4.3) (Harrison, 1963):
A=2.501-0.002361T, (4.3)
where T, is the air temperature in °C, the unit of A being MJ/kg.

The main challenge to directly use equation (4.1) and (4.2)ddfior LE is the calculation or
measurement of I'It is not easy to calculate or even measurele variable Jis the surface
aerodynamic temperature, which occurs within the canopy @idy). For a full cover canopy,
its location is considered to be at a height approximately equal to “Zo + d” from the ground

surface, where is the roughness length for momentum transfer (mdasdhe zero plane
displacement height (m). However, for sparser cropsaltbee statement may not be true
(Shuttleworth and Wallace, 1985). The variablasZzapproximated as ten per cent of the crop
height (for a uniform and homogeneous cover), wheresgplproximated as two third of the
crop height (Arya, 2001). Hence the occurrenceo#ithin the canopy can be approximated as

somewhere close to 75 per cent of the crop height. Yiaadraedl (2002) developed a
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parameterization for the roughness length of momentuhheaat transfer and also the zero plane
displacement height incorporating the canopy crowrsiteand structure. The authors claimed
that their method was able to account for site — site differences in roughness lengths that

arise from canopy structural properties.

_________________________________________________ o sag o JOIOMBNCE. T

r level
a

aerodynamic

resistance

oo _____@cvaporating 7,
surface
Z,+d

(bulk) surface
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Figure 4.1: A diagram showing thelocation of aer odynamic temperature (T,) within the crop canopy as well
asthe bulk surface resistance and aer odynamic resistance for water vapor flow (Source: FAO 56 by Allen et
al., 1998)

Energy balance equation

The main source of energy on earth comes from théhsangh solar radiation. Some portion of
the incoming solar radiation is reflected to the atmospaed some is absorbed by earth. Only

the portion which is absorbed is in fact the useable gnesgich is also called as net radiation
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(Rn). Net radiation (R is considered approximately equivalent to the sum éohsai flux (G),
sensible heat flux (H) and latent heat flux (LE). Rourly computation of ET, G needs to be
included, however, for daily computation; G is insignificant argleeted in the calculation. It is
considered that for daily computation, the amount oftszak flux that goes to the ground and
that comes from the ground approximately cancels each éitwea plant surface, some energy
is also used by the plant for the physiological proceghofosynthesis and some is stored

within the canopy, but these are considered insignificant

Penman Monteith equation

As T, is a very difficult parameter to measure, calculatesbimate, Penman (1948) found a way
to calculate ET without using,THe used the relationship of saturation vapor pressurasvers
temperature. He used a parameter “A” which is the slope of the saturation vapor pressure versus
temperature curve. He defined A as des/ 6T evaluated at air temperature (T). Penman first
developed an equation for evaporation of water from anweger surface, and then Monteith

(1965) later introduced some crop resistance terms, to beagplifor the crop communities.

The Penman-Monteith (PM) equation follows a singleyer or ‘big leaf” approach, where

single surface resistance and single aerodynamic mesgstarms represent the transport
properties of the cropped surface (Allen et al., 2005). Theeglation has been considered a
robust method to calculate reference ET. Both the ASCERESYandardized reference ET
eqguation (Allen et al., 2005) and the FAO 56 reference ET equ#ien et al., 1998) are based

on the PM equation. PM equation is a combination equatiochwisies both an aerodynamic
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term or component and a land surface energy balanceacemt. The PM equation is as follows
(Monteith, 1981; Allen et al., 1998):

— (A(Rn - G) + pCp (es - ea)/ra) (4-4)

E
A A+y(1l+1r/r,)

where A is the slope of the saturation vapor pressure versus temperature curve evaluated at air
temperature, 8s the saturation vapor pressure at 2 m height (kP&)tlee actual vapor pressure
at 2 m height (kPa) and v is the psychrometric constant (kPa). Under wet canopy condition, rs in

the equation (4.4) is considered zero, which also refar&iomum possible ET, or, in other
words, potential ET (Monteith, 1965; Thom and Oliver, 1977; Alted.£1998; Todorovic,
1999; Allen et al., 2005; Shuttleworth, 2007; Lascano and van Bavel, P&83ano et al., 2010;

Li et al., 2009 and Polhamus et al., 2012).

In all of the above mentioned models, the knowledgg isfnecessary to obtain accurate ET
estimation. If ¢is known, then direct one step ET estimation of csgpoissible. The current

trend is to first calculate the reference ET (whichtisee the grass or alfalfa reference surface)
and then multiply it with the appropriate crop coeffitge(K:) to calculate the actual crop ET. In
chapter two, it has been shown that the cumulativ@associated with the fixed surface
resistance reference ET and the crop coefficiemseasignificant. The solution to this problem
is to directly calculatesifor different crops. By doing so, the error can be reduo a great

extent. The surface resistance models that are bleadee still in developmental phase (Section
8, Ch. 2). Hence there is a need to either further devietge models or develop a new model
for surface resistance. This study was focused on developieg anodel to estimate for

alfalfa based on several weather variables.
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Why alfalfa crop?

Alfalfa is considered a major hay crop, so this is a fandee of many livestock. In Western
United States including Colorado, it is one of the majopsrét consumes a significant amount
of water. Alfalfa is also a reference crop used by the A&Cestimate the reference crop ET.
Precise estimation of reference crop ET is a vepomant step to quantify actual water
requirement of other important crops. Thus the direcutaion of i for alfalfa not only
provides information on actual water requirement for alfddéa will also be helpful to

accurately estimate water requirements of other importaiscro

(Bulk) Surface Resistance (rs)

The ‘bulk’ surface resistance describes the resistance of vapor flow through the transpiring crop

and evaporating soil surface (Allen et al., 1998). Henoeeagrates both stomatal resistance and
soil resistance. Alves and Pereira (1999) mentioned the giis the bulk surface resistance, the
procedure adopted by Jarvis model just to calculate storeatstiance is not enough to obtain
the surface resistance. However, for the full covaopg, when evaporation from the soil is not
large, the gis close to the compound resistance of all leavem(parallel (Irmak et al., 2008).
Hence for the full cover canopy condition, bulk surfeesistance § approximates the canopy

resistance (J.

There are two general approaches in measugiridne first approach is the top down approach
where ET is measured first by using a measurement device slysinaeter and then is
obtained by inverting the ET equation (either using thegglvhtion or the aerodynamic
equation). Several authors have used the top-down approabtato g, for example, Russell
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(1980), Katerji and Perrier (1983), Alves et al. (1998), Aled Pereira (2000). The second
approach is directly measuring the stomatal resistance/ctambe and then integrating it to the
whole canopy to obtain the bulk canopy resistance, whialso called the bottom up approach.
In case of partial canopy condition, also the ssistance (i) should be accounted while
integrating to get the.rSeveral authors have used this bottom up approach in olgtajnior
example, Choudhury and Idso (1985), Irmak and Mutibwaa (2009, 2618k et al. (2008) and
Mutibwaa and Irmak (2010, 2012). Irmak et al. (2008) scaled uptabsal resistance to
canopy resistance as a function of photosynthetic phitig density (PPFD) for corn canopy.
The authors showed a strong relationship between leafttbrasistance and PPFD, however,

they cautioned to use their method to obtaimtren there is partial canopy cover.

Both top down and bottom up approaches have their own advaatadjeésadvantages. In case

of the top down approach, in order to get the reliablkdhe measured ET should be very accurate
along with R, G, T,, RH and g (if the PM equation is used) or the measured ET as wétieaH,
Taand g should be very accurate (if aerodynamic equation is used}he bottom-up approach,
first of all, the porometer readings should be accuragetthe stomatal resistance and then the
precise estimation of leaf area index is needed to irteetira stomatal resistance to the canopy
level. For the partial canopy condition, the bottomapproach seems more tedious, as it also has

to incorporate the soil resistance.

Objectives

It has been mentioned that the current practice ofiting actual crop ET (two step process),

which is by calculating the reference crop ET first drehtmultiplying it with the crop
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coefficient (K;), can give significant error. Hence the objective of tiiapter was to develop a
new model (one step Et calculation process) for alfali@aily variable £ and hourly variablesr
and then implement it in the full-version PM equati&qation 4.4) to get alfalfa ET rates and
then assess its performance by comparing with measigieteler alfalfa ET data. Another
objective was to investigate if the modeledmproved the alfalfa ET estimation with respect to

the conventionalsrapproach.

MATERIALSAND METHODS

Study Area

The following study area was chosen for this study: Cot&tdte University (CSU) Arkansas

Valley Research Center (AVRC) near Rocky Ford, Colorado.

The geographic coordinates of the site is 38° 2” N and 103° 41° W and the elevation is 1,274 m
above mean sea level. There are two large precisiaghwmei lysimeters, one is a crop lysimeter
(CL) and the other is a reference lysimeter (RL). dineension of the crop lysimeter field is 160
m by 250 m and the field and lysimeter were covered witlfalilom 2008 to 2012. A large
monolithic weighing lysimeter (3 m x 3 m x 2.4 m) was locatetthé middle of the CL field. As
part of the instrumentation in the field, there wagtaradiometer (Q 7.1 net radiometer, REBS,
CSI, Logan, Utah, USA), two infra-red thermometers (lpbgee model SI-111, CSI, Logan,
Utah, USA) to measure crop radiometric surface temperatirdest flux plates (REBS model
HFT3, CSI, Logan, Utah, USA) buried in the ground in thengser box, at 10 cm depth, along

with soil temperature and soil water content sensorghé estimation of soil heat flux at the
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ground surface. The field was irrigated with a furrow irrgatsystem using siphons and a head

ditch.

The average annual maximum temperature is 21.1° C (70° F)v&rege annual minimum
temperature is 2.4° C (36.3° F). The long-term average apre@pitation at the site is 301 mm
(11.85 inches) with approximately two-thirds of the annual tatalirring from May through
September. The total average annual snowfall is 589 mm i(@h&s). The average date of the
last spring frost (0° C or 32° F) occurs at about May 1 th@dwverage date of the first fall frost
occurs October 5. Thus, the average length of the growisgrséar warm-season crops like

corn is 158 days as cited by Berrada (2011).

