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Abstract

This is a review paper on existing methodologies to calculate crop evapotranspiration (ET.). We have attempted
to present all the important ET estimation procedures to date starting from the simple empirical Blaney Criddle
method to the complex Shuttleworth model. The common approach to calculate ET, is to estimate a reference
crop ET rate (ET,y) using weather variables from nearby weather station, and multiplying it by an appropriate
crop coefficient (K.). Recently, there have been attempts to calculate actual crop ET (ET,) directly without using
K.. The latter method is still in the developmental phase. This study reviews the existing literature on ET
estimation and identifies research needs in the current methods and technology. The extension of the
Shuttleworth model for hourly time step and the validity of the Irmak and Mutibwaa model at field level for
various crops would be a good milestone for the one step ET estimation. Furthermore, there are indications that
the development of a new variable canopy surface resistance (r.) model, which can be applicable for different
crops at different climatic conditions, would be a good contribution in this field.

Keywords: ET. models applicability, crop evapotranspiration (ET.), ET. models review, ET. models
limitations

1. Introduction

Water is the basis of life. In the modern world, the demand of water is increasing because of the growing
population as well as the increased urbanization and industrialization. As a result, water for agriculture is
becoming limited. For this reason, accurate estimation of crop water requirement is very important. The problem
of over irrigation or under irrigation will be minimized if we are able to accurately estimate crop water
requirement or crop evapotranspiration (ET., mm/d). The schematic diagram of the ET. process is shown in
Figure 1. Various methods have been developed so far to estimate the ET.. John Dalton (1766-1844) was the
pioneer in developing an equation for evaporation from large water bodies, such as lakes and reservoirs. In his
equation, the evaporation rate was calculated 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
this article.

This paper reviews various ET, estimation models that have been developed to date. Among these models, the
Penman Monteith (PM) equation is found to be more consistent over a wide range of climatic conditions (Allen
et al., 2005). The most challenging part in the PM equation is to calculate the canopy surface resistance. The
FAO 56 PM equation (Allen et al., 1998) and ASCE-EWRI (Environmental and Water Resources Institute of
American Society of Civil Engineers) 2005 Standardized PM equation (ASCE-EWRI, 2005) are based on the
fixed canopy surface resistance approach. These two methods calculate the reference crop ET, which along with
the crop coefficient (K,) is used to calculate ET, or the actual crop ET (or ET,). Recently, some researchers have
pointed out flaws in this technique of estimating ET,, so there have been attempts to calculate ET, directly using
variable surface resistance values, without requiring crop coefficients. Katerji and Perrier (1983), Todorovic
(1999), and Shuttleworth (2006) are notable researchers in variable surface resistance approach, which are
described later in the manuscript. The subsequent sections describe different ET estimation techniques in a
chronological order.
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2. Evolution of Different Methods
2.1 Blaney-Criddle Method

The Blaney-Criddle method was first developed in 1942. It is an empirical equation and very simple to use. They
developed a simple mathematical model as given by Equation (1), (Blaney & Criddle, 1962).

u =k (1)
U=k =KF 2)
where,
u = monthly consumptive use, in inches;
f=Tg % p/ 100 is the monthly consumptive use factor;
Tr = mean monthly temperature, in degrees Fahrenheit (°F);
p = monthly percentage of daytime hours of the year;
k = empirical consumptive use crop coefficient for monthly period;
U = seasonal consumptive use (or evapotranspiration), in inches;

F = sum of the monthly consumptive use factors for the period (sum of the products of mean monthly
temperature and monthly percentage of daytime hours of the year);

K = empirical consumptive use crop coefficient for irrigation season or growing period.

In metric units,
4577, +813

U=k

) 3)
where,

u = monthly consumptive use, in millimeters;

T, = mean monthly temperature, in degrees Centigrade/Celsius (°C).

Although the method was originally developed to compute ET on a monthly basis, it can be modified to estimate
daily values of ET with mean daily temperature (ASCE, 1990). As temperature methods tend to underestimate
ET in arid regions while overestimating ET in humid regions, local calibration of the empirical coefficients is
required to produce reliable estimates of ET (ASCE, 1990). The advantage of this method is the simplicity and
disadvantage is that it underestimates ET grossly compared to the measured ET values (Sammis et al., 2011).

ET
(Evapotranspiration)

H
(Sensible Heat Flux)

Rn
(Net Radiation)

G
(Soil Heat Flux)

Figure 1. Schematic diagram of the ET process from a crop canopy

2.2 Thornthwaite Method

In 1948, Thornthwaite and Penman both developed potential evapotranspiration equation independently.
Potential ET here refers to the maximum ET that can occur from a given crop surface. Penman’s equation was
more mechanistic while Thornthwaite’s equation was more empirical. The Thornthwaite (1948) equation is
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simpler than Penman’s equation because the method requires less climatic data. Thornthwaite’s equation is as
follows:

PET =16(10T, / I)* 4)
where,
PET = potential evapotranspiration rate, in mm per month;
T, = mean monthly air temperature, in degrees Celsius (°C);
I = summation of the 12 monthly heat index i, where i = (T, / 5)"*";
a = an empirical coefficient, which is calculated using the following equation:
a=0.675%10°1° =77.1*¥10°I* + 0.017921 + 0.49239 %)

This method is not based on strong mathematical and physical principles as it is purely empirical. However, as it
is simple to use and gives acceptable result, in many parts of the world the method is still used to estimate
irrigation water requirement.

Kumar et al. (1987) compared the Thornthwaite and Penman methods, in India, to calculate potential ET. They
found that Penman’s method seemed more realistic in estimating the mean annual potential evapotranspiration
distribution over India. They also reported that Penman’s potential evapotranspiration estimates were higher than
Thornthwaite’s estimates during the winter and pre-monsoon months and lower during the monsoon months, at
most of the Indian stations. Pereira and De Camargo (1989) concluded that Thornthwaite’s method was not
appropriate for estimating ET in advective condition; however, they indicated that the method could be used for
irrigation scheduling purposes when the fetch requirement is met. Bautista et al. (2009) concluded that
Thornthwaite’s method worked very well during the rainy months in both of their research sites; however, for
drier months the use of Thornthwaite’s method was not recommended without the adjustment of its coefficient
“16”.

