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ABSTRACT

The natural evapotranspiration rate in a desert environment was

studied at a site near Silverbell, Arizona, as part of the Desert Biome

Program. Evapotranspiration rates were measured directly using a mono-

lith weighing lysimeter. Indirect determination of evapotranspiration

rates by a water-balance analysis was made using two different methods

to measure soil moisture. The soil moisture data were initially

gathered directly using neutron probes, but during 1977 soil-water

potential data measured with thermocouple psychrometers were translated

into soil moisture information using a soil characteristic curve

developed for the soil.

The annual evapotranspiration rate that was measured or calcu-

lated was equivalent to the natural evaporation rate from bare soils.

The annual precipitation was approximately equal to the water loss due

to the annual evapotranspiration with little or no change in soil mois-

ture storage between years. Peak evapotranspiration rates of 3-5 mm/day

occurred only after rainfall events, while during dry periods the evapo-

transpiration rate approached zero.

ix



CHAPTER 1

INTRODUCTION

An investigation of desert ecosystems was undertaken to deter-

mine the natural soil moisture conditions and evapotranspiration rates,

and to evaluate methods of measurement in an arid environment. This

study attempted to describe in quantitative and qualitative terms the

existing conditions using a weighing lysimeter, neutron probes, and

thermocouple psychrometers to measure the evapotranspiration rate, soil

moisture, and the soil-water potential, respectively.

The site for this study is located at Silverbell, Arizona,

approximately 70 km northwest of Tucson, Arizona, within the Sonoran

Desert. The desert vegetation studied at the Silverbell site included

creosote (Larrea tridentata) and bursage (Ambrosia deltoidea). The

information gathered at this site was then correlated with another warm

desert site in the Santa Rita Mountains, Arizona, and with two cold

desert sites located in Curlew, Utah, and Washtucna, Washington. All

sites were a part of the Desert Biome Program of the International

Biological Program to study plant and water relationships in the major

desert environments of the Western United States. This research, which

was conducted from 1972 to 1977, was funded by the National Science

Foundation and administered by Utah State University.

1
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General Description 

Arid regions or deserts were defined by Meigs (1953) as an area

where the precipitation is not adequate for regular crop production.

Most deserts lie within 15 to 35 degrees of latitude north and south of

the equator. Arid and semi-arid regions are generally located on the

leeward side of the prevailing winds or so far inland that they are

isolated from the moisture source provided by the oceans. While hot

deserts are typical, deserts at northern latitudes or high altitudes may

be quite cold. Both hot and cold deserts experience extremes in daily

diurnal minimum and maximum temperatures because they lack sufficient

vegetation cover to prevent the loss of heat at night and sufficient

cloud cover to reflect outgoing radiation back towards the earth. The

precipitation that is received yearly in arid regions is nominal, yet

an individual rainfall event may be quite large and of a high intensity.

Total rainfall received overall is small, but the main stress placed on

vegetation is the length of time between precipitation events, which may

be months or years in length. This variation of long dry periods and

short-duration, high-intensity storms has a marked effect on the soil,

landforms, and vegetation found in deserts.

Desert soils are considered "young" soils, not from their lack

of age but because the soils have generally not been leached and

weathered as they would be in a more humid climate where water and vege-

tation are more pronounced soil-forming factors. Desert soils will,

instead, have a high salt content and little organic matter. During

most of the year, the soils are extremely dry with soil suction values

of 50 bars or greater. The high-intensity rainfall and lack of



3

vegetation cover will sometimes result in compaction of the soil surface

layer, limiting infiltration. What moisture does infiltrate may trans-

port salts which form calcareous or, in some cases, siliceous layers

once the soil moisture evaporates. The low range of soil moisture

normal to desert soils also means that vapor movement, heat gradients,

and the soil osmotic potential will have a greater effect on soil mois-

ture flux. In contract, for soils with higher soil moisture content,

water flux is normally as a liquid and is governed by matrix potential

gradients and gravity.

The geomorphology of desert environments reflects the effect of

slow weathering which is caused in part by the scarcity of precipita-

tion. This long-term slowdown of the weathering process is balanced by

the sudden changes that a high-intensity rainfall may cause when these

storms generate high storm runoff amounts and/or debris flows. Thus,

precipitation is an important though infrequent component of the

weathering process. Landforms in desert regions appear stark and jagged

due to the sparse vegetative cover. Valleys and/or plains are generally

flat because of the relatively small amount of stream flow, which is

less than what is required to carve the landscape. The hill slopes are

quite steep, however, from the deposition of coarse textured alluvium

which accumulates at the downstream end of mountain streams, forming

alluvial fans because of the lack of sufficient stream flow needed to

carry the sediment out further onto the valley floor.

Desert vegetation has adapted to the scarcity of precipitation

in arid regions. The desert climate limits the available water for

plant use, both in terms of the total amount of water and also by the
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fluctuation between dry and wet periods. The dry periods will have the

greatest impact on the vegetation because the length of dry periods and

temporal distribution of rainfall events will determine the amount of

stress that the plants must tolerate. Desert plants, therefore, tend to

be either able 1) to store moisture in their root system or, as with

cacti and succulents, in their stems and leaves; 2) to have defense

mechanisms against high transpiration rates, including small or no

leaves, thick waxy skins, and thorns or hairs; or 3) have short growth

and reproduction stages which follow the rainy seasons when dormant

plants revive or seeds from annual plants germinate. Most desert plants

will also have some means of collecting moisture by the use of extensive

lateral root systems which may give off toxic substances to limit the

number of competing plants, or by having large vegetation canopies which

intercept and funnel the rain to the plant roots. Other plants have

become phreatic with long taproots which reach to the ground-water table

to gather their moisture.

The extreme conditions under which the desert environment exists

make it difficult to study the plant-soil-water relationship. The

potential evapotranspiration rate (PET) may be very high in the desert

because of climatic factors such as temperature, low humidity, high

incidence of solar radiation, and winds driven by thermal convection.

However, because of limited availability of soil moisture, actual evapo-

transpiration rate (ET) will generally be a small fraction of the PET

except at brief intervals following precipitation events.

Few investigations have been made of evapotranspiration rates

under arid or semi-arid environments. Since conditions are so extreme,
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it is difficult to measure and/or estimate the evapotranspiration rate

which is actually occurring. At the same time, evapotranspiration as a

water loss makes up a large portion of the overall water budget. Deter-

mining the rate of evapotranspiration and the spatial distribution of

these losses were the problems which this investigation sought to solve.

Scope 

The potential evapotranspiration rate (PET) is easier to measure

or estimate than is the actual evapotranspiration rate (ET) in the

desert because, under natural conditions, the plants are under such

extreme water stress. Also, soil-water potential is too small to

measure with most instruments so that soil moisture changes cannot be

monitored. This study undertook the task of measuring the evapotranspi-

ration rate and soil-moisture conditions that existed under selected

natural conditions involving creosote and bursage plants that are common

to the Sonoran Desert. The purpose was not to look at the artificially

imposed environment of high moisture content with complete plant canopy

as is required when measuring potential evapotranspiration, but rather

to see what the actual water loss rate was throughout the year in both

wet and dry periods of common desert plants such as creosote and

bursage. While the PET is an important water use rate for agricultural

purposes, the management of deserts and the recent interest in har-

vesting and using desert plants such as the jojoba makes the determina-

tion of ET rates in the desert environment very important.

This study focused on PET and ET in general and described the

manner in which the desert evapotranspiration rate of a creosote bush as



6

measured with a weighing lysimeter varied seasonally. The corre-

sponding changes in soil moisture and soil-water potential were measured

with neutron probes and thermocouple psychrometers, respectively. Water

budgets were made using the soil moisture data to calculate the ET rates

which were compared to rates measured with the lysimeter. This investi-

gation was done as part of an ongoing project from 1972 to 1978 under

the Desert Biome Program. A part of the program was a study of evapo-

transpiration rates occurring in desert environments. This particular

portion of the project concentrated on the calibration and measurement

of evapotranspiration in a warm desert region located near Silverbell,

Arizona, in the Sonoran Desert. The research done in 1977 and 1978 was

performed by the author and included the collection of rainfall data,

the measurement of ET rates with a weighing lysimeter, and the gathering

of soil-water potential data with thermocouple psychrometers.