Description of weighing lysimeter

The crop lysimeter (Figure 4.2) is a large precision weighisignigter. Berrada (2011) has given
a complete description regarding this lysimeter. The Iy&mmnsists of an inner soil monolith
tank with monolith dimensions of 3 m x 3 m x 2.4 m and an outer gongnt tank. A load cell
(22.7 kg capacity; Interface, Inc. model SM-50) that is ected to a Campbell Scientific CR7
records the mass of the inner tank and soil. It is cdaddo a lever assembly with a mechanical
advantage of 100, which multiplies the effective load aalcity to 2270 kg. Load cell readings
are recorded in millivolts per volt (mV/V) and converted to edaiMamass values using the
field calibration. The calibration equation of the loall was y = 685.4 x 142.9 (where, y is
mass in kilograms and x is the load cell output in mV/V)hwtiandard deviation of the mass
measurements less than 0.02 %. A change of 1 mV/V in dlaeclell output is equivalent to a

water depth change of 76.1 mm on the lysimeter, which iglgiabtained by dividing 685.4 by
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9, where 9 rhis the evaporative area of the lysimeter. Andaless@werl communication
correcedthe effective evaporative surface area of the lyssmigy including the half thickness
of the rubber seal, which separates the monolith orterall from the external retainer wall of
lysimeter. By doing so, the effective lysimeter surfasaancreases to 9.18rflom previous 9
m? and so the calibration coefficient changes from 76.1 % i / (mV/V). Hence changes in
load cell output are multiplied by 74.6 to obtain the amoumtaiér lost by ET or amount of
water gained through precipitation or irrigation. Al Wah##6111) showed that there was some
lodging of alfalfa from the lysimeter box and used a procettuaecount for the increased

surface area, which has been adopted in this study.

Figure 4.2: A picture showing CL Field and thelarge lysimeter aswell asa weather station situated at the
center of thefield (Picture courtesy: Lane Simmons)
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Soil moisture and crop height measurement

Soil volumetric water content was measured by using theore attenuation method. Two
access tubes were installed inside the monolith andifere installed immediately outside the
lysimeter. A CPN 503 DR neutron probe was used to measure ket content (% by
volume) at 0.1, 0.3, 0.5, 0.7, 0.9, 1.1, 1.3, 1.5, 1.7 anthd8pths in the soil profile (Berrada,
2011). The calibration of the neutron probe was performeatrdicy to the method suggested by

Evett et al. (2003) as cited by Berrada (2011).

Crop height measurement was done every week in bothingilysimeters. In CL, four
harvests of alfalfa was possible every year from 2008 to 2@ile in 2012, only 2 harvests
were possible as the field was getting transitioned froatfalfo corn. A linear interpolation was

then performed to get the daily crop height from the measueeély crop height.

M ethodology to obtain rs

In this study, instead of inverting the PM equation using aredsET data to obtain,r
aerodynamic equation of ET was used. The reason behind this weaice the possible

measurement/estimation error ip B and A which is essential in the PM equation.

The surface energy balance equation is the backbaaletbé ET estimation equations. It states
that the sum of the net radiationJRsoil heat flux (G), sensible heat flux (H) and latiesat
flux (LE) is zero. There are also other energy tersush as heat stored or released in the plant

canopy, or the energy used in metabolic activitiesdwer, as these terms are small compared to
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the R, they can be considered negligible (Allen et al, 1998; Cxlat al., 2014). The energy

balance can be written as in equation (4.5).

R,—G—H—AET =0 (4.5)

where,

R» = net solar radiation (W/f

G = soil heat flux (W/f)

H = sensible heat flux (W/tH

AET = latent heat flux ( W/m?)

Aerodynamic equations for H and LE are already defineduations (4.1) and (4.2).
Substituting H and LE in equation (4.5), we get,

PCp(Ty —T) 06222p e5(Ty) —ea(T) _ (4.6)
Ta p (ra + rs) -

R,—G—

Then the equation fog can be obtained as in equation (4.7):

0.622Ap(es(T,) — e,) 4.7)

— T
pCp(To - Ta) “
’I/‘ )

a

s =
P(R,—G—

Equation (4.7) can also be written as:
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_0.6222p(es(T,) — e,) (4.8)
Ts = PX LE Ta

Equation (4.8) was used to estimate actuahlues for alfalfa crop. LE was obtained using
measured lysimeter ET data and then applying the convgmoeedure from hourly ET to LE

as discussed above, Was obtained using equation (4.9).

_HXxr
P X Cy

+T,

o

(4.9)

where, H in equation (4.9) was obtained from large apertimgllometer (LAS). Atmospheric
pressure (P) in equation (4.8) was calculated using thelsitation (Burman et al., 1987 as

cited in Allen at al., 2005).

293 — 0.006521°2¢

P =101.3
293 (4.10)
where z is the weather site elevation above mealegekbin meters.
Density of moist air in equation (4.9) was calculated usipnggon (4.11) (Ham, 2005).
P 0.378 ¢,
o gl
R,T, 2
(4.11)

where, R is the dry air constant, which is 287.04 J/Kg/K.

Many researchers use the crop surface temperatyre/iich is recorded by infrared

thermometer as a surrogate of aerodynamic temperatyre(dalculate H and LE (See
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equations 4.1 and 4.2). However, the uses@sla surrogate for,£an cause serious error in the
estimation of ET as these temperatures in most afdkes will be different. Alves et al. (2000)
have shown that the difference ofdnd T; can be as great as 7 ° C even at the neutral

atmospheric condition (neutral here refers to the ¢mmivhen E and T, are very close).

In equation (4.8),ris obtained using the following equation, which was developeddutral
atmospheric condition, i.e., when temperature, atmogppesssure, and wind velocity
distributions follow nearly adiabatic conditions (neahexchange) (Allen et al., 1998).

_In((zm — ) /Zom)In((z, — d)/Zo1) (4.12)
a- k2u,

where,

Zm = height of wind measurement (m),

Z» = height of humidity measurement (m),

Zom = roughness length governing momentum transfer, whichimated to be 0.123:hwhere

hc is the crop height (m),

Zon = roughness length governing heat transfer, which is estihtatbe 0.0123:{m),

d = zero plane displacement height, which is estimated th67 h(m),

k = von Karman’s constant, which is approximately 0.41,

u; = wind speed at height z (m/s).

Equation (4.12) may be used for well-watered reference cragit@mn as in the reference

condition, heat exchange is small, and therefore gtabdrrection is normally not required

112



(Allen et al., 1998). However, under non-standard condititvesassumption of neutral
atmospheric condition is invalid. Hence it is necessaperform atmospheric stability

correction especially for non-standard field conditions.

Choudhury et al. (1985) developed a method to perform atmosghedbitity correction for
aerodynamic resistance, which has been used in this reséacdnding to Choudhury et al., the

equation for 4 for stable atmospheric conditions is:

In (%_ ¥ +)In (%_ W) (4.13)
k?u,

T =

where,
P* = (B — (B? - 40C)*%}/(2a)
a=1+q

n=5(Z - d)g(T, — To) (TU*)\

B=In (Z_ii) + 2nin (Z_d)

Zo Zo

where, T is the aerodynamic temperature (K) which can be approxihigtsurface
temperature measured by IRT to calculate 1) ; and Z is the height of wind speed/temperature

measurement which is 2 m in this research.

WhenW¥* is less than -5, then it should be set to -5.

For unstable atmospheric condition, the equation,fis: r
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In (Z,Zo:n d) In (th;l d) (4.14)

e = T 2w, (1 + )

Daily Variable Surface Resistance (rs gaily)

Surface resistanceg(was estimated using the procedure described in the previdignse

which is referred to as observedThen commonly available weather or crop variables such as
air temperature (3, relative humidity (RH), vapor pressure deficit (VPD) asahdiation (B,

net solar radiation (B, crop height (¥, and leaf area index (LAI) were plotted against the
observeddto assess if there is any relationship. LAl was caledlafsed on the crop height

data (Allen et al., 1989).
LAl = 5.5+ 1.5In(h,) (4.15)
where, Ry is the crop height in meter.

Irmak and Mutibwaa (2010) used a multiple linear regression apprim model surface
resistance for a nonstressed maize canopy and shoatatieiPM model incorporating their
modelled g agreed well with the Bowen Ratio measured ET ratesk (I802) also used similar
technique to modelusing LAI, T, Tsand R for corn and claimed $of 0.53 and 0.7 for pre-

anthesis and post-anthesis stages respectively.

Data from 7/7/2009 to 9/24/2009 of CL was used to obtain obseyvatlies for alfalfa. Large
aperture scintillometer (LAS) was deployed in the aféiéld during that period, which was
essential to measure sensible heat flux (H) enablimgasin of surface aerodynamic

temperature (J). Only the hourly daytime data (from 9 a.m. to 6 p.m.) \Wwas selected.
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Conventional rg

The equation given by Allen et al. (1989) was also used to atdcglwhich is referred to as
conventional 4 This i was based on the leaf area index and bulk stomatstlanesg, which is as

follows:

S (4.16)
0.5 LAI

where, ris the bulk stomatal resistance taken as 100 s/ndéibr ET estimation). However, to
approximate the hourly values as provided in the ASCE Standardized equatitar, the
daytime was fixed as 67 s/m and for the nighttime as 444Bs/mioing so, when the LAl is
close to 4.5, which is when alfalfa height is close to 50reapproaches 30 s/m in the daytime
and 200 s/m in the nighttime (which is the ASCE recomrmeédnalues for thesifor alfalfa
reference crop). Since conventionadlepends on LAl it is constant for a specific day, but

changes to some extent during the season.

ET estimation using the PM equation incorporating the modelled r

After developing thegmodel, it was then incorporated in the PM equation taitske hourly
ET in 2009. Data from 6/9/2009 to 10/5/2009 of CL was used for this purpcse itMas also
tested for 2010. Data from 6/3/2010 to 10/14/2010 of CL was used for 2010hAlBd/
eguation with conventional was used to calculate ET in both years. Both ET raé&ze then

compared with measured lysimeter ET data.
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Evaluation Criteria

Several performance indicators were used to evaluateMheodel with conventionakand PM
model with daily/hourly variablesrBoth of these models were compared with the measured
lysimeter ET. Hourly measured ET data was used for the@wah process. The performance

indicators that have been used are as follows:

Slope and y-intercept: The slope and y-intercept of the least squesgiession line can indicate
how well simulated data matched measured data (Moriasi, 2e@1pe of 1 and y-intercept of
zero indicate that the model perfectly reproduces theniuatps of the measured data (Wilmott,
1982). The slope and y-intercept are commonly examined undasshenption that measured

and simulated values are linearly related, which impliesalhaf the error variance is contained

in simulated values and that measured data are errqifftigaott, 1982).