2.3 Hargreaves Equation

Hargreaves (1975) developed an equation for estimating ET which doesn’t require wind speed data. His equation
is as follows:

ET, =0.0075R T, (6)
where,
ET, = potential ET for a grass reference surface in the same units as R;
R, = global solar radiation at the surface in equivalent water evaporation, usually mm of evaporation;
Tr = mean air temperature in degrees Fahrenheit (°F).

For degrees Celsius, the equation is modified as:

ET, =0.0135R (T, +17.8) @)
Hargreaves (1977) developed the equation for Ry as shown below. R; units as R, units:
R =0.075R S ®)
Hargreaves (1977) developed the equation for S to be applicable for Central America as:
S =12.5(100— RH)"* )

where, RH = mean monthly relative humidity, %.

Hargreaves and Samani (1982) developed an equation to determine R from extraterrestrial radiation (R,) and the
air temperature range (TD):

R, = KR, D" (10)

where, R, and R, are in the same units as indicated abvoe, Kyg is a calibration coefficient and TD is mean
maximum minus mean minimum daily temperatures, in degree Celsius, for a given period (generally one week).

Later on, Hargreaves and Samani (1985) obtained the following equation for ET,.
ET, =0.0022R (T, +17.8)TD** (11)

For months of peak demand, Hargreaves and Samani (1985) recommended that the coefficient (0.0022) be
increased to 0.0023. ASCE-EWRI (2005) and Allen et al. (1998) recommended using Equation (11) when solar

52



www.ccsenet.org/jas Journal of Agricultural Science Vol. 7, No. 6; 2015

radiation, relative humidity and/or wind speed data are missing.

Hargreaves equation is also empirical, simple, and easy to use. Bautista et al. (2009), in a study, compared the
results of the Hargreaves equation (Equation 11) with those of the FAO 56 PM equation (Allen et al., 1998),
considering the latter equation as the standard method (reference). They found that the Hargreaves method
compared well with the FAO 56 PM method with a resulting coefficient index (of determination) of 0.82.
However, the coefficient index improved to 0.91 after adjusting Hargreaves equation coefficient “0.0022” in
Equation (11) from 0.0021 to 0.0024 (based on seasons) for tropical subhumid climate sites and from 0.0022 to
0.0026 for semiarid climate sites. Ravazzani et al. (2012) also compared the Hargreaves and Samani (1985)
equation (HS) to FAO 56 PM equation for daily time steps in alpine river basins and found that the HS equation
didn’t perform well. The HS method showed overestimation of ET, at lower elevation sites and underestimation
at higher elevation sites. However, after using a correction factor, they found that the HS equation was in very
good agreement with the FAO 56 PM equation.

2.4 Christiansen Method

Christiansen (1968) developed a simple method to estimate pan evaporation and crop evapotranspiration.
According to Christiansen, the reasons for using pan evaporation data were: they were more consistent, already
considerable work had been done to relate pan evaporation data with crop consumptive use and the pan
evaporation data were readily available. The mathematical model that he developed was as follows:

E=KR C (12)

where E is used in a general sense to apply to evaporation or evapotranspiration, K is a dimensionless constant
developed empirically from data analysis, and C is a dimensionless coefficient related to climatic parameters,
and R, is the extraterrestrial radiation, expressed as equivalent depth of evaporation in the same units as E. The
coefficient C is expressed as the product of any number of subcoefficients that are functions of specific climatic
parameters that are found to have a significant effect on the evaporation or evapotranspiration (Christiansen,
1968). Mathematically,

Cc=C,C,C,C,C, (13)

where, Cr, Cyw, Cy, Cs and Cg represent the coefficients for air temperature, wind speed, relative humidity,
sunshine percentage and elevation, respectively. The value of K was adjusted so that all coefficients were equal
to unity for standard and approximate mean values of the parameter they represent (Christiansen, 1968).
Christiansen (1968) described in detail how to calculate the different parameters in Equation (13) using Tables in
his article.

This method is purely empirical as it is not based on any physical equation. This method can somehow
accurately estimate ET on a monthly basis. However, this method cannot be used to calculate ET, on a daily
basis or for shorter time steps. Wai et al. (2004) evaluated the performance of the Christiansen method and
Penman methods with respect to the measured pan evaporation in Malaysia. They found that the Penman method
ET results compared better than the Christiansen’s method ET results to measured values (Pan) of potential
evapotranspiration.

2.5 Penman Related Equations
2.5.1 Original Penman Equation

Penman (1948) developed a mechanistic approach to calculate ET. He used a combination approach by
combining the surface energy balance equation with an aecrodynamic equation. Several ET estimation models, for
example, FAO 56 PM equation, ASCE-EWRI Standardized PM equation, CIMIS Penman method (as described
in Temesgen et al., 2005) have been based on Penman equation. The original Penman equation is as follows:

(A(R,-G)+k,(e,~e,) f(u)7)
A(A+7)

ET = (14)

f(u) = a, + by uy (15)
where,
f(u) = wind speed function
ky = unit coefficient (6.43 for ET in mm/d or 0.268 for ET in mm/h).

Penman (1948) recommended the value of a,, and b,, as 1.0 and 0.537, respectively, for clipped grass. Doorenbos
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and Pruitt (1977) in the FAO 24 paper recommended a constant of 6.61 in place of 6.43. They also recommended
the values of a,, and by, as 0.75 and 0.993 for full cover alfalfa. Wright (personal communication, 1987) as cited
by Allen et al. (1989) derived an improved form of the Wright (1982) variable wind function by using the normal
probability density function equation to approximate the change in a, and b, coefficients as a function of the
Julian day (J) or day of the year for an alfalfa reference surface at Kimberly, Idaho. The equations for a,, and b,,

are:
a, =0.4+1.4exp{—[%) ] (16)

b, = {0.007 +0.004 exp[—[wj ]}(86.4) (17)

80

Equations (14) and (15), with a,, and b,, calculated with Equations (16) and (17) were termed 1982 Kimberly
Penman equation by Allen et al. (1989).

