
Estimating Potential Evapotranspiration
in Arid Environments

Item Type text; Proceedings

Authors Osmolski, Z.; Gay, L. W.

Publisher Arizona-Nevada Academy of Science

Journal Hydrology and Water Resources in Arizona and the Southwest

Rights Copyright ©, where appropriate, is held by the author.

Download date 24/05/2023 20:24:04

Link to Item http://hdl.handle.net/10150/301218

http://hdl.handle.net/10150/301218


EarnartIIG Pol>REIDL INAIOTRANSPIRATION IN ARID ENVIRMENIS

Z. Osmolski and L. W. Gay
School of Renewable Natural Resources

University of Arizona, Tucson, AZ 85721

Introduction

There has been strong and continuing interest through the years in estimating evapotranspiration
(ET) from plant communities. Most of this interest has developed from a need to estimate the water
use of agricultural crops, in an effort to effectively manage water supplies so as to maximize produc-
tivity. The many facets of this interest have reviewed thoroughly (see for example, Hagan, et al. ,

1967).

The concept of potential evapotranspiration" (PET), apparently first introduced by Thornthwaite
(1944, 1948), has proven to be an important development in evapotranspiration research. He concluded
that the rate of water loss from vegetation with an ample supply of water would be governed primarily
by the characteristics of the atmosphere and only secondarily by the characteristics of the vegeta-
tion. A considerable effort has since developed to estimate PET from climatic measurements. The PEP
values thus obtained could serve as a guide for either the amount of water required for irrigation
should water development take place in the future, or for an estimate of actual water use from
irrigated crops.

The major developments in evaluating PET have been reviewed many times (see, for example, a
recent review by Gay, 1981). A large number of methods have been used to relate climate to potential
water use of well -watered vegetation. These methods differ widely in complexity and in consistency of
PET estimates. Further, the divergence between methods increases in the extreme climatic conditions
found in arid and semi -arid regions.

This paper reports on the application of several widely known methods to data available from the
Lower Colorado Valley, the hottest and driest region in Arizona. The data were obtained from several
sites that span a range of conditions within this region. Our comparisons provide a basis for
selecting a method, and for making appropriate corrections needed to compensate for the effects of the
hot, dry climate.

The Mastic Regime

The climatic summary for the experimental area is based upon data in Sellers and Hill (1974).
The Lower Colorado River Valley in the vicinity of Blythe, California, is too far south to benefit
from the middle latitude storms that originate in the North Pacific Ocean and provide winter precipi-
tation to Arizona, and the region is too far west to receive much summer rain from the summer flow of
moist, unstable tropical air from the Gulf of Mexico. The weather station at Ehrenburg, Arizona, four
miles east of Blythe, has one of the driest climates in Arizona, receiving an average of only 89 mm of
precipitation annually. Drought conditions are most severe in May and June. The average precipita-
tion in May is only 0.5 mm, and measureable rainfall fell in June during only one of 30 years from
1942 through 1971. Summer temperatures are hot and humidities low. Maximum temperatures frequently
exceed 46 °C in each month from May through September, and the highest temperature on record is 50 °C.
Pumping from wells and from the Colorado River provides a source of water for thousands of hectares of
irrigated cropland along the river in the vicinity of Blythe, and irrigated agriculture is the domi-
nant economic activity in the region. The data used in this study came from several different
sources, as described below.

