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ABSTRACT

This study applied a simple empirical evaporation model (SWET) proposed by

Osmolski (1985) to estimate evapotranspiration over alfalfa using only solar radiation and

wind data. SVVET was used to inventory evapotranspiration from irrigated alfalfa in

lowland deserts in the southern half of Arizona. Meteorological data were obtained from

the Arizona Meteorological Network (AZMET) for 21 sites in key agricultural regions.

The number of years at each site ranged from 10 to 3 making possible for the first time the

expression of long term means and standard deviations of alfalfa evapotranspiration.

Results from SWET are compared to values of Penman reference evapotranspiration

produced by AZMET and to estimates derived from the Blaney-Criddle and Thornthwaite

methods. Temporal variability of daily estimates is examined as the scale lengthens from

days to years. The spatial variability of predicted evapotranspiration is small across the

width of southern Arizona, as illustrated by contour plots of evapotranspiration.
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I. INTRODUCTION

As inhabitants of arid lands, we must make effective management of our limited

water supplies a priority. Evapotranspiration, which includes loss of water by evaporation

from soil and water surfaces, as well as by transpiration from plants, accounts for

tremendous losses of water in an arid climate. This water is lost as vapor and cannot be

redirected for other human uses. The significance of evapotranspiration becomes obvious

when realizing that more than 95% of the precipitation falling on Arizona is lost to

evapotranspiration (Harshbarger et. al., 1966). Therefore, it is essential to be able to

accurately and rapidly quantify the loss of water by evapotranspiration so that the little

water which Arizona receives can be better managed.

Agriculture accounts for 80% of all water use in Arizona for the production of

cotton, wheat, alfalfa and vegetable crops. The farmers growing these crops need to

know the amount of water required for optimal growth. With this information, the grower

can accurately plan irrigation schedules as well as determine which and what acreage of

crops can be grown with a given water supply.

Evapotranspiration measurements can be made using either direct or indirect

methods. Methods which are based on measures of soil moisture content as a portion of

the water budget are direct measurements and include lysimeters, and plot and catchment

studies. The advantages of these methods include low training and operating costs and

simple data processing (Hatfield, 1990). Limitations include spatial dependency, poor

temporal resolution and a tendency to be labor intensive.



1 1

Evapotranspiration can be measured indirectly by meteorological and empirical

methods. Meteorological methods, such as the Bowen ratio method and the eddy

correlation methods, calculate the turbulent fluxes of sensible and latent heat from

measured air temperature and vapor concentration. Complexity of instrumentation, data

collection, and data processing are the major limitations of these methods (Hatfield, 1990).

Empirical methods are based upon statistical relationships between evapotranspiration

measurements and climatic data, and fitted equations to predict evapotranspiration.

Empirical models are specific to the location and the crop for which they were developed.

Calibration is required to extend these models to other regions.

Definition of Problem 

In practice, actual measurements of evapotranspiration using direct or indirect

methods can be time consuming and expensive. Empirical methods have become popular

as a way to rapidly estimate evapotranspiration using only a few readily available climatic

variables.

This study has applied a simple empirical model, SWET, proposed by Osmolski

(1985) and described by Gay and Osmolski (1987), to examine the temporal and spatial

distribution of evapotranspiration at 21 sites across southern Arizona. SWET relates

evapotranspiration from irrigated alfalfa to solar radiation and wind. Because of its

simplicity and its use of the two most important variables influencing evapotranspiration, it

provides a rapid and accurate estimate of alfalfa evapotranspiration. The method was

developed for, and is restricted to, irrigated sites in arid regions where advection of
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sensible heat contributes to high evapotranspiration rates. Meteorological data for the

project were provided by the Arizona Meteorological Network (AZMET).

Objectives of Study

The objectives of this study are to demonstrate the utility of a simple empirical

model to:

1) to inventory mean evapotranspiration from irrigated alfalfa at Arizona desert sites and

2) to define the temporal and spatial variability of evapotranspiration from irrigated alfalfa.

Approach 

To fulfill these objectives, SWET evapotranspiration was calculated at 21 AZMET

sites. Consumptive use curves were plotted to examine the annual variability in

evapotranspiration of irrigated alfalfa. The values calculated by SWET were compared to

other accepted methods, including a modified Penman method, FAO-revised Blaney-

Criddle model, and soil moisture depletion method. Agreement between SWET

evapotranspiration and other accepted methods is reasonable. Temporal variability was

examined on time scales of days, months, and years. To examine the spatial variability,

contour maps of evapotranspiration as estimated by SWET were created for the desert

lowlands of Arizona.
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II. OVERVIEW OF EVAPOTRANSPIRATION MEASUREMENTS

In general, there are three main approaches to measuring evapotranspiration.

These are 1) water budget methods, 2) meteorological methods, and 3) empirical methods.

The first involves direct measurement of evapotranspiration while the second and third

utilize indirect measurements.

Water Budget Methods 

The basis of water budget methods is to measure all inflows, outflows and any

change in storage from the water body or soil volume. In accordance with conservation of

mass, the evapotranspiration term can be calculated as the residual (Gay, 1993).

Limitations to these methods include assuring that all inflows and outflows are accurately

measured and that natural conditions are not disrupted as equipment is installed. Water

budget methods are commonly applied to lysimeters, and plot and catchment studies.

Lysimeters provide a direct measurement of evapotranspiration. Installation of a

lysimeter involves placing a block of soil in a tank which is then sunk into the ground.

There are two general types of lysimeters: nonweighing and weighing (Harrold, 1966).

Nonweighing lysimeters measure inflow and outflow (drainage) but not changes in soil

moisture. The soil moisture is approximately constant with a constant-level water table,

or frequently replenished by allowing water to percolate through the lysimeter (Harrold,

1966). Both versions are useful to the extent that the change in soil water storage can be

considered negligible. Weighing lysimeters measure changes in soil moisture storage by
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weighing the soil block. This type can be managed to measure potential or actual

evapotranspiration with very high precision.

A lysimeter can give accurate estimates of evapotranspiration only if designed,

installed, and operated so that it is representative of natural conditions (Harrold, 1966).

Design characteristics affecting the accuracy of a lysimeter include the surface area to

depth ratio and the wind. Overall precision of most weighing lysimeters can approach 0.1

mm on a daily basis (Hatfield, 1990). Limitations of lysimeters include the high cost of the

equipment, installation, and maintenance, and the requirement that soil moisture and

vegetation represent the conditions in the surrounding fields.

Meteorological Methods

Meteorological methods involve direct measurement of weather variables which

can then be used to calculate evapotranspiration. Many of these methods also utilize

concepts of energy budgets that are analogous to water budgets. The energy budget is

based on the principle of the conservation of energy which requires that the four major

fluxes of energy at the surface of the earth "balance" or sum to zero. The surface energy

fluxes are the net exchange of allwave thermal radiation, the rate of thermal energy

storage in the surface and vegetation, sensible energy exchange between the soil and the

atmosphere, and latent energy of vaporization (Gay, 1993). All four fluxes can be

measured independently with various meteorological methods. However, most

applications attempt to measure all gains and losses of energy comprising the first three
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terms in the energy balance, so that any energy not accounted for is latent energy. Latent

energy can then be easily converted to the equivalent depth of evaporated water.

Advantages of these methods include their mobility, and their ability to be used

continuously and for short period rates (Fritschen, 1966). The Bowen ratio energy

balance (BREB) and the eddy correlation energy balance (ECEB) methods are two

meteorological methods which provide good estimates of the energy balance terms. The

Bowen ratio energy balance is the primary method used to measure "ground truth"

evapotranspiration upon which the SWET method is based.

Bowen Ratio Energy Balance

The Bowen ratio analysis combines measurements of gradients of air temperature

and vapor concentration just above the surface with the energy available from net

radiation plus rate of thermal storage to calculate evapotranspiration. This method is well

suited for measuring evapotranspiration in irrigated agriculture. It is described in many

textbooks (see Oke, 1987).

An important assumption of the Bowen ratio method is that the sensible heat

diffusivity is equivalent to the water vapor diffusivity (Verma et. al, 1978). This may not

be true over crops with non-uniform cover and during periods of advection (Hatfield,

1990), but this possibility is generally ignored (Brownridge, 1985). Limitations of the

Bowen ratio method include the complex instrumentation and data collection and the need

for technical assistance. Valid results can be obtained with proper instrumentation and if

basic assumptions are met. In general, errors with Bowen ratio systems can be less than

5% for short period calculations (Fritschen, 1966).
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Eddy Correlation Energy Balance

The eddy correlation technique measures the flux of latent and sensible energy at

the surface from the fluctuations in vertical wind velocity and fluctuations in either the

vapor density or air temperature. If all four fluxes are measured, the energy "balance" is

an index to the quality of the measurements. Typically, however, the method is simplified

by measuring sensible heat flux and combining it with net radiation and thermal storage to

estimate latent energy as a residual. The values of latent energy can be converted to

depth of evapotranspiration. The main limitation of this method is the complexity of the

instrumentation. The eddy correlation method is well suited to drier, rougher surfaces

(Gay, 1993).