Co-efficient of determination (R?): This is a measure of the proportion of variance éasured
data that is explained by a model. It allows one to deterthneertainty of making a prediction
from a model. It ranges between 0 and 1, with a value oing bee optimal. Mathematically,’R

is obtained by using equation (4.17).

(CL,(0; — 0)2(M; — M))? (4.17)
n(0,-0) o (M — M)’

RZ_
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where, O is the observed or measured (lysimeter in thi aadeM is the predicted or derived
(ET equation with variable; in this case) value. The bars above the variablesatelmean

values.

Mean Bias Error (MBE): This indicator is usually used to calculate the mean himas or
mean over or under prediction. MBE is obtained by avegatiie difference between predicted
and measured values. Positive values indicate model stiaration bias, and negative values

indicate model under-estimation bias (Willmott, 1982), and etcate that there is no bias.

1¢ (4.18)
i=1

Percentage Mean BiasError (%MBE): This indicator is same as mean bias error, except it i
expressed in percentage. It is clearer by expressing soons i@ percentage than in the absolute
terms. It is calculated by dividing the MBE with the ag® measured values and then

multiplying by 100.

MBE
O MBE — - (4.19)
=2 0;

n

x 100

Root Mean Squared Error (RMSE): This is a commonly used error index statistic. A smaller
RMSE value indicates a smaller error spread and varemde¢herefore a better model

performance. It measures the magnitude of the spreadoos €t is calculated by squaring the
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differences between predicted and measured values, tegang them and finally taking the

square root of the average.

n
1
RMSE = ;Z(Ml- —0,)? (4.20)
i=1

Percentage Root M ean Squared Error (% RM SE): This indicator is also the percentage
expression for root mean squared error. Like %MBE, thiga&tor is also calculated by dividing

RMSE with the average measured values and then multighyidg®0 (Lei, 1998).

RMSE
%RMSE = 1 X 100 (4.21)
=X 0;

n

Index of agreement: Index of agreement is how close the model values agteehe measured
values. It can be obtained by using equation (4.22). The wideygreement of 1 indicates a
perfect agreement between the measured and predicted zaldero indicates no agreement
at all (Wilmott, 1982).

Y (i — x;)? (4.22)

d=1- : :
(i —x()?

where, d is the index of agreementayd x are the calculated and the measured values

respectively; y = yi — x” and x;” = x;j — x” and N is the total number of observations.
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Nash-Sutcliffe Coefficient of Efficiency (NSCE): This is usually used to assess the predictive
ability of a model. To determine NSCE, the sum of absotytared differences between the
predicted and observed values, normalized by the varidrthe observed values is subtracted
from 1. NSE values range betweemand 1. The closer the model efficiency is to 1, the more
accurate the model is, with values above zero indigatn acceptable performance level, while
values less than zero indicate unacceptable perfornflliast and Sutcliffe, 1970; Moriasi et.

al., 2007). NSE is obtained by using equation (4.23).

n 2 n 2
L (0, —0)2 =Y (M; - 0)) (4.23)
NSE — L L . l_ > L L
i=1(0i - 0)

where, M is the model estimation value, O is the medsurebserved value and n is the number

of observations.

RESULTSAND DISCUSSIONS

Observed rs vs conventional rg

Figures 4.3 and 4.4 show the timeseries chart in 2009 ofw@oseiand conventionakr
respectively. The harvest took place on 7/15 and 8/24, where thenpeékp to 700 s/m) can

be observed. However, the peak of conventionalanly around 80 s/m. When the crop height
is low, s is grossly underestimated using the conventioygbproach, hence it is expected to get
high ET values, as loweg results in higher ET values. Hence it is not practical éotls
conventional yapproach to estimate ET rates for alfalfa when thp beaght is short. A new

approach to estimate alfalfais therefore necessary.
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Relationship of observed rswith different variables considering all crop height data

Figure 4.5 shows the relationship ¢With leaf area index (LAI). It can be observed there is

a strong correlation of and LAl for a polynomial equation of &®rder (cubic equation) a¥R
is as high as 0.83. Figure 4.6 shows the relationshigvathr crop height (f). Again for the fifth
order polynomial equation, there is goodd®0.82. As LAl was computed (not measured) as a
function of crop height, similar Rvas possibly obtained. It can be observed from Figures 4.5
and 4.6 that when the crop height/LAI reached maximum, tretanted decreasing. It is
possible because of the leaf aging for alfalfa (see Figurdgpendix). On 8/4/2010, crop height
was 0.48 m (Figure A2) whereas on 8/18/2010, crop height was 0.58ung(A3). As LAI was
calculated based on the crop height, its magnitude sheulkger on 8/18 compared to 8/4.
However, if we carefully observe on the actual pictutes crop surface is greener on 8/14
(more ground cover) than on 8/18. Alfalfa leaf ages whesnniear to the harvest date (which

was on 8/23).

Figure 4.7 shows the relationship gfith incoming solar radiation grand Figure 4.8 shows
the relationship ofgwith net solar radiation (f In both cases, Rs very low. Figure 4.9 shows
the relationship ofgswith vapor pressure deficit (VPD). Thé R this case was close to 0.1.
Figure 4.10 shows the relationship eith air temperature (J, R? being 0.06. Similarly Figure
4.11 shows the relationship qfwith aerodynamic resistance)(r= is very low, almost close to

zero. Figure 4.12 shows the relationshipsafith relative humidity (RH), Rbeing close to 0.1.
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DAILY VARIABLE SURFACE RESISTANCE (rs daily)

When all of the alfalfa crop data was used as shown iRithees from 4.5 to 4.12, only the LAl
or crop height showed strong correlation wighHence the cubic equation for LAI or the fifth
order polynomial equation for; fvas used to calculate As s was calculated as a function of
LAI or h¢, which doesn’t change throughout the day, but it changes throughout the season, this rs

is termed assrqaiy Although this is termed as #aiy this s is only the average of the daytime r
data, it doesn’t include nighttime data, or in other words, this rs can only be used in hourly
eqguation, not in the daily equation (since the other vasaibl the daily equation is the average

of the 24 hour data).
s_daily= - 23.323 LAP + 323.39 LAF — 1461.1 LAI + 2169.4 (R= 0.83) (4.24)

s daiy= - 41206 B° + 111575 ht— 116083 & + 57815 i — 13698 b+ 1239.9 (R = 0.82)

(4.25)

In order to use equations (4.24) or (4.25), one needs to knaaifalfa crop height. If the user
has the measured data, there is no problem. Howevertdfitheo measured data available,
he/she can use a quadratic equation to obtain crop heighvwas in the Appendix (Figure

A10).
he = - 0.0003 DAH + 0.0268 DAH + 0.03 (R= 0.99) (4.26)

where DAH is the days after harvest.
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Performance of rs g4q1y in PM equation

The modeled daytime averaggusing equations 4.24 and 4.25) was then implemented in the
PM equation using hourly data for both years 2009 and 2010. Alsmtiventional ywas
implemented for both years. The objective was to evalhatpérformance of all of these
methods. Figure 4.13 was produced from year 2009 when the moglelgdmas implemented

in the PM equation and then compared to the measured hysinheter ET. Similarly Figure
4.14 was when the modelegdnwas used and Figure 4.15 was when the conventigwalsr
used. For the modeleday, the slope was 0.87, intercept was 0.05 with very gdoaf R.92.
The mean bias error was close to zero (- 4%), root mearesguar was 0.08 mm/h (13.8 %).
The index of agreement was 0.98, which is considered very. gdso the Nash-Sutcliffe
coefficient of efficiency was 0.91, which is considered gasavell. Similarly for the modeled r
(he), the slope was 0.89, intercept was 0.04 ahd/& 0.92. Again the mean bias error was close
to zero (-3.8%), root mean square error was 0.08 mm/h (13.7%inddweof agreement and the
Nash Sutcliffe coefficient of efficiency were 0.98 and 0.%pestively. Hence the performance
of eay and gncyare comparable. However, for the conventiogahe slope was only 0.79,
intercept was 0.1 and’®f 0.81. The mean bias error was zero and the root meare svar

was 0.11 mm/h (20.3 %). The index of agreement was 0.94 andSuiadliife coefficient of
efficiency was 0.81. From the statistical point of viewpéthe indicators except MBE were

better for the modeled with respect to the conventional r

Similarly Figure 4.16 shows the comparison of the PM ET usiodeled ¢ ay with the
measured lysimeter ET in 2010. The slope was 0.86, intercefit.0&and very good $of
0.88. The mean bias error was zero, root mean square es@.Ivam/h (15.8%), the index of

agreement was 0.97 and the Nash-Sutcliffe coefficient wiexity was 0.88. The statistical
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indicators suggest that the PM equation with modeledrperformed quite well. Figure 4.17
shows the comparison of the PM ET using modelgd with the measured lysimeter ET in
2010 and the performance of both of these models are quiteacable as in 2009. Figure 4.18
shows the comparison of PM ET using fixeavith the measured lysimeter ET in 2010. In this
case, slope was 0.72, intercept was 0.17 @&ndaR 0.7. The mean bias error was zero, root
mean square error was 0.15 mm/h (25.4%), index of agreemeft®laand the Nash-Sutcliffe
coefficient of efficiency was 0.7. The statistical @& revealed that modeled(which is a

variable g) performed superior compared to the fixe@hen implemented in the PM equation.
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Figure 4.13: Comparison of PM ET using modeled r(LAI) with measured lysimeter alfalfa ET in 2009
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Figure 4.14: Comparison of PM ET using modeled r¢(hc) with measured lysimeter alfalfa ET in 2009
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Figure 4.15: Comparison of PM ET using conventional rswith measured lysimeter alfalfa ET in 2009
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Figure 4.16: Comparison of PM ET using modeled r(LAI) with measured lysimeter alfalfa ET in 2010
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Figure 4.17: Comparison of PM ET using modeled r¢(hc) with measured lysimeter alfalfa ET in 2010
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Figure 4.18: Comparison of PM ET using conventional rswith measured lysimeter alfalfa ET in 2010

Performance of the model when h < 25 cm and when he > 25 cm

When all of the datasets were used, then it was foundPMd&T with modeledswas superior

to the PM ET with conventionad. \WWhen conventionakwas used, there was a clear ET
overestimation for lower ET values whereas ET undenasibn for higher ET values as
suggested by Figures 4.15 and 4.18. It was observed that thos&timagiens especially
occurred when alfalfa crop height;(lwas less than or equal to 0.25 m. Hence, for both years,
the datasets were grouped into<i25 cm and h> 25 cm. Figure 4.19 shows the comparison of
PM ET using modeled; fay with the measured lysimeter ET whey25 cm for year 2009.