Weather Station Descriptions

PVID weather station. The Palo Verde Irrigation District (PVID) maintains a weather station at
its main office on the south edge of Blythe. The station is probably influenced by a nearby building;
it is sited on a large (20m x 20m) plot of bare soil, adjacent to a paved parking lot on one side and
to a gravelled, nearly empty storage yard on the other. The standard weather shelter houses
thermometers and a hygrothermograph. PVID tabulates maximum and minimum air temperature each day. At
0600, additional readings are made of air temperature and relative humidity, precipitation, wind total
for past 24 hours, and the daily solar radiation total measured with an integrator attached to a
silicon photocell.
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SCE solar station. Southern California Edison (SCE) records solar radiation continuously on the

roof of their office on the south edge of Blythe, near the PVID weather station. The Blythe site is

only one of 50 stations that comprise the Western Energy Supply and Transmission ocon Associates

Solar Resource Evaluation Project. SCE serves as project manager, including maintenance, calibration
and data processing. The measurements made at the Blythe station are 15 minute averages of solar

radiation on a horizontal surface, direct -beam radiation and air temperature. The data utilized in

this paper are daily totals of solar radiation on a horizontal surface.

Blythe airport FAA station. The FAA Station at Blythe Airport is in the desert on a mesa about

four miles west of Blythe, at an elevation of 120 m, about 30 m higher than the town. Weather data

recorded hourly includes sky cover and ceiling height, air temperature, dewpoint, wind speed and

direction. Precipitation and maximum and minimum air temperatures for the past 24 hours are also

recorded.

Palo Verde agricultural weather station. This station is established in the midst of a large

irrigated area adjacent to the Colorado River about 2 km south of Palo Verde, and about 50 km south of

Blythe. The measurements are made by volunteer observers approximately once a day. The data

collected includes pan evaporation, maximum and minimum air temperature, relative humidity, and wind

run. This paper utilizes pan evaporation data from the Palo Verde agricultural weather station.

Site Comparisons: PVID vs. FAA

The differences be- 50

tween the PVID site and
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observation. The SCE
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with calibrated, standard
radiometers, and are

5

thought to be of good
quality. In comparison,
the PVID measurements the PVID and FAA sites in July 1980.
appear low, and the
estimates based upon sky
cover at the FAA site appear unreasonably high. The wind speed at the FAA Station (Figure 3) is also

greater than at the more sheltered PVID site.

The Figures illustrate the differences between sites for the singlemonth of July 1980. The mean

data for each month during the period March thru October are tabulated in Table 1. Table 1 shows that

marked differences exist between the sites over the approximate growing season (8 months) from March

through October. Consider first temperature: the period mean at the FAA site is warmer than at the

PVID site (27.6 °C vs. 26.4 °C), and the monthly means differ as much as 2.2 °C in July. Next, consider

wind at the two sites: on the average, the FAA is much windier than PVID (2.97 m/s vs. 1.86 m/s), with

the maximum monthly mean wind speed reaching 3.96 m/s at the FAA site in August. Finally, relative

humidity is lower at the FAA site for the period (32% vs. 45%), with the lowest monthly value being

19% in June. The differences are to some extent affected by measurement accuracy. For example, the

SCE mean solar radiation (593 ly /day) is 11% greater than that at the adjacent PVID station. The

difference must be instrumental, as the two stations are separated by only a few hundred meters. The

SCE measurements are thought to be more accurate, for reasons given earlier. Most of the other

observed discrepancies appear to represent climatic differences, confirming that there is considerable

variability in arid regions. As we will show, this variability can produce large differences in

predictions of PET, depending upon the source of data used.

10 is
DAY
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Figure 1. Mean daily temperature and relative humidity at
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Figure 2. Mean daily solar radiation for July 1980.
PVID and SCE are measured, and FAA is estimated.
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Figure 3.
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Mean wind speed at PVID and FAA, July 1980.

Table 1. Monthly means of selected variables at
Blythe, California, over the 1980 growing season.

