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ABSTRACT

The volume of water lost by evaporation from 
wetted stream beds in the Tucson area must be determined 
before accurate evaluation of natural recharge from stream 
flow can be made. A literature review and a preliminary 
study of channel characteristics indicated that loss of 
ground water from storage by channel evaporation is neg
ligible in much of the Tucson area. Therefore, an in
vestigation was conducted of evaporation from streambed 
materials that dry without contact with a water table.

Uniform sands and naturally occurring riverbed 
sands were packed in plastic pipe cylinders, wetted, and 
weighed periodically to measure evaporation loss under 
field climatic conditions. Records were kept of air 
temperature, relative humidity, and evaporation from a 
standard Class A Weather Bureau pan. Depths of drying 
were determined in a uniform coarse sand.

Evaporation rates measured for local streambed 
sediments were lower than rates reported for irrigated 
soils during the first week of drying. Significant dif
ferences were found in cumulative evaporation over an 18- 
day period among sands from a local channel. Depths of 
drying of 8 and 9 inches were observed in the uniform
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coarse sand after two three-week periods of evaporation. 
An estimate of annual streambed evaporation from the 
results of this study amounted to 1,200 acre-feet.



INTRODUCTION

Background
Because of increasing use of ground water in the 

arid and semi-arid regions of the Southwest many ground 
water basins are being depleted. Continual decline of 
water levels in all of the more intensely developed areas 
has pointed out the need for solutions to problems of this 
diminishing water supply. Detailed information about the 
hydrology of the ground water systems is of primary concern.

One method used to analyze such information is the 
establishment of a hydrologic budget for the system. Items 
of interest include the amount and distribution of rainfall, 
quantity and disposition of runoff, inflow-outflow charac
teristics of the ground water reservoir, and the amount of 
water removed from the system by artificial means. The 
most difficult item to evaluate usually is the natural re
charge to the ground water aquifer.

In much of the Basin and Range Province of the 
Southwestern United States, most of the natural recharge is 
derived from intermittent flow in stream channels running 
into the valleys from the alluvial deposits at the base of 
the mountains. A typical example of the Basin and Range 
Province is the Upper Santa Cruz Valley, in which the city
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2
of Tucson is located. Figure 1 shows the boundaries of 
the valley and the principal streams in the area, the 
Santa Cruz River and Rillito Creek. The Tucson area, 
from Continental to Cortaro, contains about 115 miles of 
stream channel in which flows of sufficient duration occur 
to permit significant amounts of infiltration. Wide, sandy 
portions of the Santa Cruz River and Rillito Creek, with 
their larger tributaries, provide an effective means of 
infiltration of flood waters direct to the ground water 
table.

Determination of natural recharge from stream flow 
in this area involves analysis of streamflow losses between 
gaging stations. For example, Schwalen (17) used gaging 
station records and estimates of ungaged flow to evaluate 
flow losses over a 20-mile reach of the Rillito Creek.
For the period from March, 1959 to March, I960, total 
stream flow was 46,250 acre-feet. The net loss amounted 
to 28,150 acre-feet or 61 per cent of the inflow. Matlock 
(9) analyzed flow losses in the Santa Cruz River between 
Continental and Tucson from October, 1953 to September, 1963. 
Of the 120 days when a difference in flow existed, 61 per 
cent showed a loss of more than 50 per cent of the flow,
26 per cent a loss of 25 to 50 per cent, and 13 per cent a 
loss of less than 25 per cent. The low percentage losses 
were felt to be incorrect because of contributions from
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4
numerous ungaged side washes. Similar results were found 
for other channels in the area. These studies show that 
substantial quantities of runoff may infiltrate the stream 
beds.

Statement of the Problem
Not all of the water which passes into the bed 

material during a flow event reaches the ground water 
aquifer as recharge. A portion is lost as evaporation 
from the wetted channel after flow has ceased. In ad
dition, in areas where the water table lies at or near 
the bed surface, water is lost directly from ground water 
storage by evaporation. In much of the Tucson area, the 
water table is normally far enough below the bed surfaces 
to prohibit any significant amount of evaporation from 
storage. However, the amount and pattern of evaporation 
from the drying stream beds are not known. Such inform
ation would allow a more accurate evaluation of natural 
recharge from streamflow infiltration.

Objectives of the Investigation
Evaporation rates and cumulative evaporation from 

local streambed materials and the depth to which moisture 
is removed from the channels by drying were to be studied. 
The results are used to estimate the volume of water lost 
by streambed evaporation in the Tucson area.



LITERATURE REVIEW

Evaporation from a Water Table
Evaporation from soil materials has previously 

been investigated for the steady-state case of upward 
movement from a shallow water table. A review of these 
studies is of value here because knowledge of the effect 
of water table depth on evaporation allows one to deter
mine the importance of the evaporative loss of ground 
water from storage on the basis of the position of the 
water table.

Philip (12), Gardner (6), Corey (22), and others 
have shown that evaporation from soils is limited by the 
external potential evaporation or the rate of upward move
ment of water through the soil, whichever is the lesser. 
When a water table is maintained near the soil surface, 
evaporation is limited by external conditions. As the 
water table is lowered, external potential evaporation 
will exceed the rate at which water can move upward.
Under this condition evaporation has been shown analyt
ically and experimentally to decrease with increasing 
depth to water.

Numerous investigators have solved the equation 
for unsaturated flow in porous media by assuming various

5



6
empirical relationships between capillary conductivity k 
and suction S. Gardner (6) found the expression

k - a/ (Sn+b) 1
to hold for several soils tested, where a, b, and n are 
constants. When equation 1 describes k as a function of S, 
the limiting rate of upward movement of water is given by

qiim = Ana/dn 2
where d is the depth to water, An is a constant which de
pends on n, and a and n are the same as in equation 1.
S is set equal to co at the soil surface in the derivation 
of equation 2. For the soils tested, n varied from about 2 
for fine textured soils to 4 for coarse textured soils. 
Gardner states that for sands n may exceed 10 or 15. Ex
perimental data are not available, however, to test this.
If equation 1 holds for sandy materials, a much more rapid 
reduction in qiim with increasing depth to water would be 
expected. Solutions obtained by Remson and Fox (14), and 
by Richards (15) for different k vs S relations are similar 
to the above in that the rate of upward movement of water 
is shown to be inversely related to the depth to the water 
table.

Philip (12) and Gardner (?) have extended the 
analysis to include water movement in the vapor phase 
under steady-state conditions. They divide the soil into 
an upper zone where movement is entirely in the vapor phase



and a lower zone where movement is in the liquid phase and 
obeys flow equation 2. Because the flux through both 
regions must be the same for steady-state evaporation, the 
net effect of the vapor zone is a small increase in the 
evaporation rate, which is accounted for by increasing the 
value of An by 10 per cent or less. The effect of temper
ature gradients on steady-state evaporation has also been 
considered by Philip (12). When the soil surface is warmer 
than the boundary between liquid and vapor flow regions, 
the rate of evaporation will be reduced. A thermal gradient 
produced by a colder soil surface will increase evaporation. 
Diurnal fluctuations of temperature will largely average 
out over a period of time and thus will not influence equa
tion 2 appreciably.

Use of equations such as 2 for calculating evapor
ation from a water table under field climatic conditions 
is limited because of the influence of external conditions 
on upward water movement. To remove the effect of external 
conditions in comparing the results of various field studies 
described below, soil evaporation is expressed as a per
centage of the evaporation from an adjacent free water 
surface. Corey (22) explains that as the value of suction 
at some point (such as the soil surface) increases, the 
water table being held at a constant depth, evaporation 
should increase until a limiting rate is reached. Because
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the value of S at the surface increases with the severity 
of the ambient evaporative conditions, a similar rela
tionship should exist between soil evaporation and evapor
ation from a free water surface which is in the same 
environment. This is shown graphically in Figure 2; where 
measurements of evaporation £s from a fine sand are plotted 
against evaporation from a free water surface Ef. Values 
of Es from the flat portion of the curves for 26- and 
29-inch water tables represent the maximum rates of upward 
flow for these depths to water. However, the limiting 
rates are not reached until Ef exceeds about 1.0 in/day. 
Because field climatic conditions produce Ef values some
what below 1.0 in/day, Ef for a given depth to water will 
vary with external potential evaporation.