The slope was 0.84, intercept was 0.04 aha&/& 0.86. The mean bias error was -0.03 mm/h (-
7.4 %), RMSE was 0.08 mm/h (20.7%), index of agreement was 0ddha Nash-Sutcliffe

coefficient of efficiency was 0.84. Similarly Figure 4.20wkdhe comparison of PM ET using
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modeled ¢ (ne) With the measured lysimeter ET wheyx25 cm for year 2009. Again the
performance ofgLa) and g e were comparable. Similarly Figure 4.21 shows the comparison of
PM ET using fixed gwith the measured lysimeter ET wheyxh25 cm for year 2009. The slope

in this case was 0.71, intercept was 0.2 ahd@#s only 0.57. The mean bias error was 0.08
mm/h (19.8%), which means significant overestimation by ¢fu@gon. The root mean square
error was 0.16 mm/h (39.9%), index of agreement was 0.84 ardiash-Sutcliffe coefficient of
efficiency was 0.39. The statistics revealed that thdeteal variablegperformed much better

compared to the conventionglas all of the indicators were better for the modele@bb 1.

Figure 4.22 shows the comparison of PM ET using modeleg rwith the measured lysimeter
ET when i >25 cm for year 2009. The slope in this case was 0.85, intevespd.07 and R

was 0.92. The mean bias error was close to zero, root meae sguarwas 0.08 mm/h (12.7%),
index of agreement was 0.97 and the Nash-Sutcliffe coeffiofegificiency was 0.91. The
statistics infer that the PM ET with daily variablémodeled § performed quite well for d»25
cm as well. Similarly Figure 4.23 shows the comparison oEAMiIsing modeledsine with the
measured lysimeter ET whep*R25 cm for year 2009, resulting in similar performance as with
I's Lany. Figure 4.24 shows the comparison of PM ET using fix&dth the measured lysimeter
ET when B >25 cm for year 2009. The slope of the regression line vé&s btercept was 0.05
and the Rwas 0.87. The mean bias error was -0.04 mm/h (-6.5%), roat sye@re error was
0.1 mm/h (16.6%), index of agreement was 0.96 and the Nasli#8uwefficient of efficiency
was 0.85. For §»25 cm, even the conventionalperformed satisfactorily. When the
performance of the modeledversus conventional was evaluated, the modelegerformed

slightly better as the mean bias error was close to resteéd of around -6.5% for fixeg,rroot
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mean square error was 0.08 mm/h, or12.7% (instead of 0.1 mniB,6%) and the Nash

Sutcliffe coefficient of efficiency improved from 0.85 to 0.91.

Figure 4.25 shows the comparison of PM ET using modeleg, rwith the measured lysimeter
ET when crop height was less than 25 cm for year 2010.I3pe of the regression line was
0.72, intercept was 0.15 and th&éWRas 0.58. The mean bias error was 0.03 mm/h (7.1%), root
mean square error was 0.14 mm/h (31.9%), index of agreemeft&vaand the Nash-Sutcliffe
coefficient of efficiency was 0.53. It means that the &qonavith modeled gis slightly
overestimating ET. Similarly Figure 4.26 shows the comparigd®M ET using modeled ¢
with the measured lysimeter ET when crop height washess25 cm for year 2010, depicting
similar statistical results agay. Figure 4.27 shows the comparison of PM ET using
conventional §with the measured lysimeter ET when<25 cm for year 2010. The slope of the
regression line was 0.59, intercept was 0.35 and thveaR 0.32. The value of intercept is too
large and the &is too low. The mean bias error was 0.18 mm/h (41.5%), whicio ikigh, in
other words, it over predicted actual ET rate by 41.5%. @bemean square error was 0.26
mm/h (61.3%), which is simply unacceptable. Again the indegogement was 0.65 and the
Nash Sutcliffe coefficient of efficiency was -0.74. As Nsh Sutcliffe coefficient of efficiency
is a negative value, the PM ET using conventional considered unacceptable whemfas less

than 25 cm for year 2010.

Figure 4.28 shows the comparison of PM ET using modelgdhi) with the measured
lysimeter ET when crop height was larger than 25 cm for 3@&0. The slope of the regression
line was 0.89, intercept was 0.06 and tieMas 0.92. The mean bias error was - 0.02 mm/h (-
2.6%) and root mean square error was 0.08 mm/h (12%). The ihdgreement was 0.98 and

the Nash-Sutcliffe coefficient of efficiency was 0.92eTtatistical indicators suggest that the
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developed gay model worked quite well when implemented in the PM equatioenw was
larger than 25 cm. Similarly Figure 4.29 shows the compagé&®M ET using modeled fic)
with the measured lysimeter ET when crop height was lahger 25 cm for year 2010, again
resulting similar performance asuta. Figure 4.30 shows the comparison of PM ET using
conventional §with the measured lysimeter ET when crop height wasrlahga 25 cm for year
2010. The slope of the regression line was 0.86, intercept @s0d the Rwas 0.92. The
mean bias error was -0.05 mm/h (-8%) and the root mean sguarevas 0.1 mm/h (14.5%).
The index of agreement was 0.97 and the Nash-Sutcliffe ceefficf efficiency was 0.88. It can
be inferred that even the fixegperformed satisfactorily when the crop height was laitggen 25
cm in 2010. However, the bias was reduced when using the modealetialso the slope ofeh
regression line was improved, RMSE dropped and also the Niasliff& coefficient of

efficiency improved from 0.88 to 0.92.

When all of the crop heights were considered, the rhb&anerror was close to zero when
ETconventional_rsvas compared with measured lysimeter ET (Refer Figures 4d14. 58).
Actually what happened was there was significant overestimaf ET when crop height was
less than 25 cm (20% in 2009 and 41.5% in 2010) and some underiestioi& T when hwas
greater than 25 cm in height (6.5% in 2009 and 8% in 2010) &hehventiona rvas used
These two biases cancelled out and the mean bias erroctzs®do zero when all of the data

was considered.
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Figure 4.19: Comparison of PM ET using modeled r¢ (L Al) with measured lysimeter alfalfa ET in 2009 when
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Figure 4.20: Comparison of PM ET using modeled r¢(h.) with measured lysmeter alfalfa ET in 2009 when
h.<25cm
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Figure 4.21: Comparison of PM ET using conventional rswith measured lysmeter alfalfa ET in 2009 when

h.<25cm
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Figure 4.22: Comparison of PM ET using modeled rq (LAI) with measured lysimeter alfalfa ET in 2009 when
hc.>25cm
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Figure 4.23: Comparison of PM ET using modeled r (he) with measured lysimeter alfalfa ET in 2009 when

h.>25cm
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Figure 4.24: Comparison of PM ET using conventional rswith measured lysimeter alfalfa ET in 2009 when
hc.>25cm
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Figure 4.25: Comparison of PM ET using modeled r¢ (LAI) with measured lysimeter alfalfa ET in 2010 when
h.<25cm
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Figure 4.26: Comparison of PM ET using modeled r (hc) with measured lysimeter alfalfa ET in 2010 when h,
<25cm
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Figure 4.27: Comparison of PM ET using conventional rswith measured lysimeter alfalfa ET in 2010 when

h.<25cm
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Figure 4.28: Comparison of PM ET using modeled rq (LAI) with measured lysimeter alfalfa ET in 2010 when
hc.>25cm
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Figure 4.29: Comparison of PM ET using modeled r (hc) with measured lysimeter alfalfa ET in 2010 when h,
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Figure 4.30: Comparison of PM ET using conventional rswith measured lysimeter alfalfa ET in 2010 when
hc.>25cm
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Performance of modelled rs_daily for compiled dataset

It is important to examine how the model performs for a fadgéaset. Since the model was
developed from 2009 data, it was not included; and only data feans Y010 to 2012 were used
for this analysis. Figure 4.31 shows the comparison the PMskhg conventionakmwith
measured lysimeter ET. The slope of the linear regreis®mwas 0.65, intercept was 0.21 and
R? was 0.68. Similarly MBE was -0.02 mm/h (-3.6%) and RMSE was@rhth (28.8%). The
index of agreement was 0.89 and Nash-Sutcliffe coefficieetfisiency was 0.68. The
performance of PM ET equation was improved when using modgllddgure 4.32 shows the
comparison of PM ET using modelledny with measured lysimeter ET and Figure 4.33 shows
the comparison of PM ET using modelleg with measured lysimeter ET. The slope of the
linear regression line was 0.76 and intercept was 0.16 Witts R.81, when modellegwere
used. Similarly MBE was close to zero, RMSE was 0.15 mm/kxioflagreement was 0.94 and
Nash-Sutcliffe coefficient of efficiency was 0.8. Henceah be observed that all of the
statistical indicators were improved when modellgdas used instead of the conventioahr

the PM equation.
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Figure 4.31: Comparison of PM ET using conventional rswith measured lysimeter alfalfa ET for compiled

dataset
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Figure 4.32: Comparison of PM ET using modelled rs ) with measured lysimeter alfalfa ET for compiled
dataset
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Figure 4.33: Comparison of PM ET using modelled r s, With measured lysimeter alfalfa ET for compiled
dataset

Typical diurnal pattern of rg

The value ofgis larger at nighttime and smaller at daytime. AccordinipécASCE
Standardized Reference ET equation procedure (ASCE EWRI,, 20f5)alfalfa reference
surface is fixed for the daytime as 30 s/m and for the mghths 200 s/m whereasfor grass
reference surface is fixed as 50 s/m and for the nightas®00 s/m. On a typical day for
reference alfalfa crop condition, the following plot dsnobtained for conventionaland

indirectly measureds{which is named here as observgdhroughout the day.
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Figure 4.34: Diurnal pattern of rs on reference alfalfa crop condition

In Figure 4.34, in case of observedrs decreases until around noon time, then it increases. On
the other hand, conventionaglhas a fixed constant value for all daytime hours. Becatithis,
there can be considerable error while estimating ET ub@di}ed g approach. The cumulative
error in estimating daily or monthly or even seasonalfig the fixed yapproach can be
significant. Hence it is important to consider the hourlyalde r approach in estimating

reference ET.

