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ABSTRACT

The relationship of water'infiltration into stream channel.bed to 

texture, structure,and moisture content of the alluvium deposits and 

deposition of such water are investigated. The infiltration equation 

developed by Philip is used. The coefficients are estimated using data 

from an infiltration simulator and a double ring infiltrometer. A linear 

relationship between the absorptivity coefficient in the equation and 

the initial soil moisture is analyzed.■ A linear relationship between evapo- 

tran sp irat ion rates and potential rates as measured empirically’and the 

soil moisture depletion of the channel is discussed. Transmission losses 

during flow events are calculated and compared with actual values using 

the water budget method.

vii



CHAPTER ; 1 

INTRODUCTION

In arid regions water is a limited resource and one of the goals 

of a water resource manager is to maximize the benefits from such a re

source. .Generally in such areas the resource includes ground water. In 

the southwest, specifically Southern Arizona9 the major source of ground 

water recharge originates from stream channel flows.

Questions have been raised concerning the contribution of flows 

from small watersheds to ground water rechargeEmpirical methods have 

been developed to estimate infiltration and recharge for ephemeral stream 

channels but knowledge about the infiltration characteristics of small 

ephemeral stream channels is lacking.

Water disposition in the stream channel depends on the infiltration 

characteristics of the channel and the evapotranspiration characteristics 

of the channel vegetation. The amount of water infiltrating during a flow 

event is a function of the initial moisture content which is determined 

from the evapotranspiration rate and the time since the last flow event. 

Consequently, the study of transmission losses in ephemeral stream chan

nel can be divided into areas. The first area is the study of the infil
tration parameters*.and .the.second.area, is the study, of the eyapotrangr- 

piration .parameters.

The ephemeral stream channels are generally not static in nature ‘ 

but change with each flow event. Each flow event causes cuts and fills

1



in channel banks and often changes the available infiltration area. The 

flows range from partially filled channels to full flood stage. The 

sediment load during an event may vary to a considerable degree depending 

on the soils and runoff characteristics of the watershed.. Storms that 

produce stream flow may be a cyclonic or a convective type. A cyclonic 

storm covers a large area and produces generally low intensity rainfall.

A convective storm may cover only a section of the small watershed so 

that the runoff distribution varies in space as well as time.

Keppel and Renard (1962) investigated the transmission losses in 

ephemeral streams in Southern Arizona and reported average infiltration 

rates of 4 to,6 feet per day (acre feet per acre per day), and losses of 

25 acre feet per mile of channel. The authors used channel reaches 

between critical depth flumes.

Babcock and Cushing (1942) reported infiltration rates from 0.14 

to 2.00 feet per day with an average of 1.08 feet per day for floods on 

Queen Creek, a large desert wash in Southern Arizona. After the flood 

stage, the stream continued to flow with fairly clear,water and stream 

gaging measurements were made moving downstream in the direction of flow.

With clear water, instead of the silt laden water of a flood event, the

infiltration rate increased to 4-7 feet per day.

Turner (1943) reported infiltration rates from seepage measure

ments of 1.0 to 3.77..feet per day in the Santa Cruz Basin, Arizona. He 

indicated that the depth to the water table and the silt content on the

surface had an important effect on infiltration rates.
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The generalized objective of this study is to develop an

infiltration equation for estimating transmission losses during a flow 

event in an epheremal stream channel near Tucson»

Specifically the objectives are:

1. To investigate the effect of soil texture and water content 

on the infiltration function and to develop an appropriate 

infiltration equation for a channel reach.

2. To validate the infiltration model using data from natural ■ 

flow events.

3. To determine soil moisture dispostion after a flow event.

The Study Area-

The study was conducted at the Santa Rita experimental range

located 30 miles south of Tucson, Arizona (Figure 1). The investigation

site is located at TIBS5 R14E Sec.. 14 SE 1/4 of the Santa Rita Quadrant 

in an area which is operated by the Rocky Mountain Forest and Range 

Experiment Station as an outdoor laboratory. Stream channels in the area 

form a massive dendritic pattern, but the research site consists of 1/4 

mile of channel without any major tributaries. The area of the watershed 

contributing to the selected channel is about 5 square miles.

The Santa Rita is classified as semiarid desert and is representa

tive of about 80 million acres of habitat in Southern Arizona, West Texas

and New Mexico.. Precipitation in the area ranges from 10 inches at 2,900

feet to around 20 inches at 4,300 feet (Green and Martin 1967).

The research area is at•3,275 feet elevation and the closest long 

term rain gauge station 164 is at 3, 160 feet elevation. It has a
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Figure 1. A Map of the Study Area 



record length of 10 years (7/39-11/49) and a mean annual rainfall of

11.67 inches (Green and Martin 1967).

A recording rain gauge (station .1) was installed on the watershed. 

The location is shown in Figure 1. The annual rainfall from August 1970 

to July 1971 was 8.19 inches.

Green and - Martin (1967) divided the year climatologically into 

four seasons5 Summer (July-September), Winter (December-February)5 

Winter Seasonal (November-April)3 Summer Seasonal (May-October). The 

climatic data from Station 164 and a station on the site (1) are given 

in Table 1. >

TABLE 1
PRECIPITATION DATA FOR.STATIONS 1 AND 164

Station No. 
on Figure 1

Summer
Inches

Winter . 
Inches

Winter
Seasonal
Inches

Summer
Seasonal
Inches

Yearly
Total

164 6.57 2.40 3.90 7.59 11.67

C.V. .37 .49 .41 .34

1 6.05 • • 1.54 1.35 ■ 6.35 8.19

C.V. = Coefficient of Variation

Vegetation

The riparian vegetation cover on the research area is slightly 

different from the surrounding vegetation because of the localized in

creased soil water storage in the sandy channel bed. The major species 

along the banks of the epheremal channel in the study area are: Palo 

Verde (Cercidium microphyllum). Desert Hackberry (Celtis pallida), Cholla
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(Opuntia fulgida)^ Mormon Tea (Ephedra trifurca)^ Mesquite (Prosopis 

juliflora var. velutina).

Palo Verde is a large perennial shrub or small tree attaining a 

height of about 20 feet. Its main distinguishing characteristics are 

its green photosynthetic stems and small drought-deciduous leaves. The 

photosynthetic surface presented by the leaves and stems is greater than 

the surface area of the leaves during the entire growing season. Usually 

there are two crops of leaves after each rainy season and no leaves are 

formed when the plants are subject to soil moisture, stress. The leaves 

usually fall after 6 to 10 weeks. Palo Verde trees flower from April to 

May. The root system consists of a tap-root but the main rrot system is 

wide-spreading near the surface. ‘ The large.trees are from 30 to 40 years 

old. Very rarely does a tree die from drought but instead twigs,.branches, 

and sometimes large limbs die (Meinzer 1927; Kearney and Peebles 1951; 

Shreve and Wiggins 1964).

The Desert Hackberry (C. pallida) is a divaricately branched, 

dense and spiny perennial shrub. It grows to a height from 3 to 15 feet 

depending on the available water, and is classified as a species of 

evergreen shrub. The evergreen plant can carry on leaf functions year 

round. During very dry periods part of the foliage is shed to reduce 

transpiration (Kearney and Peebles 1951; Shreve and Wiggins 1964; Meinzer. 

1927).