Month Ta °C] Ki [ly] U [m/s] RH [8]

PVID FAA PVID SCE PVID FAA PVID FAA

Mar 16.1 16.7 426 485 1.9 2.7 62 42
Apr 20.3 21.4 556 597 1.8 2.7 43 31
May 23.3 24.2 590 679 2.4 3.0 45 34
Jun 29.7 31.1 628 707 1.8 3.1 35 19
Jul 34.7 36.9 594 654 2.0 3.5 44 29
Aug 33.3 34.7 580 633 2.2 4.0 42 34
Sep 30.0 30.6 493 545 1.3 2.4 45 35
Oct 23.6 25.0 388 444 1.4 2.4 45 33
Mean 26.4 27.6 532 593 1.8 3.0 45 32
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Climatological Models of Pet

A very large number of models for evaluating PET have been proposed. Most of these formulas are
empirical and depend upon a known correlation between per and one or more climatic variables such as
radiation, temperature, wind speed and/or vapor pressure deficit. Other formulas relate ET to direct

measurement of water losses from evaporation pana. The large number of climatological models for PET

and ET will be grouped as follows: temperature, radiation, combination and pan evaporation models.

Six of the most widely used methods have been tested in this study.

Various empirical coefficients have been proposed to convert potential evapotranspiration to
actual evapotranspiration of the crop. Variability of this factor is large; it varies on kind of

crop, stage of development, growing period and prevailing climatic conditions. Doorenbos and Pruitt

(1975) examined the wide variation of this factor in their guidelines for estimating consumptive use,
but substantial work remains to be done. The basic formulation of the six methods in this study are

reviewed below.

A Temperature Model

The Blaney -Criddle formula (Blaney and Criddle, 1962) is a widely used equation for estimating

crop water requirements (f). The model is:

f = p (0.46t + 8.13) mm/day (la)

where t is the mean daily temperature in °C; and p is the mean daily percentage of annual daytime
hours, depending upon latitude, or

f = 25.4 pt /100 mm/day (lb)

where t is the mean daily temperature in °F.

The effect of climate on crop water requirements is not fully defined by the temperature and day

length variables used to predict factor "f." Further, the factor "f" is an estimate of actual use,
rather than potential use, so Doorenbos and Pruitt proposed a correction to the original Blaney -

Criddle formula, such that:

PET = a + b f (2)

where a, b are coefficients that vary with three levels of humidity and solar radiation (low, medium,

high) and wind (light, moderate, strong). The above equation was used to calculate Blaney -Criddle PET

in this paper.

Radiation and Temperature Model

Jensen (1966) proposed an equation to predict PET from incoming solar radiation. His original

formula is

PET = 0 K+ /L g /cm2day (3a)

where 0, Ky, and L are, respectively, an empirical solar radiation coefficient, incoming solar radia-
tion in cal/cm4 day, and latent heat of vaporization (585 cal /g). Jensen recognized a strong correla-

tion between mean air temperature and the PET/K ratio. He determined the slope of the regression

line between these variables by one of three procedures: (1) calibrating with accurately measured

evapotranspiration data, collected from areas with similar climatic conditions; (2) calibrating with

January and July data, and data near the beginning and end of the growing season; and (3) relating the

temperature coefficient and temperature intercept to one or more climatic factors that are related to

humidity. As an example of the last procedure, "when very limited data are available," he used data
from western U.S., North Carolina and Florida to define coefficient O, such that

0 = CT (T - Tx) (3b)

The coefficient C. is CT = (27 + 7.3CH) -1 and CH = 50 mb /(e2 e1) where en e1 are the saturation vapor

pressures (in mb) at the mean maximum and minimum air temperatures (in C) for the warmest month. Tx

was estimated as Tx = -23 + CH + 750 CT. Note that Jensen did not choose to use saturation vapor
pressure at minimum temperatures as a basis for representing humidity, since direct measurements
(i.e., dewpoint temperature) are not often available. Jensen's equation has been widely used for

predicting PET.

Net Radiation Model

Available energy was used by Priestley and Taylor (1975) as the primary factor for predicting

PET. Net radiation (Q *) represents available energy, because soil heat flux is relatively small at
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any time, and over 24 hours it become negligible. It might be noted here that almost all empirical
PEP equations include this assumption. The model is:

PET = OkrYL g/an2 day (4)

where is an empirical constant (E =1.26), L is latent heat of vaporization and W is a temperature
dependent weighting factor. W -A /( A+ y ) where A is the slope of the saturation vapor pressure -
temperature curve (A- des /dt, with a the saturation vapor pressure in mb at air temperature t in
°C), and y is the psychrometric constant which varies with atmospheric pressure P(y= AP with A =
0.000643/"C and P is in nib).

