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Abstract

The calculation of hourly and daily crop evapotranspiration (ET,) from weather variables when using the
combination method, e.g. Penman-Monteith, requires a corresponding hourly or daily value of canopy
resistance (r.). An iterative method first proposed by MI Budyko to calculate ET. finds the surface canopy
temperature (T;) that satisfies the crop’s energy balance. This method was used to calculate both hourly and
daily values of r. over a well-watered and established alfalfa crop for 26 days during the 1999-growing
season in Bushland Texas. Hourly values of r. were obtained using a graphical procedure from first, values
of ET. measured with a large weighing lysimeter; and second, from values of T, measured with a radiometer.
Results show that the daily seasonal average alfalfa r. was 45 + 12 s/m for both methods of calculating r.. In
the absence of a lysimeter installation to measure ET, the measurement of T, with a radiometer provides an
alternative and practical means to calculate r. provided that other required weather input variables are also
measured over the crop canopy.
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Introduction

The concept of a maximum rate of water evaporation, i.e. potential evapotranspiration (ET,), was introduced
by Thornthwaite (1944; 1948) and defined as the water loss from vegetation when a soil has at no time a
deficiency of water. In general, methods to calculate ET,, are divided into empirical and theoretical; however,
there is no clear distinction between the two approaches and available methods are usually a mixture of both
physical considerations and empirical observations (Sibbons 1962). Theoretical methods relate the flux of
water vapor from the evaporating surface to the process of turbulent diffusion, i.e. aerodynamic approach,
and a second method considers the energy balance and calculates the amount of energy that is used in
vaporizing water (e.g. Sutton 1953; Brutsaert 1982). A third method combines the aerodynamic and energy
balance approaches eliminating the surface temperature from the relevant equations, i.e. combination method
(Penman 1948). A similar and independent approach to calculate ET,, was given by Budyko (1951; 1956)
who termed his technique the complex method. However, there is a major distinction between the
combination and complex methods in that the assumption made by Penman (1948) regarding the linear
relation between temperature and the humidity of the evaporating surface is not required by the method
proposed by Budyko (1951; 1956). The Budyko method is recursive in that the temperature of the
evaporating surface that satisfies the energy balance is found by iteration (Sellers 1964; Lascano and Van
Bavel 2007; Lascano et al. 2009).

The application of using calculations of ET, to estimate the amount of water used by a crop (ET., mm/h) was
recognized by introducing a stomatal and a day-length factor (Penman 1953), which was equated to a bulk
canopy resistance (r., s/m) term and considered in the so-called big leaf model (Monteith 1965). Methods to
calculate r. range from an explicit solution of ET, = f(ET,) (Van Bavel and Ehrler 1968) to an empirical
function of crop height and leaf area (Allen ef al. 1989). In this paper we show how the method of Budyko
(1951, 1956) hereafter, referred to as the Recursive Combination Method (RCM) and as given by Lascano
and Van Bavel (2007) was used to calculate hourly and daily values of r. for a well-watered alfalfa crop. For
this purpose, two such methods on an alfalfa crop were explored and compared. First, r. was calculated from
hourly values of ET. measured with a large weighing lysimeter and second, r. was calculated from measured
hourly values of canopy temperature (T, °C) measured with a radiometer.

Methods

Experimental field and weather data

In our calculations we used weather data from Bushland Texas, USA on a well-established and watered
alfalfa crop. We selected 26 days, between 23 May and 12 September 1999, all after a day of irrigation and
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determined to be without equipment failure, rainfall, significant cloudiness and periods of high wind-speed.
Weather data measured at Bushland Texas consisted of air (T,, °C) and dewpoint (T4, °C) temperature, net
irradiance (R, W/mz), soil heat flux (G, W/mz), and wind-speed (U,, m/s). Weather variables were measured
every 6 s and reported as 0.5-hour averages. Surface canopy temperature (T, °C) was measured with a
calibrated radiometer (Everest Model 4000) and details on the lysimetric measurements of alfalfa ET. are
given by Evett et al. (2000). Additional information on instruments and methods used to measure weather
variables, G, ET, and T are described by Evett (2000) and further details are given by Lascano et al. (2009).

Calculations
Crop ET. is calculated from the energy balance equation of the plant canopy surface:

BT = (ij
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where A is the latent heat of vaporization in J/kg and H is the sensible heat flux in W/m®, and calculated as:
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where p, is the air density in kg/m’, C, is the specific air heat capacity in J/kg/°C, and r, is the aerodynamic
resistance in s/m calculated as given by Evett (2000):
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where z,, is the height of the wind-speed measurement in m, z, is the measurement height for humidity in m,
Zov 18 the vapor roughness length in m, d is zero-plane displacement height in m, and k is von Karman’s
constant. Values of d and z,,, were calculated as a function of crop height (h., m), and T, in Eq. (2) was
found iteratively with an initial value of T = 10 °C written in Mathcad® (v. 14, PTC, Needham, MA, USA)
syntax by:
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where root is a Mathcad® built-in function to solve for the value of T, and e, is the ambient air density in
kg/m’.