CHAPTER 2

LITERATURE REVIEW

Evapotranspiration, whether it is the actual or potential volume

of water lost to the atmosphere by soils or plants, is an important

component of water resource management. This importance arises because

it is often the unknown variable in equations used to estimate ground-

water recharge, the quantity of surface runoff or storage, and the

available soil moisture for plant growth. Because of the difficulties

in measuring actual evapotranspiration rates directly, it is often esti-

mated from potential evapotranspiration.

Background 

Potential evapotranspiration (PET) was defined by Thornthwaite

(1944) as the water loss that will occur if at no time there is a defi-

ciency of soil moisture for plant use. Penman (1956) later modified

this definition to include only fully covered green vegetation in order

to reduce variability introduced by the plant canopy and plant growth.

These stipulations can not always be met under the best conditions since

the plant cover may not be complete or uniform due to various stages in

plant growth or health. But, if the conditions could be met, then the

volume of water lost would be very close to that which is evaporated

from a free-water surface under the same climatic conditions.

7
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Therefore, evaporation from pans or lakes is often used to estimate PET.

Methods for computing PET are (Idso, 1980):

1. Energy or water-balance equations which use an analytic

approach.

2. Vapor transfer equations which use meteorological data combined

with empirical formulas to arrive at water loss values.

3. Actual measurement of water loss by soil sampling or weight loss

measured with a lysimeter.

In the first method, a balance of the incoming, outgoing, and

stored water or energy is made. For the energy-balance equation, the

amounts of incoming and outgoing radiation and stored energy are

measured to arrive at an energy loss which is assumed to equal the

energy used for evaporation. With this method, extensive instrumenta-

tion is required to measure air temperature, soil temperature (or water

temperature), and incoming and outgoing radiation.

With the water-budget approach, the volume of inflow from either

precipitation or irrigation and the volume of outflow from surface

runoff are compared to the change in stored surface water or soil

moisture in order to deduce the quantity of water lost by evaporation.

This method's apparent simplicity is misleading because there are often

many unknowns, particularly the amount of water lost by deep percolation.

Vapor transfer equations use the relationship of environmental

factors to physical properties of water to describe empirically evapo-

transpiration. In the simplest cases, meteorological data such as

temperature, relative humidity, and vertical gradients for vapor
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pressures and wind velocities are used to calculate evaporation. For

equations to estimate evapotranspiration, factors may be included for

the plant type, geographic locality, and season. Some common equations

used to estimate evapotranspiration are the Penman equation, which uses

temperature, saturated vapor pressure, and intensity of solar radiation

to arrive at monthly amounts of water loss (Penman, 1948); the Blaney-

Criddle equation, which is similar to the Penman equation, but also

employs a plant type coefficient to reflect the seasonal consumptive

use (Blaney and Criddle, 1950); and the Thornthwaite equation, which

uses an exponential relationship between the mean monthly temperature

and consumptive use (Thornthwaite, 1944).

The methods listed above yield a value for the potential evapo-

transpiration which may be related to the actual evapotranspiration rate

by coefficients and empirical formulas which use environmental and plant

physiological factors that limit water loss. Because of the difficulty

in separating these factors and determining their interrelationships,

direct methods of measuring evapotranspiration are used to arrive at

empirical formulas which correlate the relationship between measured PET

and actual ET without separating and analyzing factors such as plant

resistance to transpiration, plant conditions, and soil moisture avail-

ability. The two methods employed to directly measure the evapotranspi-

ration rate are weighing lysimeters and periodically sampling soil

moisture when the volume of deep percolation can be measured. A

lysimeter offers a way to control and measure all of the variables

necessary to estimate the evapotranspiration rate, including monitoring

the exact weight loss due to evapotranspiration. The second method
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employs the incremental change in soil moisture over time to estimate

the volume of water loss by evapotranspiration. Computing evapotranspi-

ration only directly measures the evapotranspiration rate when the water

lost by deep percolation is negligible and may, therefore, be ignored,

or when the water table is shallow so that its fluctuation may be moni-

tored to determine the volume of ground-water recharge.

In arid regions, the actual evapotranspiration rate is normally

much less than the potential rate. Estimations or measurements of the

actual and potential water loss values are important for determining

adequate irrigation scheduling for optimum water use and plant growth.

Most investigations of evapotranspiration rates have dealt with poten-

tial evapotranspiration, free-surface water evaporation, or the actual

evapotranspiration in irrigated fields. Evapotranspiration in a natural

desert environment has only had limited study.

The following discussion outlines the type of previous research

and general information that has been gathered concerning evapotranspi-

ration in arid and semi-arid climates. Research on evaporation from

lakes and pans has been included because it has been studied extensively

and the research offers insight into the methodology required to develop

reliable yet simple procedures for estimating evaporation. Also, the

information gained through this research is often extrapolated to evapo-

transpiration rates by using pan coefficients to correlate evaporation

to potential evapotranspiration. The research concerning evapotranspi-

ration in irrigated fields is presented as the connecting link between

the progression from lake and pan evaporation investigations to the

research concerning the actual evapotranspiration rate in a desert
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environment. Thus, the reader is given a description of free-water

surface evaporation, actual and potential evaporation with irrigation,

and the natural evapotranspiration in arid and semi-arid climates.

Lake Evaporation 

Two of the more relevant investigations of actual lake evapora-

tion were the studies conducted at Lake Hefner, Oklahoma (Harbeck et

al., 1954), and Lake Mead, Arizona (Harbeck et al., 1958), by the

U.S. Geological Survey, U.S. Weather Bureau, U.S. Bureau of Reclamation,

and the U.S. Department of Navy. Evaporation from these two lakes was

carefully monitored so that lake and climatological data could be used

to develop improved energy-balance and mass transfer equations which

would adequately predict water loss in arid regions.

Lake Hefner is actually in a subhumid region with annual precip-

itation of approximately 508 mm and average annual temperatures of 50 0

to 60 ° Fahrenheit. The lake was used as a control site to refine tech-

niques that were later to be applied at Lake Mead because it was

possible to accurately predict evaporation using the water-budget method

at Lake Hefner. The reason for this was that all incoming or outgoing

volumes of water were known or could be measured; therefore, the rates

of evaporation could be calculated using a water budget and then used to

calibrate other methods of estimating evaporation. The researchers were

able, by careful instrumentation, to calculate the actual evaporation

rates using the energy-balance equation to within ±5% for weekly or

longer time periods. They also obtained good results for daily esti-

mates of evaporation with Sutton's mass transfer equation, Sverdrup's
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1937 mass transfer equation, and a quasi-empirical equation they derived

which set the evaporation rate as a function of the wind speed above

the boundary layer (8 meters above the lake) and the actual and saturated

vapor pressures.

All of these methods, whether they used the energy balance or

mass transfer, were sufficiently accurate, but all required extensive

instrumentation. Therefore, the computed values for evaporation and the

associated climatological data were compared to values of evaporation

measured from various evaporation pans in order to derive a simplified

method for estimating evaporation rates. Through this comparison, it

was found that:

1. Annual lake evaporation may be estimated using a pan coefficient

of 0.7 to within ±10-15% of the actual value.

2. Daily pan evaporation may be accurately estimated using solar

radiation, saturated vapor pressure, and actual vapor pressure

by a modified Dalton's equation.

3. There is a seasonal lag between the pan and lake water loss.

4. By careful calibration of pan evaporation to either an energy-

budget or mass transfer estimate of evaporation, the amount of

instrumentation required for accurate estimates of lake evapora-

tion can be reduced.

Following the Lake Hefner water-loss study, the evaporation rate

at Lake Mead on the Colorado River between Arizona and Nevada was

investigated from March 1952 to September 1953. Lake Mead is located in

an extremely hot, arid climate with an average annual temperature of
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66 °F and annual precipitation of less than 127 mm. The man-made lake

lies in an oddly shaped canyon and the evaporation is strongly affected

by this shape and the associated wind characteristics. There are too

many unknown water loss factors to perform a water balance of the lake;

however, because of information concerning the relative accuracy of

various methods for determining evaporation which was determined by the

Lake Hefner studies, the energy-balance method was chosen to estimate

the actual evaporation for comparison with other methods.