Solar Radiation Model

Doorenbos and Pruitt (1975) proposed a solar radiation model for use when air temperature and
incoming solar radiation (measured, or estimated from sunshine or cloudiness data) are available. In
addition, four general levels of wind speed and relative humidity are required (i.e., obtained from
local sources or published weather descriptions). This model was tested by Doorenbos and Pruitt at a
large number of locations and in different climates with satisfactory results.

The solar radiation equation is:

PEP = a + b W Ei/L g/cm2day (5)

where W, K+ and L are as described previously, and a and b are coefficients which take into account
humidity and wind. These coefficients are grouped for four levels of mean daily humidity (low <40%,
medium -low 40 -55%, medium -high 55-70% and high > 70%) and four levels of mean wind speed (light <2
m/s; moderate 2 -5 m/s; strong 5-8 nn/s; and very strong> 8 Ws).

Pale Qosbinaticn Model

There is a general, widespread concensus that the Penman combination model provides the best
estimate of evapotranspiration when the major climatic variables (temperature, radiation, wind and
humidity) are available. The original Penman (1948) method predicted the loss of water by evaporation
from an open water surface. Experimentally determined crop coefficients that varied in the English
climate from 0.6 in the winter months to 0.8 in summer were suggested initially to relate evaporation
from an open water surface to evapotranspiration from a crop. Penman developed his model based upon a
combination of the energy balance method and an aerodynamic analysis. The Penman equation expresses
the relative importance of the radiation form and the aerodynamic (wind and humidity) term. The
aerodynamic term varies with climatic conditions. The aerodynamic part has proven controversial, and
many formulas have been proposed for this term. The fundamental basis for this model gives it some
generality in application over a wide range of conditions. The model can be applied over any desired
time period. It can also be used to predict either potential or actual evapotranspiration.

Doorenbos and Pruitt (1975) rearranged the Penman model in a simple form:

pEr* = W(Q *-G) /L + (1- W)f(u)(e5 -e) (6)

where: PET* is unadjusted flux density of potential evapotranspiration (g /cm2 day), W is the
dimensionless weighting factor (defined earlier) that accounts for effects of temperature and pres-
sure; Q* is net radiation (cal /cm day); G is soil heat flux; L is latent heat of vaporization (585
cal/g at 21.8°); f(u) is a wind function that approximates the diffusivity of the atmosphere near the
surface (g/cm day), and es - e is the vapor pressure deficit of the atmosphere at 2m height (in nib).

Wind is an important factor in the combination equation. The wind function depends upon the
units specified as well as upon the time period over which tte estimates are being made. Penman's
original wind function was f(u)= 0.0262 (1 + 0.0061 U2) g /cm day mb, where U2 is horizontal wind
speed in units of km/day at a.height of 2 m. Wind value at a height other than Z m can be adjusted by
an approximate factor (2/Za) , where z is the actual mpasuremennt height in meters. Doorenbos and
Pruitt used the wind function f(u) = 0.027(1+ 0.0102) g/cm day mb, with U2 in units of km/day.