Sun and Song (2008) evaluated the performance of the original Penman equation with measured ET values using
the eddy covariance method for a marshland in Northeast China. They found that the Penman model
overpredicted the mean measured ET for the growing season by 35%. Yoder et al. (2005) compared ET
estimations from eight different equations with measured lysimeter ET. Yoder et al. (2005) found that the FAO
56 PM equation performed better followed by the original Penman equation.

2.5.2 CIMIS Penman Method

The CIMIS Penman method calculates grass reference ET (ET,) using the Penman combination equation, as
modified by Pruitt and Doorenbos (1977), with a wind function that was developed at the University of
California, Davis (Ventura et al., 1999 and Temesgen et al., 2005). The CIMIS Penman method uses a,, = 0.29
and by, = 0.53 for R, > 0 and a,, = 1.14 and b, = 0.40 for R, < 0. These coefficients are applied hourly using
Equation (14) where ET, is in mm/h, R, is in MJ/m*/h and k,, = 0.268 (ASCE-EWRI, 2005). Temesgen et al.
(2005) showed that the CIMIS Penman method correlated well with the FAO 56 PM equation for daily time step
and with the ASCE Standardized equation (ASCE EWRI, 2005) for both daily and hourly time steps for 37
different studied sites in the state of California, USA. The limitation of this method is that this method may not
be applicable in different climatic conditions as the coefficients were mainly developed for the climatic condition
of California.

2.5.3 Penman-Monteith Equation

Monteith (1965) introduced some crop resistance terms in the original Penman equation and the equation later
became the well-known “Penman-Monteith” (PM) ET equation. This equation is physically based and its
robustness has been demonstrated as it does not require local calibrations, provided there are complete input data
(Temesgen et al., 2005; Allen et al., 1999). This equation does not have any wind function; rather it has
aerodynamic and surface resistance terms. The wind function in the Penman equation is calculated empirically
whereas the aecrodynamic and surface resistance terms are calculated using physically based and semi-empirical
equations, respectively. Aerodynamic resistance (r,) is the resistance to molecular and turbulent diffusion of
water vapor between leaf surfaces and the air above the canopy at a reference height (Robins, 1974). Surface
resistance (r.) is the resistance to the diffusion of water vapor within the evaporating surface (Monteith et al.,
1965). The popular reference ET equations like the FAO 56 PM equation and the ASCE Standardized Reference
PM ET equations are also based on the Penman Monteith equation. Equation (18) is the so called
Penman-Monteith (1965) equation:

(4(R,-G)+pC,(e,~¢,)/T,)
A+y(l+r /1)

AE = (18)

In the PM equation, all other parameters except r. are relatively straightforward to calculate. A procedure has
been developed to calculate r, for grass and alfalfa surfaces. For this reason, to calculate the actual crop ET, the
procedure is to first calculate the reference crop ET considering the grass or alfalfa as the reference crop surface
and then multiplying the reference ET by the an appropriate crop coefficients. Direct use of the PM equation
(Equation 18) to calculate actual crop ET (for any crop type is very rare in practice, although some researchers
have tried this recently, which will be discussed in subsequent paragraphs.
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2.6 Priestley Taylor Method

Priestley and Taylor (1972) developed a semi-empirical equation to calculate potential evaporation (AE or ET),
which is applicable for partial equilibrium condition. Their equation is as follows:
AR, -G) (19)
A+y

where a is a variable that can range from 1.15 to 1.50 depending on the surface type, climate and season. For
water surfaces under condition of minimal advection, 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 bodies. Researchers are still working on
finding appropriate value of a 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 more suitable to find the ET rate on a
large scale which is more applicable in hydrology. The disadvantage of this method is that it is not applicable in
advective condition. This method is simpler to use than the PM equation as it has less parameters and variables.

AME=«

2.7 Fixed Surface Resistance Approach

Allen et al. (1998) developed guidelines for computing crop water requirements or ET,, in the FAO 56 PM paper.
They recommended using the PM equation to calculate reference grass ET based on surface canopy resistance
and aerodynamic resistance. They also tabulated the crop coefficient (K.) values for the initial, mid and end
stages for various crops based on previous researchers’ findings. The FAO 56 PM equation was modified mainly
to calculate daily crop ET; however, the authors claimed that it can also be used to calculate hourly crop ET if
the needed input hourly weather data are available. The FAO 56 PM method assumes a fixed surface resistance
of 70 s/m for the entire day or 24 hours. The fixed surface resistance value for 24 hours has been used for the
daily or hourly FAO 56 PM equation.

In many parts of the world, including the US, alfalfa is used as another reference crop instead of clipped grass.
Alfalfa can tolerate harsh weather conditions compared to the grass surface cover. Keeping this in mind, in 1999,
the Irrigation Association (IA) requested the Evapotranspiration in Irrigation and Hydrology task Committee of
the American Society of Civil Engineers (ASCE)-Environmental and Water Resources Institute (EWRI) to
establish and define a benchmark reference evapotranspiration equation. Later, the ASCE EWRI ET task
committee, in 2005, developed a reference evapotranspiration equation which is applicable for both tall (alfalfa)
and short (grass) reference crops. As part of the standardization, the ASCE Penman-Monteith (ASCE-PM)
equation and associated equations for calculating aerodynamic and bulk surface resistance have been combined
and condensed into a single equation that is applicable to both surfaces (ASCE-EWRI, 2005). For the ASCE
standardized PM equation, there is one fixed surface resistance for daytime and another fixed surface resistance
for nighttime for each reference crop, hence this method is an improved version over the FAO 56 PM (Allen et
al., 1998) equation.