7 The Cholla (0. fulgida), a member of the cactus family, is classi

fied as a succulent, meaning that it stores .water", to:: survive :.during 

droughts. The plant has no leaves except on young stems and these are



early deciduous. The stems are circular in cross section and segmented 

into joints, each joint representing a year's growth. Its noted charac

teristic is the barbed spine called glochids. The literature definitely 

states that the plant does not jump at people, but from personal experi

ence this is sometimes hard to believe. The Cholla flowers from June 

to August and grows to heights of 6 to 9 feet (Hamilton 1933;. Kearney 

and Peebles 1951; Shreve and Wiggin's. 1964).

Mormon Tea (E.:trifurea) is a perennial, yellowish-green shrub 

with straight branches, that grows near the stream channel to about 

3 feet in height. The plant grows favorably on rocky hillsides, mesas, 

arroyos and sandy plains. It is xerophytic and flowers in March 

(Hamilton 1933; Shreve and Wiggins 1964).

The. Mesquite (P. juliflora) is a common winter deciduous, woody 

tree, whose size depends upon the availability of water. It grows from 

a shrub 2 feet in height to a tree more than 40 feet tall. • The roots 

extend to a distance of 50 to 60 feet and have been found to a depth of 

150 feet (Phillips 1963). The tree has a xerophytic characteristic with 

its coriaceous leaves protected against excessive transpiration. Be

cause of its deep roots it is hard to determine whether the tree in the 

stream banks is surviving because of water made available from soil water 

recharge as a result of flooding or whether the roots actually reach the 

water table. Mesquite flowers from March to August, and grow on soils 

at elevations up to 6000 feet in the South (Kearney and Peebles 1951; 

Meinzer 1927; Shreve and Wiggins 1964).

There is no literature on the evapotranspiration of any of the 

desert"plants because the evapotranspiration depends on the available



.moisture« However, the Palo Verde and the Mesquite are probably the 

largest users of water. Tiedemann (1970) measured"soil moisture under a ' 

mesquite tree (Prosopis juliflora)9 and reported that soil moisture 

depletion did not occur in the profile between 1 and 5 feet for the 

months of March through July. In August summer rains replenished the 

soil moisture resulting.in evapotranspiration which continued until 

November when soil moisture was vat a level equal to that prior to the 

summer rains. . Rains in December and January again replenished the soil 

moisture supply.

Soils

The channel reach where the research was conducted consists of a 

sandy bed varying in depth from 3 feet, where the channel is narrow, to 

about 8 feet on the wider reaches, The width varies from about 8 feet 

to 35 feet. Some reaches have many little islands which are flooded only 

during high flows.

Channel banks vary-in height from 1-4 feet. Shreve and Wiggins 

(1964) state that with the increased grazing the desert streams are 

cutting more. However, desert streams alternate with periods of vertical 

and lateral cutting and filling. A desert stream bed is very unstable 

because of the nature of flows (flash floods). Since the stream channel ■ 

under investigation is high on an alluvial terrace the sediment load of 

the flood waters would be expected" to be low. Particle size analysis of 

soil samples taken in the channel are shown in Table 2.



TABLE 2

SOIL TEXTURE ANALYSIS

Sample Sample Site 1 Sample Site 2 Sample Site 3 . Sample Site 4 Sample Site 5 
Depth Sand Silt Clay Sand Silt Clay Sand Silt Clay ■ Sand Silt Clay Sand Silt Clay
Feet % % % % % % % % % % % % % % %
0.5 . 95.0 3.0 2.0 93.8 5.8 0.4 95.0 3.8 1.2 97.0 2.0 1.0 97.0 2.0 1.0
1.0 95.0 4.0 ■ 1.0 95.0 4.0 1.0 95.0 4.5 0.5 98.0 1.5 0.5 98.0 1.5 0.5
1.5 95.0 3.0 2.0 96.7 2.6 0.7 96.0 3.0 1.0 94.3 3.7 2.0 94.3 3.7 2.0
2.0 97.0 2.0 1.0 95.3 4.7 0.0 93.0 4.0 3.0 .94,0. 4.4 1.6 94.0 4.4 1.6
2.5 96.0 3.0 1.0 94.8 3,9 1.3 93,6 3.4 3.0 96.0 2.4 1.6 96.0 2.4 1.6
3.0 95.0 4.0 1.0 97.1 2.3 0.6 94.0 5.0 1.0 84.6 11.9 3.5 84.6 11.9 3.5
3.5 93.0 6.0 1.0 95.8 2.9 1.3 97.0 .2.5 0.5 84.0 11.5 4.5 84.0 11.5 4,5
4.0 95.0 2.8 2.2 95.8 3.9 0.3 94.5 12.2 2.3 85.5 12.2 2.3
4.5 95.7 1.3 3.0 86.2 9.8 4.0 86.2 . 9.8 4.0
5.0 85.5 9.5 5.0 96.0 3.0 1.0 96.0 3.0 1.0
5.5 71.3 22.9 5.8 95.8 3.2 1.0 95.8 3.2 1.0
6.0 62.8 18.4 18.8 93.4 4.6 2.0 93.4 4.6 2.0
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Infiltration Theory

Infiltration is defined by Philip (1969, p. 217) as

o.othe process of entry into the soil of water made available 
(under appropriate defined conditions) at its surface. This 
surface may be the natural, more or less horizontal upper sur
face of the soil; or it may be the bed of a natural or artifi
cial furrow or stream, or the walls of a natural or artificial 
tunnel or cavity.

The controlling forces for infiltration are capillary conductivity and 

moisture potential, . Taylor and Heuser (1953) worked with a large number . 

of undisturbed soils varying in initial moisture content and reported 

that the infiltration rates were largely dependent on the moisture poten

tial gradient within the soil and that capillary conductivity was of 

secondary importance,

When determining infiltration rates, many physical properties seem 

to play a role in affecting capillary conductivity and moisture potential. 

The importance of each factor depends on the specific conditions under 

which infiltration is occurring. One of the factors which is of hydrologic 

significance is soil water content prior to a flow event. The effect of 

antecedent moisture is dependent on the soil type (Neuberger, Sharp, and 

Kuhlman 1964). Neuberger determined from rainfall-runoff relationship 

that effects of antecedent moisture on infiltration were not significant 

in medium textured soils but antecedent soil water content did have an 

effect in fine textured soils. Philip (1957e) reported that increasing 

the initial moisture content reduced the initial infiltration rate but 

increased the velocity of the advance of the wet front. As time in

creased the effect of initial moisture content on the infiltration rate 

decreased, but the effect that it had on the wet front advance persisted.
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The antecedent moisture plays a dominant role in determining the

available storage for infiltration (Reinhart and Taylor 1954).

Kincaid5 Gardner and Schreiber (1964) determined that the percent 

of gravel content on the surface and to one-fourth inch depth affected the 

infiltration rates on bare soils. As the vegetation cover increased, the 

influence of the gravel content decreased.

Entrapped air below a downward moving water front can decrease in

filtration even though the increased pressure forces air to be released. 

Powers (1934) found that water intake was doubled in sandy loam soil 

columns when the columns were open at the bottom to release the. air pres

sure. Free and Palmer (1940) also found entrapped air;to have an effect 

on infiltration into columns of graded sand. Philip (1969) points out. 

that if the air pressure is enough to cause bubbling air escape at the 

water supply surface 9 then a Darcy-type analysis of infiltration is not 

possible. He wrote that entrapped air is usually of minor significance 

in the field because the air can move laterally out of the way of the 

advancing water front, as is the case in the ephemeral stream channel.