Net allwave radiation Q* is seldom measured directly, but it can be approximated in several ways.
For example, it can be calculated as the sum of net shortwave solar radiation, (K* _ (1 -a) K where a
is surface reflection coefficient or albedo), and net longwave radiation, L *. Net longwave is com-
posed of a loss from the surface, and an input from the atmos ere. The longwave losses from the
earth (L) can be approximated by the Stefan- Boltzman law 1.1.= aD, where a is Stefan - Holtzman constant
and T is the absolute temperature ( °K) of the surface. The longwave input from the atmosphere, L +,
depends upon many variables, and especially upon temperature and the distribution of atmospheric
moisture, carbon dioxide and ozone. Because temperature, water vapor and cloudiness vary greatly with
time, empirical formulas for estimating L *, as functions of the;pe parameters are generally used. The
following formula yields an estimate of net longwave: L* D (0.34 - 0.044) (0.1 + 0.9 n/N), where
T is air temperature (OK), e is actual vapor pressure (mb) and n/N is the sky cover ratio. Air
temperature and vapor pressure are measured at 2 m height.
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Pan Evaporation Model:

The basic pan model is simple:

PET = Kp Epan (7)

where R,, is an empirical constant and E,,ten is the evaporation rate that is measured directly with an

evaporation pan. This simple approach ERE been widely used. Stanhill (1965), for example, concluded

that the Class A evaporation pan was the most promising method for estimating PEP. Guidelines for
choosing an appropriate value of the reduction coefficient R are given by Doorenbos and Pruitt (1975)
for a variety of climatic and site conditions. The agreemertt between adjusted evaporation rates and
evapotranspiration from irrigated crops is quite good in temperate regions. Pruitt reviewed many
studies and concluded that pan evaporation could give an excellent estimate of evapotranpiration from

irrigated grass. Class A pan evaporation data at an irrigated site is therefore included in this

paper.

Application of Pet Models

Five climatological models (temperature, radiation -temperature, net radiation, solar radiation,
and Penman combination) were applied to the data collected by PVID and FAA. The lack of a suitable
standard is a major problem in comparing results obtained with PET models. PET is an idealized
concept, and consumptive use by irrigated crops does not necessarily conform to the model predictions,
even when the crop meets the primary requirements of "low, continuous canopy" and "not short of
water." The evaporation pan model used data from the Palo Verde agricultural weather station,
adjusted by a coefficient (R, = 0.85) in accordance with Doorenbos and Pruitt's (1975) recommendations

for irrigated areas. The adjusted pan evaporation provided a standard of comparison for the estimates

of the climatological models.

Space limitations here require us to summarize our results, but an intensive examination of the
full year 1980 is in preparation and will be available in a subsequent report. The summary given here

compares monthly PET totals for the 8 -month growing season of March 1 through October. In addition,

we present graphically the daily PET totals for July, the month with warmest mean temperature. The
five climatological methods and pan evaporation are tabulated in the monthly totals, but neither the
temperature method (Blaney -Criddle) nor the pan method could be included in the daily comparisons for
the month of July, as these methods are not suited to such a fine time resolution.

The SCE solar radiation data was input to both the PVID and FAA site whenever solar radiation
data was required in the models. The net radiation values were obtained by combining R* (R* = (1-a
)/(4, with 0= 0.25) and L* as estimated from Doorenbos and Pruitt's (1975) functions of air tempera-

ture, vapor pressure and cloudiness.

Model Ccaparisons at PVID

The monthly mean PET
(mm /day) at PVID is
tabulated in Table 2 for
the March -October period,
along with pan evapora-
tion and adjusted pan
evaporation. Note that
the net radiation model
consistantly underesti-
mates PET (8 mo. total =
116 cm) relative to the
other models. The
temperature model was
also low (135 cm), while
the radiation -temperature
model had the highest
estimate (197 cm) for the
period. The adjusted pan
model predicted 176 cm,

Table 2. Mean PET ímm/day) at PVID and the agri-
cultural weather station site.