2.7.1 FAO 56 Penman-Monteith Equation

The FAO 56 PM equation was based on the Penman-Monteith equation. The FAO 56 PM method defines the
reference crop as a hypothetical crop with an assumed height of 0.12 m having a surface resistance of 70 s/m and
an albedo of 0.23, closely resembling the evaporation of an extensive surface of green grass of uniform height,
actively growing and adequately watered. Equation (18) can be approximated to Equation (20) after using the
aerodynamic and surface resistance equations, which is the FAO 56 PM equation.

0.4084(R, —G)+( 7900 Ju2(ey—ea)
T +273 ‘
ET, = «

0 (A+y(1+0.34u,)

(20)

where,

ET, = grass reference ET (mm/d);

R, = net radiation at the crop surface (MJ/m*/d);
G = soil heat flux density (MJ/m?/d).

The equations used for aerodynamic and surface resistances while deriving FAO 56 PM equation are as follows:

ln[z"‘ —d]ln[zh —dj
r = Zom Zoh (21)

‘ KU,
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where 1, is the aerodynamic resistance (s/m) for neutral atmospheric conditions, z, is height of wind speed
measurements (m), z, is height of humidity measurements (m), d is zero plane displacement height (m) = 0.67h,,
h, is the crop height (m), z,, = 0.123 h, is the roughness length governing transfer of momentum (m), z,, = 0.1
Zom 1s the roughness length governing transfer of heat and water vapor (m), (Allen et al., 1998), k is
von-Karman’s constant (taken as 0.41), and u, is wind speed at height z (m/s).
;= "
¢ 0.5LAI
where r is the canopy resistance (s m™), r is the daily average stomatal resistance (which is assumed as 100 s
m’ for clipped grass and full cover alfalfa), and LAI is leaf area index (m*/m?).

(22)

Lopez-Urrea et al. (2006) found that the FAO 56 PM equation performed better under semiarid climatic
conditions of Albacete, Spain, as it agreed well with measured lysimeter ET compared to other versions of
Penman equations and Hargreaves and Samani (1985) equation.

2.7.2 ASCE-EWRI Standardized Penman Monteith Evapotranspiration Equation

The ASCE Standardized Reference Evapotranspiration Equation (ASCE EWRI, 2005) is based on the
Penman-Monteith equation, with some simplification and standardization on the aerodynamic and surface
resistances. This equation is applicable for both tall (alfalfa) and short (grass) reference surfaces. A grass
reference crop is defined as an extensive, uniform surface of dense, actively growing, cool-season grass with a
height of 0.12 m, and not short of soil water; whereas a full cover alfalfa reference crop is defined as an
extensive, uniform surface of dense, actively growing alfalfa with a height of 0.50 m, and not short of soil water
(ASCE-EWRI, 2005). The equation is as follows:

0.4084(R, —G)+yC
( n ) ye,u, T +27 23)

A+y(1+C,U,)

e —e

a

ETsz =

where,

ET,, = standardized reference crop evapotranspiration for short crop (grass) (ET,) or tall crop (alfalfa) (ET,)
surfaces (mm/d for daily time steps or mm/h for hourly time steps);

R, = calculated net radiation at the crop surface (MJ/m?/d for daily time steps or MJ/m?/h for hourly time steps);
G = soil heat flux density at the soil surface (MJ/m?/d for daily time steps or MJ/m*/h for hourly time steps).

The values for C, for the short and tall references are 900 and 1600, respectively, for the daily time steps whereas
the C, are 37 and 66 for hourly time steps for both crops, respectively. Similarly the values for Cy for the short
and tall reference crops are 0.34 and 0.38 for daily time steps whereas the C4 values for a short crop are 0.24 and
0.96 for daytime and for nighttime, respectively. For a the tall alfalfa reference crop, the C4 values are 0.25 and
1.7 for daytime and nighttime, respectively. C,, is a function of the time step and aerodynamic resistance whereas
C4 is a function of the time step, surface resistance and acrodynamic resistance (ASCE-EWRI, 2005).

Irmak et al. (2005) found a good correlation between the ASCE Standardized ET, equation results and the FAO
56 PM ET, resultscalculated on hourly time steps. However, the FAO 56 PM method estimated 5% to 8% lower
ET, compared to the ASCE Standardized ET,. According to Irmak et al. (2005) the results may be due to the
higher surface resistance values during daytime periods in the FAO 56 PM equation. The authors also compared
the daily ET, given by the ASCE Standardized daily ET, equation with the sum of the hourly ET, calculated
using the ASCE Standardized hourly equation. They observed that the daily ET, values were generally higher
than the sum of the hourly ET, and they recommended to use the hourly ET, values especially in advective
condition.

2.7.3 Valiantzas Model

Valiantzas (2006) developed a set of equations to determine the ET, rate based on simplifications made to the
Penman (1963) equation. His purpose was to enable ET computation with limited meteorological data.
Valiantzas (2013a) then improved these equations and claimed that his model performed equivalent in accuracy
to the Penman (1963) equation. His simplified equation to calculate grass reference ET is as follows:

ET, =0.0393R [T, +9.5—0.19R "*¢""* +0.048(T, +20)(1 —%)u;” (24)

where, ET, is the grass reference ET (mm/d), R is the measured or estimated incoming solar radiation (MJ/mz/d),
T, is the mean daily air temperature (°C), ¢ is the latitude of the site (radians), RH is the relative humidity (%)
and u, is the mean wind speed at 2 m height (m/s). He also developed an equation to calculate reference ET
when the wind speed data is not available. The equation is as follows:
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ET, =0.0393R \/T, +9.5-0.19R **¢""* +0.078(T, +20)(1—%) (25)

Valiantzas (2013b) also developed a set of equations to calculate reference ET for arid and humid regions. His
equation to calculate reference ET with two different aerodynamic term weighted factors is as follows:

aero

2
R
ET, =~0.0393R /T, +9.5 - 2.4[R—SJ -0.024(7, + 20)(1 —%j +W,,.0.066(T, +20)(1 —%)u“ (26)

where, R, is the extraterrestrial radiation (MJ/mz/d) and W, is an empirical weighted factor. The value of W,
is as follows:

Waero = 0.78 when RH > 65%; W e, = 1.067 when RH < 65%.

when the wind speed data is not available, the following equation applies:
2
R
ET, = 0.0393R [T, +9.5 - 2.4[R—S] +C (T, + 20)[1 —%) (27)

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

Valiantzas’ model might be a good substitute when some weather data are missing. However, when there are
good quality data available, the use of the mechanistic Penman-Monteith equation are more appropriate than the
empirical methods.