HOURLY VARIABLE SURFACE RESISTANCE (rs_hourly)

Daily variable g as a function of LAl or crop height worked well fatinating alfalfa ET rates.
However, it can be hypothesized that perhaps the hourlgblan may even provide better

result as previous studies have shown that fact changes throughout the day. Canopy
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temperature (J) is considered an important parameter to goveespecially for the full canopy
cover condition. Excess. Tan cause stress in crop which may result in increfasei@ was

calculated using the relation given by Norman et al. (1@9fgh is as follows:
Te* = furTe* + (1 — frp)Ts" (4.27)

where Tr is the radiometric surface temperatuig, i§ the fraction of vegetation appearing in the

radiometer field of view (or per cent canopy cover) ant The soil surface temperature.

There were 5 days of data available in 2010 when the nadirdieiriield images were taken,
from which canopy cover (in %) was estimated. The imagere taken on July 26, August 4,
August 18, September 13 and September 27 (See Appendix). Tineumircrop height on those
five days was 36 cm. It can be observed that when the gaoepr (CC) was larger, the field
seemed to be greener, which means the presence of healtby teanspiring at potential level.
As observedgwas impacted by both LAS and lysimeter data (see Eq.tAeBjlata was
excluded when the discrepancy in LE from these instnisrexceeded 100 WfmAlso there
were some instances where negatiweas observed under very largg*80 s/m) condition and
as negativegthas no physical meaning, they were excluded too. Alves (@98I8) also had issue
with negative §and they tried to solve the issue by calculatyfgom top of the canopy instead
of the height d + g, which results in lower.r In this study, this was not done because it was
thought that ywas also used to obtain Uising the measured H data from LAS; and lowering r
will also lower T,. However, in the future studies, this could be an optialesd with negative

r. Again only the daytime data (from 9 a.m. to 6 p.m.) was fesethe analysis. Since crop
height was close to the reference crop height (which isr§drcall these days, the atmospheric

stability correction ongwas not performed to obtain observedsing equation (4.8).
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Sengitivity analysis of PM equation torg

It is very important to know the impact qfan the PM equation as we are using the PM equation
in estimating actual crop ET. For this purpose, some anpiedues were chosen for different

variables used in the PM equation. The chosen values wéoécavs:

R, = 623.9 W/rA

RH =43 %

Ta=18.7 °C

ra=15s/m

rs= 30 s/m

Soil heat flux (G) was calculated as 4% @f Rhen equation (4.4) was used to calculate hourly
alfalfa ET. The other variables were calculated follovitmg procedure listed in ASCE manual
(Allen et al., 2005). The calculated ET was 0.79 mm/h. THextleer variables being same, r
was increased to 40 s/m to see its impact on ET. New EThea®.70 mm/h (11.1 % reduction
in ET). Similarly when gwas decreased to 20 s/m, ET was then 0.90 mm/h (14.3% inarease
ET). It can be observed thatplays a significant role in accurately estimatingv#ien g, is low

or when it is windy condition.

In the above example, all other variables being saqweas then increased to 100 s/m (to
simulate calm weather condition). Whemvas 30 s/m, calculated ET was 0.65 mm/h. Similarly
when g was changed to 40 s/m, then ET was calculated as 0.64 mnyI2 (6% reduction in

ET). Likewise whengwas 20 s/m, calculated ET was 0.67 mm/h (only 2.8% inciedSg).
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When R, or RH was changed, there was no impact in percentage cimalageby changingsr
However when Twas increased, the percentage difference in ET by chamgslightly
dropped. Similarly when jwas decreased, the percentage difference in ET due toaihgecim

rs slightly increased.

It was found from this analysis that when the magnitudg isfsmall, the accuracy igplays a
big role in the accuracy of ET estimation. However wimenrhagnitude ofyris large, the

accuracy in g plays a less significant role in accuracy of ET estiom.

Relationship of observed rswith different variables when h, >35cm

Figure 4.35 shows the relation of observeand LAI and Figure 4.36 shows the relationof r
and crop height. The correlation is not strong unlike éncdise of using all datasets (see Figures
4.5 and 4.6). For the daily averageddata from after harvest to before harvest was comsider
S0 we were able to get a good trendsafith respect to LAI or crop height. However, in this
case, only 5 days of data were available with crop heigtater than 35 cm. Again as pointed
out earlier, the per cent canopy cover in some casesigher when the crop height was
relatively shorter, sosin this case is not expected to have strong relationlwthor crop
height. Figure 4.37 shows the relation odmnd VPD, with R of 0.51. It can be observed that
when VPD increaseds also increased, with some exponential growth trend. AdwelsPereira
(1999) also found the similar result, however, with linear treéfigure 4.38 shows the relation
of rsand T, R being 0.41. Again in this case,imcreased when¢lincreased, with some
exponential trend. The increase igniight create some crop stress, resulimgartial stomatal

closure. Figure 4.39 shows the relationsafid g with a very strong relation,fbeing 0.57. In
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this case, it was found that whens smaller rs is larger and vice-versa with logarithmic trend.
Alves and Pereira (1999) also showed similar results, howdtretinear relation. Again it is
possible that when, is smaller (or very windy condition) then stomata dcwdve been partially
closed. It can be observed that the correlatiog with r, and VPD was not good when all crop
height data was used (see Figures 4.9 and 4.11). Howeveotblaton was improved when
the crop height greater than 35 cm was used. This is pobsitdeise when the crop height is
low, rsis high all the time, impacted less lyand VPD. Hence when all of the crop height data
was used, the low correlation @fwith r, and VPD for low crop height impacted the overall

correlation.
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Figure 4.35: Relationship of rsand LAI
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Figure 4.37: Relationship of rsand VPD
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Variables g T. and VPD were selected to calibrajeAr multiple regression was performed

using these variables. Since there were only 5 days otdatiable, all of the data were used for

the calibration purpose. The following calibration mode$ whtained:
rs=-14.6 In (g) + 0.54 exp (0.1078J + 0.41 exp (0.9524 VPD) + 59.19R 0.81) (4.28)

Figure 4.40 was obtained when the calibratedodel was plotted against the observett can
be observed that the modelledallowed the observed closely having slope of the regression

line as 0.81 and also’Rs 0.81.
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y=0.81x+2.59
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50
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Observed r,, s/m

Figure 4.40: Comparison of modeled rswith observed r

After calibrating the 4 then it was implemented in the PM equation for thosedays. Figure
4.41 shows the comparison of PM ET using hourly modeledan measured lysimeter ET. The

comparison is quite good as the slope of the regressiowdiad.93, intercept was 0.05 antl R
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was 0.95, mean bias error of 0.01 mm/h (1.1%), root mean squar®®ed.04 mm/h (6.3%),
index of agreement being 0.99 and Nash-Sutcliffe coeffiokatficiency being 0.95. Similarly
Figure 4.42 shows the comparison of PM ET using converttionath measured lysimeter ET.
In this case, slope of the regression line was 1.09, epiemas - 0.08 and’Rvas 0.93. Hence
the slope of the regression line was significantly dififefeom one and also the intercept was
significantly different from zero. The mean bias errosw@02 mm/h (- 3.7%), root mean
square error was 0.06 mm/h (9.7%), index of agreement wasr@l9fieaNash-Sutcliffe
coefficient of efficiency was 0.88. It suggests that ehenperformance of conventionghvas
good, however, the performance of PM modeled ET was imgraten using the hourly
variable modeledsi(as the MBE was dropped from -3.7% to 1.1%, root mean squared erro
dropped from 9.7% to 6.3% and also the improvement on indegreément and Nash-Sutcliffe

coefficient of efficiency was observed).
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Figure 4.41: Comparison of PM ET using hourly modeled rs with measured lysmeter alfalfaET
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Figure 4.42: Comparison of PM ET using conventional rswith measured lysimeter alfalfaET

CONCLUSION

The surface resistance)(for alfalfa crop could be estimated as a functiobAlifor crop height
(he). The alfalfa  data if not available, could be estimated using the infoomaf days after
harvest as shown in this study. Just after the alfafadst, it was found thag was
underestimated almost 10 times when the conventigmadre used, which led to the
overestimation of ET. Both sets @fmodels: ¢ (LAI) or rs (he) was found to be superior
compared to the conventionglim estimating alfalfa ET. The RMSE dropped from 0.11 mm/h
(20.3%) to 0.08 mm/h (13.7%) in 2009 and from 0.15 mm/h (25.1%) to 0.l (A5B%) in
2010 when modeled was used instead of the conventioRahithe PM equation. However,
mean bias error was zero in both years when even thvetonal £ was used, which was

misleading. In fact, when the data was classified into 2nggicrop height greater than and less
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than 25 cm, it was found that Elvenional_rOverestimated excessively whey<h25 cm and
underestimated when k& 25 cm. In 2009, fordx 25 cm, ETonventional_rOverestimated measured
ET by 20% and in 2010, the overestimation was 41.5%. SimifaryE Tconventional_rs iN 2009,
when h > 25 cm, the underestimation of ET was 7% whereas in 20Masi8%. The
performance improved whegn(LLAI) or rs (h;) was used resulting underestimation of 7% when
he <25 cm and 3% when b 25 cm in 2009 whereas overestimation of 9% when2b cm and
underestimation of 2% when h 25 cm in 2010. When larger datasets (including 2010, 2011
and 2012 data) were used, the RMSE dropped from 0.19 mm/h (28.8%% tm@/h (22.3%)

when modelledsncywas used instead of the conventional rs.

The surface resistance)(model as a function of LAl or:foutputs constant throughout the

day, which was also able to improve the ET estimation eoeapto the conventional approach.
As 15 in fact varies throughout the day, depending on the weatttebiophysical variables, a
better model would be the hourly variable model. Keepiagithmind, g was calibrated based
on r, Tc and VPD. The PM Erbuny simproved the ET estimation compared to thedsdnional rs
as the MBE was dropped fron3.7% to 1.1%, root mean squared error dropped from 9.7% to
6.3% and also the improvement on index of agreemeniagst-Sutcliffe coefficient of

efficiency was observed.