Climatological Models Ag Wea Sta
Class A pan

Month temp rad& net solar comb PET pan

temp rad rad evap

Mar 2.25 3.92 3.18 4.14 4.33 5.44 6.401

Apr 3.86 6.14 4.49 6.48 6.49 6.50 7.65

May 5.90 8.01 5.56 7.77 8.07 7.06 8.31

Jun 6.13 10.66 5.98 8.81 8.87 8.94 10.52

Jul 6.90 11.55 6.26 8.55 9.00 9.10 10.70

Aug 8.79 10.68 5.79 8.14 8.98 8.53 10.03

Sep 5.98 8.24 4.46 6.73 6.40 6.58 7.74

Oct 4.19 5.21 2.65 4.99 4,67 5.44 6.40

aum[cml 135 197 118 170 174 176 207

Note 1; March pan evaporation is interpolated.
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close to the estimates
from the Penman combi-
nation and the solar
radiation models. The
relationship among the
climatological models
(excluding temperature
and pan evaporation) is
retained at PVID
throughout the month of
July in Figure 4. Note
that the Penman
combination model shows
much greater variability
than does the radiation
model, even though both
methods have similar
monthly (and seasonal)
totals. There is also a
similar response to the
cloudiness in all the
methods (see, for
example, cloudy periods
in early and late July).

PALO VERDE PET - RADIAI. -

PET - RAPIAT. STEMP. - - --

PET -PENMAN..

PET - NET RADIAI. - -.-

5 10 iS

DAY

Figure 4. Predicted PET at the PVID site.

20

Nadel Oalparisans at the PAR Site
22

JULY

25

July 1980.

3I

1080

The monthly mean PET BLYTNE PAA

at the FAA site is 2e
tabulated in Table 3 for
the March thru October 10

period, along with pan
evaporation and adjusted ó 1e

pan evaporation. The net =

radiation model is again z
14

the lowest, while the
Penman combination model ° 12 -

is now the highest (119 <
cm vs 256 cm). Both the 1e '
radiation -temperature and
the solar radiation e 1

models remain virtually
unchanged from the PVID
site, which is to be
expected since the SCE
solar radiation measure-
ments form the basic in- 2

put to both models in
both locations. The e

daily PET estimates for
the FAA site in July are
shown in Figure 5.

Again, the models respond Figure 5. Predicted PET at the FAA site. July 1980.
similarly to changes in
radiation input. The
Penman model shows a lot
of variability, and
predicts substantially
greater PET at this
warmer, windier site than
at PVID.

PET - RADIAI

PET - RADIA7.0TEMP.----

PET - PENMAN.

PET - NET RADIAI, - --

5 IS 20 25 31

DAY

Table 3. Mean PET (mm/day) at FAA and the agri-
cultural weather station site.

Climatological Models Ag Wea Sta
Class A pan

Month temp rad& net solar comb PET pan
temp rad rad evap

Mar 3.72 4.09 3.23 4.20 6.48 5.44 6.40'

Apr 5.01 6.45 4.56 6.58 9.17 6.50 7.65
May 6.05 8.28 5.62 7.85 10.67 7.06 8.31
Jun 7.72 11.20 6.07 8.94 13.55 8.94 10.52
Jul 8.77 12.29 6.37 8.70 13.42 9.10 10.70
Aug 9.09 11.12 5.85 8.24 13.64 8.53 10.03
Sep 7.47 8.51 4.50 6.80 9.35 6.58 7.74
Oct 5.50 5.59 2.70 5.09 7.16 5.44 6.40

Sumlcm] 163 207 119 173 256 176 207
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Some Site Ocapsrisons

The seasonal to-
tals are summarized in
Table 4 to show the
effects of the climat-
ic differences between
the two sites. Since
the same SCE solar
radiation input goes
into the two radiation
models (solar and net)
at both sites, it is
not surprising that
these two models re-
main in close agree-
ment. The Penman com-
bination totals, how-
ever, increased sub-
stantially at the FAA
site. This increase
is also quite evident
for the month of July
in Figure 6. Since
the radiation input is
essentially the same
at both site, the dif-
ferences evident in
Figure 6 are almost
entirely due to the
larger aerodynamic
component at the
warmer, drier, windier
FAA site. Note that
the Penman PET esti-
mates have a similar
response to climatic
fluctuations at the
two sites, even though
the magnitudes differ.