Slope5 also 5 can have an effect on infiltration rates 3 though its 

importance is minor compared to other factors. Duley and Hays (1932) 

determined that runoff increased on slopes from zero to three percent.

The primary limiting factors controlling infiltration into a 

given soil are the physical properties of the soil profile, these are: 

the organic, matter-content (Wischmeier and Mannering 1965; Johnson 1957), 

porosity (Musgrave and Free 1936), soil structure and texture (Baver 

1956).



With all the factors that affect infiltration it is no wonder 

that rates vary markedly from location, to location and vary, at the same 

location for different.time samplings.

The infiltration function has been described mathematically by 

both physically based models and empirical equations. Philip (1957a-f)

derived an equation based on the assumption that infiltration is a pro

cess of diffusion. The following"assumptions apply for the derivation 

of that equation:

1. The soil is homogeneous 5

2, Darcy’s law applies for unsaturated flow (Pressure head of

soil water less than zero),

.3. The system is isothermal,

4. Biological, chemical and hysteresis forces are negligible,

5. The. only force retarding flow is viscosity.

For one dimension the equation of continuity is written as

= -Zs l (i
■ at ax

where 6 is volumetric water content, q is velocity of water flowing in 

the x direction.. When q is expressed as a function of hydraulic head

gradient, the expression is Darcy’s law

q = -K(q)- (2)
9x

where q is the total head, k is the capillary conductivity. Combining 

equations 1 and 2
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If the total head is separated into a pressure head. Y resulting from water 

occupying the soil pore, space with positive or negative pressure and 

a gravity component resulting from the distance from a reference level 

equation (3) for downward vertical flow becomes

# = &  Ck(0)|l+ k(0)] o o

using the chain rule
9¥ = 8Y 90_ 
3x 30 3x (5)

and substituting

A) “ 30D(0) = k(0).-~ . (6)

yields

90. = i_ [d(0) H] + 9M-0). (7)3t 3x 3x 3 x

which is the equation for water movement in a vertical column. Philip 
(1956a-f) developed a numerical solution to equation (7). The solution for 

the advancing wetting front x is

x = <xt1/2 + Bt + Yt 3/2 + Et2 + -----  (8)
where the coefficients a, B, Y, E are functions of 0 alone.Therefore the 

water storage Q is

0sat 0sat
Q = / x d0 = / (AtV2 + Bt + Yt3'2 + Et2— )d0 (9)

0o 0
The infiltration rate is

0sat ©sat 0sat . .
q = 1/2 / Ad0 t•L/ z + / Bd0 + 3/2 /■ Yd0 t ' (10)

Go Go Go
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By integrating between constants 9 limits of the definite integrals 

become constants 9 and the infiltration equation becomes

- 1/2 1/2q = Art + B Ct t   (11)

where A1"* B9 and C are constants. At the initial time the infiltration 

rate is very large3 but soon the terms following the first two add only 

slightly and the infiltration rate tends to the constant value B, thus 

making Philips f equation

1 /9q = A ft + B (12)

As time approaches infinity the infiltration rate equals the saturated 

hydraulic conductivity but this does not mean that B is equal to the 

saturated hydraulic conductivity but only a function of its value.

Philip (1969) states that because B is fixed by the behavior of q at small

time values9 B is not equal to the saturated hydraulic conductivity;

howeverj if equation (12) is used to fit infiltration data over a large 

range of time values then the coefficient B tends to equal hydraulic 

conductivity and shall be referred as such in the rest of the paper.

By integrating equation (12) to time (t) the accumulative infiltration 

can be estimated'as

—  1/2Q = 2A,t ' + Bt (13)

or

Q = At1/2 + Bt (14)

The" constants A and B are normally determined empirically rather 

than by numerical integration and, consequently9 the equation is con

sidered an empirical equation.
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Evapotranspiration Theory .

Water losses from emphemeral channels in the desert are due to 

two major processes: evaporation from, the soil surface, and transpir-. 

ation by riparian vegetation. The sum of the two losses is referred to 

as evapotranspiration.

During the period following a flow event, when soil moisture 

storage is readily available, evapotranspiration is assumed to be at the 

potential evaporation rate (PET). This is the combined amount of water 

that can be transpired by large vegetated areas and the amount evaporated 

from the soil when soil water is not limiting (Thornthwaite, Mather 1955; 

Penman 1948). This definition of PET, as presented, is not entirely 

applicable in a desert environment because channel areas are limited in 

extent unlike crop plants growing under irrigated conditions." Sellers 

(1964) wrote that under such conditions the plants may be able to use up 

to 10 percent more water (per unit area) than if they were part of a 

large vegetative mass in the middle of an irrigated area. Advective 

energy from the surrounding desert would supply the energy for the in

creased evapotranspiration. Pruitt (1971) reported results obtained by 

Van Bavel (1966) at Tempe,"Arizona, in which evaporation exceeded the 

available net radiation for an alfalfa field every month of the year ex

cept January and December. Pruitt attributed this to advective energy 

from air masses passing over the desert area nearby. Therefore, the poten

tial evapotranspiration rate in the desert will be different from that in 

an irrigated environment, and only those methods which account for air 

temperature, air humidity, and available radiation energy can give accu

rate estimates of potential evapotranspiration.



. 1 6
There are many methods for estimating potential evapotranspiration. ' 

The determining factors for choosing a method are: (1) the available data, 

(2) the degree of accuracy.required, and (3) the length of period for 

which PET is required. , .

When calculating potential evapotranspiration for periods of 10 days 

or more Rijtema (1965) assumed'heat storage to be zero and wrote the follow

ing Energy balance equation

Rn = H + LE (15)

where Rn is the radiation balance, H, is the sensible heat transferred and 

LE is the latent heat of evaporation. H is defined as

H = pC Dh (T - T ) (16)P S. 3
where p is air density9 Cp is the specific heat of. air, Dh’ is the transfer 

coefficient of air, Ts is the surface' temperature, Ta is the air tempera

ture at 1 or 2 meters above the ground. Latent heat of evaporation is 

defined as

LD
LE = 0.622 p-p-2- (es - ea)] (17)

where p is the air density, p is the total pressure, Dw is the transfer co

efficient of water, es:is the vapor pressure.at the surface, ea is the 

vapor pressure of the air (at the same levels where Tg and Ta are measured), 

and L is the latent heat of vaporization.

The terms "H" and "LE” can be separated using the' Bowen Ratio 

(T - T )
B = — - = Y  — . (18)

LE (es - ea)
where Y is the psychometric constant.and,is expressed as - .

Y = C p/0.662 L - (19)P
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Modification of Dalton's empirical equation yields

LE = L f(u) (ê  - ea) (20)

where f(u) is a wind function and ê  is the saturated vapor pressure. 