White (25) in Utah measured evaporation from tanks 
filled with soils ranging from clays to loans. Water 
levels from 9 inches to 7 feet were controlled through 
small central wells. Determinations of Ef were made from 
a 12-foot sunken evaporation pan. Evaporation from the 
soils was comparatively high for water tables within one 
foot of the surface, but decreased to about 6 per cent of 
pan evaporation for water tables 4 feet deep. Further re
duction in evaporation with water tables below 4 feet was 
shown.



INCHES PER DAY

Figure 2. Evaporation Rates for a Fine Sand and a Free 
Water Surface for Different Depths to Water
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During a three-year study by Hughes and McDonald (8) 

near Yuma, Arizona, evaporation from bare soil was measured 
with depths to water from 2 to 4 feet. The soil used con
sisted of a mixed fine sand, river silt, and clay. Their 
results indicated substantial losses from this soil where 
the water level is less than 2 feet from the surface, but 
only slight evaporation where the water table is deeper 
than 4 feet. During 1964 the loss from a 3-foot water 
table was about 7 per cent and the loss from a 4-foot 
water table was about 5 per cent of the evaporation from 
an adjacent Class A Weather Bureau pan.

Veihmeyer and Brooks (24) determined evaporation 
losses from a Yolo silt loam at Davis, California, for 
water levels from 0.5 feet to 5 feet below the soil surface. 
Ef data were taken from a Weather Bureau pan. For a 3-foot 
depth to water, evaporation from 8 tanks averaged about 9 
per cent of Ef from May to October. Average evaporation 
from 8 tanks with water tables at 5 feet for the same 
period was near 5 per cent of pan evaporation.

Sands from the South Platte River in Colorado and a 
sandy loam soil from the Denver area were packed by 
Sleight (18) in water-jacketed cylinders with water tables 
maintained at various depths. The containers were weighed 
periodically to determine moisture loss during a late summer
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period. Evaporation was expressed as a percentage of the 
loss from an adjacent water-filled tank, 2 foot in diameter. 
Losses from all the materials were comparatively high for 
water tables within a foot of the surface. Water levels 
below 12 inches were maintained only in containers with a 
medium sand and the soil. Loss from the sand decreased 
to 11 per cent of water surface evaporation when the water 
table was lowered to 24 inches. For a given depth to water, 
evaporation rates were lower in the coarser sands than in 
the finer sands, and evaporation from the soil exceeded 
that from any of the sands.

Results of the studies discussed above are sum
marized in Table 1. Some variability is shown among 
different investigations for water tables within 2 feet of 
the surface. This is due in part to differences in soil 
type and to differences in the method used to measure 
evaporation from a free water surface. In any event, 
comparatively high evaporation losses are shown in all 
cases for water tables 2 feet and above.

Significant reductions in water loss are indicated 
for water levels below about three feet in soils. The 
magnitude of evaporation from water tables deeper than 5 
feet is probably less than 5 per cent of Ef. Information 
on evaporation from medium to coarse sands is limited.



Table 1

Soil Evaporation from a Water Table as a 

Percentage of Evaporation from an Adjacent Free Water Surface

Water
Table
Depth

White(25) 
(average of 
clay to loam 

soils)
%

Hughes and 
McDonald(8) 
(fine sand, 
silt, and 
clay)

%

Veihmeyer and 
Brooks(2U) 
(silty loam 
soil)

%

Sleight(18) 
(sandy loam 
soil)

%

Sleight(18
(medium
sand)

%

(Sleight(18) 
(coarse 
sand)

%

1 ft — — 61 83 60(10") 25

2 ft 12 19 21 11

3 ft 8 7 9 ——— ——— — —

a ft 6 5 — — 7 — — —

$ ft $ — 5 ———

7 ft 2 — — ——— - --



The study by Sleight (18) indicates that for a given depth 
to water, the loss from a riverbed sand will be less than 
that from a soil of the type used for agricultural purposes 
and that Es decreases with the coarseness of the sand.

Evaporation from a Drying Profile
For the dynamic case of an initially saturated sand 

that drains and dries without contact with a water table, 
little experimental data are available. Evaporation from 
irrigated soil, however, has been studied experimentally 
by numerous investigators; and their results can be applied 
to the problem at hand. First, a discussion of some theo
retical considerations regarding the drying process in all 
types of soil material is given below.

Philip (12) has suggested three distinct phases for 
the dessication of a wetted soil profile.

1. As long as the soil is sufficiently 
moist, the evaporation rate Es is 
indistinguishable from that from a 
saturated soil surface E^.

2. At intermediate moisture contents,
Es is independent of Ef and depends 
only on the soil moisture distribu
tion.

13
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3« When the surface layers of the soil 

are sufficiently dry, Es is sensitive 
to the heat flux in the soil, and a 
negative correlation between Es and Ef 
may follow.

The first and second phases correspond to the so-called 
constant and falling rate phases of the isothermal drying 
of initially saturated soils. Mathematical treatment of 
drying during these phases has been made by Philip (13) and 
Covey (2) for soil columns without drainage. Fisher (3) 
states that the moisture contents at which the phases 
occur are characteristic of each soil.

During the third phase of drying, moisture movement 
in the vapor state becomes important. Vapor pressure gra
dients causing gaseous diffusion result from differences 
in moisture content and temperature between adjacent layers 
in the soil. As noted by Philip (12) and others, downward 
vapor movement under a temperature gradient from warmer 
surface layers may reduce water loss during part of the 
diurnal cycle. As the soil dries during the third phase, 
the zone of evaporation moves down into the soil. Gardner 
(6) states that the depth of evaporation will not generally 
move more than a few centimeters below the surface, and 
that the depth is greater in coarse textured soils than in 
fine textured soils. Below this zone, of course, moisture



movement in liquid and vapor forms continues to take place. 
Richards, Gardner, and Ogata (16) indicate that vapor 
transfer below about 6 inches in soils is very slight.

Comparing sand (riverbed sand) and soil (irrigated 
soil) in regard to the drying process, it seems probable 
the duration of each of the three phases will differ 
between the two types of material. Rapid downward move
ment of water in an initially saturated medium-to-coarse 
sand should result in a very short constant evaporation 
rate period. In addition, relatively low moisture contents 
at field capacity in sands would allow more rapid drying 
of the surface, tending to bring on the third phase of 
drying sooner than in soils. During this period, greater 
aeration in sands favors increased vapor transfer, and more 
water may be lost from sands than from soils.

Experimental data by Veihmeyer (23) indicate that 
most of the water loss by evaporation in soils occurs before 
the surface dries to a dust mulch condition. The dry 
surface layer is present during the third phase of drying.
In his experiment, 4-foot-long tanks containing a Yolo 
clay loam soil were irrigated with enough water to bring the 
soil to an average moisture content of 20 per cent. The 
test was begun as soon as the ponded water passed below the 
soil surfaces. After initial weighings, the tanks were not

15
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weighed until one week later. Average moisture loss 
during this week was 0.13 in/day. Since the evaporation 
rate from an adjacent 12-foot sunken pan averaged 0.21 
in/day during the test period, soil evaporation was 
probably equal to Ef for the first few days of drying.
One week after irrigation, Es averaged 0.04 in/day from 9 
tanks and decreased to 0.02 in/day after 2 weeks. Cum
ulative losses after periods of 7 days, 3 weeks, and SO 
days averaged 0.87, 1.30, and 1.80 inches, respectively.
The depth to which moisture was removed from the tanks 
after 80 days of drying was studied by sampling for 
moisture content at various depths. Belov: 12 inches 
moisture contents were near field capacity, although 
slight losses from as deep as 24 inches appeared possible. 
After 4 years of exposure, water was lost from the entire 
depth of one of the tanks. Samples were also taken from 
field plots of Yolo loam following a deep irrigation. No 
loss of moisture was detectable below 24 inches after 2 
months of drying. In addition, losses below the first 
foot were very slight.

