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GILA RIVER PHREATOTYPE PROJECT

EVAPOTRANSPIRATION BEFORE AND AFTER CLEARING
PHREATOPHYTES, GILA RIVER FLOOD PLAIN,
GRAHAM COUNTY, ARIZONA

By R. C. CurLer, R. L. HansoN, R. M. MYRICK,
R. M. TURNER, and F. P. KiPPLE

ABSTRACT

The conveyance of ground water to or from a river channel and
down its valley is an important hydraulic function of the alluvium
underlying that river’s flood plain. In the arid southwestern
States, evapotranspiration from a flood plain can result in a
significant reduction in the quantity of water conveyed to down-
stream users. A large part of this evapotranspiration is transpira-
tion from deep rooted plants, called phreatophytes, which obtain
most of their water from the saturated zone and capillary fringe.
Phreatophyte control, consisting of the removal of the phreato-
phytes and substitution of plants having a lower consumptive use
and higher economic value, has been proposed for and applied to
large areas of flood plain in an attempt to reduce the conveyance
losses. The relatively high consumptive use by phreatophytes has
been documented by numerous studies, but the actual reduction in
evapotranspiration resulting from the application of phreatophyte
control on the flood plain of a major river has never been measured.

The U.S. Geological Survey initiated the Gila River Phreato-
phyte Project in 1962 with the following objectives: (1) develop
methods of analyzing the hydrology of a flood plain; (2) determine
the evapotranspiration and the change in evapotranspiration
resulting from the application of phreatophyte control on a flood
plain typical of areas of existing or proposed application; (3)
develop methods of extrapolating results to other areas; and (4)
evaluate the reliability of the results. The project site consisted of
15 miles (mi) or 24 kilometers (km) of the Gila River flood plain in
southeastern Arizona, subdivided into four contiguous reaches.
The areas of the reaches ranged from 1,400 to 2,300 acres or 570 to
930 hectares (ha). In 1962, the vegetation consisted mainly of
saltcedar and mesquite of variable heights and densitites of cover.
Removal of the phreatophytes was done in stages beginning in
1967 and completed in 1971. Postclearing attempts to establish
grass were unsuccessful because of heavy grazing and adverse
weather conditions, but annual plants did provide temporary cover
when shallow soil moisture was available during the growing
season.

Evapotranspiration was evaluated for each reach as the residual
in a water-budget equation consisting of twelve components
measuring all inflow and outflow of water through each reach, for
budget periods of two or three weeks, during the study period 1963
through 1971. Evaluations were made for 414 budget periods.
Measurement errors in the water budget are important because the
accuracy of the evapotranspiration data is dependent on the
quantity of water measured as inflow and outflow rather than on

the magnitude of the evapotranspiration. The errors in each
component and in the total budget were evaluated and the maxi-
mum potential evapotranspiration before and after clearing was
computed. Acceptance criteria based on measurement errors and
potential evapotranspiration were used to establish acceptable
maximum and minimum evapotranspiration values and maxi-
mum errors in these values. Applying these tests to the water-
budget evaluations provided 321 acceptable evapotranspiration
values.

The accepted evapotranspiration data were fitted to four pre-
viously developed and widely used empirical evapotranspiration
equations by use of an optimization program. Optimum fitting was
achieved when the average difference between measured (accepted)
and computed evapotranspiration for each accepted budget period
was minimized. An analysis of variablity between measured and
computed values indicated a possible error in the annual values
computed by empirical equations of 15 percent before clearing and
25 percent after clearing.

Annual evapotranspiration on the project area averaged 43
inches (in.) or 1,090 millimeters (mm) before clearing, and ranged
from 56 in. (1,420 mm) for dense stands of phreatophytes to 25 in.
(630 mm) on areas of no phreatophytes. The removal of phrea-
tophytes resulted in a reduction in evapotranspiration averaging
19 in. (480 mm) per year and ranged from 14 in. {360 mm) on reach
1 to 26 in. (660 mm) on reach 3 because of the difference in the
density of phreatophytes. This reduction is temporary and would
not apply after permanent replacement vegetation became estab-
lished. A flood plain without phreatophytes is in an artificial
condition, and the water requirements for maintaining this condi-
tion will depend on the land-management practices applied.

A logical replacement of phreatophytes would be a cover of
forage grasses. For this reason the consumptive use of water for
various grasses was computed with empirical equations using
previously published parameters derived for optimum production
of grasses under irrigation near Mesa, Ariz. The computations
indicated a consumptive use greater than the evapotranspiration
from the Gila River flood plain before removing the phreatophytes.
Assuming that these grasses could be established, it can be
postulated that the consumptive use would be less than under
irrigation, production would be less than optimum, and some
water would be salvaged. Data to confirm or disprove this postula-
tion must await further studies.

P1



P2 GILA RIVER PHREATOPHYTE PROJECT

INTRODUCTION

The principal source of water in the southwestern
United States is the relatively high precipitation
falling on headwater areas. Use of this water is
largely confined to cities and irrigated farms in the
arid low lands. Water is transported from source to
user through a conveyance system consisting of
channels and flood plains of rivers and their tribu-
taries. The efficiency of this conveyance system is
reduced by phreatophytes, which are deep-rooted
plants growing on the flood plains and drawing their
moisture from ground water. The flood plain serves
two functions in the hydraulic system of a drainage
basin: (1) it conveys surface flows that exceed the
capacity of the river channel and (2) it conveys
subsurface flows to or from the river channel and
down the valley through the underlying alluvium.
Because of the abundant water supply and fertile
soil, the flood plain is an ideal environment for the
production of plants. Dense thickets of phreatophytes
now cover many of the flood plains in the south-
western United States, retarding the movement of
flood water over the surface of the flood plain and
causing greater flood damage. The high consumptive
use of water by the phreatophytes constitutes a with-
drawal from the subsurface flow and results in a
reduction in the quantity of water available down-
stream. The scarcity of water in the southwestern
United States has prompted a search for additional
approaches to water management.

Phreatophyte control, consisting of the removal of
the phreatophytes and their replacement with other
types of vegetation, has been proposed and applied at
numerous sites. The intended benefits from phreato-
phyte control are: reduced flood damage, reduced
evapotranspiration, and greater economic return
from the site by the production of more valuable
vegetation. Nonbiologic problems caused by the
removal of phreatophytes include an increase in
flood-plain erosion and in downstream silt load
should the replacement vegetation not become well
established. Also, phreatophytes provide a wildlife
habitat and a greenbelt of luxuriant vegetation in
otherwise sparsely vegetated areas, and loss of these
features must be considered. A comprehensive discus-
sion of the problems of managing the phreatophyte
habitat has been presented by Horton and Campbell
(1974). Quantitative data showing benefits and detri-
ments are necessary to determine the desirability of
applying phreatophyte control to any particular site.
The prediction of the quantity of water diverted from
phreatophyte use is of primary importance in plan-

ning phreatophyte control; the quantity thus saved is
equivalent to the amount by which evapotranspira-
tion is changed following vegetation modification.
In 1962, before initiating this study, the Geological
Survey examined the available data on evapotran-
spiration. The high consumptive use of water by
various species of phreatophytes had been measured
at several locations. Blaney and others (1942) re-
ported an annual use of 4.68 feet (ft) or 1.43 meters
(m) by saltcedar planted in tanks at Carlsbad, New
Mexico, where the average depth to water was 4 ft
(1.2 m). Gatewood and others (1950) measured evapo-
transpiration from 9,303 acres or 3,765 hectares (ha)
of the Gila River flood plain near Safford, Arizona. A
total of 28,000 acre-feet (acre-ft) or 34.5 cubic hecto-
meters (hm’) was used during the 12-month period
ending September 30, 1944. During this period esti-
mates were obtained of the total water use for various
species of phreatophytes growing in tanks (Gatewood
and others, 1950) and evapotranspiration was eval-
uated at several ground-water well sites by means of
the transpiration-well method developed by White
(1932). These studies showed that the observed
annual use of water for 100-percent volume density
was 7.2 ft (2.2 m) for saltcedar, 4.7 ft (1.4 m) for
baccharis, 6.0 ft (1.8 m) for cottonwood, and 3.3 ft (1.0
m) for mesquite. Methods of extrapolating these data
to the heterogeneous vegetation on a typical flood
plain were neither developed nor tested. Phreatophyte
control was not performed on any of these sites and
changes in evapotranspiration were not measured.
The determination of the quantity of water that
could be saved requires an estimate of evapotran-
spiration both before and after the application of
phreatophyte control. The postclearing condition of
the flood plain is only temporary unless some form of
regular maintenance is performed to prevent re-
invasion by phreatophytes. Large areas of privately
owned flood plain have been cleared to provide agricul-
tural land. In this case, the postclearing evapotran-
spiration depends on the crop planted. Phreatophyte
control projects are generally planned to convert the
phreatophyte areas to grass in order to minimize the
cost of maintenance and to provide an economic
benefit in the form of forage. Ideally, the replacement
vegetation should minimize consumptive use, maxi-
mize forage production, and resist invasion by phreato-
phytes. The types of vegetation which will completely
satisfy these criteria in the flood-plain environment
have not been identified and the density of grass
species that can be established is not predictable.
Thus, an estimation of evapotranspiration for the
postclearing conditions with a beneficial replacement
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vegetation on the flood plain cannot reliably be
made.

An evaluation of available evapotranspiration data
indicates that several deficiencies exist when apply-
ing these data to present water-management prob-
lems. In an attempt to correct these deficiencies the
following objectives were established for the Gila
River Phreatophyte Project: (1) develop methods of
analyzing the hydrology of a flood plain; (2) deter-
mine the evapotranspiration and the change in
evapotranspiration resulting from phreatophyte con-
trol on a flood plain; (3) develop methods of extrap-
olating results to other areas; and (4) evaluate the
reliability of the results. The water budget was select-
ed as the primary method of measuring evapotrans-
piration from flood-plain areas.

The criteria for selecting a study site were set by
the objectives and the methods of measurement. The
site requirements included the following: (1) hydrau-
lic characteristics suitable for evapotranspiration
measured by the water-budget method; (2) a large
area of dense phreatophytes; (3) authorization to
apply phreatophyte control; and (4) uniform land
management. A reach of the Gila River flood plain
within the San Carlos Indian Reservation was select-
ed as the best site available. Continuous records of
the flow of the Gila River through the reach were
available for the preceding 33 years (Burkham, 1970);
changes in the channel and flood plain had been
observed since 1929 (Burkham, 1972), and the vege-
tation had been repetitively mapped since 1914
(Turner, 1974). Phreatophyte control on this reach, as
proposed by the Corps of Engineers, was authorized
by Congress in Public Law 85-500 (U.S. Congress,
1958) and approved on July 3, 1958 as part of the
project entitled, “Gila River channel improvements
between Camelsback Reservoir site and Salt River,
Arizona.” A formal agreement was made on May 28,
1962 between the U.S. Geological Survey and the San
Carlos Apache Indian Tribe, with the approval of the
Bureau of Indian Affairs, for the use of reservation
lands for the project.