Defining

4 = (e^ - e p / (Ts - Ta) (21)
and assuming eg = and combining equations (18), (20), (21) and re

arranging terms yields

% = -r- %o r Ea - (22)
substituting equation (22) into equation (15) yields Penman’s equation 

for potential evaporation from a free, water surface 

ARn/L + Y . Ea
Eo = - 6 --- ? Y ™ <23)

Where Ea = 0.35 (0.50 - 0.540) (el - e„) (24)
and u, e^5 e^ are respectively5 wind speed, saturated vapor pressure at

existing temperature, and actual vapor pressure measured at a two-meter 

height.

Penman (1948, 1956) introduced an empirical coefficient to reduce 

the evapotranspiration from a free water" surface to a potential evapo- 

transpiration from short grass. Penman and Schofield (1951) attempted 

to derive a. coefficient based on the" plant physiological and physical 

characteristics. Their resulting.equation was based on the physics of 

a continuous crop cover and would not be applicable to riparian vegeta

tion in desert areas.

Penman’s equation (23) has been" criticized (Tanner" and Pelton 

1960) because it neglects soil heat flux, and used average values instead
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of instantaneous values to calculate evaporation. Van Bavel (1966) : 

derived an equation to.determine instantaneous evaporation following 

Penman’s approach but included in his equation a term that accounted for 

soil heat flux. Budyko (1956) developed an equation for potential evapo- 

transpiration using an interative numerical method to solve the equation. ■ 

Sellers (1964-1965) modified this method and applied the results to the 

desert environment at Yuma, Arizona.

Seller’s derivation of.his final equation starts with the energy

balance

Rn = H + LE + G (25)

where G is the transfer of heat to or from soil and vegetation. Soil 

heat storage G may be calculated using the equation

G = CX (T - Tn) (26)• s ±
Where X is the thermal conductivity of the soil, is the soil tempera

ture , Tj_ is the temperature of the soil at a depth where the annual 

temperature variation is.negligible, and C is a constant dependent on 

soil temperature gradient and it varies from one month to the next. If 

the mean monthly surface temperature varies sinusoidally then C is deter

mined by

/ \ 1/2 /c=(i5r) (1 + ctn;y <27)
where • %&"& the: thermal. diffugiyity, of . the': soil. and t. is . the; time" in . months . 

Substituting equations (16), (17) and (26) into equation (25) yields

Rn A (es " ea) + B (Ts “ Ta) + C X  (Ts " Tl) (28)
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assuming = Dw

Then A = 0.622 -P B = PCpD (29)

The net radiation.is also expressed as

Rn = Q(1 - a) -I  (30)

where Q is the total direct and diffused solar radiation incident on 

the surface, a is the surface albedo ̂ and I is the outgoing radiation 

written as

I = Ih + 4ea T3(T - T ) (31)s cL
where a is the Stefan-Boltzman constant e is the surface emissivity9 and 

is the net outgoing long-wave radiation. .

When equations (28), (30), and (31) are combined the resulting equation is 

where Q (1 — &) — — A(e^ — e^) t B (Tg — ) + CX( )  (32)

B = 4ea T3 + pc D. ' (33)

Equation (32) can be solved by varying.the values of Ts and es (the two 

unknowns in the equation).

ThornthwaiteTs (1948) method for estimating ET is probably the 

most widely used empirical method. He derived the empirical equation

PE* = 1.6 (10T/I)a cm mo “1 (34)

Where T is the monthly air temperature (deg C), I is a heat index for the 

station, a is a function of I and can be approximated by

a = (0.1675 I3 - 77.1 I2 + 17,920 It 492,390) x 10"6 (35)

PE* is an unadjusted monthly evaporation in cm based on a 12 hour day and

30 day month. To correct for the actual day length h in hours, and the

days in a month N the following factors are commonly used
PE = PE*(h/12)(N/30) (36)



The only data required to apply Thornthwaitef s formula is mean 

daily temperature data. The equation can he solved using a nomogram and 

tables supplied by Thornthwaite. This method has a temperature limita- • 

tione It can only be applied for mean daily temperatures equal to or 

less than 38.0 degree Centigrade, a mean temperature that can be ex

ceeded in desert areas.

Thornthwaite’s definition of potential evapotranspiration for 

which this formula was derived assumes that the sensible heat exchange 

between the air and the crop is small. If equations (15) and (18) are 

combined and heat transfer to the soil is ignored, LE becomes

LE = Rn/(1 + B) : ' (37)

If ThornthwaiteTs assumption is true, then H/LE or B is small, and 

latent heat for potential evapotranspiration is nearly equal to or slightly 

less than net radiation.. Thornthwaite and Mather (1955) justify this 

assumption by using temperature as an index of the available energy for 

evapotranspiration. They stated that in arid areas where some energy is 

used in heating the air, use of ThornthwaiteTs method will result in some 

error.

Under desert conditions when water is limiting and dry surface 

conditions prevail, most of the net radiation goes into sensible heat 

transfer (H) and into the soil (G). Generally, soil surface temperatures 

exceed air temperatures during the daylight period and unstable condi

tions prevail in the lower few meters of the atmospheres, and B and LE/Rn 

ratio is much less than one (Pruitt 1971).
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Uo S. Weather Bureau Class A evaporation pans have been used also 

■as an index of evapotranspiration. Pruitt (1964) using weighing lysi- 

meter data showed that evapotranspiration from grass areas is propor

tional to pan evaporation. ■ However, Pruitt (i960) determined that the 

pan exposure made a big difference when comparing pan evaporation to 

computed evaporation. A pan located in a dry land environment showed 

25-35 percent higher evaporation rates than a pan located in an irri

gated field. MacGillivray (1962) reported that pan evaporation in irri

gated pasture environments was the same throughout the.San Joaquin 

Valley in California, but evaporation rates from dry land stations in the 

Valley varied considerably. They lost 38 percent to 76 percent more 

water than pans in irrigated areas.

Hargreaves (1956) developed an equation for estimating evaporation 

from a Class A pan based on humidity, temperature, and daylight hours:

Ep = 0.38 d (1.0 - 0.01 Hn)(T - 32) (38)

Where Ep is evaporation from a Class A pan in inches, d is a monthly 

daytime coefficient, Hn .is mean monthly relative humidity at noon, and 

T is average mean monthly temperature in degrees F. He recommended that 

a correction for elevation should be used, and suggested that evaporation 

estimates"should be increased by 3/0 percent for each 1000 feet above 

500 feet, the elevation at which the formula .was derived.

Christiansen (1966), Christiansen and Mehta (1965), Jansen and 

Haise (1963), also developed empirical formulas for estimating pan 

evaporation and evapotranspiration using temperature, humidity and



22

radiation data. These empirical formulas should give better estimates 

because they include a radiation term which is a direct measurement of 

a major factor affecting evaporation. However, if all the climatological 

data is available, Budyko? s method, based on the physics of the system, 

should yield better results.

Having determined the pan evaporation by measurement or calcula

tion, a coefficient k can be used to give evapotranspiration Et = K EP^. 

The K coefficient takes into account the physical characteristics and■ 

development of the crop. The coefficient changes during the year but the 

assumption is that soil moisture is not limiting. Hargreaves (1956) 

reported that type of crop seems to have little effect on evapotranspir

ation values as long as the cover provides equal density, roughness and 

color of vegetation.

Potential evapotranspiration determined by any of the previously 

explained methods needs to be adjusted because of the physical charac

teristics of crop cover and development.

When soil moisture becomes a limiting factor evapotranspiration 

rate decreases. Thornthwaite and others have advocated reducing the 

evapotranspiration by a factor which relates'to soil moisture status. 