The sensitivity analysis of PM equation tavas performed. It was found that whenvas low
(windy condition), PM ET was very sensitive tolowever, whengrwas large (calm condition),
PM ET was not very sensitive to Hence from irrigation water management perspectivee mor

energy should be invested to findvhen g is low rather than high, condition.
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The knowledge ofsiis important to estimate crop water requirement. The cdiorel 1 method
didn’t seem to work to estimate alfalfa ET rates especially when the crop height was small. The
developed 4(LAl) or rs (he) as shown in this study will be a good tool for farmergragation
engineers to estimate alfalfa ET rates. If they haop percent canopy cover data available, then
the modeled hourlysicould be used to better approximate the ET rates when théeigig is

taller than 35 cm.

RECOMMENDATIONS

e |tis recommended to use thqltAl) or rs (h,) as shown in this study for hourly daytime
ET calculation for alfalfa crop. The performance giLrAl) or rs (he) is quite superior
compared to the conventionglim estimating alfalfa ET rates throughout the season.

e |tis recommended to use the hourly variablesrmodelled in this study for hourly
daytime ET calculation for alfalfa crop. The use @& tariable & which is a function of
the weather and biophysical variables Tt and VPD), is capable of accommodating the
change in the evaporative demand.

e Similar approach in modeling could be implemented for other important crops to
enable one-step ET estimation.

e The conventionalsmodel needs to be improved especially for alfalfa crophihdegs

than 25 cm, as the model showed larger error when alfalfateight was low.

155



LIMITATIONS

The hourly variablesrmodel may not work when the crop height is less tham85Tbe study is
limited to the data from Southeastern Colorado, whicbiisidered as a semiarid climate. Hence

the user should be cautious before implementing the nmodéher climatic conditions.
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CHAPTER S5

Effective daytime surface resistance (rs) value for alfalfareferencecrop in

Southeast Colorado

Overview

The knowledge of surface resistancg ¢f crops plays an important role in accurate
evapotranspiration (ET) estimation using the Penman-&bntPM) model. In the ASCE
Standardized PM equation, the valuegdias been fixed as 30 s/m for alfalfa reference crop for
hourly daytime calculation. The parameteri€the equation, which was based grhas been
standardized as 0.25 for hourly daytime calculation faifalfreference crop. This study found
that using the recommended value (i3 30 s/m underestimated ET by approximately 10
percent in both 2009 and 2010 when compared with the meas\ald adference ET from a
precision weighing lysimeter. Thewvalue of 10 s/m was found to yield the best PM ET rates
when compared with lysimeter data. In 2009, when30 s/m was used, RMSE of 0.08 mm/h
(15.3%) and MBE of -0.05 mm/h (- 9.9%) was observed. Instelaghn £ = 10 s/m was used,

then RMSE of 0.06 mm/h (11.4 %) and MBE of zero was obse8iedlarly in 2010, wheng=

30 s/m was used, RMSE of 0.09 mm/h (14.1%) and MBE of -0.06 1ard/6%) was found.
Again when ¢= 10 s/m was used, then RMSE of 0.06 mm/h (10.1%) and zerovix4BEound.
The surface resistance of 10 s/m corresponds toghal@ of 0.09 for hourly calculation.

Hence it is recommended to use the value 0d$°0.09 instead of the ASCE recommended 0.25

to find the alfalfa hourly ET rates for the semiarid climaondition in southeast Colorado. This
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finding is also expected to produce more realisticckirves (crop coefficients based on alfalfa

reference crop) of important field crops for similar @tm conditions.

INTRODUCTION

Accurate quantification of irrigation water requirementngcial for agricultural water
management. Crop evapotranspiration (ET), or consumpater use, is the primary component
of the irrigation water requirement. The most commongdusethod to estimate crop ET is first
to calculate reference crop ET and then multiply ihwiite appropriate crop coefficientsdK
Hence the accuracy in obtaining reference crop ET andsthef k both have impact on
accurate estimation of crop ET or irrigation water regpai&nt in general. This study is focused

on the reference crop ET estimation.

Allen et al. (2005) recommends either grass (short croalfalfa (tall crop) to be a reference
crop. The recommended height for grass is 12 cm anthata0 cm. In order to be in
reference condition, the reference crop needs to bevatered, healthy, actively growing and
representing an expanse of at least 100 m of the sasmmitar vegetation. The value of surface
resistance f recommended by the ASCE Standardized equation for hdaytyme data use for
the alfalfa crop is 30 s/m and for nighttime hourly dat208 s/m. Several researchers have
reported that PM equation underestimates measured ET ararisemiarid climates (Rana et.
al., 1994; Steduto et. al., 1996; Pereira et. al., 1999; Todod888; Ventura et. al., 1999;
Sellers, 1965; Lecina et. al., 2002; Lascano and van Bavel,.206¥y be possible that the
recommended value of surface resistance to calculataak&trence ET is not representative

(Lascano et al., 2010; Evett et al., 2012). Subedi et al. (20d@nreended adjusting the value
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of rs used in the ASCE Standardized equation for the arid andsdmondition. During
daytime, g plays a significant role in ET estimation, henceuaate value ofsmust be chosen.
However, during nighttime, as ET rate is smaloesn’t play a significant role in ET

estimation. Hence this study is only focused on daytime Hasazery important to assess if the
recommended daytime surface resistance of 30 s/m is eddsdar the semiarid climatic
conditions in Colorado. This study is also intendedrid the effective value of for alfalfa to
obtain the PM equation ET rates which best agree wathygimeter measured ET rates for

alfalfa reference crop.

MATERIALSAND METHODS

This study was conducted at the Colorado State University)@8ansas Valley Research
Center (AVRC) near Rocky Ford, Colorado. Details oflyls@neter instrumentation used for

this research have already been provided in the previeygerh Data from 2009 and 2010 was
used for this study. Data was selected when the crop heightlese to 50 cm (more

specifically from 45 to 55 cm) and when there was no soilvgtitess to satisfy the assumptions
of the ASCE Standardized equation. Data from the setbind,and fourth alfalfa cutting cycles
were included in both the years. First cutting cycle detsexcluded as it was not representative
of other cutting cycles. Previous studies have shown thheifirst cutting cycle, unlike in other
cutting cycles, the ET rates measured from lysimeteioarerlcompared to the PM equation
even in the reference condition (Subedi et al., 20168le, 2013). Data from June"2®
September 29(6/25 to 6/27, 8/1 to 8/4, 9/17 to 9/29) were included in 2009 and data from June

20" to October 18 (6/20 to 6/24, 8/2 to 8/22 and 9/17 to 10/13) were included for 2019. Onl
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the daytime data (from 9 a.m. to 6 p.m.) were includeti@sljective was to assess the surface

resistance for the daytime condition.

Equation (5.1) is the full version Penman-Monteith (PM) @qonavhich is based on a big leaf
model, that is, whole plant canopy is considered ag &#f.

(A (Rn - G) + pCp(es - ea)/ra) (5-1)

ET =
A A+y(1+1r/r,)

where,

AET = latent heat flux (W/m?)

A = slope of saturation vapor pressure-temperature curvékPa
R, = calculated net radiation at the crop surface (§/m

G = soil heat flux density at the soil surface (fym

p = air density (kg/m°)

C, = specific heat capacity of air at constant presstkg/°K
e; = saturation vapor pressure, kPa

€, = actual vapor pressure, kPa

ra = aerodynamic resistance, s/m

v = psychrometric constant, kPa/°K

rs = bulk surface resistance, s/m

Equation (5.1) can be converted into equation (5.2) to otitaidesired ET rates in mm per hour

or mm per day.
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_ (AR, — G) + pCyles — ea)/Ta) (5.2)
A+ (1+3))(pwXAXD)

where py, is the density of water in kgfin. is the latent heat of evaporation in J/kg and D is the
conversion coefficient. For hourly calculation, D egu@.6x10°)* and for daily calculation, D
equals (86.4< 10P)™. ASCE Standardized equation has adopted a fixed value of A for reference

condition, which is 2.45 MJ/kg.

Direct implementation of equation (5.2) to calculatepded is not easy as it is difficult to obtain
rs for different crops. In soil water stress conditpthe direct implementation of equation (5.2)
to calculate ET is even more challenging asecomes highly variable. To address these
problems, Allen et al. (2005) recommended using ASCE Stamedragiquation, which was
based on full-version PM equation to first calculatenafice crop ET and then use suitable crop
coefficients to estimate non-stressed crop ET. In FAQaper, Allen et al. (1998) has published
crop coefficient (K) values for various field crops based on grass referamtelso developed a
method to calculate actual crop ET under soil water stresslitions using a water stress
coefficient (K5). Equation (5.3) is the ASCE Standardized equation whiapp$icable for both

grass and alfalfa reference crops.

0408 A (R, — G) + ¥ Cy Uy 7oz (5.3)
a
ETsz =

A+y(1+C,huy)
where,

ETs, = standardized reference crop evapotranspiration fot sinop (grass) (EX) or tall crop

(alfalfa) (ET) surfaces, mm/h
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R, = calculated net radiation at the crop surface, M#m

G = soil heat flux density at the soil surface, MZm

T, = air temperature, °C

U, = wind speed at 2 m height, m/s

C» = numerator constant, which is 66 for hourly alfalfa ET

Cq = denominator constant, which is 0.25 for hourly alfalfa ET

Neutral atmospheric condition has been assumed for mefereondition. In the reference
condition, heat exchange is small, and therefore gtalotirrection is normally not required
(Allen et al., 1998). Equation (5.4) was used to calculate ttoelaeamic resistancefr(Thom,

1975) while deriving the ASCE Standardized equation (Allen e2@05).

_ In ((Zm - d) /Zom)ln((zh - d)/Zoh) (54)
fa = k2u,

where,

Zm = height of wind measurement (m),

Z» = height of humidity measurement (m),

Zom = roughness length governing momentum transfer, whichimated to be 0.123:hwhere

hc is the crop height (m),

Zon = roughness length governing heat transfer, which is estihtatbe 0.0123:{m),

d = zero plane displacement height, which is estimated 67 h(m),

k = von Karman’s constant, which is approximately 0.41,
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u; = wind speed at height z (m/s).