Empirical Methods

The water budget and meteorological methods can provide accurate values for

evapotranspiration, but they can be expensive and time consuming. Because of these

limitations, the above methods have been confined to research studies and have had

limited field application.

For vegetation with an ample supply of water (i.e., irrigated crops), the rate of

evapotranspiration is controlled primarily by meteorological factors. Thus scientists have

developed empirical relationships which correlate evapotranspiration from plant

communities with plentiful water, and one or more climatic variables, most commonly

temperature, humidity, wind, and solar radiation. These variables are generally considered

to be the major meteorological factors controlling evapotranspiration. The main
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advantage of empirical formulas is that they can eliminate expenses involved in directly

measuring evapotranspiration. A major limitation of empirical methods is that application

can be restricted to specific site and environmental conditions, and so the models may not

be appropriate for other situations without calibration. Therefore, great care must be

exercised when using empirical methods in regions other than where they were developed.

Jensen (1966) justified the use of empirical methods when 1) there are inadequate

meteorological and crop data available to calculate evapotranspiration using complete

rational equations, 2) simple empirical equations provide evapotranspiration estimates with

enough accuracy for the user's purpose, and 3) complete rational equations often require

greater technical ability and experience in meteorology, physics, and agronomy than

possessed by most users of evapotranspiration data.

This study utilizes the widely accepted empirical Blaney-Criddle model, the semi-

empirical Penman model, and a new empirical solar radiation/wind (SWET) model. The

first two estimate evapotranspiration from an irrigated "reference crop" which is adjusted

to actual evapotransiration by a multiplicative crop coefficient (KO. The new model

estimates actual evapotranspiration from irrigated alfalfa.

Blaney-Criddle Method

The original Blaney-Criddle method was developed by correlating measured

evapotranspiration with monthly air temperature, monthly percent of yearly daylight hours,

precipitation, the length of crop growing season, and a consumptive use coefficient

(Blaney and Criddle, 1950) which must be established for each crop and land use pattern

(Criddle, 1966). The FAO-revised Blaney-Criddle method (Doorenbos and Pruitt, 1977)
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is used here. This revision incorporates a daylength-related factor to account for

humidity, sunshine, and daytime windspeed. Monthly evapotranspiration can be calculated

by the following equation:

ET, = a b + b b [p(0.46T +8.0)]

where ET0 is the reference crop evapotranspiration in mm/day for the month, T is the

mean daily temperature in °C for the month, p is the mean daily percentage of total annual

daylight hours (obtained from a table), and ab and bb are adjustment factors dependent on

minimum relative humidity, sunshine hours and daytime windspeeds. The values of ab

range from -2.3 to -0.38, values of bb range from 0.38 to 2.63. For Phoenix, typical

values of ab and bb are -2.3 and 1.5, respectively (Doorenbos and Pruitt, 1977).

This method should be used where air temperatures are available, but radiation

data are lacking. The Blaney-Criddle method uses mean air temperature as an index of the

energy available for evapotranspiration, and so the results are considered reliable only for

periods weeks or longer. Accurate calculations of mean daily ET0 for periods of a month

or more are claimed for the FAO-revised method (Doorenbos and Pruitt, 1977).

However, the method works poorly for equatorial regions, small islands, coastal regions,

and high altitudes.

Penman Method

The Penman method is based upon a physical model of the energy balance which

combines the energy and aerodynamic components. The "modified" Penman method used

here incorporates a revised wind function and an adjustment factor to account for the
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effect of day and night conditions. This method gives reasonable reference

evapotranspiration (ET0) estimates over a wide range of conditions when hourly data for

temperature, humidity, wind and radiation are used for input (Pruitt and Doorenbos,

1977). The reference evapotranspiration must also be adjusted by a crop coefficient to

yield actual evapotranspiration. The following form of the modified Penman's equation

was developed by Snyder and Pruitt (1985) and is used by AZMET to calculate reference

evapotranspiration.

Hourly estimates of reference evapotranspiration (mm/day) are calculated by:

ET. = W(Rn) + (1 - W)(e a - e a )(FU 2 )

in which Rn is the net radiation in equivalent mm of evaporation, W is a temperature

related weighing function (KPa/K), (ea-es) is the difference between the saturation vapor

pressure and actual vapor pressure (KPa), and FU2 is an empirical wind function

(mm/KPa) (Brown, 1996).

Hourly averages of net radiation (Rn, W/m2) are calculated from solar radiation.

Mean hourly values of net radiation are converted from W/m2 to hourly totals (mm) of

evaporation by:

Rn = R / (694.5(1- 0.000946T))

where T is the hourly average air temperature in degrees Celsius.

The weighing function (W) is determined from each hourly average air

temperature (Ta) and is calculated as:

W=A/(A+2/)
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where d is the slope of the saturation vapor pressure curve at the air temperature and y is

the psychometric constant (Brown, 1996).

The aerodynamic term is very sensitive to the wind function (FU2) and the vapor

pressure deficit (Pruitt and Doorenbos, 1977). The wind function is determined by one of

two empirical equations. When the net radiation is less than or equal to zero, the equation

for FU2 is:

FU2 = 0.125 + 0.0439U 2

where U2 is the average hourly wind speed (mis) measured at two meters height. The

AZMET system measures wind at three meters and adjusts to two meters by a

multiplicative factor of 0.93 (Brown, 1997). When the net radiation is positive, the

equation is:

FU2 = 0.030 + 0.0576U 2

The value obtained as reference evapotranspiration must then be converted to

actual evapotranspiration using a multiplicative correction factor known as the crop

coefficient (KO. This factor accounts for differences in physiology, canopy architecture,

stage of development, and surface soil moisture, and therefore, is crop specific

(Doorenbos and Pruitt, 1977). These coefficients have been determined elsewhere by

comparing actual evapotranspiration, measured by lysimetry or Bowen ratio techniques, to

reference evapotranspiration.

There is widespread agreement regarding the superiority of the modified Penman

method in estimating open water evaporation and reference evapotranspiration when



21

meteorological data, including temperature, radiation, wind speed, and relative humidity,

are available. The method works well for a wide range of conditions and can be adapted

to any desired time period, although it was recognized early that short periods (i.e.,

hourly) are more advantageous than daily or longer periods (Tanner and Pelton, 1960).

An Empirical Solar Radiation/Wind Evapotranspiration Model

Osmolski (1985) collected a large set of BREB measurements of

evapotranspiration over alfalfa fields in Avra Valley, Arizona, about 30 km northwest of

Tucson. He developed several multivariate linear empirical models to estimate

evapotranspiration from irrigated alfalfa at an arid site in southern Arizona. His research

showed that a strong primary relationship exists between evapotranspiration and solar

radiation with wind being the next most important climatic variable controlling

evapotranspiration rates. This provided the basis for the promising solar radiation/wind

evapotranspiration model, SWET, which predicts evapotranspiration from irrigated alfalfa,

using only solar radiation and wind data.

Development. Osmolski's multiple linear regression model was developed from

2124 sets of 12 minute Bowen ratio data on 43 different days between early May to mid

October, 1982. The model is of the form LE = a +bld,+cU. For irrigated alfalfa,

appropriate coefficients were determined so that

LE = —69 + 0.64K +39.4U

in which LE is latent energy (W/m2), 1(4, is incoming solar radiation (W/m2), and U (m/s)

is the windspeed at two meters height (Osmolski, 1985). The model applies to the



averaging period for K•i, and U (hour, day, etc.). It has been termed the solar

radiation/wind evapotranspiration model (SWET) due to its dependence upon those

climatic variables.

The regression analysis between SWET predictions and the evapotranspiration

data used by Osmolski to fit the model is shown in Figure 1. To create this figure, sites

where water was not plentiful were excluded, leaving 1815 data sets of 0.2 hour means as

opposed to the original 2124 data sets. The fit of the trend line to the data is very good

(r2=0.92), the slope of the trend line is close to 1.0, the y intercept is negligible, and the

standard error of the predicted y values is low (59.6), indicating an excellent fit of the

predicted SWET values to the values measured by the Bowen ratio system.

Of the fourteen models Osmolski proposed, SWET appears to gives the best

combination of accuracy and simplicity. One major advantage is that the variables 1(4, and

U are independent of the site and need not be measured on the specific field of interest.

The model was used to calculate evapotranspiration for daylight hours. For full

day periods, Gay and Osmolski's (1987) discussion was followed, and daytime

evapotranspiration values were increased by five percent to account for nighttime

evapotranspiration. This is supported by Gay (1986) who found nighttime

evapotranspiration to be approximately 3% of daytime evapotranspiration for a field of

winter wheat in central Arizona. For a wheat crop near Phoenix, Jackson et. al (1983)

increased their daytime estimate of evapotranspiration by 10% to account for nighttime

evapotranspiration. However, Yitayew and Brown (1990) reported that increasing

evapotranspiration estimates by 10% resulted in overestimates of evapotranspiration for



en	 1 g i
c,i	 1

23

g	 1 1
. , .	 Pa:t•iie•

. i. .,0\•.• .	 .	 1gee	 Jo ill .