Even with the extreme arid and hot conditions at Lake Mead,

computation of evaporation using the energy-balance, mass transfer, and

modified pan procedures yielded evaporation rates which were in agree-

ment. While it was found that the pan data required adjustment to

account for local effects, the coefficients used to correlate the pan

data to actual evaporation were close in value to the normally accepted

value of 0.7 used at Lake Hefner.

These studies of water loss from the two lakes made it possible

to estimate the evaporation which takes place from other lakes in arid

environments. Both investigations showed that extensive instrumentation

could be installed for use over a relatively short period of time in

order to calibrate simpler empirical or pan coefficients to the more

complex mass transfer and energy-balance methods.

Evapotranspiration under Irrigated Conditions

As noted in the previous section, reasonable results for

measuring evaporation over a water body could be obtained if careful

calibration of the lake-climatological system was made initially. The
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same methodology, which used careful measurement of climatological data

and model calibration, has been employed to study evapotranspiration

from irrigated crops in arid regions. These investigations have been

conducted using weighing lysimeters, evaporation pans, and meteorologi-

cal equipment to estimate plant-soil water loss.

Sellers (1964) attempted to show a quantitative relationship

between various climatic factors and monthly evapotranspiration of

various crops in Yuma, Arizona. Methods for estimating evapotranspira-

tion based on physical analysis such as the Penman equation were used by

Sellers. These physical models equated the potential evapotranspiration

to the difference in the saturated and actual vapor pressures times a

constant of porportionality or diffusivity per unit height. In Sellers'

investigation, this diffusivity coefficient was derived from the Lake

Mead data after comparison of the Lake Mead study and other studies of

the relationship of diffusivity to wind speed. Sellers found that the

pan data of measured water loss was 70% higher than potential evapotran-

spiration rates calculated by the Penman equation. He also discovered

that the climatological factors over an irrigated field varied signifi-

cantly from the general averages for the region. At Yuma, the relative

humidity over irrigated cotton and citrus fields was 40 to 60% higher

than in the surrounding desert. The lower air temperatures that were

also measured over the fields were caused by the amount of energy

required for evapotranspiration exceeding the available energy received

by radiation. Therefore, for evapotranspiration to occur, additional

energy was drawn from the air, thus resulting in the cooling.
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In another investigation of evapotranspiration of irrigated

fields in arid regions, Stanhill (1961), at Gilat, in southern Israel,

computed the potential evapotranspiration of alfalfa from climatological

data collected at a standard station and data gathered with weighing

lysimeters. The purpose of the investigation was to compare the differ-

ences between methods for calculating the potential plant water use

based on physical analysis, empirical formulas, meteorological measure-

ments of evaporation, and gravimetric soil samples. Of the various

methods used in this arid region, Penman's physical analysis method and

meteorological measurements with evaporation pans yielded the best

results; however, by comparison, the empirical methods such as

Thornthwaite's and Blaney-Criddle's had poor correlation with evapotran-

spiration calculated from lysimeter measurements. Stanhill (1961,

p. 166) stated that: II 
. . . comparison shows that the methods with a

sound theoretical basis, i.e., open water surface evaporation calculated

by Penman's method or measured with a standard surface gave the most

accurate results whilst the empirical methods are either inaccurate or

required considerable correction before use." Stanhill's findings com-

pare favorably with those of Sellers (1964), as both found Penman's

equation to work the best in estimating the potential evapotranspira-

tion. Additionally, Stanhill's correlation factor for potential evapo-

transpiration to pan evaporation was also approximately 0.6 when the pan

was 100 meters or more downwind of the field. For evaporation pans near

or in the fields, the coefficient approached 1.0.

Fritschen and Van Ravel (1962) and Van Bavel (1966) used sensi-

tive weighing lysimeters at the U.S. Water Conservation Laboratory at
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Phoenix, Arizona, to research the components of the energy-balance equa-

tion and to formulate an improved Penman equation. To calculate the

potential evapotranspiration, they used a surface energy-balance equa-

tion with approximate values for water vapor and the sensible heat

transfer. Unlike Sellers' (1964) results, Fritschen and Van Bavel

(1962) found that the sensible heat flux was negative, i.e., energy was

used to heat the air. But they suggested this unexpected result

occurred because the experiment was conducted in the spring while there

was still a time lag between air and soil temperatures. Van Bavel's

(1966) later results did agree with Sellers' and Van Bavel suggested

that positive values for sensible heat transfer are typical for irri-

gated arid lands. Van Ravel demonstrated that evapotranspiration could

be accurately estimated using a combination of the energy-balance equa-

tion and empirical approximations for water vapor and sensible heat

transfer.

Evapotranspiration under Natural 
Desert Environments 

Evapotranspiration of natural plants in arid and semi-arid

environments has had limited coverage and has only recently been studied

to any degree. The Desert Biome Program was established to research

plant and water relationships in the arid Western United States. As

part of this research, the program conducted an in-depth investigation

of evapotranspiration under semi-arid conditions at four sites in the

Western United States. These four sites included two cold desert sites

at Curlew near the Great Salt Lake, Utah, and at Washtucna near Lind,
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Washington; and two warm desert sites near the Santa Rita Mountains near

Tucson, Arizona, and at Silverbell, also near Tucson, Arizona.

The Desert Biome studies used measurements of soil moisture

gathered primarily by the neutron thermolization method or, in some

cases, thermocouple psychrometers to determine evapotranspiration rates

for individual plants and bare soil. In desert environments, the annual

evapotranspiration can be assumed to equal the annual precipitation

minus any surface runoff because, unless the ground-water table is close

to the land's surface, the amount of rainfall received generally only

wets the immediate soil surface with virtually no deep percolation

occurring. Therefore, the evapotranspiration rates at the four sites

were calculated using soil-water content sampled at various depths over

time and precipitation data to compute a water balance. A brief

description of the studies at the Curlew, Washtucna, and Santa Rita

sites is given below. However, because the Silverbell site is where the

research for this thesis was conducted by this author and others, it

will be discussed in depth in later chapters dealing with the project

description, results, and conclusions.

The Curlew site north of the Great Salt Lake in Utah is at an

elevation of 1,350 meters and receives an average of 250 mm of rain

annually with 60% of the precipitation occurring between April and

October. The vegetation studied at the site consisted of cold desert,

salt-resistant halophytes, including shadscale (Atriplex confertiflolia),

winterfat (Ceratoides Zanata), and crested wheatgrass (Argapyron

desertorum). Evapotranspiration rates were found to vary from 2 mm/day

in June to 0.3 mm/day in August, and were also found to increase
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following precipitation events (Evans, Sammis, and Cable, 1981). The

results of the study are shown in Figure 1 for the study period from

March to October 1970. At the same Curlew site, Jurinak and others in

1974 and 1975 (Jurinak, James, and Van Luik, 1976) measured average

evapotranspiration rates for short periods of 1.3 mm/day in 1974 and

1.6 mm/day in 1975 for crested wheatgress (Evans et al. 1981). This

matches the evapotranspiration rates of 2 mm/day found during the Desert

Biome study at Curlew in 1970.

The Washtucna site in Washington is also a cold desert site and

is located at an elevation of approximately 500 meters. The vegetation

generally consists of sagebrush (Artemisia tridentata) and grasses. The

site annually receives an average of 262 mm of precipitation of which

only 12% occurs in the summer, with most precipitation taking place in

the winter and spring. During 1973, the precipitation was lower than

normal; as a result, the measured maximum evapotranspiration rate of

2.3 mm/day was, perhaps, lower than normal (Evans et al., 1981). The

results of the study are shown in Figure 2. Another study in southern

Idaho by Belt (1969) measured evapotranspiration rates of 3.4 mm/day for

grass range and sagebrush.