2.8 Variable Surface Resistance Approach

All of the above mentioned equations, in section 2.7, calculate ET for a reference crop surface; which is either
grass or alfalfa. In order to calculate the actual crop ET, the current practice is to multiply the reference crop ET
with a crop coefficient (K.). Crop coefficients have been developed for different crop growth stages for various
crops. However, Katerji and Rana (2006) have pointed out that the difference of = 40% could be observed
between the K. values reported by Allen et al. (1998) and the experimentally obtained K. values from different
researchers. Based on findings from previous researchers (Rana et al., 1994; Steduto et al., 1996; Ventura et al.,
1999; Lecina et al., 2003; Pereira, 2005; de Medeiros et al., 2006). Katerji and Rana (2006) indicated that there is
up to 18% of underestimation and 13.4% of overestimation in ET, in semi-arid regions and humid regions,
respectively, due to the use of fixed r. values. Hence, the cumulative error from reference ET calculation and the
use of K, may be significant which could be a concern for irrigation water management purposes. In order to
address this problem, some researchers have started to use variable surface resistance instead of fixed surface
resistance to calculate actual crop ET directly without using the crop coefficient approach. This new approach is
also called the one step crop ET estimation approach as there is no need of using the crop coefficients (a two-step
approach). The variable surface resistance approaches that have been developed so far are discussed below:

2.8.1 Jarvis Model

Jarvis (1976) developed a multiplicative model to calculate stomatal resistance from weather parameters
including air temperature, vapor pressure deficit, leaf water potential and ambient carbon dioxide (CO,)
concentration. However, the Penman-Monteith equation requires the bulk surface resistance and hence the
knowledge of stomatal resistance only may not be enough to calculate ET. The upscaling of the stomatal
resistance to the canopy level is required to calculate the bulk surface resistance. Alves and Pereira (1999)
objected the methodology adopted by Jarvis, as they questioned the validity of the multiplicative model and also
they expressed doubt in the assumption of weather parameters acting independently.

2.8.2 Katerji and Perrier (KP) Model

Katerji and Perrier (1983) found that a linear relationship can be established between the two ratios r/r, and r*/r,,
where r* is a climatic resistance term. They developed the following empirical relation:

ool +b (28)
r r

where, a and b are empirical calibration coefficients requiring experimental determination. The resistance, r*, is
defined as:
oAty pe,D
Ay R, -G
where D is the vapor pressure deficit (kPa), the units of R, and G are W/m”.

29)

Katerji and Rana (2006) reported that the coefficients a and b have already been developed for alfalfa, rice, grass,
lettuce, sweet sorghum, sunflower, grain sorghum, soybean, clementine orchard and sloping grassland. The
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coefficients have also been adapted for water stress conditions (Rana et al., 1997, 2001). Rana et al. (1997)

claimed that the coefficients “a” and “b” have multi-local validity (i.e. they do not change with the site but only
with the crop species).

The downside of this method is that there seems to be no physical meaning for these coefficients. In addition, the
coefficients need to be tested for different crop species. Alves and Pereira (1999) indicated that Equation (28) is
only valid for periods where the Bowen ratio varies between -0.3 and 0.3.

2.8.3 Todorovic Model
Todorovic (1999) presented a mechanistic approach to calculate surface resistance using weather variables. His
summarized methodology is as follows:
(=1 D
A(A+y)
Firstly, t which is the difference between actual canopy temperature and canopy temperature (°C) in wet

conditions is calculated using Equation (30). Then, using a quadratic Equation (31), X, which is the ratio of
surface resistance (r.) to climatological resistance (r;), is calculated.

_ a+~b* —4ac

(30)

X 31
» 3
where,
a= A+ yD (32)
A+y
b=-yYt (33)
c=—(A+y)t (34)
The climatological resistance (1;) can be calculated using:
D
p=—t (35)
V(R,=G)

In Equation (33), Y is the ratio of climatological resistance (1;) to aerodynamic resistance (r,). The units of all the
resistances, which is the reciprocal of conductance, are in s/m. Rn and G in Equation (35) are in W/m’.

Secondly, after finding X, r. is calculated by multiplying X by r;.. The calculated r, will be inserted in the
Penman-Monteith Equation (18) to calculate the actual crop ET. The actual crop ET can be defined as the rate of
ET that occurs under field-environmental-surface condition which may depart from the ideal “standard”
conditions.

Lecina et al. (2003) evaluated the KP and Todorovic models based on measured ET using lysimeter and eddy
covariance systems. Based on their finding, they recommended to use the Todorovic model to calculate the
hourly ET for semiarid windy conditions. Furthermore, Lecina et al. (2003) didn’t find any improvement in ET
estimates using the KP model. On the other hand, Shi et al. (2008) found that the KP model agreed better with
the measured eddy covariance ET values for half-hourly and daily ET by summing the half-hourly ET values.
They reported that the Todorovic model overestimated ET by about 30% in their experimental site in China.

2.8.4 Li et al. Model
Li et al. (2009) found some errors in the Todorovic model in the derivation of “t”. Li et al. (2009) derived “t” as:

_yDC
= A(A+7) (36)

Li et al. proved that Todorovic’s method missed the term C while deriving “t”. The missing parameter C was
described as shown in Equation (37):

A1 1

==+

Yo\n)

ICI00S

(37

In their article, Li et al. (2009) replaced C with (1 + D/Dy), where Dy is a parameter which accounts for the
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response of t to vapor pressure deficit (D). They used Dy as 1.5 kPa for their research, which they claimed was
applicable for the winter wheat crop in the North China Plain. They also mentioned that the value of D, can vary
with crops and climatic conditions.