, III	 II	 A.0 zfiAll '

,	 11	 Ito WIg 1 10 kiN W.
I 1%	 ta sv

"i1 11' 101 1.1	 it kh, • I
t-m	 , . •• 181;r14.11,

I	 I Ill 	-

gl	 141111;"

cnI	
Vs

a	 ,. .	 .,01,	 1 pki,)
Ifilii:,-	 1	 f

C	 •	 0 Op ,
0

o	 I	
alligI) II3	 g

CO	 . :el	 4	
111111

"O
9	 1 ilk -	 III• III,
C
a)	

I 01 	;•
cn	 I	 li 1	 I I II
.n	 11 ii I I I

O I I lag if 1tots...Dv I

d	
t	

.

m	 " 1 a e:	 % a .r—

C7	 I	 Ip II , ,	 i l : • 1(-,1

6
ii I • • 'I )11 11111 I 101

a
.
	.. ••	 .. ,

' .	 .1 In I

H
1 II,	 1

I ll'

I	 1,1 • 	, 1

I1	 ,

g "	 111-

1 

1- 1/1 	I
• g	 1	 I

it_

1 % II
I

I I	 -71
sit?

• rn
I

C) (-.4
• crN• • oo- kr

▪

 )nz)	 - I I	 IIIC)	 II
"

II

(zuvm) Jaws pormaid



24

Tucson and Bonita in the late summer months and for much of southern Arizona in winter

months. The general consensus is to increase calculated daytime evapotranspiration by a

small amount to account for nighttime evapotranspiration.

Validation of SWET. As SWET was developed from Bowen ratio energy

balance data, it is necessary to confirm the validity of a Bowen ratio energy balance

measurements in arid environments. In one example, Gay (1988) compared latent energy

measurements of Bowen ratio energy balance against measurements of an eddy correlation

system and three lysimeters. Data from a Bowen ratio system, eddy correlation system

and lysimeter were collected over an alfalfa field at the U.S. Water Conservation

Laboratory in Phoenix, Arizona during daylight hours at 0.5 hour increments on May 22,

1985. See Figure 2. Using the means of net radiation and soil heat flux of a number of

sensors, the Bowen ratio latent energy was evaluated, and the eddy correlation latent

energy was estimated as a residual. Agreement between the Bowen ratio system and the

eddy correlation system and lysimeter measurements is excellent in this illustration.

Brownridge (1985) made numerous comparisons between Bowen ratio systems and

lysimeters at the U.S. Water Conservation Laboratory, further supporting the conclusion

that a Bowen ratio system gives appropriate results in arid environments.

SWET values were then compared to Bowen ratio latent energy measurements

from the University of Arizona Maricopa Agricultural Center. Data were obtained from

June 10 to June 30, 1987 (DOY 161 through 181) and represent 0.2 hour means. Figure

3 shows the excellent agreement between the Bowen ratio system measurements and the

SWET estimates. It can be concluded that SWET estimates of evapotranspiration are
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consistent with measurements from water budget and meteorological methods, and,

therefore, use of SWET is validated to calculate actual evapotranspiration from irrigated

alfalfa in an arid environment.

Further validation of SWET is presented in the Results and Discussion section of

this paper, including comparisons to modified Penman reference evapotranspiration as

calculated by AZMET and to FAO-revised Blaney-Criddle evapotranspiration as

calculated by Yitayew (1990).
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ill. MATERIALS AND METHODS

This chapter describes the source of the data, the descriptions of the sites, the

collection of the data, and the processing of the data to estimate actual evapotranspiration

over irrigated alfalfa.

Source of Data 

The data utilized for this study were obtained from the Arizona Meteorological

Network (AZMET). This near-real time network is operated by the Arizona Cooperative

Extension and has provided meteorological data and information to Arizona agriculturists

since 1986. Its primary goal is to provide weather-based information for irrigation

management, thereby encouraging more efficient use of irrigation water (Brown and

Yitayew, 1988). In the AZMET system, automated weather stations monitor air and soil

temperatures, relative humidity, solar radiation, precipitation and wind movement in the

major agricultural regions in Arizona. These data are transmitted over phone lines to the

data processing center in Tucson where they are processed by automated programs.

Ready-to-use AZMET data can be obtained by mail or in person from the

Extension Biometeorology Program do AZMET, Soil, Water and Environmental Studies

Department, Room 429, Shantz Bldg., University of Arizona, Tucson, AZ 85721. The

data can also be downloaded from the AZMET Computer Bulletin Board, (520) 621-

1197, or from the AZMET Internet website at the following address:

http ://ag. arizona. edu/azmet (Brown and Russell, 1987-1997).
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Currently, there are 24 AZMET stations in Arizona, with an additional station in

Cuidad Obregon, Mexico. The data used in this study were collected at 21 of the sites

across the southern half of Arizona (see Figure 4). These stations were selected because

they provided at least three complete years of hourly data with as many as ten years at

four of the stations. Data from these stations were utilized from the date the station came

on-line until December 31, 1996.

Site Descriptions

For simplification, the sites have been grouped into two categories following

Sellers and Hill (1974) (see Figure 5). The southeast group contains AZMET station 1 at

Tucson and the three stations east of it, while the southwest group contains the remaining

seventeen stations. The southwestern region contains the most typically desert sections of

Arizona and consists of fertile desert plains. The southeastern section is characterized by

mountain ranges of more than 2285 m (7,500 ft) elevation dividing low elevation basins

which have been filled by alluvial fans. The silt and sand comprising these fans in the

southeastern section and the desert plains of the southwestern section have created fertile

land on which most of the state's 400,000 ha (1 million acres) of irrigated farm land are

located.

This part of Arizona experiences a semi-arid climate receiving less than 400 mm

(16 in) of precipitation per year. This presents a major limitation to the region as the

economy is dependent upon agriculture. To meet the evapotranspiration requirements

which can exceed 2000 mm (80 in) per year, the regions must be heavily irrigated.
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Figure 4. Map of AZMET site locations.
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Figure 5. Topographical features and section boundaries of Arizona (Sellers and Hill,
1974).
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Currently these lands consume 80% of the available water in Arizona, more than 20 billion

m- (5 million acre feet) per year to grow such crops as cotton, wheat, and alfalfa.

Across southern Arizona, precipitation occurs in a bimodal pattern. In the

southwest section, annual precipitation averages 198 mm (7.8 inches) with 48% of the

precipitation occurring between May and October. In the southeast section, the average

annual precipitation is 366 mm (14.4 inches) with 65% occurring between May and

October (Sellers and Hill, 1974). Both regions receive much of their precipitation in July

and August as a result of intense localized thunderstorms. Most of these summertime

storms are convective in origin, resulting from the flow of moist tropical air from the Gulf

of Mexico over strongly heated desert floor. Occasionally, deep surges of tropical air

from the Gulf of California and the Pacific Ocean result in record summer storms. Winter

precipitation in Arizona is associated with large scale cyclonic storms which spread gentle

precipitation more widely than in the summer (Sellers and Hill, 1974). A map of average

annual precipitation in Arizona is shown in Figure 6.

In southern Arizona, minimum January temperatures are often above freezing.

Average January temperatures for southern Arizona range from 4°C to 10°C (40°F to

50°F). Between January and July, mean monthly temperatures increase by more than 25°C

(40°F). Maximum daily temperatures in summer in southern Arizona often exceed 38°C

(100°F) (Sellers and Hill, 1974). The high evaporative demand during the growing season

must be satisfied by irrigation water for agriculture to flourish.
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Figure 6. Average annual precipitation (inches) of Arizona (Sellers and Hill, 1974).
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Data Collection 

The data used in this study were collected by AZMET at 21 sites across the

southern half of Arizona (see Figure 4). A photo of a typical AZMET station is presented

in Figure 7. Stations are surrounded by a minimum of 10 m by 10 m of Bermuda grass

maintained at a height of 5 to 10 cm. Species of grass, size of the grass area, and

irrigation frequency vary from site to site (Brown, 1997). This area is intended to act as a

buffer and could be important for reference evapotranspiration calculations, as the rates of

evapotranspiration and sensible heat from vegetation can affect the shapes and magnitudes

of vapor and air temperature profiles. Allen (1996) points out that roughness of the

evaporating surface also affects the shape and profile of the wind velocities above the

surface, and he calls for a uniform, well-watered clipped grass surface below and

surrounding the weather equipment for a distance of 100 times the height of the wind, air

temperature, and relative humidity sensors in all directions. Some of the AZMET stations

meet Allen's criteria by location adjacent to irrigated agricultural areas or directly on golf

courses (Brown, 1997). However, at most stations, the grass area appears too small to

significantly affect the station climate. Specific site location information for the AZMET

stations, including latitude, longitude, elevation, date on-line, and number of years

available, are listed in Table 1. All elevations are from standard sea level (USGS).