However, there is disagreement as to when soil moisture starts to affect 

evapotranspiration rates. Plants'grow in soils with moisture content 

which varies from field capacity to levels where permanent wilting of 

the plant occurs. The lower limit of available water for most crop 

plants is around 15.atmospheres' of suction (Veihmeyer and Hendrickson 

1928). Plants do survive below this amount, especially desert plants.
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but according to Penman (1963).the.amount of water extracted is too 

small to be.of hydrological importance.

; There seem to be two main views on how soil moisture status af

fects evapotranspiration. Veihmeyer and Hendrickson .(1950) contend that 

for both•annualsj perennials and trees 9 the rate of moisture extraction 

is not influenced by the amount of water present in the soil when the 

soil moisture is above the permanent wilting percentage. Thornthwaite 

and Mather (1955) stated that as the soil dries the transpiration rate 

diminishes over all the range at a rate proportional to the ratio of 

available water to that present at field capacity. A complete discussion 

and comments for both points of view by noted experts is presented in a 

paper by Veihmeyer and Hendrickson (1955). As moisture decreases below 

field capacity the physiology of the plant3 the soil texture and depth, 

and the root system of the plant seem to play the determining, roles in 

controlling evapotranspiration rate.



CHAPTER 2

INSTRUMENTATION FOR INFILTRATION AND 

EVAPOTRANSPIRATION STUDIES

Installation of equipment at the Santa Rita Experimental"Range 

was completed in July 1970„ Climatic observations were made at servicing 

time of the instruments and each day that, soil moisture data was col

lected. A climatic station consisted of a hydrothermograph Installed in 

a shelter9 a universal recording rain gauge, and. a Class T1An U. S.

Weather Bureau evaporation pan. Initially, the evaporation pan was filled 

as often as necessary to keep the pan depth-fluctuation within an accept

able range. Later, a supply tank and float mechanism was installed to 

maintain a constant water level. Pan evaporation data are listed in 

Appendix A.

Water Disposition Measurements

Soil Moisture

Evapotranspiration was determined in the ephemeral channel by a 

water balance method. Observations of soil water content were periodi

cally made and evapotranspiration amounts were assumed to be equal to 

the change in soil moisture content between observations. The soil 

moisture content was determined by the neutron scattering technique des

cribed by Stone, Kirkham and Read. (1955), Van Bavel (1958), Gardner, and

24
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Kirkham (1952). The neutron- probe used was a Troxler with a 100 mCi 

Am-Be source„

Site Selection

Three transects5 each consisting of three neutron access tubes, 

were established in the channel (See Figure 1). The three tubes in each 

transect were spaced at even intervals across the width of,the channel... 

Selection of the location of each transect was based on visual observa

tions to insure that the section of the channel was representative of the 

surrounding area as to vegetation, soil characteristics, slope and width 

of channel.

Because the channel is 95 percent sand, it was assumed that the 

error caused by installation of the neutron access tubes was minimal.

Sampling Increment and Frequency

Starting at one-half foot below the soil surface and continuing 

at one foot increments, neutron counts of one-minute duration were, taken. 

MacGiHivray (1962) found that in a homogeneous soil no significant error 

was made by sampling at one-foot increments in depth vs 6-inch intervals. 

Lawless, HacGillivray, Nixon (1963) found 6-inch intervals to be neces

sary in stratified soil profiles' in order to maintain accuracy. During 

summer, when the riparian vegetation along the channel is, most active in 

growth, observations were made at approximately .weekly intervals and 

before and after each flow event.
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'Stream Flow Data

One-quarter mile downstream from, the neutron access tube, a 

Parshall flume was installed to measure the duration and discharge of 

flow in the channel (Figure 1). During the summer of 1971, a water-stage 

recorder was installed at the second transect to measure stage height 

and duration of flow in order to compare the flow events at the two loca

tions e

Infiltration Measurements

There are several methods for determining infiltration rates, 

they include: Sprinkling devices, cylinder infiltrometers, plot methods, 

watershed hydrograph analysis, and undisturbed or disturbed soil analy

sis.

The author designed an infiltrometer (Figure 2) and used it to 

simulate a flow event in the channel. The infiltrometer consists of 

water tanks and flow system to supply water at a rate greater than the- 

infiltration rate. Excess water is collected in two tanks on the outlet 

of the infiltrometer area. Water stage recorders on the inlet and outlet 

tanks have ten-turn precision resisters connected to a float which change 

resistance value as the depth in the tank changes. The resistance value 

is recorded using a Hewlett-Packard Data Acquisition System.

The infiltration simulator was calibrated for accurate measurement 

of inflow and outflow of water over the meter area and a computer pro

gram was written to derive the infiltration function.
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A buffer soil zone-, around the infiltrometer 9 was supplied with . 

water from another supply tank. The buffer zone subjects the area sur

rounding the infiltrometer to the same infiltration process. This, re

duces the effect that lateral flow of soil water from the test area has 

on the infiltration measurement. The principle is the same as used in 

a ,double ring infiltrometer, described by‘Schiff (1953)9 Marshall and 

Stirk (1950) and Swartzendruber and Olson (1961).

The size of the area of infiltration in the simulator is adjust

able and can be changed9 but because.of a limited water supply, a one- 

meter area was selected. Infiltration measurements were conducted at 

three areas in the channel (Figure 1). Repeated infiltration measure

ments. were made at different locations in the channel. " Neutron Access 

tubes were installed at.each location where the simulator was operated 

and water content of the soil was measured before and after each run.



CHAPTER 3

ANALYSES OF DATA

'Infiltration Data .

A computer program was written to calculate accumulative 

infiltration for individual infiltration areas. The coefficients A and 

B in equation (14) were estimated using a least square, fitting technique 

(Table 3). Recorded infiltration data did not.always fit a smooth curve. 

The variability was attributed to experimental errors evolving from 

changes in head and thus storage of water, over the square-meter area. 

However, Philip!s equation still represented the infiltration curves for 

the different runs (correlation coefficients), comparing field data with 

computed infiltration using Philip1s equation, range from 0.87 to 1.00 

with most of the values around 0.98 (See Table 3).

The constants A and B in equation (14), the correlation coeffici

ent, duration of run and the average soil moisture in the top 2.5 feet 

of the channel are tabulated in Table 3 for each infiltration run made.