Comparisons Between PET and ET

The many, wide-
spread applications of
the combination model
have led to a general
acceptance of its
value for predicting
PET over a range of
surface and weather
conditions. The com-
parisons between Pen-
man PET and "actual"
ET from a crop that is
transpiring under "po-
tential" conditions
are not easy to make.
Onesuccessful compar-
ison was made at an
alfalfa field site
near Phoenix, Arizona,
by Van Bavel (1966).
We shall make use of
his approach, his ex-
perimental data, and
additional data from
Gay and Hartman (1981)

for further compari-
sonsbetween climato-
logial PET models in
this paper and ET from
irrigated crops.
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Figure 6. Penman PET estimates, PVID and FAA. July 1980.

Table 4. Seasonal PET totals (cm) at PVID,
FAA and agricultural weather station sites.

Site

Climatological Models Ag Wea
Class

Sta

A pan
pan
evap

temp rad&
temp

net

rad

solar

rad

comb PET

PVID 135 197 118 170 174
176 207

FAA 163 207 119 173 256

Table 5. ET measurements and PET estimates over alfalfa near Phoenix. ET
and climatic data are from Van Bavel (1966).

Mean climatic variables Evapotranspiration estimates

no. date KY T. Ta es ea U ET1 ET2 PETS PET'. PETS PETE

[ly) [ly][ °cl[mb][mb] [m/s] [mm] [mm] [mm] [mm] [mm] [mm]

1 3/26/63 532 261 17 19 8 1.6 5.0 5.7 4.5 3.7 4.7 5.4

2 6/21/63 761 468 24 30 6 1.8 12.2 11.8 8.9 7.4 8.9 10.2

3 8/ 9/63 625 458 31 45 22 1.3 8.6 9.0 9.4 7.9 6.8 8.9

4 8/12/63 631 459 32 48 21 1.2 8.9 9.2 9.8 8.0 7.0 9.2

5 11/12/63 319 159 19 22 11 1.0 3.4 3.5 3.0 2.3 2.8 3.6

6 3/18/64 479 304 16 18 11 2.6 6.2 7.1 3.8 4.2 4.4 5.6

7 4/11/64 610 342 19 22 10 1.9 7.2 7.3 5.7 5.0 5.7 6.7

8 4/18/64 479 254 24 30 10 3.8 10.4 11.2 5.6 4.0 6.3 9.2

9 4/21/64 668 436 16 18 9 1.8 6.6 7.6 5.3 6.1 5.9 7.1

10 6/ 5/64 643 436 26 34 13 1.9 9.1 9.6 8.1 7.1 7.7 9.2

11 7/20/64 584 428 32 48 26 1.7 12.0 11.4 9.1 7.4 6.5 8.7

11-day totals: 89.6 93.3 73.2 63.4 66.7 83.8

Symbols: KS, solar radiation; Q *, net radiation; Ta, air temperature es,
saturation vapor pressure; ea, vapor pressure; U, wind speed.

Notes: 1. lysimeter measurement 2. modified energy budget
3. radiation & temperature model 4. net radiation model
5. solar radiation model 6. Penman combination model
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Van Bavel's (1966)
paper compared lysime-
ter evapotranspiration
with a complex form of
the Penman equation
designed to yield
short -term, direct
measurements. He found
excellent agreement
between the modified
Penman method and the
lysimeter. The data
and his results over
alfalfa are summarized
for 11 days of
measurement in Table
5. Van Bavel's modi-
fied Penman method
yielded a PET total of
93.6 mm for the 11 day
period, as compared to
his lysimeter ET estimate of 89.5 mm. The data summarized in Table 5 were used with the
climatological methods defined in this paper to obtain totals estimated by the radiation -temperature
method, net radiation method, solar radiation method and Penman combination method. These were,
respectively, 73.1 mm, 63.2 mm, 66.7 mm and 83.8 mm. The best agreement between Van Bavel's observa-
tions and the four models used in this paper is with the Penman combination method, using the simple
wind function of Doorenbos and Pruitt (1975).