Li et al. (2009) showed that Todorovic model severely underestimated the canopy temperature and sensible heat
flux and severely overestimated the latent heat flux. On the other hand, their model gave acceptable results for
latent heat flux at both half-hourly and hourly time scales. The limitation of this method is that there there seems

[T3 T}

to be no physical meaning of D, and the value of D, is needed to compute “t” and ultimately “r.”.
2.8.5 Shuttleworth Model

Shuttleworth (2006) introduced the concept of the crop independent blending height (50 m) to use as a reference
height instead of 2 m reference height to enable the one step ET (ET,) calculation for different crops.
Shuttleworth and Wallace (2009) used the existing PM equation and then calculated r. as a function of weather
variables and K, values documented in FAO 56 PM publication (Allen et al., 1998). They worked on a daily time
step instead of hourly; hence their model is not applicable for hourly ET estimation. They concluded that the use
of fixed crop coefficients (K.) to calculate actual crop ET can be problematic. The authors mentioned that the
recommended K, values are said to be appropriate for wind speeds of 2 m/s and “humid” conditions with 45%
relative humidity. Whenever the weather conditions differ then the reported values of K. cannot provide
reasonable estimates of ET. The authors also mentioned that the FAO 56 PM equation and the Priestley-Taylor
equation with a = 1.26 give identical ET values in “humid” conditions. They showed from their Equation (11)
that the ambient weather changes the value of the K, via the values of the climatological resistance and wind
speed. They developed a relationship between r, and K, where r, was a function of K, r;' and r,>, where r,' and
1> could be calculated using their Equations (14) and (15) or performing interpolation from their Table 1 (See
Appendix). The authors concluded that use of their approach will yield estimates of ET as good as those given by
the FAO 56 PM model in humid conditions whereas it improves ET estimation for arid climates and for taller
Crops.

2.8.6 Irmak and Mutibwaa Model

Irmak et al. (2008) were able to upscale stomatal resistance (leaf scale) to the whole canopy surface resistance
for maize using photosynthetic photon flux density (PPFD), leaf area index (LAI) for sunlit and shaded leaves,
solar zenith angle, direct and diffuse solar radiation. They measured the stomatal resistance using porometers.
They developed their model for corn and then successfully validated it for soybean with recalibration of some
parameters (Irmak & Mutiibwa, 2008; Irmak et al., 2008; Mutiibwa & Irmak, 2010, 2012; Irmak et al., 2013).
Irmak and Mutiibwa (2009) showed that the estimation of crop ET using the one step approach was better (an
improvement) compared to the two step approach (i.e. using the reference crop ET multiplied by the crop
coefficients). The one step approach ET was within 2 per cent of measured ET using the Bowen Ratio instrument
whereas for the two step ET calculation, there was no distinct pattern of over or under estimation. On the other
hand, the two step ET method underestimated actual ET (measured) especially when there was high evaporative
demand according to the authors. This result suggests that the use of fixed surface resistance while calculating
the reference ET is not appropriate (Irmak & Mutibwaa, 2009).

Irmak and Mutibwaa (2009) were able to modify the Jarvis model, which they referred to as
Modified-Jarvis-model (NMJ) and showed that their model is an improvement to the older version, as NMJ
model improved the stomatal resistance estimation by 10% in RMSD (root mean square deviation) when
compared to the measured stomatal resistance using a dynamic diffusion porometer. Irmak and Mutiibwa (2010)
developed a set of empirical equations for nonstressed maize crop to calculate r, from weather variables. They
used the measured ET from a Bowen Ratio instrument, then inverted the PM equation to back calculate r.. Then,
they used a linear regression technique to find the relationship between r. and a set of weather variables. Irmak et
al. (2013) also developed similar set of empirical equations for soybean crop to calculate r, from weather
variables.

Table 1 below summarizes all the methods that have been discussed in the body of this article along with
equations associated with those models.
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Table 1. Summary of equations of different ET estimation methods

Methods Equations
1. Blaney-Criddle (1942) u==kf
2. Thornthwaite (1948) PET =16(10T, / I)*"
3. Hargreaves (1975) (for deg. F) ET, =0.0075R T,
Hargreaves-Samani (1985), (deg. C) ET, =0.0022R (T, +17.8)TD"’
4.  Christiansen (1968) E=KR C
5. Penman Related Equations
5.1 Original Penman Equation (1948) MR —=G)+k (e —e u
oo A&, )A(Zi}) DI ()7)
f(u) =a,+bu,
5.2 CIMIS Penman Method a, =0.29,b,=0.53 forR,>0

ay=1.14,b,=0.40 for R, <0
5.3 Penman Monteith (1965)

0.4084(R, —G)+{ 7900 juz (e.—e,)

T +273
AE =
(A+y(1+0.34u,)
6.  Priestley Taylor (1972) AE=0A(Rn—-G)/(4+y)

where o = 1.26 for water surfaces with minimum advection
7. Fixed Surface Resistance Approach

7.1 FAO 56 PM (1998)

0.4084(R, —G)+( 7900 Juz (e.-e,)

T, +273
ET, =
(A+y(1+0.34u,)
7.2 ASCE-EWRI Standardized PM Equation (2005) (e —e )
0.408A(Rn - G) +7Cu, Ts+ 2;
E]';Z = a
(A+y(1+C,u,)
7.3 Valiantzas Model (2006, 2013
- { 4 ET, =0.0393R /T, +9.5-0.19R """ +0.048(T, + 20)(1 —%)u‘”

8. Variable Surface Resistance Approach

8.1 Katerji-Perrier Model (1983) r o
~=a—+b
ra

ra

y = Ay P
Ay R, -G
8.2 Todorovic Model (1999) . y D
A(A+y)
8.3 Lietal Model (2009) yDC

DG
(a

8.4  Shuttleworth Model (2006, 2009) See Appendix for details
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Table 2. Advantages, limitations and application timestep of different ET estimation models