The constant B represents the saturated hydraulic conductivity of 

a homogeneous soil. Depending upon the initial moisture content, constant 

(B) appeared to be reached in 15 minutes after the start of an infiltra

tion run. The runs were of durations from 20 to 55 minutes. The mean 

value of B for each area in the channel was determined and then assuming



TABLE 3 

infiltration ANALYSIS

1Date, Location 
of Sample

Average 
Moisture 

. Top 2.5 
before

Soil 
: % in 
it. 
after

Philip's
Constants
A

cm/min

Equation

B
cm/min

Correlation
Coefficient

Duration of 
Measurements 

Minutes
4/25 01 6.7 —  *—* .29 1.73 56
6/25 11 7.6 27.8 1.62 1.47 .96 15
6/29 11 8.4. 23.6 1.31 2.04 1.00 49
7/1 21 4.2 24.0 4.16 2.71 .99 36
7/9 21 6.9 24.1 .79 2.32 1.00 50
5/2 02 3.1. 29.5 .012 .20 1.00 50
5/9 02 7.0 28.5 .31 . 05 .97 16
5/26 02 4.0 19.7 2.25 .03 . .87 52
7/10 03 4.6 21.5 1.98 2.35 ,98 38
7/16 03 . 5.4 19.9 ; 2.80 1.06 .99 40
7/23 13 10.0 ' — .82 1.13 .99 45
7/28 13 5.6 ... 24.7 .85 .35 .98 39

Double Ring Infiltrometer
8/26 3.1 8.0 —  — 2,42 1.44 .99 32
8/27 12 9.0 24.1 2.61 1.70 .99 20
9/14 22 7.0 23.8 4.65 1.63 1.00 25
9/26 23 4.3 24.6 1.08 1.61 1.00 26
9/26 33 4.3 24.3 3.57 1.53 1.00 22
9/26 43 4.3 .82 1.09 1.00 13

1. The first number is the Location Number, The second number is the Area Number given on Figure 1,

GOO
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a normal population distribution9 a statistical test was. made to 

determine if the values represented the same or different populations» 

Values of B.at location 2 (Figure l) were different from the 

values at location 1 and 3 at a „ 01 level of significance <, Location 2

was in a narrow part of the channel where the soil profile was compact

layers of gravel and sand. Soil analysis (Table 2) showed that its per

cent sand.silt and clay was not different from the rest of the channel

so that structure accounted for the decreased hydraulic conductivity♦

The coefficient A in equation (14) reflects the absorptive charac

teristics of soil and is a function of the initial moisture content.

The coefficient A for the different runs using the infiltration simulator 

were plotted against the average soil moisture content in the top 2.5 

feet of the channel (Figures 3 and 4).

The runs were divided into wet and dry runs with 5.6 percent 

average moisture content in the top 2.5 feet being the separation point. 

Average values for the wet and dry runs are shown in Table 4.

Infiltration measurements were made with a double ring infiltro- 

meter (Table 3) at the three locations. The soil moisture content did 

not vary as much for the time periods when the ring infiltrometer 

measurements were taken but the runs were divided into wet"and dry runs 

as described for the infiltration simulator. The results are given in 

Table 4. A plot of equation (14) using the average constants for the wet 

and dry runs is shown in Figure 5. The average B value for the infiltra

tion simulator (location 1 and 2) and the double ring infiltrometer is 

1.59 cm/min. This is the value that should be used as representative of 

the channel soil saturated hydraulic conductivity.
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Correlation coefficient -0.328
Standard error of estimate 
Total variation 
Unexplained variation 
Explained variation

1.17
15.44
13.77
1.67

CXI

q o
-0.1936SM + 2.602123

S M
Figure 3. Linear Correlation to Soil Moisture of Coefficient 

"A" in Philip’s Equation for Sample Sites 1, 2, and 3

Subscripts refer to sampling location.
SM denotes soil moisture content in percent.
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Correlation coefficient -0.61
Standard error of estimate 
Total variation 
Unexplained variation 
Explained variation

0.99
11.24
6.99
4.25

K)

o  2
13 = -0.389SM + 4.16

SM
Figure 4. Linear Correlation to Soil Moisture of Coefficient 

"A” in Philip’s Equation for Sample Sites 1 and 2

Subscripts refer to sampling location.
SM denotes soil moisture content in percent.
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TABLE 4

INFILTRATION COEFFICIENTS FOR PHILIP’S- EQUATION (14)

Philip’s equation: Q = At1>/2 + B t

Location 

. 1' 3 Dry-

Infiltration Simulator 
Sample Variance 
A

2.44 cm/rnin 1.32

Sample Variance 
B S2

1.61 cm/min .92

.1, 3 Wet .96 cm/min .22

Ave.

1.74 cm/min 

1.67 cm/min

.19

Ring Infiltrometer

1,2, 3 Dry 1.82 cm/min 1.55 1.41 cm/min 0.06

1,2, 3 Wet. 3.23 cm/min .98

Ave.

1.59 cm/min 

1.50 cm/min

0.01

iI
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100 Y4 /Yl 
! / Y2

Y3

Yl (wet) Infiltration simulator 
Y2 (dry) (Locations 1 and 2)
Y3 (dry) Ring infiltrometer 
Y4 (wet)
Y5 (dry) Infiltration simulator 
Y6 (wet) (Location 2)

-Y5

-Y6

60
TIME / MIN

Figure 5. Accumulative Infiltration for Wet and Dry Soil 
Moisture Conditions Using Philip’s Equation
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On July 28, 1971 a flow event of seven minutes duration occurred. 

The soil, moisture was measured in the channel on. July 249 1971 and then 

on July 29 9 1971. The increase in soil moisture. as •• a result of the flow, 

event was 16.74 cm of water. Visual observation after the flow event 

showed that the flow had covered the entire width of the channel where 

the soil moisture depletion tubes were located. Equation (14) was used 

to calculate transmission losses. The regression equation (Figure 4)

was used to determine the coefficient A and the average value of B was
. ' ' ; . 

used (A = .39 B = 1.59*). .Calculated transmission loss was 12.67 cm of

water.

Another flow event occurred on July 24, 1971. Estimation of soil 

water content data showed that the flow covered only part of the channel. 

The average change in soil water content was 4.95 cm of water. The 

water stage recorder near the tubes showed a duration of flow of 3 

minutes. Transmission losses were calculated using equation (14). The 

calculated value was 6.58 cm. An interesting observation is the fact that 

the flume a quarter mile down stream showed for this flow event a dur

ation of seven minutes indicating that the storm center was located down 

stream from the research area.

Two flow events occurred after instrumentation of the channel was 

completed" in 1970. The first flow event was on September 49 1970 and was 

of 15 minutes duration measured at the flume. The second event occurred 

on September 5, 1970 and was of 25 minutes duration. The channel soil 

moisture was measured on September"2 and then"September 7 with a recharge 

of 14.45 cm of water. This brought" the channel to 93 percent of its 

maximum water holding capacity which is equal to storage capacity of the
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soil profile at an average moisture content slightly above field 

capacity (16% moisture by volume),

The. calculated recharge was 26*4 cm, 27 cm of recharge would have 

brought the profile above the sandy loam restricting layer to saturation» 

Under saturated conditions water probably moves laterally into 

the banks of the channel and downstream. Because moisture content was 

not measured in the channel until several days after the flow event the 

water that did move laterally cannot be accounted for.. Part of the 

difference between the measured recharge and the calculated recharge may 

be due to downstream flow and bank storage.

The flow event that occurred on September 5, 1971 probably did 

not recharge the channel because of the existing saturated condition.

It should be noted that equation (14) is only applicable under ■ 

homogeneous conditions, and when a soil layer starts restricting the 

infiltration rate equation (14) is no longer reliable for predicting in

filtration or transmissions losses of channels.

The coefficients of equation (14) (A and B) derived for the 

epheremal stream channel are only applicable under similar conditions 

where the channel is 95 to 98 percent sand.