Latitude and longitude coordinates were derived from the standard latitude and longitude

system using USGS maps (Brown and Russell, 1987-1997).
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Figure 7. Photo of typical AZMET station.
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Each AZMET weather station is controlled by a Campbell Scientific, Inc.

datalogger. From 1987 to 1992, the datalogger sampler rate was every minute. From

1993 to the present, the sampling rate is every 10 seconds. At the end of each hour,

precipitation and solar radiation measurements are totaled, soil temperatures are taken,

and all other readings are averaged (Brown and Russell, 1987-1997). See Table 2 for a

summary of the meteorological parameters including abbreviations and units measured by

the AZMET stations, as well as a listing of the sensors and their siting. As an illustration,

raw hourly AZMET data for DOY 120, 1987 for Tucson (station #1) are presented in

Table 3.

Data Processing

The data were analyzed to answer the following research questions:

1) How does the empirical model, SWET, compare with accepted empirical methods?

2) What values are expected for mean evapotranspiration from irrigated alfalfa at

Arizona desert sites?

3)	 How does evapotranspiration from irrigated alfalfa vary spatially and temporally

across southern Arizona?

Hourly AZMET data in comma-delimited ASCII format were downloaded from

the AZMET Internet website and imported into Microsoft Excel software. For the SWET

model, only the columns containing day of year (DOY), hour (HR), solar radiation (KD)

and wind speed (U) were required. The data were filtered leaving only hours with positive

values of solar radiation so that evapotranspiration values for daylight hours were
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calculated. Nighttime evapotranspiration was accounted for by increasing daytime values

by 5%. The calculation procedures are illustrated below.

AZNLET hourly solar radiation (KD in MJ/m2) were converted to mean hourly

rates (W/m2) as follows:

KD(MJ / m2)* 
lx106W

*
 lhr 

MJ / s 3600 sec
— KD(W / m 2 )

SWET was then applied to the data:

0.64* KD(W / m 2 ) + 39.4* U(m / s) — 69 = LE(W / m 2 )

Wind speeds were not converted to two meters height using a factor of 0.93 as

suggested by Brown (1997). Bausch (1990) demonstrates that this conversion is not

necessary as it results in an error in reference evapotranspiration of only 3%. To ascertain

this, ten years of Maricopa evapotranspiration values were calculated with the SWET

model using the corrected and uncorrected wind speeds. The differences generated by the

two wind measurements were only 3% which is considered to be a negligible error,

especially when considering the approximation of the 0.93 height constant.

Mean hourly LE (W1m2) was then converted to evapotranspiration in mm/hr:

3600 sec	 lmm
LE(W / m 2 )* * 	 — ET(mm / hr)

lhr	 2,450,000J

Hourly values of evapotranspiration were summed for the daylight portion of each

day and increased by 5% to obtain daily totals.
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Data Quality

To assess the adequacy of AZMET measurements, Gold (1995) regressed daylight

AZMET measurements of solar radiation, windspeed, and air temperature and calculated

values of net radiation upon the same variables measured by a Bowen ratio energy balance

system (BREB) over a field of irrigated wheat. The data sets compared were from DOY

16 to DOY 137, 1988 at the University of Arizona Maricopa Agricultural Center. The

BREB measurements were treated as the independent variables and the AZMET

measurements as the dependent variables. Table 4 presents the results of Gold's linear

regression.

Table 4. Summary of regression analysis between AZMET and BREB weather data collected
during daylight hours from DOY 16 to 137, 1988 at Maricopa (Gold, 1995).

Regression variables y intercept x coefficient SE r2
Daily mean -22.0 + 4.7 1.146 + 0.010 10.35 0.992 104

BREB KD vs AZMET SR
Daily mean 50.0 + 10.9 1.183 + 0.036 28.48 0.903 118

BREB Qn vs AZMET Qn
Daily mean 0.48 + 0.05 1.060 + 0.022 0.263 0.952 118

BREB U vs AZMET U
Daily mean -0.83 ±0.16 1.073 + 0.008 0.461 0.994 118

BREB T vs AZMET T

The correlation coefficients (r2) for the four variables were greater than 0.90

indicating a good fit of the trend line to the data and while the small slopes and intercepts

of the trend lines indicate high correlation between the two sets of measurements.

Upon closer examination of the data, it can be seen that daily mean solar radiation

values at the AZMET station were consistently 10% higher than BREB solar radiation
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and, therefore, the net radiation values calculated from solar radiation measurements are

also high (Gold, 1995). The x coefficients (slopes) of the regression analyses between the

solar and net radiation values are greater than 1.0, indicating that the calibration standards

between the two systems are not identical. The y intercepts of these regression lines are

negligible when considering the magnitude of the values measured.

The correlation between the two systems' measurements of air temperature was

very good, with a trend line with a minimal y intercept of -0.8 and a slope of 1.07

indicating both systems measure very similar air temperatures. Mean daily windspeed at

the AZMET site was about 30% greater than at the BREB site. This offset between the

two sets of wind measurements may be explained by differences in surface roughness as

wind is highly variable and very dependent on the immediate surroundings (Gold, 1995).

In general, strong correlations exist between the measurements made by the BREB

system and the AZMET system (Gold, 1995). Although Gold's research shows the need

for calibration between the two systems, it is not apparent which system, if not both, is in

need of correction. Gold (1995) concluded that AZMET data are "strongly correlated

with proven Bowen ratio energy budget systems." This confirmation of AZMET data

quality as compared to BREB measurements indicates that the quality of AZMET data is

appropriate for the purposes of this study.

Available AZMET Data

Table 5 presents a summary of the data available by year for each of the AZMET

stations. Dates before the station was on-line are shaded, and dates when the station was

off-line due to maintenance or technical difficulties are dashed. These invalid entries are
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denoted by '999' in the daily and hourly AZMET data sets and were excluded from

calculations. Days for which more than half of the daylight hours were not available are

listed as missing. Years with more than thirty consecutive days of missing data were

considered incomplete. Data were used from the first date the station came on-line

through December 31, 1996. Stations 22 through 25 had less than three full years of data

as of December 31, 1996, and so they were excluded in this study.

Evapotranspiration values calculated from AZMET data using SWET were

appraised against other accepted methods. SWET evapotranspiration was examined

individually at each AZMET station as well as extrapolated to study spatial variability.

Examination of spatial variability of evapotranspiration was possible due to the locations

of the AZMET stations in the major agricultural regions of Arizona. The number of years

of data available ranged from ten to three, allowing for examination of long term

variability of evapotranspiration. Results of these surveys are discussed in the following

section titled Results and Discussion.
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IV. RESULTS AND DISCUSSION

The research objectives for this study were to 1) inventory mean

evapotranspiration from irrigated alfalfa at Arizona desert sites, 2) evaluate the empirical

SWET evapotranspiration model along with other methods; and 3) define the temporal

and spatial variability of evapotranspiration from irrigated alfalfa. The analyses employed

to answer the research questions include the calculation of means and standard deviations

for periods ranging from days to years. Time-series plots of SWET evapotranspiration

were created for visualization of the data at the 21 sites and for comparison with

evaporation values offered by other independent researchers. Linear regression analysis

was also made on a daily basis between SWET evapotranspiration and AZMET's

modified Penman reference evapotranspiration. Temporal variability of evapotranspiration

was examined at Maricopa on several time scales to identify time dependent patterns.

Finally, monthly contour maps of evapotranspiration were prepared from SWET

predictions to depict spatial variability across southern Arizona.

The SWET model was developed and verified for Avra Valley and additionally

verified in Maricopa. It was then applied to stations across the southern half of Arizona

some of which may lie beyond the range to which SWET can be applied. The true extent

that SWET is applicable is difficult to ascertain, as it would require calibration with direct

measurements of evapotranspiration at each site. However, comparison of SWET values

with those calculated by the physically based Penman method allows some confidence in

SWET estimates at the additional stations.
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Inventory of SWET Evapotranspiration Estimates 

The annual course of mean monthly time series was chosen for presentation of

evapotranspiration. Monthly mean evapotranspiration values expressed as a daily rate

were calculated by averaging all daily values within each month at each station for all

available years. Table 6 summarizes the mean monthly evapotranspiration expressed as a

daily rate for each station, standard deviations of these means among stations, total annual

evapotranspiration by station, standard deviation of annual values, and monthly and annual

coefficient of variation for each month and station.

Several basic descriptive statistics are defined here for future reference. The

n is the sample size. The standard deviation is an indicator of variability in that when the

data points are clustered near the mean, the values of the standard deviation will be small;

when the data points are more widely dispersed from the mean, the values will be large.

The coefficient of variation (CV) allows comparison between the stations after

s
normalizing for the differences in means. It is calculated by CV = =(1OO) (Milton, 1992).

x

A third statistic of interest for this study is the standard error of the predicted y value for

each x in the regression (S„y). The standard error is a measure of the amount of error in

the prediction of y for an individual x and is calculated by the following equation:
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Two sets of standard deviations were calculated; the standard deviation of the

twelve monthly averages (presented in Table 6) and the standard deviation from all daily

values for each month (not presented in Table 6). Mean annual evapotranspiration for all

stations is 2301 mm with an annual standard deviation of 115 mm and a coefficient of

variation of 5%. Mean annual totals range from 2035 mm at Phoenix Encanto to 2469

mm at Aguila. Overall, mean monthly evapotranspiration ranged from 3.3 mm/day in

December to 9.1 mm/day in June. Ranges of mean monthly evapotranspiration between

stations within each month were quite small, averaging 1.4 mm. Examination of Table 6

reveals ranges and standard deviations among stations in any one month are smaller than

those from month to month at any one station. The low standard deviations and low

coefficients of variation among stations indicate little spatial variability in alfalfa

evapotranspiration across southern Arizona agricultural areas.