The Santa Rita site is southwest of Tucson at an elevation of

1,000 meters. It receives an average of 294 mm of rain annually of

which 65% occurs in the late summer. It is non-representative of the

lower elevation Sonoran Desert and supports middle-elevation vegetation

such as mesquite trees (Prosopis juliflora), desert hackberry (Catis

pallidas), tangle-head grass (Heteropogon contortus), and Santa Rita

threeaum grass (Aristida glabrata). Evapotranspiration was calculated
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using the water-balance method from soil data gathered by neutron probes

and thermocouple psychrometers. It was determined that little or no

evapotranspiration occurred in the winter and that most evapotranspira-

tion took place during the summer months when most of the precipitation

occurred. The hackberry bush had a range of evapotranspiration rates of

3 mm/day in the summer to 0.1 mm/day in the winter, the mesquite trees

had a maximum evapotranspiration rate of 6 mm/day in the summer and near

zero in December, and the grasses had a maximum of 10 mm/day in the

summer months with zero evapotranspiration occurring in the winter and

when there had not been any rainfall (Evans et al., 1981; Sammis, 1974).

Figures 3 and 4 contain the data and results from the Santa Rita study

for two grass species.
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CHAPTER 3

PROJECT DESCRIPTION

Objective and Scope 

The Desert Biome research to investigate evapotranspiration in a

desert environment was begun in 1973 and ended in 1978. The Silverbell

site, located northwest of Tucson, Arizona, was used as a validation

site. There, research was conducted to define the parameters needed to

model desert ecosystems.

At Silverbell, the soil-water-plant relationships were investi-

gated in depth. Climatic data and leaf diffusion measurements were

taken with a steady-state porometer (Gay, Sammis, and Evans, 1978).

Evapotranspiration rates were measured at Silverbell directly by a

weighing monolith lysimeter. Additionally, soil moisture change and

soil-water potentials were measured with neutron probes and thermocouple

psychrometers. These data were then used to calculate evapotranspira-

tion rates by a water-budget approach and the results were compared to

the evapotranspiration rates that were measured directly with the

lysimeter. Thus, the use of soil moisture changes to indirectly deter-

mine evapotranspiration rates could be tested for its validity as a

method for arid regions.

Initial work at the Silverbell site tested the sensitivity of

different measurement techniques and the various parameters as well as

24
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calibrating the equipment. The evapotranspiration rates and soil mois-

ture changes were then monitored bi-weekly or monthly to test and com-

pare direct to indirect measurement of evapotranspiration. The research

performed by the author took place between January 1977 and May 1978 and

was a continuation of the basic research begun in 1973. However,

because of the previous work done which tested the sensitivity of

different measurement techniques, the number of parameters studied was

reduced. Those parameters investigated in 1977-1978 were evapotranspi-

ration rates measured by the weighing lysimeter, soil-water potentials

measured with a thermocouple psychrometer, and rainfall measurements.

The objectives of the research conducted in 1977-1978 were:

1. To measure the actual evapotranspiration rates of a creosote

bush with a weighing monolith lysimeter.

2. To measure the soil-water potential and soil temperatures over a

range of depths at various vegetated and bare soil sites.

3. To review the previous work and data and compare it to the data

collected.

4. To examine the change in the soil-water potential to see if it

had a use for the indirect measurement of water loss.

5. To define qualitatively the relationship between the available

soil moisture, evapotranspiration from desert vegetation and

bare soils, and the seasonal rainfall distribution.

Site Description 

The Silverbell site is located 70 km northwest of Tucson,

Arizona, at an elevation of 730 m. The area's vegetation is typical of
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the middle Sonoran Desert. The vegetation includes creosote bush

(Larrea tridentata), bursage (Ambrosia deZtoidea), mesquite (Prosopis

juliflora), and palo verde (Cercidium microphyllum). The site has a

mean annual precipitation of 280 mm (Evans et al., 1981). The mean

annual temperature is 67.5 °F, with extremes which range from a high of

113 ° F to a low of 16 °F. The percentage of sunshine is 85.6%.

Physical Setting

The site is located in the Basin and Range Province which is

characterized by individual mountain ranges separated by long valleys

(see Figure 5 for a general location map). The site lies on the pedi-

ment of the Silverbell Mountains. The soil is a coarse alluvium which

is derived from granite rock and includes a mixture of andesite, basalt,

quartzite, and granite. The soils are of the Tres Hermanos Series and

are well-drained with moderate permeability. The following is a

description of the soil at the site (U.S. International Biological

Program, 1973, pp. 77-78):

Tres Hermanos fine gravelly sandy loam:

Al	 Brown (7.5YR 5/4) fine gravelly sandy loam, dark
0-3 cm	 brown (7.5YR 3/4) moist; weak medium platy struc-

ture; soft, friable, slightly sticky, slightly
plastic; few fine roots; very slightly effervescent;
neutral (pH 7.2); clear smooth boundary.

B21t	 Yellowish red (5YR 4/6) fine gravelly clay loam,
3-11 cm	 dark yellowish red (5YR 3/6) moist; weak medium and

fine subangular blocky structure; hard, friable,
sticky, plastic; few fine roots; very slightly
effervescent; mildly alkaline (pH 7.4); clear smooth
boundary.

B22t	 Yellowish red (5YR 4/8) fine gravelly clay loam,
11-21 cm	 dark yellowish red (5YR 3/6) moist; weak medium and

fine subangular blocky structure; hard, friable,
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sticky, plastic; few fine roots; very slightly
effervescent; mildly alkaline (pH 7.8); clear wavy
boundary.

B23tca	 Yellowish red (5YR 4/8) fine gravelly clay loam,
21-37 cm	 yellowish red (5YR 4/6) moist; common pink (5YR 7/4)

lime filaments and mottles, light reddish brown
(5YR 6/3) moist; structureless massive; hard,
friable, sticky, plastic; few fine roots; violently
effervescent; moderately alkaline (pH 8.0); clear
wavy boundary.

B24tca	 Brown (7.5YR 5/4) fine gravelly clay loam, strong
37-52 cm	 brown (7.5YR 4/6) moist; common pinkish white

(7.5YR 8/2) lime mottles, pink (7.5YR 7/4) moist;
structureless massive; slightly hard, friable,
slightly sticky, slight plastic; few fine roots;
violently effervescent; moderately alkaline
(pH 8.0); abrupt wavy boundary.

Clca	 Pink (7.5YR 8/4) light gravelly loam, reddish
52-65 cm	 yellow (7.5YR 6/6) moist; structureless massive;

hard, firm, nonsticky, nonplastic; violently
effervescent; moderately alkaline (pH 8.1).

Instrumentation

There were two validation sites at Silverbell. At Site I,

50.8 mm aluminum neutron access tubes were placed in the open and under

or near creosote bushes and bursage plants. The site was described by

Qashu et al. (1974) and Evans and Sammis (1975). Figure 6 shows a

diagram of the plot (Evans, Sammis, and Ben-Asher, 1976).

At Site II, instrumentation included neutron tubes and

psychrometers to measure soil moisture and soil-water potential, a

weighing lysimeter to directly measure evapotranspiration, miniature

raingauges for rainfall and interception measurements, and a fully

equipped climatological station. The diagram shown in Figure 7 gives

the location of instrumentation of Site II (Evans et al., 1976).
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Site II was also used for this present study. The weighing

lysimeter, shown in Figure 8, was used to measure evapotranspiration

rates from June 1974 to December 1976, at which time this researcher

continued monitoring the evapotranspiration rates until May 1978.

During the 1977-1978 study, three psychrometer locations -- one in the

open, one under a creosote bush, and one in the lysimeter -- were used

to measure soil-water potential, and a standard wedge raingauge and a

weighing raingauge were used to measure precipitation.
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Figure 8. Lysimeter containing creosote bush.



CHAPTER 4

METHODS

At Silverbell, from 1977 to 1978, the evapotranspiration rate

under natural desert conditions was investigated by the use of a

weighing lysimeter to measure water loss directly; thermocouple

psychrometers to measure soil conditions, i.e., soil-water potential and

soil temperature; and recording and wedge-shaped raingauges to measure

the amount and temporal distribution of rainfall.