The value of r. in Eq. (4) was calculated from measured values of ET. and T, using the graphical procedure
of Lascano and Van Bavel (2007). For any given hour, the alfalfa energy balance was solved from the
pertinent hourly weather input (T,, T4, U,, R, and G) using the RCM. For this purpose r. was defined as a
range variable in Mathcad®, i.e. 10 to 70 in 5 s/m increments. Thus for each value of r, the solution of Eq. (4)
gave ET.and T as a function of r.. Then for each hour the value of ET. measured lysimetrically and T
measured radiometrically were used to find the corresponding value of r.. Calculations were done for hourly
values when R, > 0 W/m>.

Results and Discussion

An example of an hourly calculation of alfalfa r. for 4 July 1999 at 14:00 hour is given in Figure 1. The
weather input for this hour was R, = 690.2 W/m?%, G =44.4 W/m%, T, =27.7°C, Ty=16.5 °C, and U, = 6.9
m/s, and h, = 0.65 m. The measured ET, with a lysimeter was 1.05 mm, intersecting the ET, = f(r.) at 34.2
s/m (Figure 1a) and the measured T with a radiometer was 28.2 °C, intersecting the T = f(r.) at 35.6 s/m
(Figure 1b). As examples, the diurnal course of r. from hourly measurements of ET. and T; for 23 May and 1
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August 1999 using the procedure shown in Figure 1 are shown in Figure 2. The daily average, standard

deviation and range of r. for the 26 days of 1999 obtained from lysimetric and radiometric measurements are

summarized in Table 1.
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Figure 1. Graphical derivation of alfalfa canopy resistance (r.) from (a) ET. and (b) T, on 4 July 1999 at 14:00
hour. The value of r. = 34.2 s/m from the lysimeter measurement and r. = 35.6 s/m from the radiometer
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Figure 2. Diurnal values of r. from ET, (®) and from T (O) for (a) 23 May 1999 and (b) 1 August 1999 obtained
using the graphical procedure shown in Figure 1.

Table 1. Daily average, standard deviation, minimum and maximum values of alfalfa r. for 26 days 1999 in
Bushland Texas, obtained from ET. measured with a lysimeter and T measured with a radiometer.

Daily canopy resistance (r., s/m)

Average

Standard Deviation

Minimum
Maximum

Lysimeter (ET.) Radiometer (T)
45.6 44.5
11.6 12.1
27.0 26.3
83.3

The graphical procedure to obtain hourly values of r. is based on the RCM and uses an iterative solution to
find T. This calculation does not require any more calculating effort than that used with the Penman-
Monteith (PM) to find ET,, which is based on the linearity assumption introduced by Penman (1948).
However, as shown by Milly (1991) and Lascano and Van Bavel (2007) calculation of ET. based on PM
consistently underestimates evaporation, particularly under semiarid climates, where irrigation is normally
used. However, a difficulty in using any model, either PM or RCM, to calculate ET. is the selection of a r,
value that is correct.

An accurate measurement of crop ET, can be obtained with lysimeters (Schneider et al. 1998); however,
their construction is costly and requires continuous maintenance. An alternative is to measure the T of the
crop with a calibrated radiometer, which can also be used to calculate r.. Our results show that r. can be
calculated from either ET, (Figure 1b) or T (Figure 1b) and that their diurnal trends are similar (Figure 2).
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The largest discrepancy (data not shown) occurs early in the morning and in the evening, i.e. at low values of
R,. Nevertheless, a statistical comparison of daily averages, standard deviation and range (Table 1) suggest
no differences in the seasonal value of r. for a well-watered alfalfa derived from either hourly values of ET.
or T;. These results suggest that in the absence of lysimeters a radiometer can be used to calculate r. with a
RCM provided that weather inputs such as, T,, T4, R,, G and U, are also measured.

Conclusion

Two methods, both based on a RCM and using a graphical procedure of hourly values of ET. measured with
a lysimeter or T, measured with a radiometer, can be used to derive values of r. for a well-watered alfalfa
crop. Values of seasonal r. derived from both methods were similar, 45 + 12 s/m, which give accurate values
of daily ET. (Lascano et al. 2009). In the absence of a lysimetric installation to measure ET, the
measurement of T, along with required weather variables provides an alternative method to calculate r. that
is both practical and accurate.
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