Veihmeyer and Brooks (24) adjusted the data de
scribed above for the tank experiment to determine evapora
tion rates after the soil had been drained to field capacity. 
The corrected loss after one week was 0.65 inches, and was 
1.0 inches after 3 weeks.



Milthorpe (10) states that cumulative evaporation 
after t days, when the soil is at field capacity at t ■ 0, 
is given approximately by the relation E = 0.18 t®*^, for 
the clay loan soil tested by Veihmeyer (23). Milthorpe 
also concludes from data by Penman (11) and Staple and 
Lehane (20) that little further evaporation occurs from 
bare soil after 0.6 inches to 1.0 inches have been lost, 
i. e., equivalent to the amount of available water in the 
top 4 to 6 inches of soil.

Fortier and Beckett (5) measured evaporation from 
irrigated soil in several areas of the Western United 
States. Their results show losses of from 0.9 inches to 
1.6 inches, 21 days after 6-inch irrigations in late 
summer. The loss of 0.9 inches occurred in a sandy loam 
soil when evaporation from an adjacent water-filled pan 
averaged 0.29 in/day. Cumulative evaporation after one 
week in this soil was 0.73 inches, and Es was 0.03 in/day 
and 0.01 in/day after 7 days and 14 days of drying, re
spectively. The loss of 1.6 inches was from a brown loam 
soil when Es averaged 0.38 in/day. After one week, 1.1 
inches had been lost from this soil and the evaporation 
rate had decreased to 0.04 in/day.

Staple and Lehane (19) packed 3-inch diameter, 
9-inch-long cans with a uniform loam soil and measured

17



evaporation loss in the laboratory after addition of 1.5 
inches of water. Evaporation from adjacent water-filled 
cans averaged 0.27 in/day. Es was approximately equal 
to Ef for the first day of drying, but decreased to 
about 0.03 in/day after one week and to 0.02 in/day after 
two weeks. Cumulative loss was 1.06 inches after one week 
and an additional 0.3 inches were lost after three weeks 
of drying.

Little experimental data are available on evapora
tion rates from drying sands. Babcock and Cushing (l) 
studied evaporation from the bed of Queen Creek, a desert 
wash near Florence, Arizona. Following an October flood, 
several small containers filled with undisturbed stream- 
bed material and a sunken evaporation pan were installed 
in the bed of the creek. Sand in the cans had previously 
been saturated and drained for an unreported length of time. 
The material was supported at the bottom by a 60-r.iesh wire 
screen resting on a piece of window screen. Evaporation 
rates reported for the first 36 hours after the flood 
show loss from the sand as approximately equal to that from 
the evaporation pan. Thereafter, evaporation from the sand . 
decreased rapidly to about 0.02 in/day or 7 per cent of pan 
evaporation after 5 days. The magnitude of the early losses 
reported is questionable because lower initial weight losses



found in containers with sealed bottoms suggests that con
tinued drainage was occurring in the cans with the screen 
bottoms. The authors concluded that the amount of water 
required to satisfy the deficiency of moisture in the 
stream bed before water could penetrate to the water table 
was not very large.

In a study involving local streambed materials, 
Fonken (4) took moisture samples in Rillito Creek and 
Pantano Wash during February, 1959. There had been no 
flow in the channels since August, 1958. Below a depth 
of 6 inches, moisture contents were in the range of 2 per 
cent to 10 per cent by weight. The variability in moisture 
contents is attributed to sampling error and textural 
changes in the bed sediments. Limited drainage tests by 
Fonken indicate that moisture contents at field capacity 
in these materials are also in the range of 2 per cent 
to 10 per cent by weight. His conclusion was that evapor
ation losses from local stream channels are very slight. 
However, the variations in moisture contents observed and 
the fact that no consideration was given to over 2 inches 
of precipitation which fell in October and November of 1958 
suggest limitations to this study.

In summary, the drying process in sands differs 
somewhat from that in irrigated soil because of more rapid
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drainage and greater aeration. Less water loss is expected 
from medium to coarse sands than from irrigated soil dur
ing the constant and falling rate phases, if drainage is 
allowed. Evaporation during the third phase of drying, 
when vapor transfer becomes important, may be higher in 
sands. Experimental data on evaporation rates from ir
rigated soils indicate that losses for one or two days 
after wetting approximate evaporation from an adjacent 
free water surface. Initial losses are lower if the soil 
is drained to field capacity before evaporation begins. 
Cumulative evaporation reported for various soils after 
one week of drying ranged from 0.73 inches to 1.1 inches, 
or from 36 per cent to 62 per cent of the loss from an 
adjacent water surface. After three weeks, cumulative 
losses varied from 0.9 inches to 1.6 inches, or from 15 per 
cent to 31 per cent of Ef. Evaporation rates reported 
after one week of drying were near 0.03 in/day. Further 
reduction in Es after seven days was found, and little 
additional water was lost after three to four weeks of 
drying. Information on evaporation from sands, however, 
is too limited to permit comparison with rates reported 
for irrigated soils. Finally, moisture loss appears 
slight below the first foot in irrigated soil after two 
months of evaporation, although some water may be removed



from as deep as 24 inches during this period. Additional 
study is required to determine corresponding depths of 
evaporation effects in sands.
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INVESTIGATION

Initial concern in the investigation was the 
evaluation of local channel characteristics affecting 
strearabed evaporation. This information provided a 
basis for planning the evaporation experiments that 
followed. The results of this study apply specifically 
to channels in the Tucson area but should also be ap
plicable to similar channels in other areas.

Channel Characteristics
Bed Sediments

In effective recharge sections the average 
channel varies in width from 30 to 100 feet and has a 
uniform, coarse, sandy bottom. Figure 3 shows a section 
of Rillito Creek with optimum conditions for recharge. 
The bed sediments have a uniform appearance to depths 
of 10 feet or more, and the coarse material has been 
found to be continuous to depths of 30 feet in some 
locations. Matlock (9) sieved bed surface sediments 
from 14 locations in Rillito Creek for analysis of 
particle size distribution. His results are shown in 
the envelope curves of Figure 4. These curves were used

22
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Figure 3. Rillito Greek Channel with Optimum 
Recharge Conditions
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later in this investigation to select representative sands 
for evaporation study.

Data on sediments in other channels in the area 
are limited. Visual observations and an analysis of a 
sample from the Santa Cruz River at Speedway Blvd. indicate 
that the sand in the other stream beds is similar to that 
in the Rillito Creek, although in the Santa Cruz River and 
Pantano Wash the bed material may be somewhat finer.

Several other factors complicate attempts to 
evaluate sediment characteristics in regard to streambed 
evaporation. Fonken’s study (4) suggested textural changes 
with depth at various locations. Layers of fine material 
which restrict drainage of infiltrated water to the water 
table may exist in some areas. Deposits of silt are com
monly found on the bed surfaces after summer flows. In 
addition, the beds are often disturbed during periods of 
no flow by horses and jeeps. The general effects of these 
factors on streambed evaporation are discussed later in 
the paper, but no attempt was made in this investigation 
to evaluate them quantitatively.