Application
Methods Variables Used Advantages Limitations p P !
Timestep
1. Blaney-Criddle Ta, Tr, p, k, K Simplicity ET underestimation in general Monthly
Method (1942)
2. Thornthwaite Ta Simplicity ET underestimation in advective condition Monthly
Method (1948)
3. Hargreaves and Rg, Tr. Ta, Ry Simplicity Problems of over and under estimation of  Weekly
Samani (1985) ET
4. Christiansen Method K, R,, C More or less accurate to Not accurate to calculate ET for daily or ~ Monthly
(1968) predict ET for monthly shorter timesteps.
timestep
5. Penman Related
Equations
5.1  Original Penman A, Ry, G, e, ea, Physical equation based on  Wind speed function is difficult to obtain.  Daily, hourly
Equation (1948) v, f(u), A the combination of surface The equation was mainly developed for
energy balance equation and  evaporation from free water surfaces.
aerodynamic equation
5.2 CIMIS Penman A, Ry, G, es, e, ay and by, coefficients used in ~ The coefficients used in this equation were ~ Hourly
Method v, f(u), A f(u) are easy to obtain. Also  developed for Californian condition, hence
applicable for hourly  may not be applicable elsewhere.
timesteps.
5.3  Penman Monteith A, Ry, G, e, €,, Physical equation with the It is difficult to directly implement this  Daily, hourly
equation (1965) Y, P Cp, Ta, Tc inclusion of r.. equation to calculate actual crop ET, as r. is
difficult to obtain.
6. Priestley-Taylor o, A, v, Ry, G Relatively simple ET underestimation mainly in advective Daily
Method (1972) condition.
7. Fixed Surface
Resistance Approach
7.1 FAO 56 PM A, Ry, G, e, €, Considered very accurate to  May not be applicable to apply for hourly  Daily
Equation (1998) v, Ta, uy calculate grass reference ET  timestep.
on daily basis.
7.2 ASCE-EWRI A, Ry, G, e, €,, It can calculate both grass and ~ Kc needs to be developed also for alfalfa  Daily, hourly
Standardized PM v, Ta, uy alfalfa reference crop ET on reference surfaces. The use of fixed r. for
Equation (2005) both  hourly and daily entire day may induce some errors in
timesteps. estimating reference ET.
7.3  Valiantzas Model T, Rs, 0, RH, u, Relatively simple, can be It is semi-empirical, so may not be accurate  Daily
(2006, 2013) used when some parameters enough as PM equation.
like wind speed is missing.
8. Variable Surface
Resistance Approach
8.1  Jarvis Model (1976) New concept to calculate It is not easy to obtain canopy resistance (r.)
stomatal resistance from stomatal resistance.
8.2 Katerji-Perrier A, Ry, G, e, e,,  Relatively simple to calculate  This is empirical method. The coefficients  Daily, hourly
Model (1983) Y, Ta, Uz a, b, 1, actual crop ET in one step “a” and “b” need to be tested for different
process. species and also for different climatic
conditions.
8.3  Todorovic Model A, Ry, G, e, €, Mechanistic equation to Some flaws in the procedure as shown by  Hourly
(1999) v, Ta, Up, Ty calculate r, Li et al. (2009).
8.4  Lietal. Model A, Ry, G, e, €5, Relatively simple to  Only applicable for winter wheat crop in  Hourly
(2009) v, Ta, Up, Ty implement. North China Plain.
8.5  Shuttleworth Model A, Ry, G, e, €5, Provides one step ET for Complicated to use, r. is a function of FAO  Daily
(2006, 2009) v, Ta, uy, 1y, Ko daily timestep based by 56 Kc values, in other words, r. depends on
calculating r, based on K. the accuracy of K..
8.6  Irmak and Mutibwaa  PPFD, LAI Already implemented their Complicated to use. Needs many variables  Hourly

Models (2008, 2009,

2010, 2013)

models successfully for corn
and soybean.

to calculate Ie including PPFD

(photosynthetic photon flux density).
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3. Discussion

Accurate estimation of crop ET is important and significant contributions from various researchers have been
made until now. The full version Penman-Monteith equation is considered to be a robust method to calculate
crop ET. However, it also has some limitations. The equation uses aerodynamic and surface resistance terms,
where the aerodynamic resistance is relatively straight forward to calculate. However, the calculation of surface
resistance is not easy. The use of the fixed surface resistance approach is a simplification of the true diurnal
dynamics of this resistance, even for a reference crop under standard conditions. Hence, the modelling of the
surface resistance would help in estimating crop ET with more accuracy.

Some authors (Lascano & van Bavel, 2007; Lascano, Van Bavel, & Evett, 2010; Paw, 1987, 1988, 1992; Tracy et
al., 1984) point out that the exclusion of surface temperature while deriving the PM equation can induce some
errors especially when the surface temperature and air temperature are significantly different. The other problem
is with the linearity assumption of saturation vapor pressure and temperature curve. Lascano and Van Bavel
(2007) and Lascano et al. (2010) calculated the surface temperature and ET simultaneously by iteration
technique using fixed surface resistance (which they referred as the Recurvise Combination Method or RCM ET)
and concluded that the RCM yielded ET rates very close to measured lysimeter ET values while the PM equation
underestimated ET as much as 25%. Paw (1988, 1991) developed a fourth order, third order and second order
equations to solve the energy budget equation for latent heat flux, analytically. They claimed that these methods
were superior compared to the PM method; as the error associated with the linearity assumption is corrected by
using higher degree polynomials.

Some researchers (Dodds et al., 1997) highlighted that the use of the PM equation in advective condition would
underestimate ET as the equation is not totally capable of incorporating the horizontal flow of sensible heat flux.

Shuttleworth and Wallace (1985) developed a two layer ET model, which could incorporate evaporation from the
ground surfaces as well as the transpiration from the plant canopy. Their model is thus different from the Penman
and Penman related equations which are basically a big leaf one layer ET model. Their model is more useful to
calculate the ET rate from sparse canopy.