Equipment 

Lysimeter

One of the primary aspects of the Silverbell site was its use as

a validation site for the Desert Biome Program evapotranspiration study.

The weighing lysimeter at Silvervell, shown in Figure 8, was used to

calibrate all measurements of evapotranspiration because it was the only

method that could directly measure the weight loss due to evapotranspi-

ration. Description of the weighing lysimeter, including its construc-

tion and calibration, has been thoroughly documented by Sammis, Young,

and Constant (1976) and Young et al. (1976).

Design of the lysimeter resulted from using earlier designs used

by Hanks and Shawcroft (1965) and Fritschen, Cox, and Kinerson (1972)

with modifications made to adapt the lysimeter for use with a creosote
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bush and to collect and measure surface runoff (Sammis et al., 1976).

The monolith weighing lysimeter was constructed around a representative

creosote bush by excavating around an undisturbed cylinder of soil con-

taining the bush. The soil cylinder, which was 4 m in diameter and 1 m

deep, contained 95% of the creosote's root zone. The total weight was

approximately 28 tons.

Problems arose after construction of the lysimeter due to

extreme sensitivity of the hydraulic transducers that were originally

used for the measurements of weight fluctuations. These transducers

proved too sensitive to temperature variations, wind, and barometric

pressure changes. Diurnal fluctuations that were recorded were believed

to reflect the normal sine wave pattern caused by barometric pressure

changes. Because of these problems, the measuring devices were replaced

by electronic transducers. Field tests of this equipment showed it to

be quite reliable with reasonable sensitivity for practical measurements

of weight fluctuations. The evapotranspiration rates measured compared

well with the precipitation received and measured changes in soil

moisture.

The electronic transducers were capable of measuring a change of

1 mvolt or 0.19 mm of water over the surface of the lysimeter, which is

equivalent to a ±2.36 kg change in weight. In actual field sensitivity

tests, the "noise" level was 0.2 mvolts or 0.04 mm of water over the

surface. This was felt to be reasonable for practical field measure-

ments. The system was not sensitive to temperature variations even

within the extreme range found at the Silverbell site. Barometric

pressure changes were also not a problem; however, wind would cause a
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high noise level. It was, therefore, necessary to take the measurements

during calm periods.

The electronic transducers did have instantaneous response.

But, because of the high level of amplification used, there was a slight

drift around zero output, i.e., no load. Therefore, it was necessary to

re-zero the instrument before making weight measurements.

Thermocouple Psychrometer

The thermocouple psychrometer functions by using an electronic

current to cool a junction within a porous cup. The soil-water poten-

tial can then be measured since at equilibrium the soil-water potential

is equivalent to the water-vapor potential. The thermocouple

psychrometers have several advantages for measuring soil conditions,

which include:

1. Ease of use once they are installed.

2. The extremely low, i.e., highly negative, range of measurement

of soil-water potential, to minus 50 bars.

3. Measurement of soil temperatures which is advantageous in desert

environments where water vapor movement can be significant.

The one disadvantage is that the thermocouple psychrometer becomes

insensitive in the wet range or at 0 to -1 bar of suction. The thermo-

couple psychrometer measurements may be calibrated using neutron probe

measurements or from oven-dried soil samples, because the soil-water

potential measured does not directly relate to soil moisture content and

will vary with soil type.
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Figure 9 gives the approximate location of the psychrometer

installations. Three psychrometers were located within the lysimeter,

but not under the creosote bush, at 15, 22, and 55 cm depths. The

second location was directly under a creosote bush with measurement

points at depths of 15, 30, 60, and 75 cm. The third site was in an

open space and allowed measurements at depths of 15, 30, 60, 75, and

90 cm.

Raingauges

Originally, during the 1977-1978 study, a standard wedge-shaped

raingauge, with oil applied to suppress evaporation, was used to measure

precipitation. Subsequently, a weighing-recording raingauge was also

installed. The rainfall measured with the wedge-shaped gauge corre-

sponded surprisingly well with the measurements made with the recording

raingauge. Both raingauges were located in the open (see Figure 9).

While only two raingauges were used to measure rainfall amounts,

earlier studies at Silverbell had established that the spatial variation

in rainfall was minimal. Evans et al. (1976) found that the coefficient

of variation of the throughf all was of the same order of magnitude for

creosote bush, bursage plant cover, and open space. Throughfall

averaged 90% of the total rainfall.

Procedures 

All measurements in the 1977-1978 study were taken at approxi-

mately mid-day (1000 to 1300 hours) to avoid differences that could be

attributed to diurnal soil temperature variations. Any cooling trends

in the upper soil surface had had time to reverse by mid-day.
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Measurements were taken approximately bi-weekly, which was sufficient in

a desert environment where rainfall events are widely spaced in time.

The lysimeter's transducers were originally run using the

12-volt battery in the field vehicle. Later, a 12-volt, dry-cell

battery was used. The equipment required re-zeroing less often with the

dry-cell battery. The drift around the zero reading was checked each

time before and after the measurements. Then, during calm, windless

periods, a minimum of three readings were taken each time, with more

readings made as necessary to get reproducible results when the three

readings did not agree.

The thermocouple psychrometer was easy to use in the field. The

soil temperature was measured first, then the junction in the porous cup

was cooled for one minute with the potential reading taken immediately

after the cooling. When the soil was extremely dry or wet, reliable

readings could not be made, as erratic readings showing dry conditions

could be given. Because surface conditions normally appeared dry, it

was necessary to know what the antecedent rainfall and soil conditions

were, and to field-verify the soil conditions by digging into the nearby

soil to determine if a false reading was made. Since the dewpoint is

affected by surrounding temperatures, hot conditions affected readings

with the drier soils and cooler weather affected the range in which

readings could be taken in wet soils.

In addition to recording the rainfall received and the time at

which it was received, surface conditions indicating runoff were noted

as an indication of the rainfall intensity. The intensity was also

determined by the amount of precipitation received and the duration of



storm as measured by the recording raingauges. During 1977 and the

first portion of 1978, no significant runoff was measured from the

lysimeter's surface.
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CHAPTER 5

RESULTS

The primary objective of the study at the Silverbell site was to

measure the actual evapotranspiration rate in a semi-arid area. To

accomplish this, parameters used to determine evapotranspiration rates

were measured by various methods and at numerous locations. This type

of approach allowed comparison of spatial variations in rainfall,

throughf all, soil moisture content, soil-water potential, and soil

temperatures in an open area and under a variety of vegetative cover and

densities. The purpose of these comparisons was to allow the elimina-

tion of repetitive or costly measurements and also to provide a measure

of confidence in the data and results.

The evapotranspiration rates were estimated using either a

water-budget analysis that used the soil moisture data gathered with the

neutron probe, or by direct measurement of evapotranspiration rates

using the weighing lysimeter to obtain water loss rates. The soil-

water potential data gathered with the thermocouple psychrometers were

obtained at bare and vegetated sites as well as at various soil depths.

The following results for evapotranspiration rates and soil conditions

represent the collective work performed at the Silverbell site from 1973

to May 1978. The investigations from January 1977 to May 1978 were per-

formed by the author.
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Previous Investigations 

Investigations at Silverbell from 1973 to December 1976 focused

upon the spatial and temporal variation of soil moisture, plant growth

and water transfer parameters, and the determination of an annual water

balance

Spatial and Temporal Variations

The spatial variation of soil moisture was studied by Qashu et

al. (1974) and Sammis and Weeks (1977). Qashu et al. measured the

spatial and temporal variation in water content, soil-water potential,

and temperature for the two major plant types (bursage and creosote) and

unvegetated soil. As shown in Figure 10, Qashu et al. found the soil

moisture contents between all sites to be very similar. They did note

that a rainfall response was found at the 20-cm depth in open areas, but

was not found under creosote cover. Sammis and Weeks (1977) were

interested in the spatial variation of soil moisture measured with a

neutron probe because of the possible variation in soil moisture and

soil structure in the natural environment. Sammis and Weeks did deter-

mine from their measurements that, because of the limited availability

of rainfall and continually low soil moisture contents, no measurable

deep percolation occurred. Therefore, measured changes in soil moisture

would equal the evapotranspiration. They could find no evidence of

variation of soil moisture changes as measured with neutron probes at

different locations around the creosote plant, and they attributed this

to the extensive root system of the creosote, which can readily draw

moisture from bare soil surrounding the creosote bush. The error in
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their measurements became smaller with longer time periods between

readings.