Table 6. ET measurements and PET estimates over alfalfa near Tucson.
ET and climatic data from Gay and Hartman (1981).

Nean climatic variables Evapotranspiration estimates

no. date K+ Q. Ta és ea U ET1 PET2 PETS PET'' PETS
Ely] Ely/ 1°C1 [rab] [mb] [m/s] [mm] [mm] Earn] [mm] [mm]

1 6/12/80 719 494 31 44 12 1.2 10.4, 11.4 8.4 9.1 10.0
2 6/27/80 626 430 34 54 16 1.2 9.9 10.9 7.7 8.2 9.1
3 6/28/80 642 447 35 56 15 1.5 10.6 11.4 8.0 8.4 10.0

3-da totals: 30.9 33.7 24.1 25 7 29 1
S s: K , so ar r atlon; Q *, net radiation; Ta air temperature;

es, saturation vapor pressure; ea, vapor pressure; U, wind speed.
Notes: 1. Bowen ratio measurement 2. radiation & temperature

3. net radiation model 4. solar radiation model
5. Penman combination model.

An additional comparison can be made between the climatological models of this paper and the
Bowen ratio measurements of Gay and Hartman (1981) for three days over alfalfa near Tucson, Arizona.
Their data is summarized in Table 6. Their Bowen ratio estimates of ET totaled 303 mm for the 3-day
period. The models used in this paper (radiation -temperature, net radiation, solar radiation and
Penman combination, respectively) yielded estimates of 33.6 mm, 24.1 mm, 25.8 mm and 29.1 mm. Again,
the closest agreement between measured ET over irrigated alfalfa and predicted PEP was with the Penman
combination model, with the radiation -temperature model being next best.

Conclusions

The data collected at two nearby sites varied greatly, as is evident in the summary in Table 1
for the March thru October growing season. The FAA desert site was substantially warmer and windier
than the PVID site within the irrigated area. The site differences are to a major degree associated
with the effects of irrigation on the climate at the PVID site. Indiscriminate application of PET
models to these two data sources could lead to substantially larger estimates of PET than may be
warranted, unless procedures are developed to "discount" dryland data in anticipation of the ameliora-
ting effect of large scale irrigation.

The application of the simple climatic models to the data from the PVID and FAA showed that the
radiation -temperature method, the net radiation method and the solar radiation method each gave
excellent repeatability at the two sites (Table 4), although the absolute values of the methods varied
markedly. The more complex Penman combination model and the empirical temperature method were quite
different at the two sites. The accuracy of the methods is difficult to establish, but evaporation
pan data from an irrigated field site has been used for an estimate of ET by many authors. The March
thru October pan estimate of PET was 176 cm (after adjustment of evaporation data with a pan
coefficient of 0.85). This compares closely with the solar radiation method at both sites, and with
Penman combination method at the PVID site. We conclude that such simple models have considerable
promise for estimating PET, providing special steps are taken to "calibrate" them for arid zone
conditions.

The comparisons between PET estimates and measurements of actual ET further confirm that
simple models can be calibrated to yield satisfactory results. The Penman combination with the
Doorenbos- Pruitt empirical wind function gave results that were in excellent agreement with those
based upon the complex wind function of Van Bevel. The much simpler solar radiation model also gave
good results. The solar radiation model does incorporate an empirical wind function term that distin-
guishes it from the other simple, empirical models. This form therefore appears worthy of extensive
testing in order to calibrate it for arid zone conditions. Calibrating simple methods against direct
measurements (lysimeters, energy budgets) of ET from irrigated crops that transpire near the potential
rate could substantially enhance our ability to readily estimate water use from irrigated crops. This
could pay enormous dividends in management of arid zone water resources in the future.
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