Figure 8a presents a time-series plot of mean monthly evapotranspiration

expressed as a daily rate in Arizona desert lowlands created by averaging all 21 stations

into a single curve. Standard deviation lines in Figure 8a were produced by averaging the

stations' standard deviations for each month. Of particular interest in this Figure is the

symmetry apparent in the average curve, illustrating the dependence of evapotranspiration

on the annual curve of solar radiation. The nearness of the standard deviation curves to

the mean curve illustrates the consistency of evapotranspiration rates in the desert
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Figure 8a. Mean monthly evapotranspiration in Arizona desert lowlands.
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Figure 8b. Variation of mean monthly evapotranspiration at AZMET
stations.

49



50

lowlands of southern Arizona. Figure 8b shows the variation in mean monthly

evapotranspiration expressed on a daily basis at all 21 stations. Lowest evapotranspiration

rates occur consistently at Phoenix Encanto and Phoenix Greenway, while higher curves

belong to the five stations on the western border of the state (the three Yuma stations,

plus Mohave and Parker). The results are surprisingly uniform with respect to time and

space confirming the regional uniformity of solar radiation and wind upon which the

SWET model is based.

Figure 9 (a through u) presents the individual mean annual curves at each station

from Figure 8b along with standard deviations of monthly means. These figures were

created from monthly means expressed on a daily basis. Overall, mean monthly

evapotranspiration in winter is approximately 3 to 4 mm/day at each station with a

standard deviation of the daily means of approximately 0.3 mm/day. Mean monthly

evapotranspiration is at a maximum of 9.9 mm/day in June, and the standard deviation

increases to about 0.5 mm/day during summer months. These low standard deviation

values indicate little variation from the mean on daily basis and, therefore, little variability

in evapotranspiration from year to year.

Appraisal of SWET with Respect to Other Methods

The annual curve of mean monthly evapotranspiration at Maricopa by SWET was

evaluated along with values estimated by other methods. In addition, daily

evapotranspiration values from SWET were compared with Penman reference

evapotranspiration values generated by AZMET for all 21 stations.
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Figure 9. SWET monthly mean evapotranspiration, standard deviation, and annual total.
a. Station #1 - Tucson. b. Station #2 - Yuma Valley. c. Station #3 - Yuma Mesa.
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Figure 9. SWET monthly mean evapotranspiration, standard deviation, and annual total.
d. Station #4 - Safford. e. Station #5 - Coolidge. f. Station #6 - Maricopa.
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Station #7 - .Aguila
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Figure 9. SWET monthly mean evapotranspiration, standard deviation, and annual total.
g. Station 47 - Aguila. h. Station #8 - Parker. i. Station #9 - Bonita.
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Figure 9. SWET monthly mean evapotranspiration, standard deviation, and annual total.
j. Station #10 - Waddell. k. Station #11 - Litchfield. 1. Station #12 - Phoenix Greenway.
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Figure 9. SWET monthly mean evapotranspiration, standard deviation, and annual total.
m. Station #13 - Marana. n. Station #14 - Yuma North Gila. o. Station #15 - Phoenix Encanto.
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Figure 9. SWET monthly mean evapotranspiration, standard deviation, and annual total.
p. Station #16 - Eloy. q. Station #17 - Dateland. r. Station #18 - Scottsdale.
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Figure 9. SWET monthly mean evapotranspiration, standard deviation, and annual total.
s. Station #19 - Paloma. t. Station #20 - Mohave. u. Station #21 - Laveen.
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Monthly Evaluation of Various Consumptive Use Curves

Mean consumptive use curves can be evaluated with results that are accepted in

practice. Figure 10 presents the results of this evaluation of SWET estimates for alfalfa

evapotranspiration at Maricopa with open water evaporation for Maricopa (Cooley,

1970), an alfalfa consumptive use curve for Mesa and Tempe (Erie et. al., 1982), potential

evapotranspiration values from the Thornthwaite method at Mesa (Boul. 1964), and

reference crop evapotranspiration from the Blaney-Criddle method at Maricopa (Yitayew,

1990), and the Penman method as calculated by AZIVIET at Maricopa (Brown and

Russell, 1987-1996). Maricopa was selected as the SWET and Penman station as it is

closest to the locations available from the soil moisture depletion and Thornthwaite

methods. From the maps provided for open water evaporation and Blaney-Criddle, values

for Maricopa at 112°W longitude, 33.5°N latitude were used.

SWET. SWET provides a direct estimate of evapotranspiration over irrigated

alfalfa, based on calibrations against Bowen ratio energy balance measurements

throughout the year. A major advantage of SWET is the capability to calculate

evapotranspiration at any time scale. Mean monthly evapotranspiration values expressed

as a daily rate from Maricopa from 1987-1996 were calculated by SWET to compare to

values calculated from other methods at nearby locations. For Maricopa,

evapotranspiration values were calculated on an hourly basis, summed to daily values, and

then averaged by month to obtain mean daily evapotranspiration expressed as a daily rate.

Other methods are limited to monthly estimates, and their results are also expressed as

mean monthly evapotranspiration for comparison with SWET.
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The SWET model estimates higher alfalfa evapotranspiration in the spring and

winter months than do the other methods. However, due to SWET's calibration against

Bowen ratio measurements, it is likely that the other uncalibrated methods underestimate

evapotranspiration during these months. SWET predicts actual evapotranspiration and

does not need to be adjusted with a crop coefficient as do potential and reference

evapotranspiration values. SWET's annual total of 2258 mm at Maticopa Agricultural

Center is the highest of the methods.

Open Water Evaporation. Minimum, maximum, and normal monthly values of

open water evaporation at Maricopa, Arizona were obtained from Cooley (1970).

Maximum values are to be used in extremely hot windy conditions, while during cool,

cloudy periods minimum values will give a better estimate. His analysis is based upon data

from sunken insulated evaporation pans at the U.S. Water Conservation Laboratory near

Phoenix (1966-1968), from Class A evaporation pans at the University of Arizona Mesa

Experiment Farm (1917-1967), and from evaporation maps of the United States (1946-

1955). Cooley's estimates are presented as open water evaporation values appropriate for

estimating evaporative losses from swimming pools and stock tanks. His results are in

reasonable agreement with evapotranspiration values from SWET throughout the year.

Cooley's method estimates open water evaporation at Maricopa Agricultural Center to be

1834 mm/year for normal conditions and 2291 mm/year for extreme conditions. Accuracy

claimed for this method is ten percent of open water evaporation on an annual basis.

Soil Moisture Depletion. Erie, et. al. (1982) developed consumptive use curves

based upon soil moisture balances for various irrigated crops in Arizona. He defines
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consumptive use as the unit amount of water used in a given area in transpiration, building

of plant tissues, and evaporation from adjacent soil. This method involves evaluating soil

moisture at several depths to determine consumptive use by plants. The average soil

moisture distribution and depletion was computed from gravimetric soil water content

measurements from soil samples. The soil moisture depletion method works well in

regions which receive little precipitation and irrigation water is controlled. With this

method, bi-weekly (not daily) short-term measurements are feasible, and deep percolation

losses must be evaluated (Erie, et. al., 1982).

The alfalfa curve is from Mesa and Tempe (1946, 1950, 1962-1963). It shows a

mid-summer slump in water use attributed to heat-induced dormancy. Otherwise, his

alfalfa curve is in reasonable agreement with the SWET estimates. Erie's curve extends

over the period of February 1 to November 30. Extrapolating his curve through January

and December yields annual estimates at Maricopa Agricultural Center of about 2000 mm

with mid-summer dormancy and 2150 mm with no dormancy. The larger of his annual

totals is only 3% lower than the SWET estimate of 2250 mm/year.

Thornthwaite Potential Evapotranspiration. 	 Monthly evapotranspiration

values using Thomthwaite's method were obtained from Boul (1964). Thomthwaite's

basic formula is:

PET = 16(10 T4

where PET is monthly potential evapotranspiration (mm/month), T is mean monthly

temperature (°C), I is a heat index calculated by summation of monthly mean temperature
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values corrected for a given location, and a is an empirically derived exponent which is a

function of L

According to Sellers (1965), these relations are only valid when the air

temperature is between 0 and 26.5 °C (32 and 80°F), and by this criterion, Thornthwaite's

method is inappropriate for southern Arizona during summer months. As noted by other

researchers (Amatya, et. al., 1995; Jensen, et. al., 1990), Thornthwaite values tend to be

low and to lag the seasonal progression of energy supply. These effects are apparent in

Boul's (1964) values for irrigated alfalfa at Mesa when compared to the other methods.