Evapotranspiratioh Data 

Evapotranspiration for a given duration was calculated as the loss 

in total soil moisture storage for the period between measurements plus 

any rainfall. Monthly calculations of ET'were determined by the extra

polating ET values' when no end of month readings were taken.
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For each measured time period 9 a ratio of evapotranspiration to 

pan evaporation and the ratio of total soil moisture at the end of the 

time interval to the maximum total soil moisture that the channel could 

hold (S'MFC) were determined (Table 5), These variables were plotted 

with the ratio of evapotranspiration to pan evaporation being the. depen

dent variable (See Figure 6),

These results support ThornthwaiteTs and MatherT s contention that 

transpiration rates diminish linearly as soil moisture diminishes.

The evaporation pan data were reduced by 30 percent as. suggested 

by Pruitt (1960) in order to represent the values of an irrigated pan 

environment. A new ET/EP ratio was determined and a new linear regres

sion coefficient for the ET/EP vs. SM/SMFC was'calculated (See Figure 7).

Pan evaporation was determined by Hargreave!s (1956) method from 

January to July 1970 during which time humidity data were collected 

(Table 6) and linear regression coefficients determined using these 

calculated ET/EP ratios for the months of April-June (Figure 8).

Thornthwaite1s method was used to determine potential evapotrans

piration (Table 6).and a linear regression coefficient was determined 

using the calculated ET/PET (Figure 9).

The relationship of evapotranspiration to soil moisture applies 

only during the active growing season and thus the linear regression 

coefficients determined'for the different methods of calculating the 

ET/PET and SM ratios apply only to the period April through October. 

During the" dormant.period ET/PET ratios are very low and do not corre

late with soil moisture availability. Therefore,ET/PET coefficients 

should be used during this period independent of soil moisture content.



TABLE 5

EVAPOTRANSPIRATION PARAMETERS

Period
Ending
1970

No of 
Pays

Total1
Soil
Moisturecm

Change in 
Soil
Moisture

cm

Precipi
tation
cm

Evaporation from 
soil surface ET. 
Measured Estimated 

cm cm

Accum
ET
cm

Pan
Evap
cm

Accum 
■ Pan 
Evap 
cm

ET/EP• SM/SMFC

7-27 3 42,8 0.0 0.0 0.0
7-31 4 38.4 4.4 0.0 4.4 . 4.4 3.6 3.6 1.22 0.90
8-05 5 36.6 1.8 2.0 3.8 8.2 5.5 9.1 0.69 0.86
8-10 5 . 33.6 3.0 0.2 3.2 11.4 . 4,2 13.3 0.76 0.78
8-17 7 32.0 1.6 1.1 2.7 14.1 5.2 18.5 ' 0. 52 0.75
8-21 4 29.8 2.2 0.1 2.3 16.4 3.1 21.6 0.73 0.70
8-26 5 27.3 2.5 0.0 2.5 18.9 6.2 27.8 0.40 0.64
9-02 7 25.5 1.8 0.0 1.8 20.7 7.2 35.0 0.25 0.60
9-07 5 40.0 +14.5 6.0 1.3 22.0
9-19 12 ■ 32.4 7.6 0.0 7.6 29.6 8.8 43.8 ■ 0.86 0.76
10-3 14 27.0 5.3 0.4 5.7 35.3 10.8 54.6 0.53 0.63
11-28 56 18.9 8.1 0.4 8.5 43.8 33.5 ■ 88.1 0.25 0.44
1971
1-15 48 18.3 0.6 1.5 2.1 45.9 , 16.3 104.4 0.13 0.43
3-21 95 17.9 0.4 2.4 2.8 48.7 44.5 148.9 0.06 0.42
4-17 27 18.4 +0.5 0.8 0.3 49.0 28.1 177.0 0.008 0.43
6-03 47 12.7 5.7 0.0 5.7 54.7 74.4 251.4 0.08 0.30
6-24 21 ' 12.3 0.4 0.0 0,4 55.1 54.8 306.2 0.006 0.29
7-08 14 14.0 +1.7 1.0 0.2 55.3 36.4 342.6 0.006 . 0.33
7-21 13 . 13.4 0.6 0.8 1.4 56.7 24.8 367.4 0.06 : 0.31
7-24 . 3 16.3 +2.9 1.8 0.3 57.0 3.8 371,2 0.08 0.38
7-29 5 33.0 +16.7 1.7 6.7 377.9

1. Depth of soil profile 8.5 ft.

coCO
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Correlation coefficient 
Standard error of estimate 0.150 
Total variation 
Unexplained variation 
Explained variation

0.92

1.872
0.271
1.601

ER/EP = 1.668 SM/SMFC -

S M /SM EC
Figure 6. Linear Correlation of ET/EP and SM/SMFC

.553

.0
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Correlation coefficient 0.92
Standard error of estimate 0.214
Total variation 3.815
Unexplained variation 0.547
Explained variation 3.268

©y
©

O

ET/EP Irrigated Pasture 
=2.38 SM/SMFC - 0.790

SM/SMFC
Figure 7. Linear Correlation of ET/EP Irrigated Pasture and SM/SMFC
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Correlation coefficient 0.09
Standard error of estimate 0.049 

• Total variation 
Unexplained variation 
Explained variation

0.00484
0.00479
0.00004

ET/EP Hargreave = 0.087 SM/SMFC + 0.046

SM / SMFC

Figure 8. Linear Correlation of ET/EP Hargreave and SM/SMFC
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TABLE; 6

POTENTIAL EVAPORATION PARAMETERS,

Month 
1971..

Measured
ET

Thornthwdite 
Potential ET ET/PET

Hargreave 
Pan Evapo- 
•-ration..

- EP/ET SM/SMFC

cm cm cm
Jan • 1.14 1.98 0.57 12.19 0.09 0.43

Feb 0.82 1.57 ' 0.51 8.36 0.10 0.42

Mar 0.70 4.39 0.15 20.57 0,03 0.42

Apr 1.73 5.28 0.33 21.84 0.08 0.39

May 3.60 8.79 0.42 31.44 0.12 0.30

Jun 0.80 15.49 0.05 40.53 0.02 0.31

Jul 3.29* 17.88 0.18 39.85 0.08 0.31

1970

Aug 15.82 17.88 0.88 0.61

Sep 13.71 11.51 1.19 0.66

Oct 5.40 5.48 0.99 0.54

Nov 4.32 3.38 1.28 0.44

Dec 1.39 ' 1.45 0.96 0.43

*Date ended' 7-21



ET
/ 

EP 
TH

OR
NT

HW
AI

TE
Correlation coefficient 0.94
Standard error of estimate 0.162 
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Figure 9. Linear Correlation of ET/PET Thornthwaite and SM/SMFC
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The plot of potential ET calculated by Thornthwaite?s method3 

recorded pan evaporation, calculated irrigated pan evaporation, calcu

lated pan evaporation by. Hargreavefs method and measured ET are shown in 

Figure 10, As other researchers have found, Thornthwaite?s method under- . 

estimated potential evapotranspiration. HargreaveT s method of determin

ing pan evaporation is very close to the calculated pan evaporation for 

an irrigated environment. It underestimates pan evaporation in a dry 

land environment.

For the time period August 1970 to July 1971, under the existing 

moisture conditions (Table 5) the consumptive use of riparian vegetation 

was 57.0 cm. Because this period represented a dry year the consumptive 

use in a normal year of rainfall may be larger.

Measured ET for each month of the year was less than the measured 

and computed pan evaporation and was less than the Potential Evaporation 

calculated- by ThornthwaiteTs method.except during the months of September 

and November. .