Evapotranspiration was measured by the water-
budget method during the period March 1963 through
September 1971. The phreatophytes were not dis-
turbed until December 1964. Removal of the phreato-
phytes was done in stages and was completed in
March 1971. The volume of water lost to evapotran-
spiration was measured for 414 two- or three-week
budget periods on four contiguous reaches of the
study area. Evapotranspiration was related, by use of
empirical equations, to potential evapotranspiration
and to the type of vegetation. Error analyses of the

components of the water budget, prepared by Burk-
ham and Dawdy (1970) and Hanson and Dawdy
(1976), were used to evaluate the reliability of the
results.
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DESCRIPTION OF THE STUDY AREA

The study area is located on the Gila River flood
plain within the San Carlos Indian Reservation,
Graham County, in southeastern Arizona. The area
extends from the U.S. Highway 70 bridge near Bylas,
15 miles (mi) or 24 kilometers (km) downstream,to the
mouth of Hackberry Draw, which is within the San
Carlos Reservoir and is located 11 mi (18 km) up-
stream from Coolidge Dam. The flood plain ranges
from 3,500 to 5,500 ft (1,100 to 1,700 m) in width and
has an average downvalley slope of 0.0016. The Gila
River is normally confined to a meandering channel
about 110 ft (34 m) wide and 7 ft (2 m) deep. Terraces
up to 25 ft (8 m) in height border the flood plain
throughout most of the reach. The channels of numer-
ous tributary streams are graded to the flood plain
and fanshaped deltas are formed at the mouth of
each stream. The flood plain ranges in elevation
above mean sea level from 2,460 to 2,585 ft (750 to 788
m). The Santa Teresa Mountains to the south and the
Gila Mountains to the north reach elevations of 8,200
and 5,000 ft (2,500 and 1,500 m), respectively.

The upstream extension of the study area was
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limited by irrigated farm land on the flood plain
above the Bylas bridge on U.S. Highway 70. Down-
stream, the area was limited by possible inundation
by the San Carlos Reservoir. Although no part of the
study area had been flooded by the reservoir since
1944, the project was designed to preclude total inter-
ruption of the study by high water levels in the
reservolr. The study area included 5,500 acres (2,200
ha) and was initially subdivided into three reaches
(fig. 1). The upper reach, designated reach 1, is above
the maximum water level which can occurin the San
Carlos Reservoir. This reach extends from the U.S.
Highway 70 bridge downstream to the mouth of Bone
Spring Canyon. Reach 2 extends from the mouth of
Bone Spring Canyon to the mouth of Salt Creek. In
1966, the lower part of reach 2 was inundated by
reservoir water resulting in the designation of the
upper half of reach 2 as an additional reach (2a).
Reach 3includes the area between the mouths of Salt
Creek and Hackberry Draw. This reach was flooded
by the reservoir in January 1966 which terminated
the collection of data there because the Gila River
channel was plugged with sediment.

Topographic maps of the project area include plane-
table surveys by the Soil Conservation Service in
1914-15 to a scale of 1:12,000 with 5 ft (1.5 m)
contours. All of the project area except 1 mi (1.6 km)
of reach 1 at the upstream end was included in a 1947
map of the San Carlos Reservoir by the Corps of
Engineers at a scale of 1:7,200 with 5 ft (1.5 m)
contours. Topographic maps to a scale of 1:62,500
with 80 ft (24.4 m) contours were published by U.S.
Geological Survey (USGS) as the Bylas Quadrangle
in 1960 and the San Carlos Reservoir Quadrangle in
1962. Provisional unedited USGS 7'% minute quad-
rangle maps to a scale of 1:24,000 with 40 ft (12.2 m)
contours were also available. Vertical control for
project surveys were tied to U.S. Coast and Geodetic
Survey (C&GS) bench mark elevations above mean

sea level (supplementary adjustment of 1937) by third
order leveling. Horizontal control was established by
third order triangulation from C&GS monuments to
relate project surveys and the Arizona Zone East
Grid System.

Prior to the beginning of this project aerial photo-
graphy was available for 1935, 1942, 1947, and 1954,
Black-and-white, color, or color-infrared aerial photo-
graphy ranging in scale from 1:900 to 1:120,000 was
obtained on 76 dates between March 1962 and
November 1972. Vegetation, channel changes, inun-
dation by the reservoir, and clearing progress were
observed by ground surveys and the use of aerial
photographs.

Access to the flood plain was provided by roads
crossing the flood plain along 13 cross sections at
about 1 mi (1.6 km) intervals as shown in figure 1. All
instrumentation was located along the cross sections
to minimize the area of phreatophytes disturbed by
the installation and servicing of equipment. Repeti-
tive surveys were made along the cross sections to
measure erosion or deposition on the flood plain and
changes in the river channel.

GEOLOGY

The Gila River flood plain at the project site is
within the Safford basin, a typical basin-and-range
downfaulted sediment-filled trough between uplifted
ranges as described by Davidson (1961). Two water-
bearing sedimentary units, identified as basin-fill
and alluvial deposits, are included in the valley fill as
described in detail by Weist (1971).

The basin fill, divided into a silt and sand facies
and a limestone facies, consists mainly of a very fine
sand and silt that is partly cemented. The beds dip
gently from north to south into a poorly defined axial
area slightly south of the Gila River. The basin-fill
deposits extend to a depth of about 1,000 ft (300 m)
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FIGURE 2.—Geologic section (diagrammatic) across the study area.
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and reach a width of 10 mi (16 km). Water enters the
basin fill along the outer boundaries of the formation
and along tributary stream channels and flows
toward the center of the valley where it is discharged
into the overlying alluvial deposits. The basin fill
contains water generally under artesian pressure, but
because it is fine grained, it yields only a few gallons
per minute to wells.

Alluvial deposits occur in the channels cut into the
basin fill by the Gila River and its tributaries. The
deposits are divided into terrace alluvium, which
underlies the entire Gila River flood plain, and the
flood-plain alluvium, which overlies the terrace allu-
vium and occupies the central part of the flood plain.
These two units consist of poorly sorted lenticular
deposits of sand, gravel, and some silt and form a
single aquifer. Figure 2 shows a typical geologic cross
section of the study area.

The soils on the project are a heterogeneous
complex of alluvium ranging from clay to cobbles
and are constantly relocated by erosion and deposi-
tion. All tributaries to the project area are graded to
the flood plain and not to the river channel. Flows in
these tributaries are infrequent and consist primarily
of high peak discharges carrying large quantities of
sediment which are deposited in alluvial fans on the
flood plain. Flood flows in the Gila River redistribute
these deposits on the flood plain creating a hetero-
geneous and frequently changing soil surface. Soil
texture profiles at a number of sites in the project
area have been described by McQueen and Miller
(1972).

CLIMATE

The project area is classified as semiarid by Thorn-
thwaite (1948, pl. 1A). Mean annual precipitation is
about 12 in. (305 mm). Longterm climatological data
are available and have been summarized by Sellers
and Hill (1974) for National Weather Service stations
at San Carlos Reservoir, 20 mi (32 km) west; San
Carlos, 20 mi (32 km) northwest; and Safford, 35 mi
(56 km) east of the project. The mean annual precipi-
tation for the 30-year period 1941-70 ranges from 8.43
in. (214 mm) at Safford to 14.15 in. (359 mm) at San
Carlos Reservoir. The seasonal distribution of precipi-
tation and temperature is similar at all stations and
is shown in table 1 as mean monthly totals at San
Carlos Reservoir for the period of study and the long-
term record 1941-70.

Burkham (1970) has described in detail the types of
storms which produce runoff. The seasonal distribu-
tion of precipitation can be divided into two periods
which have distinctly different types of storms. About
40 percent of the annual precipitation occurs as late

afternoon thunderstorms during the four-month
period July through October. That rainfall is of high
intensity, short duration, and covers small areas.
Moist tropical air, usually from the Gulf of Mexico,
enters east-central Arizona during this period and
the storms are triggered by orographic uplift and
high surface temperatures. Winter precipitation is
very erratic from year to year although it is generally
less violent and of longer duration than the summer
rains. Cold season precipitation is normally associat-
ed with cyclonic storms that develop in the North
Pacific Ocean and move eastward over the continent.
These storms usually remain too far north to bring
more than strong winds and cloudy conditions to the
area. However, when they follow a more southerly
track and intensify off the coast of southern Cali-
fornia, significant quantities of precipitation can
occur. The maximum monthly precipitation for
December at San Carlos Reservoir was 8.53 in. (217
mm) in 1965; the December mean of 1.77 in. (45 mm)
has been surpassed 16 times in the 42 year period
1931 through 1972. Drought conditions are most
prevalent in May and June when the average month-
ly precipitation at San Carlos Reservoir is less than
0.25 in. (6.4 mm); the total precipitation for both
months has been zero in nine years during the period
1931-72.

Temperature extremes range from 10° Fahrenheit
(F) or -12° Celsius (C) to 115°F (46°C). Each of the
seven months from April to October has experienced
maxima exceeding 100°F (38°C) and minimum tem-
peratures below freezing have been observed in all
months except June through September. Mean daily
temperatures range from 32°F (0°C) to 60°F (16°C) in
winter and 65°F (18°C) to 100°F (38°C) in summer. The
average diurnal temperature variation exceeds 29°F
(16°C) in both winter and summer as shown in table
1. The estimated mean monthly relative humidity

TABLE 1.—Climatological data for San Carlos Reservoir

Precipitation (inches)
means

Temperature °F
means

March 1963 March 1963-
1941-1970 June 1973  1941-1970 June 1973
Month Daily Daily Monthly  Monthly  Monthly Monthly
Maximum Minimum

January 58.4 32.6 45.5 45.2 1.58 0.90
February 63.9 35.6 49.8 49.2 1.01 1.07
March 68.8 40.0 54.4 54.3 1.46 1.22
April 78.6 47.9 63.3 61.6 48 .38
May 88.0 56.8 72.4 72.0 .22 20
June 97.1 65.9 81.5 80.6 24 .10
July 99.8 73.2 86.5 86.8 1.81 1.77
August 97.1 71.3 84.2 83.9 2.32 2.83
September 93.7 64.8 79.3 78.0 1.28 1.60
October 83.1 52.6 67.9 67.7 1.08 .54
November 69.2 39.9 54.6 55.9 .90 1.45
December 59.7 33.4 46.6 45.8 1.77 27
Annual

average 79.8 51.2 65.5 65.1 1.18 1.23

Annual total 14.77
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ranges from 23 to 64 percent with the minima
occurring at 1800 hours in either May or June and the
maxima occurring at 0600 hours in August. Annual
pan evaporation averaged 97 in. (2,460 mm). Average
total monthly wind movement ranged from 650 mi
(1,050 km) in December to 1,250 mi (2,010 km) in July
at the San Carlos Reservoir station.

The preceding climatic data are based upon long-
term records from National Weather Service stations
in the vicinity of the project area. The climate near
the ground on the project area differs to some extent
from these data because of the moderating effect
induced by the high phreatophyte transpiration. In
dense thickets of phreatophytes during the growing
season, the diurnal variation in temperature is re-
duced and the relative humidity is maintained at a
high level. Another local influence, cold air draining
from the adjacent mountains onto the valley floor,
can produce extremely low minimum temperatures in
winter.

VEGETATION

At the time the project began in 1962, the moist
conditions prevailing along the flood plain had pro-
moted a dense growth of phreatophytes. This vege-
tation comprised mainly saltcedar and mesquite.
Cottonwood, seepwillow, seepweed, and arrowweed
were also present (Turner, 1974). On the uplands
above the flood plain grew low, open stands of

creosote-bush, mesquite, catclaw, and whitethorn.

The vegetation of the study area was mapped on
aerial photographs at a scale of 1:7,100 (plate 1). Two
major vegetation types, saltcedar and mesquite, were
recognized. Within these two types, irregular parcels
of apparently homogeneous vegetation were outlined
on the photographs. Canopy cover estimates were
made photogrammetrically (Turner, 1974). Average
plant heights were determined for each parcel from
field observations. Canopy cover values were grouped
into four cover classes: 1-25 percent, 26-50 percent,
51-75 percent, and 76-100 percent. The following
height classes were recognized: for saltcedar, 0-6.5 ft
(0-2.0 m), 6.6-13 ft (2.0-4.0 m), and greater than 13 ft
(4.0 m); for mesquite 0-7 ft (0-2.1 m) and greater than
7 ft (2.1 m).