Position of the Water Table
As noted previously, water loss by evaporation from 

the stream beds may be from drying of the surface layers 
and/or from upward flow of ground water from the water



table. In parts of the Tucson area where water levels are 
often at or near the bed surface, relatively high rates of 
evaporation from storage are possible. Figure 5 shows an 
upstream section of the Rillito at Craycroft Road. The 
ground water level in this area varies from bed surface 
to 10 feet or so below bed surface, depending on flow 
conditions in the channel. To the east, water levels stay 
even closer to the bed surface. Further downstream, the 
water table is 20 feet or more below the surface during 
dry periods. After a few days of flow the build-up of a 
ground water mound to the bed surface has been observed 
along with a rapid recession after flow ceases, except for 
prolonged flow events. Somewhat deeper water tables are 
found along the Santa Cruz River and Pantano Wash.

The literature review indicates that evaporation 
from a water table 5 feet deep in agricultural soils is 
near 5 per cent of the loss from an adjacent water surface. 
A decreasing percentage is noted with increasing depth to 
water. Evaporation from the same water table depth in 
riverbed sand is even lower. Because the water table is 
normally much further than a few feet below the bed 
surfaces, loss of ground water from storage by channel 
evaporation is negligible in much of the Tucson area. 
Evaporation from the drying beds after a flow event,
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Figure 5. Rillito Creek at Craycroft Road



however, represents a loss of infiltrated water that does 
not reach the aquifer. The dry bed material requires part 
of the subsequent flow to satisfy the deficiency of 
moisture in the channel before water can percolate down
ward to the water table. This study, then, is concerned 
with evaporation from wetted streambed materials that dry 
without contact with a water table.

Depth of Evaporation Effects 
The depth to which moisture is removed from the 

stream beds by evaporation was considered by Fonken (4).
He reported that field capacity conditions existed below 
6 inches after a long period without flow. For comparison, 
limited moisture determinations were made in Rillito Creek 
and Tanque Verde Wash in late June, 1966, after two months 
of drying. In two locations moisture was first observed 
near the 10-inch depth. Moisture contents ranged from 1.8 
per cent of dry weight at 10 inches to 2.5 per cent of dry 
weight at 20 inches. These results indicate somewhat drier 
conditions than observed by Fonken, but do not permit an 
accurate determination of the depth of drying in the bed 
material.

Plan of Evaporation Experiments
Evaporation from local streambed materials was 

measured by packing sands of varying texture into cylindrical
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containers, wetting the material, and then weighing the 
samples periodically. The sand was placed under field 
climatic conditions as shown in Figure 6. All work was 
performed at the University of Arizona Experimental Farm 
on Campbell Avenue. As indices of climatic conditions, 
evaporation from a standard Class A Weather Bureau pan 
was measured and records of air temperature and relative 
humidity were obtained from weather stations on the farm 
and at the University's Solar Energy Lab south of the farm.

Two 3-week evaporation tests were conducted. In 
June and July, 1966, uniform sands were used. In September 
and October, 1966, representative bed materials from 
Rillito Creek were selected and losses were measured from 
three containers of each sand. One container with a 
uniform sand from the summer test was also used in the fall. 
Descriptions of the materials and apparatus are given in 
subsequent sections of the paper. Average porosity and 
cumulative drainage in each sand were determined. At the 
end of both evaporation tests, moisture samples with depth 
were taken from a container with uniform coarse sand and a 
moisture profile was determined. A profile was also 
determined in the coarse sand after a period of drainage 
with the surface sealed to prevent evaporation. Comparison 
of moisture contents in the evaporated and sealed columns 
indicated the depth to which water was removed by drying.
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Figure 6 Field Setup for Evaporation Experiments
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Materials

In the summer test, evaporation was measured from 
three uniform sands and one mixed sand taken directly from 
a local channel. Uniform sands were used to reduce the 
problem of variability in packing the material in the sample 
containers. The mixed sand provided a comparison of losses 
from the uniform sands with the loss from a riverbed sand.

A mixed sand was selected whose particle-size 
distribution was about midway between the envelope curves 
of Figure 4. Relatively uniform materials were prepared 
by hand-sieving streambed sediments to obtain the size 
distributions shown in Figure 7* Analyses were run using 
a set of 8-inch nested sieves and a 20-minute shaking period 
on a mechanical shaker. The curves in Figure 7 are des
ignated by the mean particle size in the sand, and range 
from medium to very coarse. The uniform sands contain 
particles covering most of the size range found in the 
mixed sand.

For the second evaporation experiment, three river
bed sands and the uniform coarse sand from the previous 
test were selected. The riverbed sands were to provide 
information as to the effect of textural variations on 
evaporation from local stream beds. Each sand, except 
the uniform sand, was packed in a similar manner into
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three containers. This permitted evaluation of the range 
in evaporation caused by packing variations inherent in 
the filling method used.

Figure 8 shows analysis curves for the streambed 
materials of the fall test. The coarse, medium, and fine 
designations are relative measures that apply to sediments 
in Rillito Creek from which the sands were taken. The 
shaded area is the same as in Figure 4, and the curves 
cover the range of analyses found by Matlock (9) for 
sediments in Rillito Creek. The sand represented by the 
medium curve is similar to the mixed sand used in the 
summer test but contains more particles finer than coarse 
sand size.

Apparatus
Black plastic pipe, 6 inches in diameter, was used 

to hold the sand columns. The containers were placed in the 
ground inside sheet metal cylinders with the sand surface 
at ground level. A study was made of the effect of the con
tainer arrangement on temperatures in the columns during 
drying. Thermocouples were inserted at corresponding depths 
in a 40-inch-long sand container and in the surrounding 
soil. After wetting both the sand and the soil and placing 
the sample in the ground, temperatures were measured during 
a 4-day period in April. Contents of the sample were heated
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to about 83 F while being wetted above ground. Temperatures 
in the top 30 inches of surrounding soil averaged 64 F when 
the container was set in the ground. After 15 hours in the 
ground, temperatures inside and outside the sample were 
within 1 F at 10- and 20-inch depths. While the sand was 
cooling, no rise in temperatures in the adjacent soil other 
than normal diurnal fluctuation was observed. After 18 
hours and for the duration of the test, temperatures at 10 
and 20 inches inside and out were never more than l/2 F 
apart. Diurnal fluctuation at 10 and 20 inches was about 
3 F, while air temperature fluctuations averaged 43 F. In 
the evaporation tests that followed, samples were wetted 
inside the farm shop and were not exposed to as much 
initial heat as in the test just described. Thus, tem
peratures in the sand probably equalled those in the 
surrounding soil in less than 1/2 day.

To measure evaporation an initial attempt was made 
to weigh 40-inch-long cylinders using the counterweight 
arrangement shown in Figure 9. A scale was placed under 
the counterweight to determine the difference in weight 
between sample and counterweight. Total load on the fulcrum 
during weighing was about 215 lbs. The samples could not be 
weighed with the accuracy desired using this system. Limi
tations included friction in the fulcrum bearings and
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Figure 9. Counterweight Arrangement 
for Weighing Sand Samples
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unequal lever arm distances. The cylinders were then 
lightened by shortening their length so that they could 
be weighed directly on a 20-kg balance, eliminating the 
need for counterbalancing.

A solution balance with a sensitivity of 1 gram 
was used. Accuracy of the scale was evaluated from a set 
of 9 measurements of a 4.4 gram weight difference between 
two sample containers. The containers weighed about 16 kg 
each. The mean of the test values was 4.6 grams and the 
standard deviation was 0.7 grams. The range was from 4 
to 6 grams.