Plant Growth and Water Transfer

Evans et al. (1976) and Gay et al. (1978) conducted an exhaus-

tive measurement of all parameters associated with plant growth and

water transfer processes at the Silverbell site. Measurements included

soil moisture (neutron tube), soil-water potential and soil temperature

(thermocouple psychrometer), rainfall and throughfall, plant-water

potential, and various climatic parameters.

The research done by Evans et al. (1976) noted certain physical

features which included:

1. Desert plants are under water stress most of the time.

2. At night, the water potential gradient is near zero, i.e.,

plant-water potential is approximately the same as the soil-

water potential.

3. From measurements of temperature profiles, it was determined

that the vegetation acts as a heat sink.

They were also interested in measurement of climatic parameters to cal-

culate evapotranspiration. Analyses undertaken were an energy balance,

calculation of the Bowen ratio from platn diffusion resistance, and the

actual and potential evapotranspiration rates (see Table 1 for a summary

of the results). High rates of evapotranspiration are only possible for

a short duration following rainfall events because of the limited soil

moisture storage. Thus, any attempts to model evapotranspiration in a

desert environment must take this into consideration.
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Table 1. Energy balance and diffusion resistance of the creosote bush.
-- From Evans et al. (1976).

Date

1-10-75 5-29-75 7-10-75

Potential evaporation (mm/day) 1.9 5.4 3.6

Incoming radiation (1y/day) 113 321 212

Bown ratio computed
evapotranspiration (mm/day)

1.9 1.8 2.4

Latent heat (1y/day) 114 106 141

Soil moisture balance
b. 53 .5 .8

evapotranspiration (mm/day)
a 1.3c

Net radiation (1y/day) 137 340 316

Heat flux (1y/day) 13 11 74

Average areal diffusion resistance
(sec/cm)

0.000 6.
(range =
.4-132.)

1.2
(range =
.48-2.7)

Aerodynamic resistance (sec/cm) .12 .56 .18

Daily average plant albedo (%) 18 19 18

Soil albedo (%) 22 21

a
Long-term average values.

b
Represents average evapotranspiration from late January through early
February.

c .5 cm of rainfall on July 7; evaporation from the top 2 cm on July 8-9.
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The work done in 1976 by Gay et al. (1978) was a continuation of

the previous work. Additionally, during 1976, they sought to test soil-

water-plant models and their sensitivity. Measurement of plant-water

potential in and out of the lysimeter showed that the response is very

similar, thus lysimeter measurements could be extrapolated to a natural

plant stand. Comparison of the effect of irrigation upon the plant-

water potential showed that there was a lag time of 20 days before the

plant-water potential reached a maximum, i.e., less negative, of -20

bars. During measurements of diffusion resistance, the plants' resis-

tance exceeded the range of the porometer and complete closure of the

stomata did not occur at -40 bars as was expected because leaf conduc-

tance was non-linear at extremely negative plant-water potentials.

Measurements of leaf diffusion showed that, for creosote plants, tran-

spiration is very low, which leads investigators to conclude that the

evaporation from the soil accounted for much of the soil moisture loss.

Water Balance

At Silverbell, eleven 5-cm aluminum neutron access tubes were

located at depths of 75 to 200 cm. These access tubes were placed in

open areas as well as under creosote bushes and bursage plants.

Measurements were made at Site I from February 27, 1973, to October 20,

1975, at 15-cm depth intervals at all access tubes. At a second site at

Silverbell, access tubes were located so that a complete range of vege-

tation distributions could be sampled for comparisons. The access tubes

were distributed so that they would be directly beneath a plant,

2 meters away from a plant, 4 meters away, and in an open area
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completely isolated from any plant roots. This was done for both

creosote plants and bursage plants. At both areas, readings were taken

at two-week or longer intervals.

Variation of the soil moisture measured under different plant

species or in open areas was very small (Evans et al., 1981). There-

fore, the readings at given depth and date were averaged. Evapotranspi-

ration rates calculated from changes in the soil moisture closely

followed the annual rainfall pattern, as shown in Figures 11 and 12. In

the summer of 1975, when the rainfall that was received was less than in

1974, there was 3 cm less of stored soil moisture at the end of the year

than in 1974. As a result, evapotranspiration rates were reduced and

the plants were under greater stress (Evans et al., 1981). During

periods when no rainfall occurred, the evapotranspiration rates dropped

below 0.1 mm/day and approached zero, as shown in Table 2.

Evapotranspiration rates calculated by the water-budget method

from 1976 soil moisture data compared favorably with evapotranspiration

rates determined with the weighing lysimeter, as shown in Figure 13.

The annual evapotranspiration rate calculated from the neutron probe

data was 231 mm in bare soils and 242 mm in the vegetated areas. This

compares favorably with an annual evapotranspiration of 259 mm measured

with the weighing lysimeter and the annual precipitation received of

234 mm in 1976. Differences in the evapotranspiration rates between

different methods and with the annual precipitation may be due to the

different times of measurement and spatial difference in rainfall, soil

moisture, and evapotranspiration rates.
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Table 2. Evapotranspiration rates for selected periods
without rainfall. -- From Evans et al. (1981).

Period
Average ET Rates

(mm/day)

6, Water Contenta

(cm3 /cm3 )

3/30 to 5/2/73 1.27 0.14-0.10

9/5 to 11/10/73 0.04 0.07-0.06

3/20 to 6/26/74 0.01 0.08-0.06

1/23 to 2/20/74 0.14 0.08-0.07

aWater contents, e, of 0.01 and 0.06 correspond to soil-
water potentials, p ,

 of -10 to -50 bars of suction,
respectively.
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1977-1978 Investigations 

Building on the previous investigations, the author continued

the study at Silverbell from January 1, 1977, to May of 1978. During

this time, evapotranspiration was studied with the weighing lysimeter.

The soil-water potential and soil temperature were also monitored. The

following results were determined from the data collection which took

place bi-weekly at Silverbell.

Direct Evapotranspiration Measurements

The weighing monolith lysimeter was constructed around an

undisturbed soil cylinder which contained a creosote bush and 95% of its

root zone. As previously mentioned, the equipment had to be initially

calibrated. Therefore, measurements of the evapotranspiration rates

were not begun until June 1975 and were continued to the end of 1976,

at which time this investigator assumed the responsibility and measured

the evapotranspiration rates, or water loss, during 1977 and the first

trimester of 1978.

Figures 14 and 15 show the daily evapotranspiration records for

1977 and a portion of 1973. For 1977, the maximum evapotranspiration

rate was 2.99 mm/day, which occurred in July. A minimum of zero loss

occurred in May and at the end of August. This compares with the

results for 1976 which showed a maximum rate of loss of 5.4 mm/day in

July and a minimum of near zero in May and June (Gay et al., 1978). The

amount of precipitation received in 1977 was only 111 mm, which was

much less than the 259 mm measured in 1976. As evapotranspiration is a

function of the annual precipitation, the evapotranspiration for 1977
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Figure 14. Evapotranspiration data gathered with the lysimeter at the
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was reduced from 1976 to 134.4 mm with 23.5 mm of soil moisture being

removed from storage. In both 1976 and 1977, the evapotranspiration

rates corresponded to rainfall events with any temporal differences

attributable to temporal variations in evapotranspiration measurements

and rainfall events.