The method devised for describing the hydrologic
parameters of the study area utilized a grid system of
quadrangles each 2,000 ft (610 m) on a side (fig. 3).
The quadrangles were further subdivided into one
hundred square plots, each 200 ft (61 m) on a side
with an area of 0.918 acre (0.372 ha). The plots were
assigned vegetative descriptors based upon the can-
opy coverage and height classes of the parcel into
which each quadrangle fell. Table 2 gives the number
of plots in reach 3 that fell within the vegetative
classes noted above. Where the vegetation comprised
only ephemeral plants, the parcel was regarded as
bare ground. In a few instances the plots fell within
parcels of upland vegetation. The upland vegetation

TABLE 2.—Number of 1-acre plots in Reach 3 characterized by combinations of species (mesquite and saltcedar), canopy-cover class, and
height class. Values apply only to the area of flood-plain alluvium.

SALTCEDAR MESQUITE

CANOPY
COVER .. . A B C D A B C D
HEIGHT .. ... 1 2 3 1 3 1 3 1 3 1 2 1 2 1 2 1 2 TOTAL

QUA
RANGLE!
29-1 3 . - 9 8 20
29-2 9 1 13 - 19 33 16 4 2 3 100
29-3 1 - - 3 8 . - 12
30-1 1 . - 1 10 12
30-2 2 6 - 75 6 1 2 8 100
30-3 3 20 - 65 - - 88
30-4 - - - 4 . 4
31-2 - 46 34 80
31-3 1 13 - 85 1 100
31-4 . - 56 . 56
32-2 1 - 3 8 12
32-3 2 18 - 72 8 100
32-4 . - 80 - 80
33-2 1 - 10 1 12
33-3 - 3 97 - 100
33-4 - 1 31 . 32
34-1 1 23 - 24
34-2 o - - - - - . - . - 31 69 100
34-3 .- . - . - - - - 43 50 7 100
34-4 1 . . - - - - - - 15 . 15
35-1 - - 20 . 20
35-2 - 42 58 100
35-3 3 2 1 17 10 31 12 76
36-2 . - . - - - - - . 55 29 84
36-3 . . - - 6 - - - - 1 62 7 76
37-2 . - - - - - - - - 20 - 20
37-3 .. . - - - - . - 15 27 42

Canopy coverage, in percent—Class A, 1-25 percent; Class B, 26-50 percent; Class C, 51-75 percent; Class D, 76-100 percent.

Height, in feet: Saltcedar—Class 1, 0-6.5 ft; Class 2, 6.5-13.0 ft; Class 3, 13.0+ ft.
Mesquite—Class 1, 0-7 ft; Class 2, 7+ ft.
! See figure 3
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TABLE 3.—Area from which vegetation was cleared on project
reaches during 7 years

Calendar ACRES CLEARED

year Reach 1 Reach 2 Reach 2a Reach 3 TOTAL

360 360

268 268

1.040 1,040

1,440 1,440

1,374 1,374

114 114

819 819

1,668 933 1,374 1440 5415

¢+ Vegetation killed by inundation.

was not classified further. Tables similar to table 2
were prepared for each reach and the data for all
reaches are summarized in table 9 (see “Use of ET
data for defining a prediction equation”).

Removal of all flood-plain vegetation was a treat-
ment condition incorporated into the experimental
design of this research program. The vegetation
removal or “clearing” is described in detail by Park,
Culler, and Turner (1978) and will be discussed here
in general terms only. Root plows were used to cut the
roots of the phreatophytes below the crown. The
debris was collected and piled into windrows for
burning. Cleared areas were left fallow for one year to
locate areas of re-establishment by phreatophytes.
These areas were cleared a second time. Most of the
vegetation was removed during the period from 1966

110°25"
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through 1971. The acreage cleared, the location, and
associated clearing dates are given in table 3. As
vegetation removal progressed, the vegetative descrip-
tors for each plot were changed to reflect the new
unvegetated condition. The vegetative condition of
the project area will be defined as: (1) preclearing—
conditions on the flood plain before clearing began;
(2) partial clearing—conditions during the period of
clearing; (3) postclearing—conditions after the phreato-
phytes were removed.

Postclearing attempts to establish grass were
unsuccessful because of heavy grazing and adverse
weather conditions. Bermuda grass established itself
in some areas and various annual plants appeared
for a few weeks each year.

SURFACE WATER

Discharge in the Gila River, as inflow at the up-
stream end of a reach and as outflow at the down-
stream end, is the largest and most variable com-
ponent in the water budget. Long-term records of the
flow of the Gila River are available in the annual
reports of the U.S. Geological Survey for the Calva
gaging station at cross-section 9 in the project area.
The drainage area above this station is 11,470 square
miles (mi’) or 29,707 square kilometers (km®) and the
average annual discharge for the period 1929-72 was

3315 110°15’
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FIGURE 3.—Map of study area showing grid network and the system for numbering quadrangles used in describing vegetation cover.
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181,100 acre-ft (223 hm®). Flow in the Gila River is
highly variable, as indicated by the annual discharges
for the period of record which ranged from 20,870
acre-ft (25.7 hm’) in 1956 to 804,100 acre-ft (991 hm?)
in 1941. Instantaneous flow ranged from zero, which
occurred many times, to 40,000 cubic feet per second
(ft’/s) or 1,133 cubic meters per second (m'/s) on
August 13, 1967. The post-1914 peak flow occurred on
January 20, 1916, and was estimated to exceed 100,000
ft’ /s (2,800 m’/s).

Burkham (1970) in a comprehensive analysis of
runoff in the Gila River above Coolidge Dam shows
that major flows are confined to two distinct periods
because of the seasonal distribution of precipitation.
Runoff from July through October is produced by
convective storms and the discharge is highly vari-
able with numerous flood peaks of short duration.
High sustained flows occur in winter from snowmelt
and frontal storms. May and June are ordinarily the
months of extremely low flows although discharge
can be very low in any month. A particularly low
runoff year occurred in 1956 when the total monthly
discharge was zero at the Calva gaging station in
June, and from September through December.

Diversions of the Gila River above the project area
are used for metallurgical treatment of ores, for
municiple use, and for irrigation of about 69,000 acres
(28,000 ha).

The tributary streams to the Gila River in the study
area drain about 260 mi’ (673 km?) and individually
range in size from 0.1 to 39 mi’ (0.3 to 100 km?).
Burkham (1976) gives a complete description of these
tributaries including the seasonal runoff for the per-
iod of 1963-71. The basins are long and narrow and
drain the north slopes of Mount Turnbull and the
south slopes of the Gila Mountains. The channel
slopes range from 2 percent near the river to more
than 40 percent at the higher elevations of Mount
Turnbull. All tributaries are ephemeral and most of
the flow is the result of summer thunderstorms. High
rates of discharge occur for short periods, generally a
few hours or less, and many tributaries do not flow
every year. The channels are graded to deltas on the
flood plain and many flows seep into the alluvium
without reaching the Gila River channel.

GROUND WATER

The 1,000 ft (300 m) thick underlying basin-fill unit
described previously is recharged on the high moun-
tain slopes adjoining the flood plain and because of
its low permeability is an artesian aquifer under the
flood plain. Weist (1971, fig. 8) mapped contours of
the potentiometric surface in the basin fill and found

this surface to be subparallel to the land surface on
the steep valley slopes. The depth to water in wells 2.5
mi (4 km) from the flood plain was 360 ft (100 m).
Ground-water movement in the basin fill is down-
slope toward the Gila River and slightly downstream
to the west. The water in the basin fill is under
sufficient artesian pressure to rise above the water
table in the overlying alluvium and water movement
is always from the basin fill to the alluvium.

The alluvial deposits have a relatively high perme-
ability. Water in the alluvium is unconfined and is
recharged from the basin fill, downvalley movement
of ground water in the alluvium, overbank flooding
from the Gila River, surface flow from the channels
of tributary streams which spread over the flood
plain, and precipitation falling on the flood plain.
Discharge from the alluvial aquifer is by downvalley
underflow, transpiration by phreatophytes and other
vegetation, and evaporation from the soil. The Gila
River channel is hydraulically connected to the allu-
vial aquifer and water can move either to or from the
aquifer.

The depth to ground water on the flood plain
ranges from 5 ft (1.5 m) near the river to 20 ft (6.1 m)
near the outer boundaries of the flood plain. On the
adjacent terraces the depth to water is from 20 to 40 ft
(6 to 12 m). During high reservoir-water levels in the
San Carlos Reservoir the ground-water level rises to
the ground surface near the river in the downstream
part of the study area. Aquifer tests (Hanson, 1972)
show that the average storage coefficient is 0.15 and -
the average transmissivity is 28,000 square feet (ft’)
or 2,600 square meters (m?’) for the alluvium. The
average downvalley slope of the ground-water table
is 0.0016 and the resulting downvalley subsurface
flow averages 5.1 acre-ft (0.0073 hm’) per day.

MAN’'S INFLUENCE

The observed influence of man on the project area
began as early as 800 years ago with the construction
of pueblos by members of the Salado culture (J. E.
Ayres, Arizona State Museum, oral commun., 1974).
Remains of these houses are in evidence on the
terrace south of the Gila River in the vicinity of Calva
and at Dewey Flat. These sites were surveyed in 1959
and the more important ones were excavated. In
1966, prior to clearing, the area was resurveyed for
archeological sites under the direction of J. E. Ayres;
Assistant Archeologist, Arizona State Museum, Uni-
versity of Arizona. These prehistoric residents may
have raised crops on the flood plain but any lasting
effect was quite insignificant. Cultivation of the proj-
ect area in historic times has not been extensive.
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About 170 acres (69 ha) were farmed on Dewey Flat
in about 1870 (Bureau of Indian Affairs records, San
Carlos Agency, unpub. data). At Calva, 65 acres (26
ha) were cultivated in the 1930’s (BIA, San Carlos
Agency), and an area of 360 acres (146 ha) near the
Bylas highway bridge was cleared and leveled for
flood irrigation by diversion from the river in the fall
of 1964. Only 65 acres (26 ha) of this area were
continuously farmed during the period 1965-71.

The historical changes in natural flood-plain vege-
tation have been described by Turner (1974). Man has
caused changes in both prehistoric and historic times
by the deliberate burning of the vegetation to improve
grazing or to flush animals from the dense thickets.
The frequency of burning cannot be determined nor
can its long-term effect on the vegetation be defined.
Man is responsible for triggering a significant change
in the dominant species of the flood-plain vegetation
by the introduction of saltcedar. This exotic and
prolific plant was net found on the project area in
1914, but has since invaded and dominated the area.
Removal of the riparian vegetation by the phreato-
phyte control project, as described by Park, Culler,
and Turner (1978), produced a dramatic change in the
vegetation which in turn produced a significant
change in the evapotranspiration of the area.

The construction of the San Carlos Reservoir has
altered the flood-plain topography and the river chan-
nel. The flood plain in reach 1 is wholly above the
effect of reservoir backwater and is gently sloping
toward the entrenched river channel with terraces
along the outer boundaries. The flood plain in reach
3, however, contains large deposits of reservoir sedi-
ment, eliminating the cross-valley slope toward the
river, obscuring the adjacent terraces, and reducing
the channel conveyance so that natural levees have
developed. The reduction in channel conveyance has
in turn caused complete plugging of the channel by
debris (Kipple, 1977).