Thornthwaite's method predicts an annual total evapotranspiration of 1105 mm at Mesa,

slightly more than half of the annual totals of other methods. For these reasons, the

Thornthwaite method has fallen into disfavor and is seldom used today.

Blaney-Criddle Reference Evapotranspiration. Discussion of the Blaney-

Criddle method is included in the section titled Overview of Evapotranspiration Methods.

Blaney-Criddle values in Figure 10 were obtained from Yitayew's (1990) contour maps of

monthly evapotranspiration in Arizona at Maricopa (112°W longitude, 33.5°N latitude).

These results are reference values intended to be corrected with crop coefficients. The

uncorrected values in Figure 10 are in reasonable agreement with SWET results

throughout the year. Annual total of Blaney-Criddle reference evapotranspiration is 1900

mm at Maricopa, about 15% lower than SWET's.

Penman Reference Evapotranspiration. Discussion of the Penman method used

by AZMET is included in the section titled Overview of Evapotranspiration Methods. The

Penman values routinely generated by AZMET are reference values intended to be
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corrected by crop coefficients. However, the average monthly reference

evapotranspiration values for Maricopa are in good agreement with SWET estimates of

evapotranspiration. Annual total of the Penman reference evapotranspiration values is

2070 mm which is 8% lower than SWET.

These comparisons call into question the spring and fall values of traditional

evapotranspiration methods and advisability of the use of crop coefficients for "reference

crop" methods.

The Necessity of Crop Coefficients. Reference evapotranspiration values are

thought to represent climatic demand for water and do not account for vegetative

differences. Such estimates are adjusted to actual evapotranspiration by a multiplicative

correction factor that represents crop characteristics. These crops coefficients (&) are

determined by calibrating measurements of actual evapotranspiration against estimated

reference evapotranspiration. Crop coefficients are generally available on a monthly basis

to account for vegetative growth stage. Table 7 presents two sets of monthly crop

coefficients developed in Mesa, Arizona for alfalfa. Ke 1 is from Blaney and Harris (1951)

and Kc2 from Erie, et. al. (1982). Both sets of crop coefficients are presented to

demonstrate the disagreement found in the literature regarding the use of crop coefficients.



Table 7. Crop coefficients for alfalfa in Arizona.

Month Ke l Ke2 1(c2/Kc1
Jan 0.29
Feb 0.55 0.92 1.67
Mar 0.74 1.21 1.64
Apr 0.84 1.26 1.50
May 0.91 1.37 1.51
Jun 1.14 1.36 1.19
Jul 1.36 1.23 0.90
Aug 1.00 1.10 1.10
Sep 0.87 1.33 1.53
Oct 0.73 0.99 1.36
Nov 0.78 0.80 1.03
Dec 0.57

Except for the month of July, crop coefficients (Ke2) from Erie, et. al., (1982) are

larger than Kc l. from Blaney and Harris (1951). In February, for example, 1Q2 is 60%

larger than ICel. In the high evaporation month of May, Ke2 is 51% greater than Li.

Only in the low evaporation month of November are both crop coefficients in reasonable

agreement (0.78 and 0.80).

Uncorrected Blaney-Criddle reference estimates for Maricopa are compared to

actual evapotranspiration estimates corrected by both sets of crop coefficients for irrigated

alfalfa in Figure 11. The two corrected curves and the reference crop curve agree poorly

throughout the year, while the uncorrected Blaney-Criddle reference evapotranspiration

curve in Figure 10 is in reasonable agreement with the SWET actual evapotranspiration

values. The actual evapotranspiration at Maricopa predicted by SWET is 2250 mm/year,

64
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while the uncorrected Blaney-Criddle changes from 1900 mm/year to 1760 mm/year when

corrected using IÇ1 and 2140 mm/year when using 1<„2.

This illustrates substantial uncertainty in the use and appropriateness of crop

coefficients. Clearly, the crop coefficients will increase summer evapotranspiration from

the Blaney-Criddle and Penman models substantially above the actual evapotranspiration

estimated by the SWET model. Further, the agreement of Blaney-Criddle and Penman

reference crop evapotranspiration with other methods is quite reasonable. Because of the

significant divergence introduced by the crop coefficients, basic comparisons in this thesis

will be made between actual evapotranspiration by SWET and reference crop

evapotranspiration from Penman and Blaney-Criddle methods.

Daily Comparison with Penman Reference Crop Evapotranspiration

Daily SWET estimates for all years of data available at each station were plotted as

dependent values against the Penman reference crop values routinely generated by

AZMET. Microsoft Excel was used to fit a linear regression to these plots. A summary

of the regression equations, correlation coefficients (r2), standard error of the predicted y

value (Sy.,), and number of years (n) is provided in Table 8. All of the regression equations

have a positive intercept, with the average intercept equal to 1.9. All equations have a

positive slope of approximately 0.8. This positive intercept is attributed to the tendency of

Penman to underestimate evapotranspiration in spring and winter months. These values

are underestimated when evapotranspiration is low, resulting in a diminished slope of the

regression line. All correlation coefficients were greater than 0.68, with an average r2

value of 0.83. Only five stations had correlation coefficients less than 0.77. The standard



Table 8. Regression equations between Penman reference evapotranspiration and
SWET evapotranspiration.

Station Regression Equation r2 s,
1	 Tucson SWET = 0.8251 (RefET)+1.7004 0.9166 0.659 3648
2 Yuma Valley SWET = 0.7999(RefET)+1.862 0.8829 0.768 3652

3 Yuma Mesa SWET = 0.7833(RefET)+1.6957 0.8137 0.922 2550

I 4	 Safford SWET = 0.7062(RefET)+2.7919 0.6773 1.338 3653

5	 Coolidge SWET = 0.804(RefET)+1.7852 0.8983 0.735 3498

I 6	 Maricopa SWET = 0.793(ReffiT)+1.7765 0.8998 0.744 3654

7	 Aguila SWET = 0.7212(RefET)+2.5592 0.7146 1.325 3652

8	 Parker SWET = 0.8497(RefET)+1.6196 0.8805 0.890 3654

9	 Bonita SWET = 0.8533(RefET)+2.2579 0.8605 0.879 3617

10 Waddell SWET = 0.7855(RefET)+1.4812 0.8786 0.871 3332

11 Litchfield SWET = 0.6774(RefET)+2.4972 0.6844 1.391 3511

12 Phx Greenway SWET = 0.8325(RefET)+1.3197 0.9326 0.595 3409

13 Marana SWET = 0.7923(RefET)+2.1427 0.8999 0.721 3408

14 Yuma N. Gila SWET	 0.73(RefET)+2.3298 0.7171 1.187 3264

1 15 Phx Encanto SWET = 0.8479(RefET)+1.1716 0.9463 0.536 3049

16 Eloy SWET = 0.8071(RefET)+1.8271 0.8951 0.827 2433

17 Dateland SWET	 0.7504(RefET)+1.967 0.7782 1.161 2486

18 Scottsdale SWET = 0.8281(RefET)+1.6512 0.8135 1.068 2012

19 Paloma SWET = 0.7571(RefET)+2.0188 0.778 1.095 1996

20 Mohave SWET = 0.7712(RefET)+2.0778 0.7158 1.293 1826

21 Laveen SWET = 0.8287 (RefET)+1.5007 0.9118 0.691 1096

	average r2	 0.834
	average slope

	 0.791
	average intercept

	
1.895

	average Syx 	0.938

worst relationship

typical relationship

best relationship
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errors of the predicted y values are quite low, averaging 0.938 mm, which indicates little

divergence between the two methods.

The regression analyses of the best (Phoenix Encanto) and worst (Safford)

stations, and a typical station (Maricopa) are presented in Figure 12 (a through c). At

Phoenix Encanto, the slope of the trend line is 0.85, the y intercept is small (1.2 mm/day),

and the fit of the trend line to the data is excellent (r2=0.95). The Safford station had the

worst fit of the 21 stations, with a trend line slope of 0.71, y intercept of 2.8 mm/day, and

r2 value of 0.68. Results from Maricopa station are typical in many respects. The slope of

its trend line, the y intercept, the correlation coefficient, and the standard error are all very

similar to the averages of all stations.