Construction of the sample containers used suc
cessfully to measure evaporation is pictured in Figure 10. 
The 14-inch length was selected from weight considerations. 
The literature review of the depth of evaporation effects 
provided an indication that the shortened columns would 
not restrict the depth of drying in the sands. The sheet 
metal ring atop the sample covered the space between the 
plastic pipe and the outer metal cylinder when the con
tainer was set in the ground. A 40-mesh brass screen was 
placed on the perforated steel plate at the bottom of the 
sand column. Sand was placed by pouring about 5 inches at 
a time and tamping the side of the plastic with a metal rod 
until settling stopped. The sand surface in each container 
was left l/2 inch below the top of the plastic pipe.
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Figure 10. Construction of Sample Containers 
Used to Measure Evaporation



Five-gallon cans shown in Figure 6 were used to cover the 
samples during periods of rainfall.

Contents of each cylinder were saturated slowly 
from below using a supply can and flexible tubing attached 
to the metal base of the sample containers. Average 
porosity of the sand was calculated from the volume of 
water required to saturate the initially dry material.
After wetting, the supply can was disconnected and the sand 
drained for l/2 hour with the surface sealed before the 
evaporation test was begun. Further drainage collected 
in the base section of the container so that weight loss 
measured during the test represented only evaporation from 
the sand surface. Volume of water drained after periods 
of l/2 hour, 24 hours, and 3 weeks was determined by 
emptying the base.
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RESULTS AMD DISCUSSION

Summer Evaporation Experiment
This test was run from June 24 to July 13, during 

which time relatively high rates of evaporation from the 
water-filled pan were measured. Table 2 lists air tem
peratures from the weather station at the farm, relative 
humidity data from the University's Solar Energy Lab, and 
daily evaporation from the pan adjacent to the sand 
columns. The sky was generally clear to partly cloudy, 
except for a few evenings when the samples were covered 
because of the threat of rain.

Porosity and Drainage
Measurements of average porosity and cumulative 

drainage in each of the four sands are given in Table 3• 
Porosities are higher in the uniform sands than in the mixed 
sand, but after drainage the latter retained as much or 
more water than all but the medium sand. Rapid initial 
drainage was observed for all the samples, and essentially 
no additional water drained from the columns after 24 hours. 
Moisture retention in the sands was in agreement with 
relative evaporation losses. That is, the material with 
the greatest depth of retained water also showed the
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Table 2

Sumn|er Test Climatic Conditions

Date
^max
T

^min
F

Rh at 
5 pm 
%

Pan Evap 
(read in 
morning)

6/21 103 58 10 0.533 in.
6/25 106 60 19 0.506
6/26 106 75 23 0.689
6/27 103 73 29 0.1,77
6/28 10U 75 30 0.U7li
6/29 96 76 36 0.392
6/30 67 31; 0.396
7/1 100 66 38 0.381
7/2 102 67 22 O.I16I1
7/3 106 66 111 0.U81
7 A 10lt 65 111 O.U33
7/5 105 66 17 0.595
7/6 105 63 12 0.562
7/7 10li 71 2lt 0.651i
7/8 100 73 28 0.1| est.
7/9 100 75 52 0.135 ~™»
7/10 101 73 36 o-tos |
7/11 105 68 20 0.1,35 _ !
7/12 ioU 69 23 0.368



Table 3

Summer Test Porosity and Cumulative Drainage

Sand
Porosity

%

l/2 hour 
Drainage 
inches

2l* hour 
Drainage 
inches

19 day 
Drainage 
inches

% Drained 
in

l/2 hour
Inches
Retained

Mixed 3S.U 3.0 3.3 3.3 91 1.5

Coarse 1*3.5 li.l lt.3 1*.3 95 1.1*

Very
Coarse U3.o U.6 1*.8 1*.8 96 1.0

Medium 39.0 1.8 2.1 2.1 86 3.2
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highest evaporation rates. Inches of water retained in 
the uniform coarse and mixed sands were nearly equal as 
were rates of evaporation from these two sands.

Results of additional porosity and drainage de
terminations made after the evaporation test are given in 
Table 4. The 7-inch-long column facilitated the wetting 
procedure for one set of porosity calculations, but did 
not permit comparative drainage measurements. The mean 
of three porosity values for each sand is highest in the 
very coarse and lowest in the mixed sand. Degree of sort
ing is probably responsible for this distribution of 
porosities. Despite its heterogeneity, the mixed sand 
showed less variation in average porosity and drainage 
than did the very coarse and medium sands.

Evaporation Losses
Daily rates and cumulative evaporation for the four 

sands and the water-filled pan are listed in Table 5. 
Samples were weighed each morning at about 9 A. M. To 
convert from weight loss in grams to an equivalent depth 
of water in inches, multiply by 0.0022.

Maximum loss of 79 grams or 0.17 inches during the 
first day occurred in the medium sand. Only 24 grams 
or 0.05 inches evaporated from the very coarse sand in 
the same period. Evaporation rates for the first day and
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Table U

Additional Porosity and 
Drainage Measurements on Sumer Test Sands

Sand
Porosity

%
7" column

Porosity 
ll*" column

21* hour 
Drainage(in.) 
Hi" column

Porosity
%(ave.of 3)

Mixed 36.0 37.0 3.3 36.1

Coarse 1*2.6 1*2.2 W 1*2.8

Very
Coarse U5.0 1*2.0 1*.6 1*3.3

Medium 1*1.0 39.0 2.0 39.6



ays
Inc
bar

1
2
3
h

$

6

7
8

9
10
11
12
13
Hi
IS
16
17
18
19

Table $
US

Evaporation during Summer Test 
1 gm • 0.0022 inches

Mixed Coarse Very
Coarse Medium Pan

(gms) (gms) (gms) (gms) (inches)

33 3U 2U 79 O.S33
13 1U S 3U 0.506
1U 1U 8 3U 0.689
10 8 6 32 0.U77
6 6 S 2S 0.U7U
U U U 21 0.392
S S S 18 0.396
u S 5 22 0*38U
6 5 U 23 0.U6U
S U 2 18 0.U81
U 7 u 18 O.U33
U U u 21 0.S9S
7 S u 20 0.562
S U 3 19 0.65U
U u 2 16 0.U est
— —

11 11 8 U8 1.305
u u U Hi 0.368

139 138 97 U62 9.113
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throughout the test were remarkably similar in the mixed 
and uniform coarse sands. Pan evaporation was 0.533 inches 
or about 3 times as great as the maximum first-day loss 
from the sands.

Evaporation data for the medium and mixed sands 
and the pan are presented graphically in Figure 11. In
fluence of climatic conditions on evaporation from the 
sands is seen by the shape of the curves between the 
second and fourth days. An increase in pan evaporation 
on the third day was accompanied by losses from the sands 
which were about the same as for the previous day instead 
of being less.

Beyond the fifth day, climatic influence on sand 
evaporation is difficult to detect. Fluctuations in 
daily evaporation measured for the sands are of the same 
order of magnitude as the accuracy of the weighing ap
paratus. Little correspondence is seen in Figure 11 
between sand and pan evaporation during this period.
Under uniform evaporative conditions, a gradual decrease 
in evaporation rate with time is expected for all the 
sands. The dotted curves in Figure 11 approximate this 
situation.

Drainage of water from the sample containers was 
restricted by the discontinuity at the bottom of the sand
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columns. This effect was most pronounced in the medium 
sand. Moisture samples were taken from a container of the 
medium sand after a two-week period of drainage with the 
surface sealed. The moisture content was 11 per cent of 
dry weight at 3 inches and increased steadily to 21 per 
cent of dry weight at 10 inches below the sand surface.
The moisture content at field capacity for this sand is 
near the 11 per cent value found at 3 inches. Evaporation 
measured from the medium sand in the summer test was in
fluenced by increasing moisture contents below the 3-inch 
depth. More evaporation was measured than would have 
occurred from a column of the same sand in which drainage 
was not restricted. Drainage in the other three sands 
was more complete. Moisture profiles determined in each 
material after a period of drainage show a zone of nearly 
uniform-moisture content to depths of 8 to 10 inches. The 
explanation for the increased drainage is that pore sizes 
in the medium sand were somewhat smaller than those in 
the coarser materials. The greater the difference in 
size of pore between the sand and the perforations in the 
steel plate, the slower the drainage from the sand.