The construction of levees and bridges has pro-
duced local irregularities on the flood plain. In 1907, a
2,000 ft (610 m) fill was built across the Gila River at
the railroad bridge 1 mi (1.6 km) above the mouth of
the San Carlos River. The bridge was abandoned in
1928. This fill constricts the river channel and has
increased the sediment deposition on the upstream
side of the fill (Kipple, 1977). A replacement railroad
bridge upstream near Calva (cross-section 9) confines
the low water channel to the south side of the flood
plain and the Bylas highway bridge at the upstream
end of the project area near section 1 confines the
channel to the north side of the flood plain. A 2,000 ft
(610 m) levee was constructed in 1964 on the north
bank of the river below the highway bridge to protect
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the farm land in the project area. The floods of
December 22, 1965 and August 13, 1967 overflowed
the levee and caused some erosion and sediment
deposition.

METHOD OF ANALYSIS

The determination of evapotranspiration (ET) of
phreatophytes from a flood plain by the water-budget
method requires that all significant movement of
liquid water into and out of the flood plain be
measured. Twelve liquid-water components have been
defined as significant in the water budget of the Gila
River flood plain. An equation expressing these
components is B _ 3

ET-= QI_" QO+ QT+AC +P +AMS+AM1

+AMco+ G+ G- Go+ AM g (1)
where

ET = evapotranspiration from the area,

Q; = surface inflow of the Gila River,

®, = surface outflow of the Gila River,

Qr = surfaceinflow from tributaries bordering
the area,

AC = change in Gila River channel storage,

P = average precipitation on the area,

AMg = average change in moisture content in
the unsaturated soil zone located immedi-
ately below the land surface,

AM ; = average change in moisture content in
the unsaturated intermediate zone located
between the overlying soil zone and the
underlying capillary zone,

AM, = average change in moisture content in
the capillary zone located below the inter-
mediate zone and within the zone of
water-table fluctuations,

Gy = ground-water inflow vertically upward
into the alluvium from the underlying
basin fill,

G; = ground-water inflow downvalley through
the saturated alluvium,

G, = ground-water outflow downvalley

_ through the saturated alluvium, and
AM ;- = lateral ground-water movement through
the capillary zone between the flood plain
and adjacent terrace area.
ET determined with equation 1 will henceforth be
referred to as “measured ET.”

One factor not considered in the water-budget
equation which may be significant during some bud-
get periods is surface depression storage. Reliable
field measurements of depression storage were not
possible. However, the only time this factor appears
to be significant is during periods of high flow in the









tions to the recorded gage heights. Discharge data
from watersheds near the project area having drain-
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FIGURE 5.—Monthly discharge of the Gila River at Calva, Arizona.
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age areas of less than 100 mi2 (259 km?) were used to
develop a relation between peak discharge and
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volume of storm runoff. The volume of runoff from
each storm event was then obtained by applying the
discharge-volume relation using the peak discharge
computed for those tributaries with crest-stage gages.

Average seasonal runoff from tributaries to reaches
1 and 2 for the period 1963-71 was 1,370 acre-ft (1.69
hm?) or 9 acre-ft per mi? (0.0043 hm?* per km2). The
seasonal runoff to reach 1 ranged from a minimum of
40 acre-ft (0.049 hm?) in 1970 to a maximum of 1,620
acre-ft (2.00 hm?) in 1967. For reach 2, the seasonal
runoff ranged from 90 acre-ft (0.11 hm?) in 1970 to
2,220 acre-ft (2.74 hm?) in 1971. The largest runoff
from an individual storm occurred on August 5 and 6,
1967 and totaled 280 acre-ft (0.35 hm?) in reach 1 and
690 acre-ft (0.85 hm?) in reach 2. The highest peak
discharge on an individual tributary was estimated
as 8,000 ft*/s (227 m?/s) during the storm. On a unit
area basis, the maximum peak discharge was 2,300
ft?/s per mi? (25 m3/s per km?) on July 16-17, 1967.
There was no flow in any of the tributary streams
during 96 percent of the days in a year.

PRECIPITATION

Precipitation falling on the project area is an inflow
component of the water budget. The limited areal
extent of the summer storms required a relatively
dense network of rain gages to provide an adequate
sample for the computation of the volume of precipi-
tation. Three types of gages were used: float-actuated
digital recorders, weighing recorders, and non-
recording wedges. Recording gages were installed at
the ends of each reach and wedge gages were located
at the ends of each cross section as shown in figure 1.
The distance between gages is about 1 mi (1.6 km).
Hourly data were recorded by the digital gages and
the weighing gage charts were interpreted for one-
hour intervals. Wedge gages were read every 2 to 3
weeks when soil-moisture measurements were made,
to obtain the precipitation accumulated during a
budget period.

Precipitation records for wedge gages are complete
for reach 1 from September 1963 through September
1971, for reach 2 from October 1963 through Sep-
tember 1971, and for reach 3 from June 1964 through
February 1966. The recording gages were operated
from January 1964 to September 1971, except for
periods of instrument malfunction.

Data from the wedge gages were used to compute
the volume of precipitation for a budget period.
Occasionally the precipitation at a gage was not
obtained. In such instances, the precipitation was
estimated using observed data from nearby wedge
gages or from the recording gages. Representative
portions of the project area were assigned to each
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wedge gage by a modification of the Thiessen Method
(Thiessen, 1911). The total accumulated precipitation
for a budget period was computed as an average
weighted value from

_ n n
P - <2A,PJ)/2AJ (2)
j=1 =1

where

p = the average weighted precipitation
for the budget period, in inches,

P, = the accumulated precipitation at
gage j for the budget period, in
inches,

A, = the area assigned to gageJ, in acres,
and

n = total number of gages in a reach.

Hanson and Dawdy (1976) analyzed the measure-
ment errors associated with the precipitation data.

Mean annual precipitation for the 8-year period
1964-71 was 11.15 in. (283 mm) on the project area.
Precipitation increased downstream from a mean
annual value of 10.35 in. (263 mm) at cross-section 1
to 12.18 in. (309 mm) at cross-section 17; an 18 percent
increase. A comparison of the mean annual precipi-
tation between reaches shows that precipitation on
reach 2 was 1 in. (25 mm) more than on reach 1. Also,
the precipitation on the south bank averaged 11.31
in. (287 mm) compared to an average of 10.98 in. (279
mm) north of the river. This spatial variability in
precipitation is attributed to the orographic features
of the area. The maximum daily precipitation re-
corded was 2.39 in. (61 mm) at the north end of cross-
section 17 on December 27, 1968. The total annual
precipitation for 1964-71 in table 5 is the average
from the wedge-gage data for reaches 1 and 2, and
ranges from 7.50 in. (191 mm) in 1971 to 14.6 in. (371
mm) in 1966.

SOIL MOISTURE

The flood-plain alluvium constitutes a water-

TABLE 5.—Precipitation for reaches 1 and 2 by water year

Total precipitation
anches)

Water year

8.36
11.96
14.68

9.89
14.18
11.00
11.62

7.50

11.15
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FIGURE 6.—Location of ground-water observation wells and soil-moisture access pipes.

storage reservoir with a capacity of about 25,000 acre-
ft (31 hm?3) within the study area. Approximately 30
percent of the average annual ET is supplied from
changes in this storage. The soil-moisture content
was measured within two areas of each reach: (1) the
flood plain which corresponds to the area for which
ET is evaluated and (2) the adjacent terrace area
which extends out from the flood plain to the contact
of the saturated terrace alluvium with the basin fill.
Measurements were made with neutron soil-moisture
meters at 2- to 3-week intervals, thus defining the
water-budget periods. The difference between the
moisture content measured at the beginning and end
of the period defines the change in moisture content
for the budget period. Three access holes for measur-

ing the moisture content were installed on each side
of the Gila River at each cross section as shown in
fisure 6. Each hole was classified as one of the
following three types: (1) river hole located adjacent
to the river, (2) flood-plain hole located between the
river and the terrace, or (3) terrace hole located on the
terrace adjacent to the flood plain. The river and
flood-plain holes were used to obtain the change in
moisture content in the unsaturated zone of the flood-
plain alluvium and the terrace holes were used to
obtain the change in moisture content in the unsatu-
rated zone of the adjacent terrace alluvium. The
installation of access holes and the calibration of soil-
moisture meters are described by Myrick in Culler
and others (1970).
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Moisture content, expressed as percent by volume,
was measured with the soil-moisture meter probe at
0.5 ft (0.15 m) and 1 ft (0.30 m) below ground surface
and at 1 ft (0.30 m) intervals through the remaining
depth of each access hole. The observed moisture
content ranged from 3 percent at the soil surface to
over 40 percent below the water table. The change in
moisture content was determined for three zones in
the profile: (1) the soil zone extending from the land
surface to 2.5 ft (0.76 m) below land surface in the
flood plain and to 5 ft (1.52 m) below land surface in
the terrace, (2) the intermediate zone extending from
the bottom of the soil zone to about 3 ft (0.9 m) above
the maximum observed ground-water level, and (3)
the capillary zone extending from the bottom of the
intermediate zone to the bottom of the hole in the
flood plain and to about 3 ft (0.9 m) below the
minimum ground-water level in the terrace. No inter-
mediate zone was defined for the flood plain of reach
1 because of the relatively shallow ground-water table
in the reach. The change in moisture content in each
of these three zones within the ET area of the flood
plain corresponds to the water-budget components
AMy, and AM;, and AM,, respectively, in equation 1.

The average change in moisture content in a given
zone of the reach for a budget period was computed

from
_ n n
AMzt = E (AsztA]) / Z A] (3)
=1 J=1
where
AM, = average weighted change in mois-
ture content in zone z of the reach
during period t.
AMZU = Mz; n szt (4)
where
M., and M., = measured moisture content
in zone z of holej at the beginning
(t-1) and end (¢) of the budget
period,
A = surface area assigned to hole j, and
n = total number of access holes.

The surface area A, assigned to each hole was
determined using the same modification of the Thies-
sen Method that was applied in assigning areas to
the precipitation gages. When moisture-content data
were missing for an access hole, the change in mois-
ture content for the hole was approximated using the
average unweighted change computed from the
measured access holes of the same type (e.g., river,
flood plain, or terrace) in the reach as the unmeasured
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hole. A negative change in moisture content (-AM)
indicates an increase of the moisture in the profile
(negative ET component) during the budget period,
whereas a positive change (+AM) indicates a loss of
moisture in the profile (positive ET component).
During some high-flow periods, inundation over
the flood plain prevented access to many of the soil-
moisture access holes to obtain moisture-content
measurements. However, water levels in the ground-
water wells adjacent to each access hole were record-
ed continuously, thus providing a complete set of
water-level data for each reach. It was found that
when data from over one-half of the access holes were
missing, a better estimate of moisture change in the
capillary zone could be obtained from the more com-
plete set of water-level data. The estimate of moisture
change in this case was determined by the relation

AM.=—-Ah S'A (5)

where AM (or AM ;) is the average moisture change
in the capillary zone of the flood plain (or terrace) in
acre-ft, Ah is the average change in the ground-water
levels in the flood plain (or terrace) of the reach in feet
(positive for a rise and negative for a drop in water
levels), 8’ is the apparent specific yield of the aquifer
in the zone of water-level change (dimensionless),
and A is the area of the flood plain (or terrace) in
acres. An average value of S’ was determined for both
the flood plain and terrace areas of each reach by
relating A% to the corresponding AM - (or AM ;) using
budget periods containing a complete set of water-
level and moisture-content data (Hanson and Dawdy,
1976).