The consistency of these regression analyses from station to station further

confirms the applicability of SWET in southern Arizona. The stations surrounding the

Phoenix area, including Phoenix Encanto, Phoenix Greenway, Scottsdale, Laveen,

Waddell, and Maricopa, show slopes of approximately 0.82 with intercepts of

approximately 1.48 nun/day. The r2 for these stations were reasonably large. Two of the

stations in the Yuma area exhibit good agreement with Penman reference values as well as

with each other. The AZMET stations at Eloy and nearby Coolidge also agree well with

Penman reference evapotranspiration (slope = 0.8, y intercept = 1.8 mm/day) as well with

each other. Agreement at the AZMET stations at Parker, Tucson, Marana, Dateland, and

Paloma was also good. From these indicators of correlation, it is shown that reasonable

agreement between SWET actual evapotranspiration and Penman reference

evapotranspiration exists for southern half of the state.
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Figure 12. Regression of SWIFT evapotranspiration against Penman reference evapotranspiration.
a. Phoenix Encanto - excellent fit. b. Safford - poor fit. c. Maricopa - typical fit.
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Five stations, Safford, Mohave, Litchfield, Aguila, and Yuma North Gila, had

correlation coefficients less than 0.77 and standard errors greater than 1.19 mm/day. The

smaller correlation coefficients and high standard errors obtained for these stations

indicate poor agreement between SWET and Penman values. This poses interesting

questions regarding the cause of the poorer fit. All five stations show annual SWET totals

a little higher than the average of all stations. Two of these stations, Safford and Mohave,

may lie outside the range to which SWET can be applied. Safford's elevation of 901 m is

the second highest of the AZMET stations, and this may exclude it from the desert

lowland region. However, the statistics calculated at Bonita, which has the highest

elevation of the AZMET stations at 1346 m, are in reasonable agreement with the Penman

reference evapotranspiration values. Mohave, the northern-most AZMET station, may

also lie outside the region to which SWET can be applied. The likely cause of the

discrepancies at these stations is the responsiveness of Penman's method to other climatic

variables, such as air temperature, atmospheric pressure and relative humidity, that are

excluded from the empirical SWET model. The possibility of AZMET measurement

errors must also be mentioned. Errors in measurement of vapor pressure concentration in

the air would cause Penman model estimates to deviate from SWET. It is not possible to

determine the accuracy of AZMET humidities.

The poor agreement of Litchfield's SWET values with Penman reference

evapotranspiration values is surprising since the relationship at nearby Waddell is good.

As solar radiation is the most important variable in calculating SWET and varies little

between these two stations, it appears that variation in other climatic variables used in
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calculation of Penman reference evapotranspiration is responsible for the poor agreement.

A similar case occurs at Yuma North Gila as the two nearby Yuma stations exhibit good

agreement with each other and with Penman reference values. The likely cause of this is

the variability of environmental variables which affects the modified Penman calculations

more than SWET.

To examine this, the solar radiation and wind data of the poorly fitting North

Yuma Gila station were examined with respect to data measured at the other Yuma

stations. Figure 13 (a through c) presents the regression analyses of the three Yuma

stations' solar radiation measurements. The agreement of solar radiation values between

all three Yuma stations is excellent (average slope = 0.95, small y intercepts, and r2 >

0.97). This analysis indicates that the pyranometers at the three stations are consistently

calibrated and that incorrect solar radiation measurements are not the cause of the poor

agreement between the SWET evapotranspiration values and Penman reference

evapotranspiration values at Yuma North Gila.

Similar regression analysis of wind speed from the three Yuma stations was

performed (Figure 14 a through c). The Yuma Valley station is located in a valley and

experiences typical valley wind flow patterns and consistently has high wind speeds. The

station at Yuma Mesa also measured high and variable wind speeds. This station is

located on a mesa in close proximity to an orchard which significantly alters wind flow

patterns. Wind values measured at Yuma North Gila were also highly erratic. Correlation

coefficient values from the wind analyses were very low ranging from 0.27 to 0.41,

indicating a very poor fit of the trend line to the data. However, wind speed is used in
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Figure 13. Regression analysis of solar radiation at three Yuma stations.
a. Y. North Gila vs. Y. Mesa. b. Y. North Gila vs. Y. Valley. c. Y. Mesa vs. Y. Valley.
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Figure 14. Regression analysis of wind speed at three Yuma stations.
a. Y. North Gila vs. Y. Mesa. b. Y. North Gila vs. Y. Valley. c. Y. Mesa vs. Y. Valley.
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both methods to calculate evapotranspiration, and it seems unlikely that this variable could

contribute to the differences.

Similar analyses were made of the same variables at Litchfield and nearby Waddell.

Neither Yuma or Litchfield/Waddell data showed a likely cause for the discrepancies

between SWET and modified Penman. However, Penman uses air temperature as a

"weighting" factor and vapor pressure deficit as a driving variable. It appears that

divergence between the two methods could occur if the following factors at the

questionable sites differed from the original SWET development conditions. These factors

are as follows: 1) the way that alfalfa uses water; 2) the mean air temperature; and 3) the

air humidity. Of these, the air humidity is the most difficult to measure and the most likely

to be affected by AZMET measurement errors.

It is shown that reasonable agreement between SWET actual evapotranspiration

and Penman reference evapotranspiration exists for the south central and southeast areas

of the state. Crop coefficients were not applied to the Penman values due to the

uncertainty of selecting appropriate crop coefficients. The poor agreement at some

stations is attributed to Penman's use of variables not utilized in SWET calculations.

Examination of Temporal Variability

Variation of evapotranspiration can be examined on a temporal (i.e., time

dependent) basis. Of particular interest are the patterns apparent on time scales of days,

months, and years. Variation from year to year is also examined in the context of

frequency of values as standard deviations. These aspects of temporal variability are
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illustrated for the AZMET station at Maricopa Agricultural Center for the period 1987 to

1996. This station was selected as it is located in the center of the region from which

AZMET data are collected and monthly values for Maricopa are close to the average

evapotranspiration of all AZMET stations. Mean monthly evapotranspiration values

expressed as a daily rate along with standard deviations are listed in Table 9 for Maricopa.

A time-series curve of mean daily evapotranspiration with standard deviations at

Maricopa is presented in Figure 15. This figure shows the variability of daily means based

upon a sample size of ten years. Standard deviations were calculated on a daily basis for

Maricopa from the ten years available. Both daily mean and daily standard deviation

values in Figure 15 varied widely from day to day indicating wide dispersion from the

mean values due to the small sample size of ten. The standard deviations of the daily

means were then averaged into a single standard deviation value for each month. A

sample size of ten is considered small, and so standard deviations were also calculated

from all daily values in each month increasing the sample size to approximately 300.

Comparison of these three standard deviations is presented in Figure 16. Daily standard

deviations computed from the sample size of ten range between 0.5 and 2.5 mm/day.

Daily standard deviations averaged over the month from a sample size of approximately

300 range between 1.0 and 1.4 mm/day. Standard deviations of the monthly means range

between 0.25 and 0.75 mm/day. Variation in evapotranspiration rates is much larger on a

daily basis than on a weekly or monthly basis.

Daily mean evapotranspiration values from Maricopa were cumulated and are

presented in Figure 17a along with extra-terrestrial solar radiation (in mm and scaled to
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Figure 17. Comparison of extraterrestrial solar radiation and evapotranspiration at Maricopa.
a. Cumulative scaled solar radiation and evapotranspiration.
b. Scaled solar radiation and evapotranspiration curves.
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50%). The sigmoidal shape typical of a cumulative curve is evident. However, the slope

in winter remains steep, indicating evapotranspiration does not diminish to zero during the

Arizona winter. Since SWET is based directly upon solar radiation, the shape of the

cumulative evapotranspiration curve is almost identical to that of the scaled extra-

terrestrial cumulative solar radiation curve.

The seasonal pattern of evapotranspiration also closely matches the scaled extra-

terrestrial radiation curve in Figure 17b. The association of the two curves is clearly

evident in Figure 17b; the decreased evapotranspiration in the summer and fall coincides

with the summer rainy season when the evapotranspiration curve is reduced due to

cloudiness associated with the influx of monsoonal moisture from the Gulf of Mexico. In

the fall and winter, the curves parallel each other again.

The SWET model was developed from 0.2 hour data, and so its predictions are

not limited to biweekly or monthly periods as are most other methods are. SWET (and

also Penman) can provide evapotranspiration estimates on an hourly, a daily, or a monthly

basis if desired. This flexibility is a major advantage in that evapotranspiration can be

predicted for virtually any desired period, within the limits of the climate data.

Examination of Spatial Variability

It is of great value to visualize the variability of evapotranspiration across the

southern half of Arizona. With this information, researchers and irrigation managers can

determine whether nearby climate stations experience a similar climate allowing climatic

variables gathered there to be used in calculation of evapotranspiration. Examination of
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the means and standard deviations of the 21 AZMET stations on a monthly basis allows

for analysis of spatial variability. Creation of maps of evapotranspiration isolines provides

a excellent format to examine variability across the state. Of specific interest is the

variation from north to south, from east to west, and from low to high elevation, as well as

the effect of monsoonal moisture on evapotranspiration.

Examination of Table 6 reveals more information on the spatial variability of

evapotranspiration in southern Arizona. The range of mean monthly evapotranspiration is

quite small between stations, varying from about 1.0 mm in September and October to 1.8

mm in March. The range of mean monthly evapotranspiration at all stations is quite large

between seasons (from 3.3 mm/day in December to 9.1 mm/day in June). In contrast, the

standard deviation of mean monthly evapotranspiration at all stations is quite constant

throughout the year at about 0.4 mm/day. The coefficients of variation between stations

are large in winter months (about 13% in December) since the winter means diminish

substantially while the standard deviations remain virtually unchanged. However, during

the summer, the coefficients of variation are small (about 4%) since the monthly means are

larger while standard deviations remain about the same.