In this study, all the input variables were calculateceasmmended in the ASCE Standardized
handbook. Then equation (5.2) was used to obtain alfalfaate€§ n mm/h. The ET rates were
then compared with the measured lysimeter ET rates. Biffeyvalues with ¢= 0, 1, 2,
T 30 s/m were used. For all the rs values, statistical indicators like root mean square
error (RMSE), mean bias error (MBE) and coefficientetermination (B were used. Then the
effective g value, that resulted in reference ET values that agrestidalith the measured

lysimeter ET was selected for the studied years.

Evaluation Criteria

Several performance indicators were used to evaluateMheodel with different yvalues by
comparing it with the measured ET rates from the weighisignigter. Hourly measured ET data
was used for the evaluation process. The performancaiodsahat have been used are as

follows:

Slope and y-intercept: The slope and y-intercept of the best-fit regressimadan indicate how
well simulated data matched measured data (Moriasi et al.,.2808pe of 1 and y-intercepf o
zero indicate that the model perfectly reproduces thenimuaps and measured data (Wilmott,
1982). The slope and y-intercept are commonly examined undasshenption that measured
and simulated values are linearly related, which impliesathaf the error variance is contained

in simulated values and that measured data are errdifigaott, 1982).
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Co-efficient of determination (R?): This is a measure of the proportion of variance éasared
data that is explained by a model. It allows one to detertheeertainty of making a prediction
from a model. It ranges between 0 and 1, with a value oihg ee optimal. Mathematically, R

is obtained by using equation (5.5).

R2 — (T2, (0; — 0)2(M; — M))? (5.5)
n(0,-0) 3n, (M, - M)’

where, O is the observed or measured (lysimeter in thiy aadeM is the predicted or derived
(ET equation with differentstin this case) value. The bars above the variablesatelimean

value.

Mean BiasError (MBE): This indicator is usually used to calculate the mean himadg or
mean over or under prediction. MBE is obtained by avegatiie difference between predicted
and measured values. Positive values indicate model stiaration bias, and negative values

indicate model under-estimation bias (Willmott, 1982), and ireticate that there is no bias.

v (5.6)

Percentage Mean Bias Error (%MBE): This indicator is same as mean biased error, except it
is expressed in percentage. It is clearer by expressingesoaons in percentage than in the
absolute terms. It is calculated by dividing the MBE witd &rerage measured values and then
multiplying by 100.
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(5.7)

Root Mean Squared Error (RMSE): This is a commonly used error index statistic. A smaller
RMSE value indicates a smaller error spread and varemd¢herefore a better model
performance. It measures the magnitude of the spreadoos €t is calculated by squaring the
differences between predicted and measured values, teegag them and finally taking the

square root of the average.

n
1
RMSE = ;Z(Ml- — 0,)? (5.8)
i=1

Percentage Root M ean Squared Error (% RM SE): This indicator is also the percentage
expression for root mean squared error. Like %MBE, thig#&tor is also calculated by dividing

RMSE with the average measured values and then multighyid®0 (Lei, 1998).

RMSE
%RMSE = 1 x 100 (5.9)
=20;

n

RESULTSAND DISCUSSION

All of the variables in equation (5.1) were calculated asmemended in the ASCE Standardized
equation for tall reference crop (alfalfa). Since ohly tlaytime data was used, the value;of r

used for the reference condition was 30 s/m as recommhdaydde equation. Figure 5.3 shows
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the comparison of ASCE Standardized ET with measureddysmiT in 2009 and Figure 5.4
shows the comparison in 2010. In both the years, it deavithat the equation underestimated

ET by approximately 10 per cent.

The objective of this chapter was to find the optimum vafug which better agrees with
lysimeter ET. In Table 5.1, data from 2009 was used. Sincewarenderestimation from
equation, lowergvalues would justify more reasonable ET estimation. El¢ne values used for
rs were chosen from 0 to 30 s/m. Zero surface resistancel walitate that the canopy is
basically in wet condition (Monteith, 1981). The optimwweould result in lowest root mean
square error, lowest mean bias error and high R squam. Fable 5.1 and Figure 5.1, it can be
observed that the optimumis somewhere around 10 s/m as RMSE was 0.06 mm/h (11.4 %)
and MBE was zero with high®R0.95). Whengof 30 s/m was used as recommended in ASCE

Standardized equation, RMSE was 0.08 mm/h (15.3%) and MBEOW@Smm/h (- 9.9%).

Similarly, in Table 5.2 and Figure 5.2, data from 2010 was used. In2€d,0the optimumsr
was somewhere around 10 s/m as RMSE was 0.06 mm/h (10.1%) an@&éBfero with R
(0.95) close to one. Whepaf 30 s/m was used as recommended by the ASCE Standardized

equation, RMSE was 0.09 mm/h (14.1%) and MBE was -0.06 mm/6%)9

In both the studied years,of 10 s/m agreed better with lysimeter ET compared to tieEAS
recommended;iof 30 s/m for alfalfa reference crop. Figure 5.5 and 5.6 shlmsvsomparison of
PM ET (with i of 10 s/m) with the measured lysimeter ET in 2009 and 2010atdsgig. It can
be observed that most of the points in Figures 5.5 anaBo@/&d more closely to the 1:1 line

compared to Figures 5.3 and 5.4.

173



In the ASCE Standardized equation (Eq. 5.2), constamnt the denominator accounts for the
surface resistancey)rIn fact, G stands for the term {v (r. X w)}, where u is the wind speed
measured at 2 m height. For alfalfaequals approximately {110 4uby using equation (5.4)
for the reference crop height (that is, 50 cm) (See Agpefor the calculation). Hence 4C
should equalg/ 110. From this studys of 10 s/m resulted in better performance in ET
estimation, the corresponding §hould then be equal to 10/110 or 0.09. In other words to
calculate the hourly alfalfa reference crop ET forgémiarid climatic condition like Colorado,

the recommended value of €hould be 0.09 instead of 0.25 as suggested by Allen et al. (2005).

Al Wahaibi (2011) in his PhD dissertation showed that thp coefficient for alfalfa (k;), with
alfalfa reference crop frequently exceeded 1.2, sometivesexceeding 1.3. Crop coefficient
is the ratio of actual crop ET (measured by the lysimébethe reference crop ET (calculated
using the ASCE Standardized equation for tall refereragg) cThe upper limit of K for alfalfa
should be around one. It might go up to 1.1 in cases Wieealfalfa height is significantly taller
than the standardized alfalfa reference crop heigh0 @im. However, it is a concern when the
K¢ value reaches 1.3. The correction in the valuejoh@e ASCE Standardized equation as
shown by this study will help to lower the value qf &nd to develop more realistig€urves

for important field crops.
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Tableb5.1: Statistical indicatorsfor different rs valuesin 2009

rs | RMSE MBE Slope, intercep| R

0 | 0.07 (13.7%)| 0.02 (4.2%) | 0.92, 0.07 0.92
1 |0.07 (13.3%)| 0.02 (3.6%) | 0.92, 0.06 0.93
2 [0.07 (12.9%)| 0.02 (3.0%) | 0.91,0.06 | 0.93
3 | 0.07 (12.6%)| 0.01 (2.5%) | 0.91, 0.06 0.93
4 | 0.07 (12.3%)| 0.01 (1.9%) | 0.91,0.06 | 0.94
5 |0.07 (12.0%)| 0.01 (L.4%) | 0.91,0.06 | 0.94
6 | 0.06 (11.8%)| 0 (0.9%) | 0.90, 0.06 0.94
7 [0.06 (11.7%)| 0 (0.4%) | 0.90,0.06 | 0.94
8 | 0.06 (11.5%)| 0 (-0.2%) | 0.90, 0.06 0.94
9 | 0.06 (11.5%)| 0 (-0.7%) | 0.89, 0.05 0.94
10| 0.06 (11.4%) | 0(-12%) | 0.89, 0.05 0.95
11| 0.06 (11.4%)| -0.01 (-1.7%) 0.89, 0.05 0.95
12| 0.06 (11.4%)| -0.01 (-2.1%) 0.89, 0.05 0.95
13/ 0.06 (11.5%)| -0.01 (-2.6%) 0.88, 0.05 0.95
14 0.06 (11.5%)| -0.02 (-3.1%) 0.88, 0.05 0.95
15| 0.06 (11.5%)| -0.02 (-3.6%)| 0.88, 0.05 0.95
20| 0.07 (12.5%)| -0.03 (-5.8%) 0.86, 0.04 0.95
25| 0.07 (13.8%)| -0.04 (-7.9%) 0.85, 0.04 0.95
30| 0.08 (15.3%)| -0.05 (-9.9%) 0.84, 0.03 0.95

175




Table5.2: Statistical indicatorsfor different rs valuesin 2010

rs | RMSE MBE Slope, intercep| R

0 | 0.08 (13.0%)| 0.04 (6.4%) | 1, 0.04 0.93
1 |0.08 (12.6%)| 0.04 (5.7%) | 0.99, 0.04 | 0.93
2 [0.08 (12.1%)| 0.03 (5.1%) | 0.98,0.04 | 0.94
3 [ 0.07 (11.7%)| 0.03 (4.4%) | 0.98,0.04 | 0.94
4 | 0.07 (11.4%)| 0.02 (3.8%) | 0.97, 0.04 0.94
5 | 0.07 (11.0%)| 0.02 (3.2%) | 0.97, 0.04 0.94
6 | 0.07 (10.8%)| 0.02 (2.6%) | 0.96, 0.04 0.94
7 [0.07 (10.5%)| 0.01 (2.0%) | 0.95, 0.04 | 0.94
8 | 0.06 (10.3%)| 0.01 (1.4%) | 0.95, 0.04 0.95
9 | 0.06 (10.2%)| 0 (0.8%) | 0.94, 0.04 0.95
10| 0.06 (10.1%) | 0 (0.2%) 0.94, 0.04 0.95
11/ 0.06 (10.0%)| 0 (-0.4%) | 0.93, 0.04 0.95
12/ 0.06 (9.9%) | -0.01 (-0.9%) 0.93, 0.04 0.95
13/ 0.06 (10.0%)| -0.01 (-1.5%)| 0.92, 0.04 0.95
14 0.06 (10.1%)| -0.01 (-2.0%) 0.92, 0.04 0.95
15| 0.06 (10.2%)| -0.02 (-2.5%)| 0.91, 0.04 0.95
20| 0.07 (11.0%)| -0.03 (-5.0%) 0.89, 0.04 0.95
25| 0.07 (12.4%)| -0.05 (-7.4%) 0.87, 0.04 0.95
30| 0.09 (14.1%)| -0.06 (-9.6%) 0.84, 0.04 0.95
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Figure5.3: Comparison of PM equation ET (using rs = 30 /m) with measured lysimeter ET in 2009
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Figure5.4: Comparison of PM equation ET (using rs = 30 /m) with measured lysimeter ET in 2010
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Figure5.6: Comparison of PM equation ET (using rs = 10 /m) with measured lysimeter ET in 2010
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CONCLUSION

ASCE recommended value for daytime surface resistamcalfoeference crop (which is 30
s/m) yielded lower reference ET when compared with teasured lysimeter ET. On the other
hand, the optimum value ofthat minimized differences between calculated and Iygime
alfalfa reference ET was found to be around 10 s/m. The pafae of the equation improved
when g of 10 s/m was used instead of the recommended 30 s/m. In 2009 swh&h s/m was
used, RMSE of 0.08 mm/h (15.3%) and MBE of -0.05 mm/h (- 9.9%)olaerved. Instead,
when g = 10 s/m was used, then RMSE of 11.4 % and MBE of zero bges\aed. Similarly in
2010, wheng= 30 s/m was used, RMSE of 0.09 mm/h (14.1%) and MBE of -0.0® ifam/
9.6%) was observed. Again whey¥rl0 s/m was used, then RMSE of 0.06 mm/h (10.1%) and

zero MBE was observed.