BASIN-FILL INFLOW

Ground water is conveyed from the steep valley
slopes through the saturated zone of the basin fill to
the overlying alluvium on the valley floor. This water
is under sufficient artesian pressure to rise above the
water table in the alluvium. Water-table elevations in
20 existing stock-water wells on the adjacent valley
slopes were observed at about monthly intervals. The
depth to water in these wells ranges from 22 ft (6.7 m)
on the terrace near the flood plain to 360 ft (110 m) 2.5
mi (4 km) south of the river. The slope of the
potentiometric surface toward the Gila River, as
defined by Weist (1971, fig. 8) is 0.017 north of the
river and 0.029 south of the river. The variation of the
water levels in the observation wells that were not
pumped was insufficient to produce any significant
change in the artesian pressure under the flood plain.
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The discharge from the basin fill was therefore
assumed to be constant.

The hydraulic characteristics of the basin fill were
investigated by aquifer tests at two wells, an analysis
of water-level recessions, and by analysis of geo-
thermal gradients as desecribed by Hanson (1972).
These investigations indicate that the average stor-
age coefficient of the basin fill is 0.0005 and the
average transmissivity is 15 ft2 (1.4 m?) per day. An
analysis of moisture movement in the capillary zone
of the deep terrace wells of reach 1 during the selected
winter periods indicates that the basin-fill inflow is
about 0.3 ft (0.09 m) per year (Hanson and Dawdy,
1976). The ground-water contribution from the area
tributary to the flood plain in the project area origi-
nates in the basin fill and is therefore assumed to be
included in the estimate of artesian discharge from
the basin fill. This value was also tested and con-
firmed in an optimization analysis discussed in a
subsequent part of this report.

GROUND-WATER MOVEMENT DOWNVALLEY

A network of 78 recording wells was established to
measure depth to and movement of ground water in
the project area. Three wells were installed on each
side of the river at each cross section as shown in
figure 6: one near theriver, one between the river and
terrace, and one on the terrace. The installation of
wells is deseribed by Myrick in Culler and others
(1970). Water-table elevations were recorded by digital
stage recorders with hourly punch intervals. Records
are available for reach 1 from April 1963 to September
1971, for reach 2 from October 1963 to September
1971, and for reach 3 from May 1964 to September
1965. An exception to the preceding periods of record
are five wells on cross-section 12 which were not
installed until 1966. Several of the wells near the river
were relocated at different times during the study
when channel changes destroyed the original wells
and extensions were required on some wells because
deposition of silt during overbank flooding elevated
the ground surface.

Thirty-eight additional wells located near the outer
boundary of the flood plain between cross sections
were drilled, primarily to define the contact between
the alluvium and basin fill. Water-table elevations in
these miscellaneous wells were observed at about
monthly intervals. These data were used to supple-
ment ground-water elevation data from the network
of recording wells at the eross sections.

Data from all wells indicate a consistent decline of
water-table levels from April through June of each
year. The magnitude of this decline depends on the
flow of the Gila River during the preceding winter.
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The lowest level occurs in midsummer either before or
after the summer storms, depending on the magni-
tude of the summer flow. Water-table levels near the
river are lower than the river bed during periods of
low or zero flow. Highest water-table levels occur
either in midwinter or in late summer in response to
the flow in the river. The annual variability in water-
table levels in reach 1 ranged from 1 ft (0.3 m) in most
wells during 1970 to 8 ft (2.4 m) at wells near the river
at cross-section 3 in 1968. Prior to 1966, the annual
range in water-table levels increased progressively
downvalley with the maximum range occurring at
cross-section 23. After January 1966, backwater from
San Carlos Reservoir raised the water table in
reaches 2 and 3. The maximum change recorded
during the study was a 25 ft (7.6 m) rise at well No.
2161 between October 1965 and April 1966.

Ground-water movement downvalley through the
upstream and downstream ends of each reach was
calculated from

G=iTWD 6)
where
G = the downvalley ground-water flow
through the alluvium in acre-feet
per budget period,
l = average downvalley gradient in

feet per foot of the ground-water
surface during the budget period
through the upstream or down-
stream end of the reach,

T = transmissivity of the alluvium in
acre-feet per day per foot,

w = width of the saturated alluvium at
the upstream or downstream end
of the reach in feet, and

D = number of days in the budget period.

The transmissivity, 7, of the alluvium was deter-
mined by Hanson (1972, p. F27) to be 0.644 acre-ft per
day per ft (2,600 m® per day per m) and was assumed
to be constant througheut the study area. The width
of the saturated alluvium, W, is the distance between
the points of contact of the alluvium with the basin
fill at the water table on each side of the flood plain.
The downvalley slope, i/, was computed from the
average ground-water levels for the budget period
measured at the river wells and flood-plain wells at
the cross sections on or adjacent to the ends of the
reach. As an example, the slope through the upstream
end of reach 1 {cross-section 1) was computed from
the average water levels at cross-sections 1 and 3.
Similarly, the slope through the downstream end of
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reach 1 (cross-section 9) was computed from the
average water levels at adjacent cross-sections 7 and
11. Average downvalley slopes during a budget period
between cross-sections 1 and 3 ranged from 0.00122
in May 1971 to 0.00183 in October 1966 with the latter
slope being the maximum average slope observed in
the project area during the study. Before 1966, the
minimum average slope observed was 0.000305 be-
tween cross-sections 21 and 23 in August 1964. After
1966, the slopes between these cross sections
approached zero because of the high water levels in
San Carlos Reservoir.

GROUND-WATER MOVEMENT CROSSVALLEY

The previously described network of recording
observation wells was designed to define also the
gradient of the water table perpendicular to down-
valley ground-water movement. However, an analysis
of the ground-water level data indicated that the
crossvalley water-table slopes were too variable to
adequately define either the direction or magnitude
of the crossvalley ground-water flow component.

Neutron-log measurements of changes in storage
in the capillary zone under the terraces indicate,
however, that water does move vertically into and out
of this zone. Any significant loss of water in the zone
by ET from the terrace vegetation is not likely be-
cause the depth of the water table under the terraces
is too deep, 20 to 30 ft (6 to 9 m), to be readily
extracted by the overlying vegetation. Therefore, all
significant movement of water out of the terrace
capillary zone is assumed to be lateral and in the
direction of the flood plain in response to an overall
drop in ground-water levels with a general water-
level gradient towards the Gila River. All significant
movement of water into the terrace capillary zone is
also assumed to be lateral but originating from the
flood plain in response to an overall increase in
ground-water levels with a general water-level grad-
ient away from the river. The crossvalley component
(AM ¢ in equation 1) was then determined by use of
equation 3, which computes the changes of moisture
in storage during the budget period.

EVALUATING EVAPOTRANSPIRATION

ET was evaluated by equation 1 for each budget
period containing a complete set of water-budget
data. The four reaches provided 530 budget periods
during the 1963-71 study period. The length of each
budget period was 14 or 21 days for most periods, but
did range up to 63 days. The duration of a period
depended on the frequency of soil-moisture measure-
ments. Because of significant missing data in 116
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periods, only 414 periods were actually evaluated to
obtain estimates of ET. Of these a further 93 were
rejected on the basis of criteria described in a fol-
lowing section of this report. ET values and their
corresponding water-budget components are given in
table 6 (at end of report) by water years for each
reach. Figure 7 shows a plot of all ET values, both
accepted and rejected values, expressed in inches per
30 days and monthly pan evaporation at San Carlos
Reservoir.

Each ET value in table 6 represents the rate from
essentially the entire flood plain within the reach as
shown by the boundaries in figure 1. Periods of
missing data and periods when one or more of the
water-budget components were not observed are indi-
cated by blanks in the table. Periods for which no ET
values were computed generally coincide with high
flows in the Gila River that inundated the streamflow
gaging stations.

RELATIVE SIGNIFICANCE
OF THE WATER-BUDGET COMPONENTS

The quantity of water removed from the project
area of the Gila River flood plain by ET is small
compared to the quantities measured by the water
budget. The relative significance of the various
sources in providing water for ET can be illustrated
by grouping the components of the water budget in
equation 1 as follows:

" 1. Surface-water inflow ........... Q +Qr
2. Soil-moisture storage........... Mg+ M+ Mo+ My
3. Ground-water inflow ....... ... Gy +G,
4. Precipitation .................. .. P.

As an example, the inflow from surface water, precip-
itation, and ground water, and the volume of water in
the observed soil profile for each budget period of
1965 in reach 2, are shown by the bar graphs of figure
8. Surface water and ground water are not only
sources of inflow but also components of outflow, and
soil-moisture storage can be either depleted or re-
charged during any budget period. The losses (posi-
tive as contributions to the reach) and gains (negative
as contributions to surface and ground-water outflow
and as recharge to soil moisture) are computed as
follows:

1. Surface water @, + @ +AC - @,

2. Change in soil-moisture storage AMg + AM,

+ AMC + AMT(‘

3. Ground water Gz + G;- G, .
The resulting gains or losses are also shown in figure
8.

The budget does not imply the disposition of water
from each source in the reach but, rather defines the
residual of all water moving through the system. For



P19

EVAPOTRANSPIRATION BEFORE AND AFTER CLEARING PHREATOPHYTES, ARIZONA

SAVQ 0€ Hid
SHILINITI NI “(2F) NOILVHIdSNYHL0dYAZ

"II0AJ989Y SO[IB)) Ueg je uorjeiodead ued A[yjuow pue

£ HIV3d V¢ HJV3H
S961 7961 bl 161 046l 6961 8961 1961 9961
Ol— JTTTITT I I 7T A I rrTIrrIrrs §— WST IBEEREERREE AR AR SRS AN NN ANASEREREE RN RS
m =3 [}
oo = E g L o °
w0 _ [N NI
oooo m W 2 oo’ooo . ® oooooo
o® 5z =5 m .
s ] M= =
22 =
5 g 8 = 0wz
w = o O
|o—0m wvu -
g = & = 00¢
s 3 z
x4 e k1A =~ = -
00% = mcg
it
05—t iatyyrtiebileriraeliile moom vorvvrerr e bereen v i err et pde el drr e ri il iigtlg
w
Z HJv3d
L6l 061 6361 8961 1961 9961 G961 ¥961 €961
0oL— T T TTTTTTT rrrrrrryved TTTTTYTITITEd TTTTTTITTTY TTTTTTTTTO T TTT T TTTTITrTT TTTTTTITTTITUT TTTT T iTorTrTT _C___Odq._-__ G-
od oooo
0+ o o Y . —0
R ad
oo.ooo.o
00l —H L
- . —6
L]
00z
= - - ol
> 00€
3
= 00r o — s
=
2
2% 1%
=]
e ITNE NN AN SN IR IR NI RNl IR RN RA RN ANl ITN SRR TUETE RNNE N RSN NE SN RN ENENE RN RNRNT I RURRERRENR ] ANRRRTREREE
= S
d
= | Hvad
= LL6L 0461 6961 8961 1961 9961 5961 961 €961
WS—ll_____—_—___ ITTTTTTTTTT TTTrrrrrrrea TTTTTTT T TTrrTrivrrTT TTTTTTFETTITT TTT{TTTTTTT TTTTTITTTUTT rTrrrrrTTTY G-
o
M 0 -+ oooo e o0 °
ﬂ wbe® o PSP
= [ o .
Pt 0oL .
o
w Smnl
008
TR sojieq) ueg 1e uonesodeAs ued °
etia) 12 ‘souejdaode apisina Buiey anjer (1) pamseey o  © °
00§ < en)112 aoueydande Uiyym BUTA| anea (13) pamseay o -0z
L IR SN RE NI SNIRAERR AN IR INE NN RN T INETENINETL TSN RN TN ARRRR RTINS INNTRRERRET ettt rraaiiridg

12,-€961 duunp pouiad y98pnq yoea 10] uoneiidsueijodead paansea—/, A4NIY

SAVQ 0€ H3d STHINI NI {LF) NOILYHIdSNVHI0dYAI



P20 GILA RIVER PHREATOPHYTE PROJECT

30 — 500
[ I I [ I I | I I I I
Precipitation
20 — —
10— —
e v R I | 7 7 B R T [ oo o
110
| I I | I ] I
Surface water (GJ+GT)
100 }— ]
7 — 2500
EXPLANATION
90 (— —
Loss
Outflow Inflow
80 — Gain} T — 2000
Y
70 H 2 —
0 ]
S
= 60 H- ~ — 1500
i 77
& [ =T
@B 50 - : —
I
Q
40 [+ —1— 1000
30 Z —
20 T %00
10 [T —
o | 1| I g | N O T 1 A .
Jan. | Feb. 1 Mar Apr. | May June July I Aug. | Sept. [ oct. | Nov. I Dec.
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example, the loss of water from the surface-water
source during January and February of 1965 pro-
bably went into subsurface storage, to be removed by
ET during the following growing season.