The spatial variability across southern Arizona is best visualized as contour plots.

Isolines of average monthly values of evapotranspiration at the 21 AZMET stations were

plotted using SURFER by Golden Software. The Kriging contour algorithm with a linear

variogram was utilized to produce these maps. This algorithm is a method of estimating

random variables at an unsampled location. The mapping software takes spatial

correlation into consideration during the estimation process. Kriging is one of the more
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flexible algorithms and is useful for gridding almost any type of data set (Golden Software,

1994) Figure 18 (a through n) presents the contour analysis as a map of total annual

evapotranspiration (mm/yr), a map of average annual evapotranspiration (mm/day) and 12

maps of monthly evapotranspiration (mm/day).

Examination of the contour maps leads to several conclusions regarding spatial

variability of evapotranspiration in Arizona can be made. Although spatial variability

across the state is small, areas of slightly depressed or elevated evapotranspiration rates

can be identified. The Phoenix metropolitan region in central Arizona consistently had the

lowest evapotranspiration rates while the highest evapotranspiration rates were found in

the southwestern region of the state along the western border (AZMET stations in Parker,

Mohave, and Yuma).

Figure 19 (a through c) provides a clearer picture of the spatial variability. In this

Figure, mean evapotranspiration values for January and June are ordered by station

location from north to south, west to east, and from low elevation to high elevation. The

variability from station to station is quite small but sufficiently variable to obscure any

overall trend that may be associated with geographical or topographical variables. It

appears that spatial variability of evapotranspiration is not associated with these three

characteristics.

The influence of the summer rainy season on July through September

evapotranspiration was introduced earlier in Figure 17b. Close inspection of the

evapotranspiration curves presented in Figure 9 (a through u) reveals that this asymmetry

is at a maximum at stations in the southeast section of the state and thus contributes to
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Figure 18 a. Annual Evapotranspiration (mm/yr)
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Figure 18 b. Annual Evapotranspiration (min/day)
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Figure 18 c. January Evapotranspiration (mm/day)
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Figure 18 d. February Evapotranspiration (min/day)
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Figure 18 e. March Evapotranspiration (mm/day)
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Figure 18 f. April Evapotranspiration (mm/day)
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Figure 18 g. May Evapotranspiration (mm/day)
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Figure 18 h. June Evapotranspiration (mm/day)
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Figure 18 i. July Evapotranspiration (nun/day)
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Figure 18 k. September Evapotranspiration (mm/day)
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Figure 18 1. October Evapotranspiration (mm/day)
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Figure 18 m. November Evapotranspiration (mm/clay)
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Figure 18 n. December Evapotranspiration (mm/day)
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Figure 19 a. Examination of spatial variability of evapotranspiration from northern to southern
Arizona in January and June.
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Figure 19 c. Examination of spatial variability of evapotranspiration in southern Arizona
from low elevation to high elevation in January and July.
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spatial variability across the state in summer. This is due to the consistently higher ratio of

summer to winter precipitation amounts over the eastern half of the state than over the

western half. These monsoons occur as moist air flows into Arizona from the Gulf of

Mexico during the summer months and dissipates before it reaches the southwest part of

the state (Sellers and Hill, 1974). This moisture flow increases cloudiness and decreases

solar radiation, thereby decreasing evapotranspiration. This was examined by scaling the

potential solar radiation curve to approximately half. Such plots were created for the

AZMET stations Yuma Valley, Tucson, and Maricopa (Figures 20 a and b, and 17b). The

Yuma Valley curve shows only a slight decrease in evapotranspiration during the summer

months since the additional moisture seldom penetrates to the western portion of Arizona.

However, a significant decrease in Tucson evapotranspiration occurs during the summer

rainy season. The decreased summer evapotranspiration rates remain evident even at

centrally located sites such as Maricopa (Figure 17b).

These analyses reveal little spatial variability in alfalfa evapotranspiration across

the southern half of Arizona This is associated with the dependence of alfalfa

evapotranspiration on solar radiation which is uniformly distributed because of rather

narrow band of latitude (32°N-35N), the small range of elevation in the lowland desert

region, and the rather cloudless skies associated with southern Arizona's arid climate.
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V. SUMMARY AND CONCLUSIONS

This study has applied a simple empirical model, S'WET, proposed by Osmolski

(1985) and described by Gay and Osmolski (1987), to define the spatial and temporal

distribution of alfalfa evapotranspiration at 21 sites across southern Arizona. Because of

its simplicity and its use of solar radiation and wind, the two most important variables

influencing evapotranspiration, SWET provides a rapid and accurate estimate of alfalfa

evapotranspiration over any time period. The method was developed for, and is restricted

to, irrigated sites in arid regions where advection of sensible heat contributes to high

evapotranspiration rates.

The model is of the form LE = a +bla+cU where a, b, and c are fitted

coefficients, LE is latent energy (W/m2), 1(4. is incoming solar radiation (W/m2), and U

(mis) is the windspeed at two meters height. The model was developed by Osmolski

(1985) from 2124 sets of 12-minute Bowen ratio data obtained on 43 different days

between early May to mid-October, 1982 in Avra Valley, Arizona. For irrigated alfalfa,

appropriate coefficients were determined so that LE = -69 + 0.64Id + 39.4U. The

excellent fit of the predicted SWET values to 1987 evapotranspiration measurements by

an independent Bowen ratio system at Maricopa Agricultural Center illustrates the

suitability of the empirical model.
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The research objectives for this study were 1) to inventory mean

evapotranspiration from irrigated alfalfa at Arizona desert sites, 2) to compare the

empirical evapotranspiration model, SWET, with other methods; and 3) to define the

temporal and spatial variability of evapotranspiration from irrigated alfalfa in Arizona.

Inventory of Mean Evapotranspiration 

Mean monthly evapotranspiration expressed as a daily rate was inventoried by

calculation of means and standard deviations for periods ranging from years to days. The

number of years at the stations ranged from 10 to 3 allowing the expression of long-term

means and standard deviations of evapotranspiration. Mean annual evapotranspiration for

all stations is 2301 mm with an annual standard deviation of 115 mm. Mean annual totals

range from 2035 mm at Phoenix Encanto to 2469 mm at Aguila. These values are in good

agreement with other researchers' estimates. Time-series plots of mean

evapotranspiration at the 21 sites were created for visualization of the data. These annual

curves are similar in magnitude and shape confirming the regional uniformity of solar

radiation and wind. I conclude that SWET predicts accurate estimates of alfalfa

evapotranspiration in southern Arizona due to uniformity of solar radiation and wind

which drive evapotranspiration in arid environments.

Comparison of Methods 

The time-series plot of mean monthly evapotranspiration at Maricopa Agricultural

Center was compared to values estimated by other methods, including open water
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evaporation, an alfalfa consumptive use curve, potential evapotranspiration from the

Thornthwaite method, and reference crop evapotranspiration from the Blaney-Criddle and

Penman methods. Open water evaporation, alfalfa consumptive use, and reference crop

evapotranspiration were in good agreement with the SWET curve. However, potential

evapotranspiration values from the Thornthwaite method were significantly lower. Total

annual alfalfa evapotranspiration at Maricopa Agricultural Center was highest from SWET

(2258 mm), followed by the Penman method (-8%), the consumptive use curve (-11%),

Blaney-Criddle method (-16%), open water evaporation (-19%), and finally Thornthwaite

method (-51%). From these comparisons, I conclude that other methods underestimate

evapotranspiration in the spring and winter months of the year.

A regression analysis of daily evapotranspiration at all stations showed reasonable

agreement between SWET actual evapotranspiration and Penman reference

evapotranspiration. I conclude that the differences between SWET and Penman are likely

due to the dependency of Penman on other climatic variables, such as air temperature,

atmospheric pressure, and humidity.

Examination of Temporal and Spatial Variability

Temporal variability of evapotranspiration was examined at the Maricopa

Agricultural Center on several time scales to identify patterns. I conclude that there is

little variation from the mean on daily basis and little variability in daily evapotranspiration

values from year to year as indicated by low standard deviations and coefficients of

variation.
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Monthly contour maps of SWET evapotranspiration were prepared to examine

spatial variability. Although spatial variability across the state is small, areas of slightly

depressed or elevated evapotranspiration rates can be identified. The Phoenix

metropolitan region in central Arizona consistently had the lowest evapotranspiration rates

while maximum evapotranspiration occurs on the western border of the state. A slight

decrease in evapotranspiration rates in the southeast part of the state in summer months

was examined in context of the influx of monsoonal moisture from the Gulf of Mexico. I

conclude that spatial variability between the stations is quite low because SWET is

primarily based on solar radiation, and because all stations lie between 32° and 35° N

latitude with few cloudy days.

Finally, the model is applicable to irrigated alfalfa in the desert lowlands of

southern Arizona where solar radiation is the major controlling meteorological variable of

evapotranspiration. It has been calibrated and tested against direct measurements of

alfalfa evapotranspiration. Major advantages of SWET include its simplicity and its ability

to calculate actual evapotranspiration for any time period.
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