Cumulative evaporation after 19 days ranged from 
1.02 inches in the medium sand to 0.21 inches in the very 
coarse sand. The mixed sand lost 0.31 inches while 0.30



inches were measured for the coarse sand. Pan evaporation 
during the period amounted to 9.11 inches, at an average 
rate of 0.48 in/day.

Depth of Evaporation Effects
Moisture profiles determined by sampling in the 

uniform coarse sand are shown in Figure 12. Samples were 
taken at 1-inch intervals from the side of the container 
using a thin-walled tube. The curve for the drained and 
evaporated column shows moisture contents existing after 
the 19-day drying period. The profile for the drained and 
sealed column represents average moisture contents from 
two drainage tests of several days duration in a container 
sealed at the top.

Below a depth of 9 inches from the sand surface the 
two profiles in Figure 12 are almost identical. This 
indicates that moisture was not removed by evaporation 
below 9 inches after 19 days of drying in the coarse sand. 
Moisture contents at 1- and 2-inch depths in the sealed 
column show that some drying took place during the drainage 
tests even though the surface was covered. Further informa 
tion can be gained from these profiles by converting dif
ferences in moisture contents at corresponding depths to a 
volume basis. The bulk density value used in this con
version was determined by weighing several packings of the
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coarse sand in one of the sample containers. Each was 
filled in the same way by pouring and tamping a known 
volume of sand. Average density calculated was 1.6 gm/cc. 
Table 6 illustrates the computation of water loss by 1-inch 
increments down to 9 inches below the surface. Total 
water loss indicated by differences in moisture between 
the two profiles is 0.29 inches. This amount is nearly 
the same as the cumulative evaporation of 0.30 inches 
measured by weight loss during the evaporation test. Com
parison of the two profiles in this manner is limited by 
the assumption of a uniform bulk density throughout the 
depth of each profile. Nevertheless, close agreement 
between the two evaporation totals serves to support the 
conclusion that drying effects did not extend below about 
9 inches. In addition, little gravity water is evaporated 
from uniform coarse sand before it can pass below the 
surface layers. Because of similar evaporation rates and 
moisture retention shown in Table 3, drying effects should 
have extended to about the same depth in the mixed and 
very coarse sands as in the coarse sand.

Comparison with Previous Studies 
Evaporation rates observed from the uniform and 

mixed sands tested are somewhat lower than those found by 
numerous investigators for irrigated soil. A one- or



52

Table 6

Evaporation Estimate from 
Moisture Profiles in Uniform Coarse Sand

Depth
(inches)

a.Ave. Pw in
Sealed
Column

Ave, Pw in 
Evaporated 
Column

b.
%

V lo°
(inches)

0-1 3.6 0,2 3.U 5.U 0.0$
1-2 3.6 o.U 3.3 5.3 0.0$
2-3 3.6 0.5 3.1 5.0 0.0$

3-U 3.6 0.7 2.9 U.6 0.0$

U-5 3.6 l.U 2.2 3.5 o.oU
5-6 3.7 2.3 l.U 2.2 0.02
6-7 U.2 3.0 1.2 1.9 0.02

7-8 U.7 3.8 0.9 l.U 0.01
8-9 5.U 5.1 0.3 0.5 ••••
Total — — 0.29

"̂ Moisture content on a weight basis
’̂ APy ■ APW. x bulk density ■ difference in moisture 

contents on a volume basis



two-day period of constant evaporation rate did not occur
53

in the sands. After a week of drying, evaporation from 
all but the medium sand was near 0.01 in/day as compared 
with 0,03 to 0.04 in/day reported for various soils. Cum
ulative loss from the mixed sand after three weeks of 
drying was only 0.31 inches as compared with a minimum 
soil evaporation of 0.9 inches for the same length of 
time. Expressing results as a percentage of the loss from 
an adjacent free water surface present in the different 
studies further increases these differences. The results 
of Babcock and*Cushing (1) on evaporation from Queen Creek 
sediments also showed slow drying rates from streambed 
sand, except for an initial 36-hour period in which evap
oration rates reported for the sand are questionable. The 
relatively small water loss from all but the medium sand 
in the present investigation is attributed to rapid 
drainage and low capillary conductivity in these coarse 
materials. It is interesting to note that after three 
weeks of drying, the mixed, coarse, and very coarse sands 
were evaporating at nearly the same rates as reported for 
irrigated soil. Apparently, slower liquid movement in the 
sand is compensated by greater aeration which facilitates 
the transfer of moisture in the vapor phase.
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Fall Evaporation Test

The second evaporation experiment was conducted 
from September 21 to October 9* Climatic conditions 
during this test, as shown in Table 7, produced lower pan 
evaporation rates than in the summer test. From 
September 27 to October 6, cloudy conditions prevailed 
and several rainfall events occurred. All the samples 
were covered during this period except the uniform coarse 
sand container, which was placed uncovered inside the farm 
shop. While the samples were covered no rainfall entered 
the sand columns, but some condensation was noted on the 
sand surfaces in the mornings. When possible, the covers 
were removed to allow the surfaces to dry. The samples 
were uncovered on October 6, and on October 7 weights 
were measured and the test was resumed. Cumulative water 
loss during the covered period was determined by comparing 
sample weights before and after the period.

Porosity and Drainage
Average porosity and cumulative drainage in each 

of the ten samples used in the test are listed in Table 8. 
Once again, the coarse, medium, and fine designations are 
relative measures which apply to sediments in Rillito



Table 7

Fall Test Climatic Conditions

Date Tmax
F

■'■min
F

Hh at 5pm 
%

Rain
(in)

Pan Evap 
(in)

9/21 98 68 28 0 0.282
22 98 62 20 0 0.371*
23 102 61 20 0 0.270
2U 99 65 2U 0 0.320
22 96 6U 2h 0 0.293
26 95 61 27 0
27 90 6U 50 0 “
28 87 65 la T —
29 81 66 78 0
30 89 61 36 0 --

10/1 91 61 liO 0
2 87 58 U2 0
3 83 56 W T
U 78 60 62 0.67
S 83 55 51* 0
6 87 56 1*7 0
7 85 59 1*1* 0 0.201
8 88 53 lUt 0 0.216



Table 8

Fall Test Porosity and Cumulative Drainage

Sample No* 
and

Texture
Porosity
2

l/2 hour 
Drainage
inches

2k hour 
Drainage
inches

18 day 
Drainage
inches

% Drained 
in

l/2 hour
Inches
Retained

Uniform
Coarse U2.2 U.1 14.3 lu3 95 1.U

2’ Medium 29.6 2.3 2.5 2.5 92 1.5
3 Medium 30.U 2.3 2.5 2.6 89 1.5
U Medium 29.6 2.1 2.3 2.3 90 1.7
5 Coarse 32.U 3.0 3.U 3.1i 88 1.0
6 Coarse 30.6 3.0 3.3 3.3 91 0.8
7 Coarse 31.8 2.9 3.2 3.2 91 1.1
8 Fine 31.2 1.9 2.1 2.2 86 2.0
9 Fine 32.14 1.8 2.0 2.2 82 2.2
10 Fine 3U.0 1.6 1.9 2.1 76 2.5



Creek. The heterogeneity of these streambed materials re
sulted in lower porosities than with the materials of the 
summer test. Variations in porosity and moisture retention 
among containers of each sand are shown. As in the summer 
test, evaporation rates were higher in samples with higher 
moisture retention.
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Evaporation Losses
Table 9 lists daily evaporation from the sands and 

the pan during September and October. Samples were weighed 
in the mornings as before with the 20-kg balance. Cumu
lative water losses for the sands from the 7th to the 16th 
day, when the covers were on, are given, but no record was 
kept of pan evaporation during this period. Maximum first- 
day evaporation from any of the samples was 54 grams or 
0.12 inches and occurred in container 10 with the finest- 
textured sand. Minimum initial loss was 22 grams or 0.05 
inches from container 7 with the coarsest sand.