Figure 8 shows that some sources include much
larger volumes of water than other sources. The total
annual volume of water supplied to the project area
by precipitation is relatively small, but it does pro-
vide a significant part of the total ET during the late
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summer rainy season when the potential ET is high.
Of the four sources in figure 8, surface-water inflow is
both the largest and the most variable with time—
reaching maximum inflow rates during the winter
and late summer storm periods. However, in June
and early July, surface-water inflow is a relatively
insignificant source. In fact, during this period there
was at times no surface-water inflow at all for several
days. The loss or gain through the reach per budget
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period from this source is also highly variable and
depends on the potential ET rate, the amount of
precipitation occurring during the budget period, and
the amount of moisture available in the soil profile.
Figure 8 shows a loss in flow through reach 2 during
all months of 1965 except March and April when a
gain in flow occurred.

Ground-water inflow is a relatively small and insig-
nificant source and remains nearly constant through-
out the year.
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The alluvium underlying the flood plain distributes
the water from the various sources to the plants. It
also serves as a regulatory reservoir retaining water
from periods of large supply and low demand for use
during periods of high demand and low supply. The
bar graph of soil-moisture storage in figure 8 shows
the total moisture measured in the soil profile which
extends from the land surface down through the
unsaturated zone and several feet into the saturated

zone below the ground-water table. The total moisture

ALL REACHES AFTER CLEARING
NUMBER OF BUDGET PERIODS USED TO DEFINE THE AVERAGE VALUES
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FIGURE 9.—Average contribution to ET per month of precipitation, surface-water inflow, soil moisture in storage, and ground-water
inflow for the preclearing period (left) and the postclearing period (right).
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measured in the saturated and unsaturated zones of
the soil profile of reach 2 averaged about 72 in. (1,800
mm) during 1965. The figure indicates that soil mois-
ture is recharged when streamflow is high. Most of
the loss of soil moisture occurs during the spring and
early summer months (April-July) when precipitation
is negligible and the potential ET is high.

The soil-moisture graph also indicates that the
gain in soil moisture during 1965 nearly equals the
loss. For this reason, soil moisture is commonly
ignored when evaluating ET rates for periods of one
Or more years.

The losses and gains in water from each source, as
shown in figure 8, were computed on a monthly basis
for each reach to define the average monthly contri-
bution each source makes to ET—both before and
after clearing phreatophytes from the flood plain. A
plot of these average values is shown in figure 9.
Only ET values satisfying one or more acceptance
criteria (to be described later) are included in the
figure. The number of budget periods used in com-
puting each average monthly value is shown at the
top of the figure and the extent of the vertical lines
through each value defines the standard deviations.
Positive values indicate a loss from the system
(addition to ET) and negative values indicate a gain
(recharge) to the system (subtraction from E7). As in
figure 8, the algebraic summation of the average
gains and losses in all sources for a given month
gives the average ET for that month in inches per 30
days.

ET values from budget periods with excessively
high streamflow were not used in this analysis,
resulting in a biased estimate of some of the average
monthly values shown in figure 9. This bias applies
primarily to surface-water and soil-moisture values
for the winter. Omission of these ET values gives an
underestimate of both the average loss in surface
water and the average gain in soil moisture for the
winter months. However, because these underesti-
mates are opposite in sign and about equal in magni-
tude, they essentially cancel when computing the
average monthly ET for the winter periods. These
underestimates also explain why the soil-moisture
graph of figure 9 shows less gain than loss during
the year—when, in reality, the total annual loss
should approximate the total annual gain as in figure
8.

Definite seasonal trends are apparent in the graphs
of figure 9, particularly for soil moisture which shows
a buildup (recharge) during the winter months fol-
lowed by a loss due to ET during the summer months.
Obviously, of the four hydrologic sources, soil mois-
ture is the predominant contributor to ET during the
period of a high potential ET from May-July. Surface
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FIGURE 10.—Average monthly ET before and after clearing based
on selected ET data from all reaches.

water and precipitation become the predominant con-
tributors during the winter months and during the
late summer thunderstorm period. Variability in gain
or loss in a given source for a particular month—as
indicated by the vertical lines through each average
value—are due primarily to: (1) year to year differ-
ences in the volume of moisture available from the
source to meet the ET demand, (2) random errors in
the measurement of the source, and (3) differences in
vegetation between reaches and changes in vegeta-
tion due to partial clearing. A discussion of these
errors is presented below.

A comparison between the before and after clearing
graphs show similar seasonal trends but substantial
differences in the amount of water each source con-
tributes to ET. As expected, all sources, other than
precipitation, show a reduction in the amount of
water contributed to ET after clearing. Of particular
interest is the surface-water graph which indicates
that the Gila River changed, on the average, from a
losing stream during the pre- and partial-clearing
period to a gaining stream during some months
during the postclearing period.

The gains and losses from each source in figure 9
were summed to define the average monthly ET for
both the pre- and postclearing periods. Graphs of
these monthly values are given in figure 10. The
average annual pre- and postclearing ET rates from
these graphs are 39.3 in. (998 mm) and 24.5 in. (622
mm), respectively—thus, defining an average annual
reduction in ET of 14.8 in. (376 mm). It should be
emphasized that these annual ET rates represent an
average of reaches 1, 2, 2a, and 3 and include precip-
itation which averaged 11.2 in. (284 mm) per year.



P24

The quantity of phreatophytes varied from reach to
reach before clearing and the data in figure 10 repre-
sent the average of the observed data not adjusted for
the variation in vegetative cover. Empirical equations
with coefficients related to the description of vegeta-
tive cover will be used in a later section of this report
to adjust for this variation.

MEASUREMENT ERRORS IN EVAPOTRANSPIRATION

Evapotranspiration represents a comparatively
small loss from a large volume of water as illustrated
in figure 8, and the error in the measurement of this
loss becomes highly significant as the volume of
water measured in the study area increases. This is
particularly true of the surface-water components in
which the volume of inflow can range from essen-
tially zero to several thousand cubic feet per second.
The fact that some ET estimates are better than
others is apparent in figure 7—i.e., some ET values
(indicated by 0) follow the expected seasonal trends
while other values (indicated by x) are unrealistically
high or low and, in some instances, even negative.
These outliers are obviously in error and should be
discarded, or at least, given little weight when com-
puting average seasonal or annual ET rates.

To establish guidelines for selecting the most re-
liable ET data, an evaluation was made of the relative
measurement errors associated with each of the 12
measured water-budget components and the corres-
ponding ET values expressed in equation 1 (Hanson
and Dawdy, 1976).

The total measurement error of each component
consists primarily of a sampling error which is depen-
dent on the number of observation points used to
measure the component. This sampling error is time
variant—reflecting both the variability in repetitive
measurements and the error due to missing data.
Nine of the 12 water-budget components were found
to contain significant sampling errors because the
measurement of each component is obtained from an
independent observation. The estimate of the sampl-
ing error in ET may be computed from

€nr, = [ezQ,Jr €T €t €actErt €Ayt €A,
+ EZAﬁC + EzAﬁT(,] o (7

where €7 is the sampling error in ET and the error
terms on the right side of the equation are the
sampling errors of the components indicated by their
respective subscripts.

Included in the total measurement error is a bias
error which gives a constant over- and under-estimate

GILA RIVER PHREATOPHYTE PROJECT

of the component. Only the three ground-water com-
ponents (G, G, and G ) were found to contain a
measurable bias error. This total bias error was
computed from

€xr, = [EZGH +eg+e (;()] ~ (8)
where €7, is the expected bias error in ET and the
error terms on the right side of the equation are the
bias errors for the components indicated by their
respective subscripts. Equations 7 and 8 assume that
the sampling error and bias error are independent
and unknown as to direction. The total measurement
error, €z, of each ET value, thus, becomes

€T — [EZETS’}'EQET}']]/:! . (9)

Because of independence between the components,
no covariance term had to be included in the computa-
tion of this total measurement error.

Hanson and Dawdy (1976) indicate that the assump-
tions and criteria used to obtain the total measure-
ment error produce an over-estimate of the true
measurement variability in ET. This error is shown
to be significantly greater than the expected standard
deviation of the computed ET value and is, therefore,
considered to be only an indicator of the relative
significance of each ET value.

As an example, the total measurement errors com-
puted for each ET value are included in table 6, in
column ez A detailed description of the methods
used to derive the sampling and bias error associated
with each water-budget component is given by Han-
son and Dawdy (1976).

Figure 11 shows the ET values computed for each
budget period in reach 2 for calendar year 1965—a
year prior to clearing when streamflow was moder-
ately high (140 percent of the average annual flow)—
and for calendar year 1970—a year when reach 2 was
partly cleared and streamflow was relatively low (16
percent of the average annual flow). The extent of the
vertical lines through the ET values define the total
measurement error (ex7) in ET as defined by equation
9. The vertical bars indicate the error in ET attributed
to the streamflow components @; and @, and to the
error attributed to the soil-moisture change compo-
nents AM, AM, AM,, and AM .. The increase in the
error in soil-moisture measurement between 1965 and
1970 was caused by the partial clearing in 1970. A
comparison of the values of @, in table 6 with the
streamflow errors in figure 114 shows that discharge
is directly related to the magnitude of the streamflow
errors—with the largest errors occurring during
periods of highest discharge.

The minimum errors in ET frequently coincide
with the period of maximum ET during May, June,
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and early July when streamflow is low and precipita-
tion is negligible. Generally, for those years in which
streamflow was below average the computed ET
values define a definite seasonal trend with relatively
little scatter in the data as shown by the 1970 data in
figure 11B.

An important point to be realized from figures 8, 9,
and 11 is that the total measurement error in E7T is
dependent on the volume of water measured in the
reach and not on the magnitude of ET. This is
emphasized in figures 114 and 11B by the nearly
constant error in soil-moisture change for each budget
period, reflecting not the large variation in soil-
moisture change shown in figure 9, but rather the
total volume of soil moisture measured in the reach
which fluctuates relatively little with time as shown
in figure 8.

The seasonal trends in ET data for 1965 and 1970
in figure 11 are indicated by the pan evaporation
curves for these years obtained immediately down-
stream from the project area at San Carlos Reservoir.
These curves can be assumed to approximate the
upper limit of ET throughout the year.