Regarding the one step ET estimation, KP model lacks physical meaning and it can only be applied when the
Bowen ratio is between -0.3 and 0.3 (Alves and Pereira (2000), as cited by Lecina et al. (2003)). Also the
coefficients used in the equation may vary among locations (Lecina et al., 2003). The Todorovic model (1999) is
a mechanistic model to calculate surface resistance. However, Li et al. (2009) showed a missing term in his
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 applicable for winter wheat crop. The
Shuttleworth model (2009) is an improved model of the existing method of two step ET estimation; however, the
surface resistance used in his model is a function of the FAO 56 PM crop coefficient (Allen et al., 1998), which
may not be accurately transferable to different environmental, crop and soil conditions. In addition, the
Shuttleworth model is only applicable for daily time steps; thus, it may not work for hourly time steps. Irmak and
Mutibwaa tried to upscale the surface resistance from the measured stomatal resistance; however, the method
needs several field level data acquisition including the photosynthetic photon flux density, which is not easy to
obtain.

4. Future Work

By reviewing the literature on ET estimation up-to-date, from various researchers, it is evident that still there is a
need to further improve the estimation of reference as well as actual crop ET. The calculation of actual crop ET
with the one step approach, which does not use crop coefficients, seems challenging but promising. However, if
accomplished the error on the estimation of ET could be minimized using a (hourly) variable surface resistance.
Supplementary, there has been some progress in calculating the surface resistance directly; in particular
publications from Katerji and Perrier, Todorovic, Li et al, Shuttleworth, and Irmak and Mutibwaa. The extension
of the Shuttleworth model for hourly time steps, to calculate r., could be an advancement to improve the ET
estimation using the one step approach. Also, the validation of Irmak and Mutibwaa’s model at field level, for
various crops, could be another contribution. Finally, another alternative would be to develop a new r. model
which would be robust enough to be applied to different crops under different climatic conditions.
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Appendix

Appendix 1. List of Abbreviations Used

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

v: psychrometric constant, kPa/°C.

o: 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.

ET,: reference evapotranspiration rate from a grass surface, mm/h or mm/d or inches/d.
ET,,: reference evapotranspiration rate from a standardized surface, 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 mm/season.

K.. crop coefficient developed by FAO 56 method.

k: empirical crop coefficient for monthly period.

K: empirical crop coefficient for irrigation season or growing period.

T,: mean monthly/daily/hourly air temperature, °C.

Tg: mean monthly/daily/hourly air temperature, °F.

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

r.. canopy surface resistance, s/m.

r,: aerodynamic resistance, s/m.

1;: daily average stomatal resistance: s/m.

r;: climatological resistance, s/m.

r*: climatic resistance, s/m.

RH: relative humidity, %.

R,: net radiation, MJ/m*d or MJ/m*/h.

R,: incoming solar radiation, MJ/m?/d or MJ/m?/h.
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Ra: extraterrestrial radiation, MJ/m?/d or MJ/m*h.

e,: actual vapor pressure, kPa.

e,: 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 the period.
i: heat index.

I: sum of the 12 monthly heat index i.

S: measured sunshine hours times 100 divided by the number of possible sunshine hours.
Kgs: calibration coefficient.

TD: mean maximum minus mean minimum temperature, °C.
K: dimensionless constant developed empirically from data analysis.
C: dimensionless coefficient related to climatic parameters.

G: soil heat flux, MJ/m*/d or MJ/m*/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 pressure, J/kg/K.

D: zero plane displacement height, m.

hc: crop height, m.

Z: height of wind measurements, m.

z;,: height of humidity measurements, m.

Zom: Toughness lenth governing momentum transfer, m.

Zon: Toughness length governing heat transfer.

k: von-Korman’s constant (0.41).

U,: wind speed at height z, m.

LALI: leaf area index, m*/m>.

C,: numerator constant that changes with reference type and calculation time step, K mm s* M/g/d or K mm

s*M/g/h.
Cq4: denominator constant that changes with reference type and calculation time step, s/m.

W.ero: empirical weighted factor.

Appendix 2. Shuttleworth Model
Shuttleworth (2006) developed an equation for crop coefficient (K.) which is as follows:

50
By Loy N (449> 2osr0y
K — uZ D2 uZ
c 302 +D50 , (A+ )RCSO N ( )
vy lelim 4 i ).
U, Dz : u,

where,
R.> = aerodynamic coefficient for a crop of height h, at blending height of 50 m;
U2 = wind speed at 2 m height;
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D50 = vapor pressure deficit at blending height of 50 m (kPa);
D2 = vapor pressure deficit at 2 m height (kPa);
. . . pc, D
Teim = climatological resistance = IR0 (s/m).
(15). = surface resistance of crop (s/m)

The equation to calculate R, in Equation (1) is given by:

ln{(z—o.os;)}
R n (50-0.67h, |, [(50-0.67h, 0.0148 (A2)
(0.41) (0.123%,) (0.0123%,) ln[(SO—0.0S)}
0.0148

The equation to calculate r;,, in Equation (1) is given by:

208 afA+y(1+0.337u,)] .
- A+y

(A3)

clim

Uy

where, a is the Priestley-Taylor coefficient, which is equal to 1.26.

The equation to calculate [%] in Equation (1) is given by:

[&j{(mmozwom}L{{(Aw):sozwowzH@}_&} (Ad)

D, ) | (A+y)208+70yu, | r,. || (A+7)208+70pu, || u, | u,
The equation to calculate surface resistance (r;)., according to Shuttleworth is given by:
s 2

(). = g (A3)

where, K9 is the different Kc values of different crops published in FAO 56 document, r,! and r.” are given by:

R e 302
"+[D5°j )™ | [(27 +7) 22 4707

o e\ » 2 (A6)
s prej
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where, A" is the value of A calculated at temperature TP (kPa/°C), T™™ being the air temperature when the
value of K. "° was derived (°C) and (%J is the value of &] at TP,

2

(rclim)'”ref can be obtained from Equation t3) as:

ref
A +1.677/]}_1 (A%)

r. )" =104 1.26[ :
(Lhm) |: Apre/ +}/
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