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Preface

The importance of research on Arizona's water resources continues to grow.
While the 1981
population growth rate may have been temporarily slowed by high interest rates, public awareness of
the economic impact of the state's water resources continued to heighten.
This fact was highlighted
by: major legislative revision of the state's ground water laws, political battles over the Tucson
extension of the Central Arizona Project and growing concern about the legal and economic implications of Indian water rights. Public concern over the quality of domestic water also grew this year
when it came to light that several Tucson municipal water supply wells were contaminated.

The research papers presented in this volume encompass a wide range of topics related to hydrology and water resources.
Technical subjects included are: soils, water and vegetation; precipitation,
meteorology, precipitation, surface flow, erosion and sedimentation; ground water research and aquifer
characteristics, and water quality and its effects on living organisms.
An additional paper introduces
a rapid analyser for sediment and soil particle size.
Institutional problems addressed included: water
rights and the price of agricultural water; present water resources and alternatives for the future;
and ground water reform.
The 35 papers and abstracts presented in this eleventh volume of Hydrology and Water Resources
in Arizona and the Southwest were presented at the May 1 -2, 1981 annual
eetings-U tie {Arizona Section
of the American Water Resources Association at the University of Arizona in Tucson.
The meetings were
held jointly with the Hydrology Section of the Arizona- Nevada Academy of Science. These conferences
are intended to enhance communications among various groups and individuals involved in research related
to water in the Southwest.
Persons interested in participating in the activities may contact the
Executive Secretary for information on section activities and membership.
Gerald Harwood, Editor
Tucson, Arizona
September, 1981
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RELATIONSHIPS OF SOIL TEXTURE WITH SOIL WATER CONTENT AND SOIL
POROSITY CHARACTERISTICS OF ARIZONA SOILS
Donald F. Post
Department of Soils, Water and Engineering
University of Arizona
Tucson, Arizona
85721

Introduction

Numerous laboratory analyses have been completed on Arizona soils, but this large volume of data
have been compiling and summarizing this data and this paper
I
has not been adequately summarized.
Refinement of the data will be made in later
presents a brief report of results obtained to date.
The major data source is the
papers to reflect the addition and /or recalculation of the information.
Soil Conservation Service which selected and completed the soil characterization in their soil survey
Secondary sources were the theses, papers, and reports
laboratory (Soil Survey Staff, 1974).
published by the Department of Soils, Water and Engineering on selected Arizona soils (Post et al.).
A particularly close relationship exists between the texture of a soil and other physical properThe soil textural classes are those as defined in
ties such as soil water content or soil porosity.
Twenty -one classes are described:
coarse sand, sand, fine sand, and very
the Soil Survey Manual.
loamy coarse sand, loamy sand, loamy
fine sand (ali classified "sands" per the textural triangle;
fine sand, loamy very fine sand (all classified "loamy sands" per textural triangle); coarse sandy
loam, sandy loam, fine sandy loam, very fine sandy loam (all classified "sandy towns" per the textural
loam; silt loam; silt; sandy clay loam; clay loam; silty clay loam; sandy clay; silty
triangle);
Two tables of data showing the soil water contents and pore size distribution
clay; and clay.
The number of observations, the
characteristics of the various soil textural classes are presented.
mean and standard deviations for each textural class are given.

Procedures and Methods of Calculation
The percent water by weight was determined, calculated, and reported as described in Soil Survey
Laboratory Methods and Procedures for Collecting Soil Samples and Methods for Soil Analysis.
The 0.1
and 0.33 bar water contents and bulk density measurements were made on undisturbed soit samples, while
The calculations for volume percent water and volume percent
the 15 bar was determined on <2mm soil.
of the various pore sizes were made as follows:
% water by weight at 0.1 bar X bulk density

% water by volume at 0.1 bar

=

% water by weight at 0.33 bar X bulk density
% water by weight at 15 bars X bulk density

=

=

=

% aeration pores

% water by volume at 0.33 bar

% water by volume at 15 bars

=

% hygroscopic pores

% available water holding capacity pores = % water by volume at .33 bar - % water by volume at 15 bars
Total pore space = % aeration pores + % available water holding capacity pores + % hygroscopic pores
or

=

100 - (Bulk Density /2.65 X 100)

Results and Discussion
For
1 presents the percentage of water by weight for the various soil textural classes.
some measurements and some textural classes only limited data are available, so this must be considTable 2 presents bulk density and pore size distribution information
ered when reviewing the data.
for the various soil textural classes.

Table

The data means presented in Tables 1 and 2 agree well with guides for estimating available water
However, it
holding capacity prepared by the Soil Conservation Service (Soil Survey Staff, 1979).
should be pointed out that the standard deviations suggest there is a wide range of water holding capacities within a given soil textural class and using mean values can be misleading. The two methods
for calculating the total pore space in Table 2 disagree for the sand, silty clay, and clay classes,
Future papers will present additional summarization
and I have no explanation for this disagreement.
information that will be helpful in understanding our Arizona soils and how to manage them.

1

Table 1.

Percent water by weight in the soil textural classes at 0.1, 0.33, and 15 bars of tension.