The evaporation data are presented graphically in 
Figure 13• Each plotted point (for the sands) represents 
the average evaporation rate for three samples of a 
particular sand. The same trend is shown for each sand; 
relatively high initial evaporation followed by a rapid 
decrease in the rate of loss. For the first six days of 
the test, pan evaporation rates showed little variation.



Table 9

Evaporation during Fall Test 
1 gm ■ 0*0022 inches

Days
Since 1 u.c. 2 M. 3 H. h M. $ c. 6 C. 7 C. CD $ 9 F, 10 F. Pan
Start gms gms • gms gms gms gms gms gms gms inches

1 32 3U 32 31 .27 2b 22 # 52 5b 0.282

2 12 13 13 12 9 10 10 30 32 3b 0.37b

3 11 11 7 12 7 8 10 26 26 28 0.270

h 8
i

8 6 5 7 5 7 20 19 20 0.320

5 5 k 5 h 3 6 2 15 18 18 0.293
6 h $ 3 h b 2 15 16 16 0.335

7—16 3k 23 22 28 18 18 20 78 80 91 — —

17 3 h ' k k 5 3 5 9 9 10 0.201

18 3 3 k $ 3 3 b 12 11 12 0.216

Totals 112 105 96 106 83 81 88 257 263 283
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and as a result the curves in Figure 13 are smoother than 
those shown in Figure 11 for the summer test. Daily 
evaporation losses from the 7th to the 16th day were not 
determined. Converting cumulative evaporation for this 
covered period to an average daily loss indicates that 
evaporation rates from the covered samples were lower 
than those measured on either day 6 or day 17• This is 
reasonable because of the reduction in evaporative oppor
tunity caused by covering the sand surfaces. The uniform 
sand, placed uncovered inside the shop, lost an average 
of 3.4 grams/day or slightly less than the measured rates 
before and after the period.

In Figure 13 the dotted line in the curves for the 
three sands represents evaporation rates that would have 
occurred if climatic conditions existing before the covered 
period had continued. For the two coarsest sands, the con
stant drying rate indicated by the dashed line is an ap
proximation of a gradually decreasing rate expected as 
drying proceeds. It is difficult to delineate this gradual 
decrease because of weighing apparatus limitations.

Connecting the data points between the 6th and 17th 
days for the fine-texture sand is subject to question. If 
evaporative opportunity after the covered period had been as 
high as on the 6th day, evaporation rates on the 17th and 
18th days might have been greater than those observed. On
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the other hand, the effect of covering the samples was to 
reduce moisture loss, making possible higher evaporation 
rates when the covers were removed than if the sands were 
not covered at all. The smooth curve for the fine sand in 
Figure 13 indicates that the effects of these two factors 
were roughly equivalent.

Comparison with Summer Test
Results of the fall test are compared with those of 

the summer test in Table 10, for the first 6 days of drying. 
Pan data show that evaporative opportunity in the fall was 
lower than in the summer. Evaporation rates for the 
uniform coarse sand were slightly lower in the fall than 
in the summer. Rates of loss for the medium-textured 
Rillito Creek sand were also slightly lower than for the 
mixed sand in the summer test during the initial 6 days.
As noted previously, particle-size distribution and moisture 
retention in these two sands were almost identical.

The comparisons above suggest that under summer 
evaporative conditions, evaporation rates for the finest 
Rillito Creek sand would have been similar to those observed 
during the first 6 days in the fall test. Evaporation 
rates in Table 10 for this sand are of the order expected 
from comparison with evaporation and moisture retention in 
the uniform medium sand of the summer test. Lower drying



Table 10

Fall and Sumer Test Evaporation 
1 gm ■ 0.0022 inches

Days
Since
Start

Uniform
Coarse
Fall
(eras)

Uniform
Coarse
Sumer
(gms)

Medium 
Rillito 
are.of j 
Fall 
(gms)

Mixed
Summer
(gms)

Fine 
Rillito 
are.of 3 
Fall 
(gms)

Uniform
Medium
Summer
(gms)

Pan
Evap
Fall
(inches)

Pam
Evap
Summer
(inches)

1 32 3U 32 33 S3 79 0.282 0.533

2 12 Ik 13 13 32 3it 0.37k 0.506

3 11 1U 10 lit 27 3lt 0.270 0.689

h 8 8 6 10 20 32 0.320 . O.U77

* $ 6 It 6 17 2S 0.293 O.ltTlt

6 h h It 16 21 0.335 0.392
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rates for the fine Rillito sand than for the medium sand 
are in agreement with average moisture retention of 2.2 
inches in the Rillito sand and 3 ,2 inches in the medium 
sand.

Evaporative conditions after the sixth day in the 
fall were sufficiently low to reduce evaporation loss for 
all the sands. As a result, cumulative evaporation 
(from each sand) over 1$ days of drying in the fall was 
less than for a similar period in June and July.

Statistical Analysis
An analysis of variance of cumulative evaporation 

from the sands used in the fall test is shown in Table 11. 
The experiment followed a completely randomized design.
The blanket F test indicates significant differences in 
evaporation among the three sands at the 5% confidence 
level. Treatment means are compared in Table 12 by 
using DuncanTs New Multiple Range Test as explained in 
Steele and Torrie (21).

Cumulative evaporation from the finest-textured 
material was significantly greater than that from either of 
the coarser sands at the 5% level. Losses from the 
medium- and coarse-textured sands were not significantly 
different. 95% confidence intervals about the mean total 
loss for each sand are as follows:
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Table 11

Analysis of Variance of 
Cumulative Evaporation from Sands in Fall Test

Source of Sum of Degree of Mean T?Variation Squares Freedom Square r

Among Sample 61,1*11 2 30,706
327

Within Sample 217 6 86
Total 61,928 8

Table 12

Comparison of Mean
Cumulative Evaporation from Different Sands

Sands Coarse Medium Fine

Means
(gas)

8U.0 102.3* 267.7

# Any two means underscored by the same line are not 
statistically different at the %  level.
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Coarsest sand: 75 grains —  95 grains(0.16" —  0.21")
Medium sand: 89 grams —  116 grams

(0.20" —  0.26")
Finest sand: 234 grams —  302 grams(0.52" —  0.66")

Depth of Evaporation Effects 
The moisture profile in the uniform coarse sand 

after the drying period in the fall is compared with the 
drained and sealed profile in Figure 14. The two curves 
are nearly identical below the 8-inch depth, and no 
moisture removal by evaporation is indicated below this 
level. An estimate of cumulative evaporation of 0.23 
inches from differences in moisture content between the 
profiles is given in Table 13. This compares favorably 
with the loss of 0.25 inches measured by weighing. 
Evaporation effects should extend to similar depths in 
the medium and coarse-textured bed materials tested 
because evaporation losses and moisture retentions are 
about the same as for the uniform sand.

Comparison with Other Investigations 
Evaporation rates measured from local streambed 

materials are lower than those reported for irrigated soil 
during the first week or so of drying. As discussed 
previously, this is due to rapid drainage and low capillary
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Table 13

Evaporation Estimate from 
Moisture Profiles in Uniform Coarse Sand

Depth
(Inches]

a.
Ave. Pv In 
Sealed 
Column %

Ave. Pi, in 
Evaporated 
Column %

A Pw
b.