The early portion of 1978 was an unusually wet period with the

rainfall from January 1st to May 31st totalling 151 mm, which was 40.1

mm more than was received in the entire year in 1977. The maximum

evapotranspiration during the period was 3.1 mm/day in January and

4 mm/day in May. The total evapotranspiration loss was 147.7 mm, which

left only 3.3 mm of moisture remaining in storage. During this time,

the evapotranspiration rate corresponded with the rainfall events

initially, but the evapotranspiration rates were later depressed so that

they decreased and then remained approximately constant while the rain-

fall input continued. The decrease and later stability may have

occurred because of the high humidity and cloud cover associated with

the rainfall. Later, in early to mid-March, as temperatures and plant

growth increased, the evapotranspiration rates also increased sharply

and continued to rise as moisture was removed from storage.

Soil-Water Potential

Soil-water potential and soil temperatures were measured at

Silverbell using a thermocouple psychrometer. Measurements taken from

April 1973 to May 1978 were sporadic and taken at long intervals. The

data collected did compare favorably with the results of the neutron

probe measurements showing reverse trends as soil moisture content
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decreased as soil suction became more negative. A noticeable decrease

in the average soil temperature was also seen for areas under creosote

or bursage plants as compared to the overall high temperatures found in

the open areas. It was also found that psychrometer measurements were

clearly related to soil type (Evans et al., 1976).

During the January 1977 to May 1978 investigation, the soil-

water potential and soil temperature were measured at weekly or longer

intervals which match the times when evapotranspiration rates were moni-

tored at the weighing lysimeter. Three locations were used for the

psychrometer stacks so that measurements could be made under the crown

of a creosote bush at depths of 15, 30, 60, and 75 cm; in an open area

at depths of 15, 30, 60, 75, and 95 cm; and within the lysimeter at 15,

25, and 55 cm. The record of the data collected at this site is shown

in Figures 16 through 18. As shown by the values of the soil-water

potential, 11), in the first 15 cm of soil, changes in the potential vary

rapidly from one extreme to another as a rainfall event first lowers the

suction to approximately zero and then, after a week, the soil returns

to a very negative suction value as the top soil layer dries out and any

excess moisture percolates to the deeper soil zones. At the deeper soil

depths, from 60 to 95 cm, only extremely heavy precipitation or long wet

periods affect the soil suction value. The overall soil suction at

these depths is more constant and more negative than in the upper soil

zones. During periods without rain, the soil-water potential for the

entire soil column is approximately at -50 bars of suction.
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Soil Characteristics

In an attempt to relate the soil-water potential to the water

content and, ultimately, the ET rates, a relationship between the

measured soil suction and soil-water content was sought. A character-

istic curve was developed by obtaining soil samples at various depths

where psychrometer readings were taken and then oven-drying the samples.

The resulting curve is shown in Figure 19 and the data used to develop

the curve are found in Table 3. A wide range of values is given at very

low and very high suction values, i.e., -1 bar and -50 bars. This

occurred because the thermocouple psychrometer cannot give readings for

soil suction less than -1 bar or greater than -50 bars with accuracy.

Bulk density values were also required to determine the moisture

content from the weight change caused by oven-drying the samples.

Therefore, known volumes of cored, undisturbed soil samples were also

oven-dried. A bulk density of 1.51 was obtained in this manner from the

soil cores. This value for bulk density is within the acceptable range

for sandy soils of the type found at Silverbell.

Once the characteristic curve was determined, it was used to

calculate evapotranspiration rates for a selected period using informa-

tion from the lysimeter's psychrometer stack. The soil suction between

various depths was averaged and the soil moisture for the soil column

was then calculated as shown in Table 4. Figure 20 shows the resulting

evapotranspiration rates calculated using the psychrometer data and the

evapotranspiration rate determined by the weighing lysimeter. The two

plots for evapotranspiration rates show good correspondence; however, it

should be noted that the data for the characteristic curve were limited
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Table 3. Computation of a soil characteristic curve for the
Silverbell site. -- Using data from 7/21/78.

(A)	 (B)	 (C)
Wet	 Dry	 A

Depth	 Weight	 Weight	 Weight = 	 IPP 	 --i. x 100
Area	 (cm)	 (gm)	 (gm)	 (gin)	 w	

t
)	 (-bars)

T
2
-A	 15	 171.95	 167.80	 4.15	 2.41	 1.

30	 195.71	 191.58	 4.13	 2.11	 16.
60	 198.83	 195.32	 3.51	 1.77	 50.
75	 213.33	 209.33	 4.10	 1.92	 41.

T
2
-B	 15	 199.63	 195.35	 4.28	 2.14	 1.

30	 202.56	 198.22	 4.34	 2.14	 16.
60	 204.45	 200.64	 3.81	 1.86	 50.
75	 213.66	 210.43	 3.23	 1.51	 41.

L-A	 15	 196.05	 193.48	 2.57	 1.31	 1.
30	 220.72	 215.78	 4.94	 2.24	 8.
60	 162.45	 159.23	 3.23	 1.98	 2.77
75	 185.91	 183.06	 2.85	 1.53	 50.

L-B	 15	 189.34	 185.75	 3.59	 1.90	 1.
30	 213.44	 209.77	 3.67	 1.72	 8.
60	 193.54	 189.69	 3.85	 1.99	 2.77
75	 191.55	 188.72	 2.83	 1.48	 50.

Bush	 15	 235.80	 233.47	 2.33	 0.99	 50.
20	 221.61	 217.52	 4.09	 1.85	 47.
40	 239.49	 236.92	 2.57	 1.07	 52.
60	 229.22	 226.05	 3.17	 1.38	 50.

Bush	 15	 220.96	 218.59	 2.37	 1.07	 50.
30	 228.59	 225.76	 2.83	 1.24	 55.
60	 238.04	 234.23	 3.81	 1.60	 50.
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Table 4. Calculation of evapotranspiration rates using soil-water
potential data and a soil characteristic curve.

Week
Depth
(mm) (-bars) (%/wt)

Water
Deptha
(mm)

(-)	 Rain
(mm)

A
= ET

(mm/day)

22 150 50. 1.4 3.171
250 50. 1.4 2.114
550 62.8 0.67 4.689

9.97 0.

23 150 0. 2.22 5.028
250 0. 2.22 3.352
550 62.07 0.67 6.500

14.387 1. -0.480
-0.

24 150 0. 2.22 5.029
250 0. 2.22 3.352
550 59.75 0.8 6.840

15.22 0.3 -0.08

25 150 50. 1.4 3.171
250 50. 1.4 2.114
550 13.89 2.15 8.041

13.326 0.5 0.342

26 150 50. 1.4 3.171
250 50. 1.4 2.114
550 68.61 0.4 4.077

9.362 0. 0.57

27 150 50. 1.4 3.171
250 50. 1.4 2.114
550 68.61 0.4 4.077

9.362 0. 0.

28 150 50. 1.4 3.171
250 50. 1.4 2.114
550 68.61 0.4 4.077

9.362 0. 0.

29 150 28.37 2.0 4.53
250 50. 1.4 2.114
550 50. 1.4 6.342

12.986 1.85 -0.25
-0.
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Table 4, Continued.

Week
Depth
(mm)

*
(-bars) (%/wt)

Water
Deptha
(mm)

(-)	 Rain	
(=A)

(mm)

A = ET

(mm/day)

30 150 0.2 2.22 5.028
250 6.67 2.17 3.314
550 50. 1.4 8.086

16.428 17.78 2.05

31 150 0.2 2.22 5.028
250 1.43 2.2 3.322
550 3.96 2.2 9.966

18.316 7.62 0.82

32 150 50. 1.4 3.171
250 22.69 2.07 2.620
550 46.5 1.6 8.313

14.104 o. 0.602

33 150 18.39 2.1 4.756
250 35.65 1.9 3.02
550 44.2 1.65 8.041

15.82 0. -0.245
-0.

34 150 0.2 2.22 5.03
250 7.32 2.18 3.32
550 3.33 2.2 9.921

18.27 7.5 0.72

35 150 0.2 2.22 5.03
250 18.12 2.1 3.247
550 40.45 1.8 8.833

17.11 0. 0.17

36 150 50. 1.4 3.171
250 35. 1.9 2.492
550 42.39 1.38 7.429

13.09 0. 0.57

a
Depth of water in a 1 mm x 1 mm column of soil averaged O wt • bulk
density • depth x = depth of water/mm.
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Figure 20. Comparison of evapotranspiration rates from the lysimeter to
evapotranspiration rates determined using psychrometer data.
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and would have alone been inadequate to model evapotranspiration rates.