Some negative ET values occur in the water budget,
but their measurement error is generally large and
the error extends into the positive £T range. In a few
instances the measurement error does not explain a
large negative ET value or unrealistically high ET
value. These outliers generally occur during periods
of high streamflow and are assumed to reflect large
unmeasured changes in the stage-discharge relation
which was not fully accounted for in the streamflow
error analysis (Burkham and Dawdy, 1970). These
outliers may also be attributed to unknown quantities
of surface water moving into or out of depression
storage as mentioned under “Methods of Analysis.”

CRITERIA FOR REJECTING MEASURED ET VALUES

As indicated previously, all measured ET values
that were obvious outliers (fig. 7) or contained large
measurement errors, ezy, were omitted in the compu-
tation of average seasonal and annual ET rates.
These values were also omitted in the development of
an empirical equation describing the relation between
density of plant cover and ET.

Reaches 1, 2, 2a, and 3 provided a total of 414
budget periods generally 14 to 21 days in length from
which ET could be measured. However, ET values
from 93 of these periods were not considered reliable
because of their extreme magnitude or large measure-
ment error.

The criteria used for rejection of the ET values were
arbitrary, but were based on a consistent set of rules.

GILA RIVER PHREATOPHYTE PROJECT

First, all ET values containing a measurement error
which exceeds the maximum potential evapotran-
spiration (PET) for the study area (about 4.8 in. or 122
mm per budget period) were discarded.

The PET used in this test was computed from the
relation

PET = (0.014¢ - 0.37)R (10)

where ¢t is the mean air temperature in °F and R is the
short-wave solar and sky-radiation flux expressed as
inches per day evaporation equivalent (Jensen and
Haise, 1963). Two adjustments were made. Precipita-
tion, an erratic and generally inconsequential source
of water to the flood plain, is stored in the upper soil
zone and returned to the atmosphere as evaporation
from bare soil or is lost by transpiration from either
shallow-rooted plants or phreatophytes within hours,
or at most, a few days after falling. The PET in an
arid region is sufficiently high to remove this inciden-
tal moisture without significantly changing the
average rate of depletion from ground water during a
budget period. Precipitation (P) and the change in
moisture content in the upper soil zone (AMs) were
therefore removed from the water-budget evaluation
of ET before applying the ET data to empirical
equations. The adjusted ET values (ET") are thus
defined as
ET =ET-P-AM, . (11)
Upper and lower boundaries were then established
within which the adjusted values (ET") could logi-
cally be expected to occur, and all adjusted values
falling outside these boundaries were rejected. The
following is a summary of the rejection criteria used.

1. Reject if ezr > 4.8 in. (122 mm) per budget
period (maximum acceptable error).

2. Rejectif ET" <-0.51in. (-13 mm) per budget period
(minimum acceptable negative ET").

3. Reject if the preclearing and partial clearing
ET > PET, provided that ET" > 1.8 in. (46 mm)
per budget period (maximum acceptable pre-
clearing and partial clearing E7T” in excess of
PET).

4. Reject if preclearing and partial clearing E7" <
0.25 in. (6.4 mm) per budget period from May
through October (minimum acceptable pre-
clearing £7” during summer months).

5. Reject if postclearing E7” > APET, provided ET’
> 1.2 in. (30 mm) per budget period (maximum
acceptable postclearing E7T" in excess of 2PET).
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FIGURE 12.—Boundaries within which the adjusted ET values
(ET") were accepted as reliable estimates. Number within the
graphs refer to rejection criteria described in the text.

Figure 12 shows the boundaries within which the
ET values (with measurement errors ey < 4.8 in. (122
mm)) per budget period were accepted for the pre- and
postclearing periods.

A summary of the total number of ET values
measured, both before and after clearing in each
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reach, and the number rejected by the above-described
criteria is given in table 7.

The water-budget data indicate a seasonal varia-
tion in ET and a significant change in ET after
clearing. Each reach had a different quantity of
phreatophyte cover before clearing as shown by the
vegetation surveys. Therefore, a difference in the rate
of ET between reaches can be expected before clear-
ing but the rate should be similar between reaches
after clearing. This hypothesis is tested in the next
section of this report by use of the project data in
empirical equations.

USE OF ET DATA FOR DEFINING
A PREDICTION EQUATION

Coefficients for several equations defining the
evapotranspiration process were derived in this study
by use of the ET" data. These coefficients were derived
for the following purposes: (1) to compare the meas-
ured ET" from different reaches with the project
area having different quantities of phreatophyte
cover; (2) to compare the measured E7" for different
seasons on the same reach; and (3) to develop methods
for estimating ET from flood-plain sites in the arid
and semiarid Southwestern States. Evapotranspir-
ation is a complex process which is dependent on any
of three factors: heat, vapor transport, and water
availability. Heat and vapor transport are climatic
factors which define the potential evapotranspiration
(PET) of the site. Water available for vaporization on
a flood plain is, to a large extent, dependent on the
phreatophytes which extract water from subsurface
storage and convey it to the evaporative surfaces of
the leaves. The preceding considerations indicate
that the desired equation should include a PET para-
meter, based on climatic data, and a coefficient relat-
ed to a quantitative description of the vegetation.

Many empirical equations for predicting ET have
been developed from field measurements of ET. How-
ever, equations such as those presented by van Bavel
(1966) and Ritchie (1972), requiring intensive data
describing the climate near the ground, are consider-
ed inappropriate for this study because of the wide
range in spatial variability of these data on the flood

TABLE 7.—Number of ET values measured in each reach and the number rejected as outliers or because of a large measurement error

REACH SUL- REACH SUR- Tg}‘ﬁ-L
1 2 2a 3 TOTAL 1 2 2 3 TOTAL " pEACHES
PRE- AND PARTIAL POST-
CLEARING CLEARING

Number
measured 75 118 50 17 260 103 11 40 0 154 414

umber
rejected 24 29 10 0 63 26 0 4 0 30 93
Number
accepted 51 89 40 17 197 77 11 36 0 124 321
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plain. A single species of phreatophyte such as salt-
cedar or mesquite may be dominant on all or part of a
flood plain but the aerial density and height of the
canopy is not uniform. Also, irregularly shaped open
spaces occur within the canopy where gravel bars or
other surface conditions prevent phreatophyte estab-
lishment. The heterogeneity of the vegetation produc-
es spatial variability in transpiration resulting in a
wide range of surface temperatures and significant
differences in the humidity of the air near the ground.

The methods and equations based on macroclimat-
ic data developed and presented by Blaney and
Criddle (1962), Jensen and Haise (1963), and Chris-
tiansen (1968) are considered more appropriate to
this study. Studtes by Cruff and Thompson (1967)
indicate that the Blaney-Criddle equation (1962) is
the most practical and widely used equation for
estimating potential evapotranspiration in arid envi-
ronments such as exist in Arizona. Rantz (1968)
expanded on the Blaney-Criddle equation by relating
the consumptive use coefficient for various species of
phreatophytes to depth to ground water and to den-
sity of stand. Thus, only the Blaney-Criddle (BC)
method is discussed below. The other methods are
described and compared to BC in a subsequent section
of this report entitled “A comparison of the Blaney-
Criddle method with other methods.”

The Blaney-Criddle empirical equation (Blaney and
Criddle, 1962, p. 1) applied in this study has been
reduced to the basic form

U=fk (12)
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capabilities (PET) of the atmos-

phere in inches per 30 days.
Blaney and Criddle applied 30-day measurements of
ET for various crops to equation 12 and derived
monthly consumptive-use coefficient & defined as

k=ET/f
where
ET measured evapotranspiration in
inches per 30 days,

pt/100,

1

f

where
p

monthly percentage of daytime
hours of the year listed in table 8,
and

mean temperature in degrees
Fahrenheit.

t —

A parameter describing meisture availability was
not included in the equations developed in this study
because the ground-water table underlying the flood
plain provides a relatively constant supply of mois-
ture for transpiration by phreatophytes.

Before applying the budget-period adjusted evapo-
transpiration values (E7T") to a prediction equation,
each value was expressed in inches per 30 days.
Months were used as the unit of temporal distribution
within the year and each budget-period value was
assigned to the month within which the midpoint of
the budget period occurred.

Hanson, Kipple, and Culler (1972) present prelimi-
nary work on developing a consumptive-use coeffi-
ctent to describe the seasonal variability in ET’ and

where the difference in ET’ due to varying phreatophyte
U = computed evapotranspiration in | covers. An expression relating &, in equation 12, to
inches per 30 days, the phreatophyte cover as described by the vegeta-
k = consumptive-use coefficient which | tion surveys is defined as
is dependent on the kind and
quantity of vegetation, and k=k,+k,V (13)
f = climatic (consumptive-use) factor | where
which is a measure of the avail- k, = consumptive-use coefficient for no
able heat and vapor transport phreatophyte cover,
TABLE 8.—Monthly percentage of daytime hours of the year for latitudes 24° to 50° north of equator
{From Blaney and Criddle, 1962, p. 43]
Month Latitude, in degrees north of equator
24 26 28 30 32 34 36 38 40 42 44 46 48 50
January 7.58 7.49 7.40 7.30 7.20 710 6.99 6.87 6.73 6.60 6.45 6.30 6.13 5.98
February 717 7.12 7.07 7.03 6.97 6.91 6.86 6.79 6.73 6.66 6.59 6.50 6.42 6.32
March 8.40 8.40 8.39 8.38 8.37 8.36 8.35 8.34 8.30 8.28 825 8.24 8.22 8.25
April 8.60 8.64 8.68 8.72 8.75 8.80 8.85 8.90 8.92 897 9.04 9.09 9.15 9.25
May 9.30 9.37 9.46 9.53 9.63 9.72 9.81 9.92 9.99 10.10 10.22 10.37 10.50 10.69
June 919 9.30 9.38 9.49 9.60 9.70 9.83 9.95 10.08 10.21 10.38 10.54 10.72 10.93
July 9.41 9.49 9.58 9.67 9.77 9.88 9.99 10.10 10.24 10.37 10.50 10.66 10.83 10.99
August 9.05 9.10 9.16 9.22 9.28 9.33 9.40 9.47 9.56 9.64 9.73 9.82 9.92 10.00
September 8.31 8.32 8.32 8.34 8.34 8.36 8.36 8.38 8.41 8.42 8.43 8.44 8.45 8.44
October 8.10 8.06 8.02 7.99 7.93 7.90 7.85 7.80 7.78 7.3 7.67 7.61 7.56 7.43
November 7.43 7.36 7.27 7.19 711 7.02 6.92 6.82 6.73 6.63 6.51 6.38 6.24 6.07
December 7.46 7.35 7.27 714 7.05 6.92 6.79 6.66 6.53 6.39 6.23 6.05 5.86 5.65
Total _.......... 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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k, = the increase in the consumptive-use
coefficient for phreatophyte cover,

numerical descriptor of the phreato-
phytes on a reach defined as

1% =

V:
v

A,
1

[C./100 +(C./100* ]/ 2 (14)

14 =

where
A, = fraction of the total area in a given

reach having a canopy cover
falling in density class v,

average percent of cover for one of
the classes of canopy coverage
listed in table 2 as: A, B, C, and D,
with A=13, B=38,C=63,D =88
percent, wherev =1, ... 4, respec-
tively, and

exponent accounting for the non-
linearity in the relation between
k,and C,.