The measured Evapotranspiration of riparian vegetation was low 

from January to March.' In April ET rate increased'as the.plants commenced 

■growth and continued'to increase until water'became limiting and the chan

nel' moisture storage was depleted usually by the end of May or June. When; 

the summer rains commenced in July and August,ET rates increased and 

approached the Potential rates. ET rate then decreased in September 

through December as the plants became less active due to low temperatures 

and most of the mesquite lost their foliage.'
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Figure 10. Measured and Computed Pan Evaporation



CHAPTER 4

CONCLUSION

In field studies more data and data covering repeated measurements 

in time would give greater'confidence to conclusions reached. In this 

study an attempt was-made to reduce the time by simulating flow events 

and develop some prediction models. The following conclusions were 

reached:

1. PhilipTs equation

Q - At3-/2 + Bt

when applied under the assumptions in its derivations is an 

excellent model to mathematically represent"infiltration in a 

homogeneous sandy ephemeral channel. The correlation coeffici

ent comparing the variables 3 accumulated infiltration calcu

lated by Philip's equation and accumulated infiltration mea

sured in the field with an infiltrometer range from 0.87 to 

1.00.
2. Initial moisture content seems to affect the initial infiltra

tion rate. In Philip's equation this rate is determined 

mainly by the absorptivity coefficient "A" and this coefficient 

appears to be linearly related’(correlation coefficient -0.61) 

to the soil moisture in the"top 75 cm of.the stream channel bed. 

If the coefficient "A" is determined"by taking the average

47
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value for wet and dry runs the coefficient of variation ranges 

from 0.30 to 0.68.

The infiltration simulator and the ring infiltrometer both 

gave measurements of the B coefficient in PhilipTs equation 

close to the average value of 1.59 cm/min. This coefficient 

approaches the saturated hydraulic conductivity for infiltra

tion measurements of long duration. Some of the scatter for 

measurement of the B coefficient using the infiltration simu

lator can be explained by the fact that some of the runs were 

of short duration and the coefficient B is then not the 

saturated hydraulic conductivity but depends on the initial 

moisture content. The higher the.initial moisture content 

relative to the saturated moisture content, the closer the 

coefficient B will be to the saturated hydraulic conductivity 

for infiltration runs of short duration. Using this average 

B coefficient in PhilipTs equation to compute accumulative 

infiltration and comparing the answer to the measured infiltra

tion for short flow events, the computed value falls with- 

jh 30%. Although the B coefficient is high compared to values 

obtained by other'investigators who measured, saturated 

hydraulic conductivity (average value of 0.25 cm/min) the 

difference may be attributed .to the fact that the channel under 

investigation was 95 to 98 percent sand and no valve effect 

occurred from sediment load in the channel"water as other 

investigators measuring hydraulic conductivity have observed 

in large ephemeral channels.



49:

4e Infiltration rates are affected by the soil structure of the ' . 

stream channel bed» All locations in the channel had similar 

textural analysis of the soil profile but the average final 

infiltration rate measured at location 2 (0.09 cm/min) was 18 

times lower than the measured value at the other locations.

This difference can be attributed to the difference in the 

structure of the soil.profile at location 2 as compared to the 

other locations. The soil material at location 2 was com

pacted and held together to such a degree that taking, soil 

samples was extremely difficult.

5. Consumptive use measurements of the riparian vegetation and 

measured climate data support Thornthwaite1s and Mather's 

(1945) contention that transpiration rates diminish linearly 

proportional to the ratio of .available water to that present 

at field capacity. This concept applies only to active grow

ing plants. ■ Assuming an active growing season from April to 

October the linear correlation coefficient comparing the vari

ables measured ET/Ep and SM/SMEC, was 0.92, Substituting 

Thornthwaite1s computed potential ET for Ep resulted in a 0.94 

. linear correlation coefficient. Substituting HargreaveTs 

computed pan evaporation for the measured Ep resulted in a 

,0.09 linear correlation coefficient? the value being low be

cause of only four months of data from April to July was avail

able.
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Given climate data and an initial moisture content of a 

ep.heremal channel a depletion water budget of the channel can. 

be determined using one of the linear regression equations 

comparing.transpiration rates to soil moisture. Knowing the 

initial soil moisture and the duration of flow, Philiprs 

equation can be used to determine the channel recharge or 

transmission loss.



APPENDIX

PAN EVAPORATION AT SANTA RITA STATION*
Season 1970

D a y  J a n  F e b  M a r  A p r  M a y  J u n  J u l  A u g  Se p  O c t  N o v  Dec
27 28 29 32 33 3 6  37 40 .41 4 4  45 48 49 52 53 56 57 60 6 1  64 65 68 69 72 73 7 6

1 .
2 .8683 : • ' ; • : -  ?  2.073
5 1 : 17986 ! ' 37 173 •

5 .163 1 . 3 9 8
6 .306
7 3 . 8 7 4
8
9

10 1. 3 3 2
1 1 1 . 2 5 6
12 .516 1 . 1 6 0
13 2 . 5 b b .458 .
1 4 .458
15
16 1 . 2 5 2
17 1 . 0 6 1  3 . 7 4 8
18 2. 8 8 8 1 . 4 3 2
19 .529 1 . 0 5 4
20 2 . 8 4 2
21 .550 .696
22
23
24 .896 1 . 7 3 3
25
26 2 . 1 8 8
27 1 . 0 5 6
28 3 . 3 9 6  • - " 1 . 6 2 4
29 0 . 0 0 0  .636
30
31

!

.998
T o t a l  —

99 .861 1 2 . 7 9 0 1 1 . 4 4 1  7 . 8 1 8  8 . 2 7 8  6 . 0 6 5 4 . 6 0 6
*

*In inches R e m a r k s  P a n overflowed., n o  r e a d i n g  ^
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S e a s o n  1 9 7 1

D a y J a n F e b M a r  " A p r M a y J u n J u l A u g S ep O c t  N o v  Dec
27 28 2 9  32 33 36 37 4 0  41 44 45 48 49 52 53 56 57 60 61 64 65 68 69 7 2  73  7 6

1 3 . 047
2 8 . 1 7 5 .913
3 3 . 1 4 3 8 . 2 5 9
4
5 1 . 2 7 3 3 . 3 9 6
6 .700 4 . 9 1 4
7
8 4 . 0 6 0 1 . 4 0 2
9 1 . 8 2 0  .96210
11
12 _
13  4 . 9 4 2
1 4  6 . 2 2 4
1 5 1 . 0 3 3 6.4 8 7 H T 7 5 9 -  ' ' ' ...... ............
1 6 .115
17 3 . 2 9 7 1 . 7 6 7
18
1 9
20 4 . 3 6 5
2 1 2 . 0 6 0
22 1 . 4 6 4 2 . 4 4 3
23 4 . 0 5 7 7 . 6 7 3 1 . 2 3 0
24 1 . 5 7 7 .270
25 3 . 9 0 6 2 , 8 2 7
26 2 . 0 3 2
27 1 . 7 1 9
28 2 . 9 5 3
29 2 . 6 5 5
30 .638
31

T o t a l
99 5 . 3 3 6 6 . 3 1 9 1 1 . 3 0 1 1 6 . 9 3 0 2 0 . 7 0 5 3 0 . 6 4 6 2 2 . 2 1
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