A P V Pv/100
(inches)

0-1 3.6 0 3.6 5.8 0.06
1-2 3.6 0.2 3.U 5.U 0.05
2-3 3.6 .0.8 2.8 1.5 O.OU
3-lt 3.6 1.6 2.0 3.2 0.03
U-5 3.6 2.3 1.3 2.1 0.02
5-6 3.7 2.7 1.0 1.6 0.02
6-7 li.2 3.5 0.7 1.1 0.01
7-8 U.7 lt.5 0.2 0.3 —

Total — 0.23

aMoisture Content on * weight basis

" ABw x bulk density ■ difference in moisture 
contents on a volume basis



68
conductivity in the sand. Evaporation rates one week 
after wetting were found to vary from 0.01 in/day to 0.035 
in/day for sediments from Rillito Creek. The latter rate 
is about the same as for irrigated soil. After three 
weeks of drying, rates of loss from the coarser sediments 
are also near those for irrigated soils. Cumulative 
evaporation computed from the areas under the curves in 
Figure 13 ranges from 0.23 inches to 0.70 inches for 18 
days of drying in the coarsest and finest-textured sands, 
respectively. The loss from the finest sand approaches 
the minimum loss reported for irrigated soil for a similar 
period. The medium and coarse-textured sediments in local 
channels show considerably less evaporative loss.

Veihmeyer (23) found the depth of evaporation 
effects to extend about 24 inches after two to three months 
of drying irrigated soil. Moisture samples from local 
stream channels indicate drying to a depth of at least 20 
inches after two months of evaporation. Depths of drying 
of 8 and 9 inches in three weeks were found in the present 
investigation for uniform coarse sand and medium to 
coarsest-textured Rillito Creek sands. Though the above 
results are consistent, they do not permit comparison of 
depths of drying in irrigated soil and riverbed sand.
The evidence does indicate that moisture loss by evaporation
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in irrigated soil and riverbed sand is confined to the 
upper 2 feet for drying periods of two to three months.

Streambed Evaporation
In several respects, evaporation for a particular 

sand in this investigation may differ from evaporation 
for the same material in the stream bed. First, the state 
of packing of the sand in the channels will vary to some 
extent from that existing in the sample containers. 
Variations in evaporation among containers with the same 
sand were found in the fall test of this investigation. 
Packing variations appear to be responsible for these 
differences. In the absence of quantitative information, 
it seems reasonable to assume that surface sediments in 
the beds are not as tightly packed as were the materials 
in this study. If anything, this should result in lower 
moisture retention in the channels, and hence less evapor
ation.

Another complicating factor is the deposition of 
layers of silt on the bed surfaces in some reaches of the 
channels, particularly after summer flow events. Rapid 
drying of these thin layers is observed, and their effect 
should be to restrict vapor transfer from the sand below 
to the atmosphere. Evaporation from the bed material is 
thereby reduced. Precipitation falling on the bed
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surfaces between flow events also reduces the loss of 
stored moisture from the bed material.

In certain areas, disturbance of the channel 
surface from the passage of horses and jeeps between flow 
events exposes some of the subsurface layers to direct 
evaporation and causes more extensive drying than in the 
undisturbed columns of,this study. In addition, where 
layers of fine material in the bed profile restrict the 
downward movement of water during and after a flow event, 
initial evaporation losses from the channel may exceed 
those measured in this study. The presence of this con
dition in the Tucson area has not been reported, but the 
possibility does exist.

Additional study is required to quantify the effects 
of the above factors before an accurate evaluation of 
streambed evaporation can be made. A reasonable assumption 
is that the net effect is small because of the tendency 
for one to offset another. On this basis, evaporation 
measured from the sands in this study is used below to 
estimate the volume of water lost from stream beds in the 
Tucson area. Evaporation from both the drying beds and 
from shallow water tables below the beds is considered.

Data from the finest Rillito Creek sand is used in 
this analysis to account for the possibility of higher



evaporation loss from still finer sediments in other local 
channels. In Figure 13, computation of cumulative evapor
ation from the area under the fine sand curve from the 
1st to the 18th day results in a value of 0.7 inches for 
the 18-day period. This is the loss that would have 
occurred if climatic conditions existing on the 6th day 
had continued for the remainder of the test. Comparison 
of fall and summer test results suggests that a similar 
amount would have been lost during June and July.

To estimate annual streambed evaporation, the number 
and length of drying periods must be known. An average 
drying period of 36 days was calculated from streanflow 
records on Rillito Creek from 1940 to 1949. There were 
9.3 such periods per year. Referring to Figure 13, the 
assumption is made that the evaporation rate for the 
finest sand would continue at 0.02 in/day from the 18th 
to the 36th day of drying. Total evaporation in 36 days 
would be 1,1 inches and 10.2 inches would be lost per 
year. Drying of the bed material will be considered 
over 115 miles of channel, in which the average width is 
70 feet. From this, the volume of infiltrated water lost 
by drying is computed to be about 900 acre-ft/year.

In parts of the Tucson area, the water table nay 
stay close to the bed surface for most of the year. For
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the purpose of this analysis, water levels are considered 
to be near 1 foot below bed surface over 18 miles of 
channel, which includes Sabino Creek, Bear Creek, and 
Tanque Verde Wash. From Sleight1s study (18), evaporation 
from a water table 1 foot deep in coarse sand was found to 
average 25 per cent of the loss from an adjacent free 
water surface. Annual pan evaporation in this area 
averages 88 inches. Thus, 22 in/year is used as the 
loss from ground water storage by streambed evaporation. 
Over 18 miles of channel, this amounts to about 300 
acre-ft/year.

Total streambed evaporation is estimated to be 
near 1200 acre-ft/year. Some idea of the significance of 
this quantity can be gained by comparing it with estimated 
annual recharge from stream flow in the Tucson area. 
Matlock (9) indicates recharge to be 70,000 acre-ft/year, 
but Schwalen (17) suggests that this figure is higher 
than the average value. Using a value of 50,000 acre- 
feet/year, streambed evaporation shown above would amount 
to only 2.4 per cent of annual recharge.

Deviation from the above results may occur in 
years with extended periods of stream flow, producing a 
water table near the bed surface over a larger part of the 
area. In general, the method used here to compute stream- 
bed evaporation is felt to yield a quantity somewhat
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greater than the average loss in the Tucson area. Finally, 
it is recognized that the complete study of recharge from 
streamflow infiltration should consider water use by 
phreatophytes along the channels. The volume of water lost 
in this manner during the growing season may be considerably 
greater than streambed evaporation.
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CONCLUSIONS

Conclusions which can be drawn from this study are 
listed below:

1. On the basis of the position of the water 
table, loss of ground water from storage 
by evaporation from stream beds is negli
gible in much of the Tucson area.

2. Medium to coarse-textured sediments from 
local channels which were tested in sample 
containers retained similar amounts of 
water and dried at similar rates as did 
uniform sands with coarse to very coarse 
particle sizes.

3. Evaporation rates measured for local stream- 
bed materials are lower than rates reported 
for irrigated soils during the first week or 
so of drying. The difference is a result of 
more rapid drainage and lower capillary con
ductivity in the sands.

4. After one week of drying, evaporation rates 
for the finer-textured streambed materials 
are about the same as for irrigated soil. 
Rates of loss after three weeks for the
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coarser sands are also similar to those 
in irrigated soil.

5. Significant differences were found in 
cumulative evaporation over an 18-day 
period among sands from Rillito Creek.
The loss from the finest-textured sand 
was about three times greater than from 
the coarsest sand.

6. Moisture loss by evaporation in ir
rigated soil and riverbed sand is con
fined to the upper two feet for drying 
periods of two to three months.

7. Accurate evaluation of streambed evapor
ation in the Tucson area requires ad
ditional study to quantify the effect of 
various factors causing differences in 
evaporation for the same sand in this in
vestigation and in the channels. However, 
because of the tendency for one to offset 
another, the net effect appears to be slight. 
An estimate of annual streambed evaporation 
from the results of this study was negligibly 
small compared with annual recharge from 
stream flow.
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