Since G in the ASCE Standardized equation includes the assunhesl ofar, the value of €in
the equation for tall reference crop (alfalfa) shcagdd.09 (which corresponds toof 10 s/m)
instead of 0.25 (which corresponds to ASCE recommenddd0 s/m) for the semiarid clineat

in southeast Colorado.

RECOMMENDATIONS

The value of gfor the tall reference crop (alfalfa) ET for houdigta was found to be 0.09 for
the semiarid condition as in Colorado. Hence it isn@mended to use this value instead of the
ASCE recommended value of 0.25 for the semiarid condiicoutheast Colorado to better

predict alfalfa reference crop ET. It is also recommendeass$ess the value of @r tall
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reference crop (alfalfa) in other climatic conditiomsl éor short reference crop (clipped grass) in

different climatic conditions.

LIMITATIONS

This study was based on the data from Southeastern Gol@which is considered as semiarid
climate). Hence the result may not be applicable to otmeatic conditions especially in humid

and sub humid conditions.
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CHAPTERG6

Conclusion and Recommendations

CONCLUSION

The overall objectives of this dissertation were to rheddgace resistance for alfalfa reference
crop and to find an effective value of the surface ramistaf alfalfa in the ASCE Standardized

Reference ET equation. The specific objectives werellasvk:

e To explore different ET estimation methods to date and figapain the existing
methods (Chapter 2)

e To compare lysimeter measured ET with ET measured using nateorological
methods; to find under what conditions these measured ielbecaery different (Chapter
3)

e To model surface resistance for alfalfa reference @aog investigate if the modeled r
performed better compared to the conventional approdwpt€r 4)

e To find an effective value of for alfalfa and recommend the value qf i@ the ASCE

Standardized Reference ET equation for the tall reéererop (Chapter 5)

Based on this dissertation work, the following conclusicars be drawn:

e Lysimeter ET can be representative of the field Efeffield is uniform in soil moisture

and crop biomass.
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e Lysimeter ET cannot be representative of the field fEfe field is heterogeneous, or in
other words, if there is large spatial differences ihrsoisture and crop biomass in the
field.

e A cubic equation for surface resistancg &s a function of LAl and a fifth order
polynomial equation forstas a function of crop heightjhwere developed. If the alfalfa
h. data was not available, a simple procedure to calculdiaded on days after harvest
(DAH) was developed. The full-version PM equation (Montei®65) was then used to
implement the modeled. it was found that PM equation using the modeledorked
better than the PM equation using the conventian&lsing this approachs doesn’t
change throughout the day, however it changes throughosgedisen as it is a function
of LAI or he. The modeledsiayy Or s o) Significantly improved the alfalfa ET estimation
when the crop height was less than 25 cm and slightly wegrthe ET estimation when
the crop height was larger than 25 cm when compared to themtonal g approach.

e Hourly variable gwas also developed using weather and biophysical variables. A
multiple regression was used to calibratesing aerodynamic resistancg,(canopy
temperature (J) and vapor pressure deficit (VPD). It was found that PM equasory
hourly variable §values were closdo the measured lysimeter ET when compared to the
PM equation using the conventional$ensitivity analysis of PM equation torevealed
that the equation is more sensitive Jwhen g is low (windy condition) and vice-versa.

e ASCE-EWRI Standardized PM Equation for tall referenog ainderestimated
measured lysimeter ET by about 10 per cent in both 2009 and 2010. Howker the
value of alfalfa daytime hourly was changed from the standardized 30 s/m to 10 s/m,

there was no bias using the equation and also the root meaea squa dropped
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considerably. Hence the parametgruSed in the equation, which is a surrogate for term
rs, should be changed from the recommended 0.25 to 0.09 feemfiearid conditions in

southeast Colorado.

RECOMMENDATIONS

The following recommendations are given based on this sear

e In order to make lysimeter ET representative of the #€I, uniform irrigation to the
whole field is recommended. This can be effectively donesinyg drip or sprinkler
irrigation instead of furrow irrigation. It is also nesasy to have the uniform crop height
and density both inside and outside the lysimeter.

e While developing the crop coefficient {Kit is recommended to maintain the
homogeneous surface condition in the lysimeter field.dtso recommended only to use
good year data (when most of the times there is homogsrsirface condition inside
and outside the lysimeter) to develop thefdt a particular crop.

e The daily/hourly ¢ models improved the ET estimation for alfalfa. Hencs it i
recommended to use thesenodels instead of the conventional model to find alfalfa
water requirement.

e |tis also recommended to test the performance of tldel®dn other climatic conditions,
particularly humid and sub-humid.

e Itis recommended to change the value @imthe ASCE Standardized equation for tall
reference crop from recommended 0.25 to 0.09 to better sarthiameasured ET for

similar semi-arid climatic conditions like southe@slorado.
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APPENDICES

Appendix Al: Shuttleworth M odel

Shuttleworth (2006) developed an equation for crop coefficiegtwhich is as follows:

1
}ff +%5°rcum A+ )—302+70y @)
2

302 _ Dy,

u_z +5 D, Taim || (4 + y) u—cz +y(rs)e

where,

R:° = aerodynamic coefficient for a crop of heighahblending height of 50 m,
U2 = wind speed at 2 m height,

D50 = vapor pressure deficit at blending height of 50 m (kPa),

D2 = vapor pressure deficit at 2 m height (kPa),

fim = climatological resistance <2~ ( (s/m)

(rs)c = surface resistance of crop (s/m)
The equation to calculate;Rin equation (1) is given by:

1, [2=0.08) )
R 50 _ 1 [(50— 0.67hc]l [(50— 0.67h.1 "7 0.0148
¢ T (0412 "7(0123hy 1700123k, |} [(50-0.08)
T0.0148

The equation to calculatg; in equation (1) is given by:

208 Ia[A +y(1+0337u)]] 3)

Telim =
clim ) A+y
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where,a is the Priestley — Taylor coefficient, which is equal to 1.26.

The equation to calcula(é);—“) in equation (1) is given by:
2

(Dso) _ [ +¥)302 + 70yu, 1 ([(A+7y)302+ 70yu,
D,/ |(A+y)208+ 70yu, (A +7¥)208 + 70yu,

[208] B 302} 4)

Tclim Uy

The equation to calculate surface resistangg &ccording to Shuttleworth is given by:

7o' (5)
(Ts)c = KcFAO rsz

Where, K™ is the different Kc values of different crops publishe&4O 56 documentgrand

r& are given by:

50 pref 6
R +(BY) Gy \ @vres +y) 52+ 70y ©
X
pref
\302 DSO (rclim)pref/ Y
_ @ 4 ) R M

14 Uz
Where, AP is the value of A calculated at temperature TP (kPa/°C), "' being the air

temperature when the value of K was derived (°C)

and (?)prefis the value o(DTSZ”)at Teref

2

(reim)™" can be obtained from equation (3) as:

[4P7¢ + 1.67y]] . (8)

(reim)PTe = 104 I1.26 40§y
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Appendix A2: Figures showing alfalfa condition in selected days

Figure Al: Nadir photo of the lysimeter surface taken on 7/26/2010 (h. = 0.36 m, CC = 70.8%)
(Picture courtesy: Dr. Allan Andalesand L ane Simmons)
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Figure A2: Nadir photo of the lysimeter surface taken on 8/4/2010 (h, = 0.48 m, CC = 85.9%)
(Picture courtesy: Dr. Allan Andalesand L ane Simmons)
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Figure A3: Nadir photo of the lysimeter surface taken on 8/18/2010 (h. = 0.52 m, CC = 80.8%)
(Picture courtesy: Dr. Allan Andalesand L ane Simmons)
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Figure A4: Nadir photo of the lysimeter surface taken on 9/13/2010 (h. = 0.39 m, CC = 76.2%)
(Picture courtesy: Dr. Allan Andalesand L ane Simmons)
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Figure A5: Nadir photo of the lysimeter surface taken on 9/27/2010 (h. = 0.51 m, CC = 72.3%)
(Picture courtesy: Dr. Allan Andalesand L ane Simmons)
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Figure A6: Time series of crop height data in 2009
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Figure A7: Time seriesof crop height datain 2010
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Figure A8: Alfalfa crop height versus days after harvest for different cutting cyclesin 2009
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Figure A9: Alfalfa crop height versus days after harvest for different cutting cyclesin 2010
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Figure A10: Alfalfa crop height ver sus days after harvest (Blue dots showing the measured data and black
line showing regression ling)
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Appendix A3: Relationship showing aerodynamic resistance and wind speed for alfalfa

reference crop

For the alfalfa reference crop, crop heighd 650 cm = 0.5 m.
d=0.67h=0.67X0.5=0.335m

Zom=0.123 h=0.123X 0.5 =0.0615m
Zon=0.1Zm=0.00615m

Height of wind speed/temperature measurement =2 m

Hence from equation (4.3) in the text,

in(ers) i (Go0e1s)

0.412 u,

T =

which can be simplified to,

109.91 110
Ta = =

U, U,
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