Equation 13 shows that 2 = &, when the cover
density of phreatophytes is zero (V=0)and k=%, + &,
when the cover density is 100 percent of the entire
area (V = 1 in equation 14). As defined in this
analysis, k&, applies to surface conditions on areas of

C, =

X =
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the flood plain with no phreatophytes both before
and after clearing. These conditions can include
seasonal grasses and small areas of exposed surface
water in the Gila River channel. The C, and corre-
sponding A, values were obtained for each reach
from field measurements and from aerial photo-
graphy as described in the section on “Vegetation.”
Table 9 summarizes the data from the vegetation
survey for each reach. Depth to ground water, al-
though seasonally variable, was estimated for each
plot in each reach (see example in table 2 for reach 3)
and the averages are shown in table 9. Coefficients
for the two dominant species of phreatophytes
(mesquite and saltcedar) and depth to ground water
were introduced as variables in preliminary attempts
to define an expression for & other than that shown
by equation 13. Differences between the two species
could not be defined because mesquite is relatively
insignificant in relation to the total phreatophyte
coverage. Thus, no distinction was made between the
two species in computing area of canopy cover. Also,
the differences in the average depth to ground water
for the various reaches are relatively insignificant
and were disregarded in all subsequent analyses.
Volume of canopy has sometimes been assumed to be

TABLE 9.—Summary of vegetation survey

REACH . . 1 2
TOTAL AREA (acres)

AVERAGE DEPTH
TO GROUND WATER (feet) ... 8.5

1,723 2,307

12.5

2a 3
1,374 1,440

11.0 11.5

CANOPY  HEIGHT CANOPY OF PHREATOPHYTE OVERSTORY
COVER CLASS
CLASS AREA VOLUME AREA VOLUME AREA VOLUME AREA VOLUME
{acres) (acre- (acres) (acre- (acres) (acre- (acres) (acre-
feet) feet) feet) feet)
SALTCEDAR
1 - - 9 4 9 4 4 2
A 2 134 233 40 51 39 49 23 29
3 21 35 37 63 34 57 7 12
1 - - 14 17 10 12 1 1
B 2 93 345 166 615 95 352 80 296
3 17 84 102 504 33 163 - -
1 5 10 35 72 33 68 1 2
C 2 290 1,781 67 412 62 381 35 215
3 136 1,114 93 803 84 688 52 426
1 25 71 69 197 34 97 - -
D 2 206 1,767 613 5,260 148 1,270 965 8,280
3 5 629 176 2,013 72 824 235 2,688
SUBTOTAL 1,032 6.069 1,426 10,011 653 3.965 1,403 11,951
MESQUITE
A 1 3 1 6 3 6 3 - -
2 549 500 469 427 398 362 11 10
B 2 45 120 189 503 153 407 13 35
C 2 44 194 164 723 129 569 - -
D 2 - - 3 18 3 18 11 68
SUBTOTAL .. 641 815 831 1,674 689 1,359 35 113
TOTAL 1,673 6,884 2,257 11,685 1,342 5,324 1,438 12,064

Canopy cover in percent—class A=1-25 percent, class B=26-50 percent, class C=51-75 percent, and class D=76-100 percent. Height of canopy in feet—for saltcedar—class 1=0-6.5 feet,
class 2-6.5-13.00 feet, class 3-13.0+ feet; for mesquite—class 1=0-7 feet, and class 2=7+ feet.

Volume = Average Cover x Average Height

Note: Some of the area in each reach contained no phreatophytes therefore the area of phreatophytes is less than total area.
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TABLE 10.—Application of vegetation description to empirical equations

STATUS OF AREA CANOPY COVERAGE \%4
REACH CLEARING (acres) PERIOD
CLASS FRACTION OF FROM EQ. 14
. Gy TOTAL AREA WITH
(in percent) (A,) x =0.75

1 Pre. . ... 1,723 3/63-4/65 13 0.439 0.076

38 .090 .039

63 276 185

88 166 148

TOTAL 971 .448

1 Partial ... 1,723 5/65-2/67 13 327 0567

38 .074 .032

63 241 161

88 120 107

TOTAL 762 357
1 | T 1,723 3/67-7/71 0 g

2 Pre. i, 2,307 7/63-12/69 13 .243 .042

38 204 .088

63 158 106

88 373 334

TOTAL 978 570

2 Partial .. ... 2,307 1/70-2/71 13 .039 .007

38 .076 .033

63 022 015

88 267 .239

TOTAL 404 .294
2 2.307 3/71-7/71 0 0

2a 1,374 6/66-11/69 13 354 061

38 212 .092

63 224 .150

88 187 .167

TOTAL 977 470
2a Post ... 1,374 12/69/71 ] 0

3 Pre oo, 1,440 1/64-6/65 13 .031 005

38 .065 .028

63 .061 .041

88 .841 752

TOTAL .998 826

TABLE 11.—Number of accepted budget period ET data (see fig. 7) for each month as related to the status of clearing on each reach and
the numerical vegetation descriptors

REACH 1 REACH 2 REACH 2a REACH 3 TOTAL
MONTH PARTIAL POST- PRE- PARTIAL POST- PRE- PO PRE- AND POST-
CLEARING CLEARING CLEARING CLEARING CLEARING CLEARING CLEARING CLEARI NG CLEARING CI;JAE}XII‘{[AN[@ CLEARING

3 2 5 3 3 3 1 12 8

2 1 4 5 3 1 2 2 14 6

5 7 4 2 2 4 4 2 17 13

5 7 5 2 2 5 4 3 20 13

2 2 7 5 2 2 2 4 2 15 13

4 2 9 6 3 3 5 6 3 23 18

3 3 10 5 2 2 4 3 1 18 15

1 2 5 6 2 3 2 14 7

1 5 1 2 1 3 5 8

3 3 5 7 1 6 20 5

3 2 6 9 2 [ 1 2 24 7

1 1 7 6 3 3 4 1 15 11

32 19 77 62 27 11 40 36 17 197 124

0.448 0.357 0 0.570 0.294 0 0.470 0 0.826 - -

TABLE 12.—Summary of monthly and annual ko, and kp coefficients in7equation 13 derived from equations 12 and 14 where f = pt/100 and
x =075

VALUESOF/f, ININCHES,kp AND ko A'IN(I;'I]‘II{‘?,L Ami
in
JAN. FEB. MAR. APR. MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. (inches) (ingllws)
Monthly f . 3.12 3.58 4.41 5.40 6.71 7.83 8.27 768 6.57 5.11 391 3.09 65.68
Monthly &, .. 21 21 .21 21 21 21 .21 21 21 21 .21 21
Midmonthly kp -04 16 -.04 17 52 .76 .69 69 13 .68 .10 17 0.951
Average

monthly kp.......... .01 11 .01 19 .51 72 .70 .70 72 61 .18 .14
FRp oo 0.031 0.394 0.044 1.026 3.422 5.638 5.789 5.376 4.73 3.117 0.704 0.433 30.70
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a more definitive quantitative descriptor of vegetation
than area of canopy. However, the use of volume of
canopy as a variable gave a greater error of fitting in
the derived expression for k than did area of canopy.
Thus, canopy cover as defined by equation 14 is
considered to provide the best parameter to use in
equation 13.

Table 10 presents the vegetation data found to be
significant in defining a relation for the consumptive
use coefficient. The only measurable change in phreato-
phyte cover was that produced by the clearing opera-
tions. Clearing was done on the project area during
winter months when ET was low and the phreato-
phytes were defoliated. Values of V, the numerical
descriptors of vegetation, are shown for each reach
and period used in the analysis. These descriptors
were adjusted only after the winter clearing was
completed on all or part of a reach. The fraction of
total area (A,) of phreatophytes is shown for each of
the four canopy cover classes (C,) in table 10 with the
classes representing average cover densities of 13, 38,
63, and 88 percent. The derivation of the value of “x”
as 0.75 will be described later.

The number of accepted budget period ET” data for
each month as related to the status of clearing and
value of V on each reach is presented in table 11. The
seasonal distribution of accepted data is fairly uni-
form except for September, when the ET" were fre-
quently rejected because of the variability in the flow
of the Gila River. Data for all 321 periods were used to
define &, but the data from only 197 periods (data
representing pre- or partial-clearing conditions) were
available to define £, and x.

The first attempt to define the factors %, k,, and x
was made using Blaney-Criddle’s expression for the
climatic factor, f. Equations 13 and 14 were substi-
tuted in equation 12 and, for each budget period in
which an acceptable ET” had been measured, repeti-
tive computations of evapotranspiration (U) were
made by varying k,, k,, and x simultaneously within
preset limits until the computed U agreed closely
with the measured E7T”. Included in each computation
was the known climatic factor (f = pt/100) for the
budget period, and observed C, and A, values corre-
sponding to the reach at the time of year in which
ET was measured. The repetitive computations were
performed with a digital computer for a total of 321
budget perieds using a trial and error technique
developed by Rosenbrock (1960) and applied to hydro-
logic studies by Dawdy, Lichty, and Bergmann (1972).
Numerous preliminary runs of the optimization pro-
gram were made to determine the seasonal variability
and logical limits for %, k,, and x. For the final
determination of monthly values, each of the factors
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Oct Nov. Dec. Jan. Feb. Mar.
EXPLANATION
o Mid-monthly value (table 12)

—*— Duration and plotting position for
a measured budget-period value

c——————1 Average of the daily values
within a given month

FIGURE 13.—Relation between midmonthly and average monthly
values of &,,.

in k, k, and &, in equation 13 were optimized to
satisfy the following conditions:

1. Define a linear variation in %, between the
midpoints of each month with the value of £,
at the midpoint for any given month lying
within the limits -0.1 < &, < 2.0.

2. Define one x for the year within the limits
0.4<x<1.0.

The best estimates of &, k,, and x were defined
when the accumulated sum of the absolute differ-
ences between U and the corresponding ET" for all
321 periods reached a minimum value (A,,,,) defined
as

321
— zl [ET,-U)] /321 (15)
t=
The “best fit” k, and k, values obtained from this
computation for each monthly f values are shown in
table 12. The total annual f, f k,, and the minimum
fitting error (4,,,) as defined by equation 15 are also
included in the table.
Values of k£, were computed for each budget period
from the combination and transposition of equations
12 and 13, or

_ET -fk,
fv

k, (16)
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TABLE 13.—Average monthly and average annual U rates for each reach before and after clearing phreatophytes, computed from
equation 12 using the monthly f and average monthly k, values given in table 12. All values exclude precipitation and are in inches

per month.
JAN. FEB. MAR. APR. MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC ANNUAL
PRECLEARING
Reach 1
(V =10.448)
B 0.21 0.26 0.23 0.30 0.44 0.53 0.52 0.52 0.53 0.48 0.29 0.27
U s 66 93 1.01 1.62 2.95 4.15 4.30 3.99 3.48 245 113 .83 21.50
Reach 2
(V= 0570}
R 22 28 25 32 .50 .62 .61 .61 62 .56 31 29
U e .69 1.00 1.10 1.73 3.36 4.85 5.04 4.68 4.07 2.86 1.21 .90 31.49
Reach 3
(V=03826
R 22 31 27 .38 .63 .80 79 79 .80 71 .36 .33
U .69 1.11 1.19 2.05 4.23 6.26 6.53 6.07 5.26 3.63 1.41 1.02 39.45

Average annual preclearing U for reaches 1, 2, and 3 weighted by area is:
(1,723 ~ 27:50 + 2,307 x 31.49 + 1,440 > 39.45) / (1,723 + 2,307 + 1,440) = 32.32

POSTCLEARING

All Reaches
(V=0

21
1.41

21
1.63

21
.75

21
93

21
113

21
.65

21

. 21
1.61

1.07

.21
81

21

. 21
1.74 1.38 13.79

where U in equation 12 is replaced by E7T” and f

represents the average climatic factor for the budget

period. Measured ET’ values for each budget period

represent an average rate of ET' for the duration of
the period. Figure 13 shows the %, values for a few
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