A more complete range of values for the curve would be required for more

accurate and reliable results. It appears that a thermocouple

psychrometer could be used to calculate evapotranspiration rates.



CHAPTER 6

DISCUSSION

The Desert Biome Program investigation of the evapotranspiration

rate in a semi-arid environment was accomplished by a systematic

recording of the environmental factors associated with evapotranspira-

tion, such as precipitation, soil conditions, and climatic factors.

With this information and the weighing lysimeter data, evapotranspira-

tion rates were determined by direct and indirect methods. The

systematic study of the environmental factors shed light on how they

interacted and how the evapotranspiration rates may be studied using

less costly and/or time-consuming methods. The following discussion

outlines the results that were obtained through the study of evapo-

transpiration rates under semi-arid and arid conditions. Additionally,

the associated soil conditions and the methods of measurements are

given.

The annual evapotranspiration rates were found to approximately

match the annual precipitation rate. Because so little moisture remains

in storage under semi-arid conditions, the plants must rely almost

solely on the annual rainfall received. For this reason, evapotranspi-

ration rates will be at or near zero except following rainfall events

when the evapotranspiration reaches a maximum. Little difference was

found between the evapotranspiration rates for areas with plants and the
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evaporation rate for bare soil areas. There was a significant differ-

ence between the maximum evapotranspiration rates in cold climates and

warm climates; the maximum were approximately 2 mm/day and 3 mm/day,

respectively. The only major variation from this was warm desert

grasses which had a maximum of 10 mm/day for short periods. Table 5

gives a listing of the maximum evapotranspiration rates measured during

the Desert Biome Program at warm and cold semi-arid to arid environments

in the Western United States. It should be noted that, because the data

were gathered at weekly or longer time increments, the actual maximum

rate may be larger.

Table 5. Maximum evapotranspiration rates.

Maximum
ET Rate

Site
	

Cover
	

(mm/day)

Silverbell (Arizona)
Silverbell
Silverbell, 1977
Silverbell, 1978

Santa Rita (Arizona)
Santa Rita

Washtucna (Washington)

Curlew Valley (Utah)

Creosote bush
	

3.0
Creosote bush (lysimeter)
	

5.0
Creosote bush (lysimeter)
	

2.5
Creosote bush (lysimeter)
	

4.0

Desert hackberry	 3.0
Grass	 10.0

Sagebrush and grass	 2.3

Salt bush	 2.0
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The evapotranspiration rates of bare soil areas and vegetated

areas were approximately equal. This phenomenon may be explained by the

soil conditions which exist in a semi-arid or arid environment. At

Silverbell, the top 15 cm of soil were usually the only zone which was

affected by precipitation. This upper soil zone would fluctuate from a

soil suction approaching zero immediately after a rainfall event to

-50 bars of suction within one week. In contrast, the soil zone at

60 cm or greater depths was rarely affected by the precipitation

received and usually had soil suction values of -50 bars or greater.

This pattern of soil-water potential illustrates that the evapotranspi-

ration rates should equal bare soil evaporation rates because the

moisture is primarily in the first 15 cm of soil where it can be easily

evaporated and little moisture exists at deeper zones to furnish the

plants with additional moisture to increase their water loss. The lack

of stored soil moisture in deeper soil zones also explains why the

evapotranspiration rates fall to near zero between rainfall events.

The soil condition in the desert environment normally has soil-

water potentials of -50 bars suction. Desert plants must, therefore,

operate under stress much of the time. One method for the plants to

withdraw soil moisture under these conditions may be found in the

temperature gradient that exists between the surrounding soil and the

soil beneath a creosote crown. At mid-day, when measurements were

normally taken at Silverbell, the soil under the creosote crown was

generally cooler than the soil at the same depth but in an open area.

This could induce vapor flow from the warmer areas to the cooler areas.
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The evapotranspiration rates were approximately equal whether

they were measured directly by the lysimeter or obtained by a water-

budget analysis using soil moisture data gathered by the neutron probe

method. Using limited data to achieve a characteristic curve, the

soil-water potential record from the thermocouple psychrometer was also

used to calculate evapotranspiration rates. A reasonable match was

found between these calculated rates and the evaporation rates deter-

mined with the weighing lysimeter. For a given area and soil type, a

characteristic curve derived from thermocouple psychrometer data could

be used to calculate evapotranspiration rates. The advantage to using

this method would be the relatively low cost and ease of measurements

and data collection. This method appears suitable for soil potentials

ranging from -5 to -50 bars of suction.

It was determined during the course of the Desert Biome Program

investigation that careful measurement of rainfall, throughfall, soil-

water potential, and soil moisture distribution at various locations and

vegetation density allowed for the verification of the data and enabled

investigators to eliminate certain measurements without losing confidence

in the results. Information concerning the calibration of the different

approaches and their accuracy should prove useful for other studies that

attempt to measure evapotranspiration rates in semi-arid or arid

environments.



CHAPTER 7

SUMMARY AND CONCLUSIONS

The natural evapotranspiration rates for desert environments

were studied at Silverbell, Arizona, from 1973 to 1978 as part of the

investigation conducted under the Desert Biome Program. This program

was set up to study plant and water relationships in the semi-arid and

arid areas of the Western United States. The sites studied under the

program also included sites in the Santa Rita Mountains, Arizona;

Curlew, Utah; and Washtucna, Washington. Both sites in Arizona repre-

sented warm desert sites within the Sonoran Desert. The Silverbell site

was at a lower elevation and had a vegetative cover consisting of

creosote bushes and bursage plants, but the Santa Rita site was at a

middle elevation level and had predominantly mesquite trees and grasses.

The Utah and Washington sites were cold desert sites within the Great

Basin Desert which has sagebrush, salt bush, and grasses as the primary

vegetation.

The evapotranspiration rates at all of the sites were studied

indirectly using soil moisture data and rainfall to calculate the evapo-

transpiration rates. At the Silverbell site, a monolith weighing

lysimeter was employed for the direct measurement of the evapotranspira-

tion rate. Also, during the 1977 measurement period at Silverbell, soil

potential measured by thermocouple psychrometers was used to calculate
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evapotranspiration rates using the water-budget method and a soil char-

acteristic curve.

The investigations at these sites were not regional in nature,

but rather concentrated on individual plants or stands of plants.

Measurements were taken during the investigations at one-week or longer

time intervals. Therefore, the maximum or minimum rates measured

reflect averages for each time period and the actual maximum could be

much greater. For this investigation, average rates were considered

adequate to describe the conditions and stress placed on plants in an

arid region.

At the warm desert sites, the creosote bush, bursage plants,

and mesquite trees had maximum evaporation rates of 3 to 5 mm/day. One

exception was the grasses at the Santa Rita site which had a maximum

rate of 10 mm/day immediately following rainfall events. In the cold

desert sites, the maximum rate was 2 mm/day. At all the sites, the

minimum rates approached zero. The annual evaporation rate at the sites

was approximately equal to the annual rainfall with little or no

moisture being either stored or taken from storage within the soil

between years. Because there is very little soil moisture stored in the

soil and single precipitation events only appeared to affect the top

15 cm of the soil during the periods of measurement, the evaporation

rates from bare soil at the sites were equivalent to the evapotranspira-

tion rate.

Plants in a desert environment are normally under extreme stress

due to the lack of moisture in the soil and as a result suppress evapo-

transpiration. Investigation of the natural evapotranspiration rate is,
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therefore, a study of the temporal distribution pattern of evapo-

transpiration and precipitation. The duration and maximum values of

evapotranspiration observed were directly related to the amount and

intensity of precipitation and its ability to replenish the soil

moisture. Since evapotranspiration and evaporation of the bare soil

were found to be equivalent, it can be expected that, in a desert

environment where plant cover is sparse, most soil moisture loss is due

to the evaporation from bare soil rather than through evapotranspiration.
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