0.33 Bar Water

0.1 Bar Water
Mean*
S.D.*

Textural Class
N*

Coarse sand

N

Mean

1

5.5
5.5
13.8
11.5

10

Sand

Fine sand
Loamy coarse sand
Loamy sand
Loamy fine sand
Coarse sandy loam
Sandy loam
Fine sandy loam
Very fine sandy loam
Loam
Silt loam

2

6
4

17

8
13
5

30
5

10.1
6.1
9.6
7.6
6.8
3.8

24.8
32.1
40.2

6.3
2.6
1.1

37
1

Sandy clay loam
Clay loam
Silty clay loam
Sandy clay
Silty clay

8

Clay

5

5
2

64
52
22
12
14
77

7.4

31.9

16
3

3.7
2.3
2.1

21
6
11

4.4
4.6
3.8

149
56
89

7.1
6.1
7.3
6.7
9.8
10.5
9.7
11.3
14.7

2

8.1
17.2
13.8
16.6
15.8
20.9
25.0
37.5
21.7
27.2
29.7
27.7
31.3
31.8

115

Silt

1.2
1.8
4.6
4.0
1.9
7.9
3.9
6.4
4.5
5.7
7.0

9.8

4
10
87
32
54
17

6.4

15.1
25.9
21.1
23.5
23.2
27.1
23.3

N

15 Bars Water
S.D.
Mean

S.D.

34

202
54
1

122
106
30
24
23
132

5.7
5.8
5.5
6.4
5.1
6.5

16.3
15.1

20.8
20.4

0.8
0.6
0.6
1.5
1.0
0.8
2.6
2.2
4.1
2.6
3.0
3.9
2.9
3.2
2.6
2.1
2.5
5.3

N* =
number of observations
Mean for the "N" observations
Mean* =
S.D.* = One standard deviation

Table

2.

Bulk density, aeration pores, available water holding capacity pores, hygroscopic pores,
and total pore space for the various soil textural classes.

Textural Class

Bulk Density Aeration Pores Available Water Hygroscopic
Holding Capacity
Mean* 5D*

N*

Coarse sand
Sand

Fine sand
Loamy coarse sand
Loamy sand
Loamy fine sand
Coarse sandy loam
Sandy loam
Fine sandy loam
Very fine sandy loam
Loam

Silt loam
Silt

Sandy clay loam
Clay loam
Silty clay loam
Sandy clay
Silty clay
Clay

1

1.44

10 1.48
2
7

5
5

91

24
50
15
111
37
1

63
52
22
12
17
85

1.56
1.52
1.61
1.65
1.49
1.51
1.54
1.52
1.48
1.42
1.20
1.52
1.49
1.48
1.52
1.63
1.67

Mean

N
1

10

.16
.21
.28
.20
.09
.22
.15
.15
.12
.16
.16

2

6
4
5

85
24
50
15

111
37
1

63

.19
.16
.20
.20

52
22
12
14
72

.26
.15

SD

N

Pores
Mean
SD

1
3.6
4.1
6.8 10
13.4
1 23.4
5.7
6 10.0
4
7.4
7.6
4.3
5
6.6
9.7
85 14.2
9.3 24 11.6
10.4 50 14.8
9.1
15 15.4
8.0 111 16.5
11.5
37 19.7
1 33.4
11.8
63 15.2
9.8 52 17.8
.7
9.1
22 19.2
1.3
8.1
12 19.0
14 15.5
14.3
11.7
69 18.1

36.0
32.6
18.2
21.6
24.7
23.8
19.7
22.8
16.4
17.5
13.8
11.2
9.7
9.9
3.6

N

Mean
1

2.0

10
1

4.2
4.7
4.3
6.8
3.8
7.1

6.4
5.4
6.2

7
5
5

89
24
50
15

111
37
1

5.6
5.9
5.3
8.5
4.9
5.9

63
52
22
12
14

70

Total Pore
Space

SD Sum **

4.6
44.2
4.1 1.1 40.8
44.2
2.6
7.2 4.0 38.8
7.1 1.7 39.2
7.4 1.4 37.8
10.0 3.9 43.9
8.7 3.7 43.1
10.5 4.5 41.7
9.5 3.3 42.4
13.9 4.1 44.2
15.4 6.3 46.3
11.6
54.7
17.6 4.9 42.7
22.3 5.3 43.7
24.1 3.2 44.0
22.3 4.9 42.6
32.9 5.4 48.4
33.9 8.6 52.0

number of observations
Mean for the "N" observations
Mean* =
SD* = One standard deviation
* *Sum = Sum of Mean Percentage of Aeration, Available Water and Hygroscopic Pores
* *Eq. = Equation from Procedures and Methods of Calculation
N*

=

2

Eq. **

44.2
41.1
40.2
42.7
39.2
37.7
43.7
43.1
41.7
42.5
44.2
46.3
54.7
42.7
43.8
44.0
42.6
38.5
36.9
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Report

Hydrologic Regimes of Three Vegetation Types
Across the Mogollon Rim

Malchus B. Baker, Jr.
Rocky Mountain Forest and Range Experiment Station,
Flagstaff, Arizona
Introduction

The Salt -Verde River Basin, along Arizona's Mogollon Rim, is the state's major water production
area. Ponderosa pine forests and pinyon -juniper woodlands occupy nearly 50% of this watershed. The
ponderosa pine type yields nearly one -half of the total runoff in the basin, and the pinyon -juniper woodland yields approximately 10% (Barr 1956).

In the mid- 1950's, the Forest Service initiated a number of watershed management studies to determine the feasibility of increasing water yields from the different vegetation types in the Salt -Verde Basin
(Brown et al. 1974). The 275,000 -acre (111,375 -ha) Beaver Creek watershed was chosen to represent
the pinyon -juniper and ponderosa pine types on volcanic soils along the Mogollon Rim. Because 57% of
the ponderosa pine forest in the Salt -Verde Basin is on volcanic soifs (the remaining 43% is on sedimentary parent material), knowledge of the hydrology on Beaver Creek can provide useful baseline data
for land managers. This hydrologic information can also help provide an understanding of the hydrology
of other naturally vegetated watersheds on volcanic soils along the Mogollon Rim. The intent of this
paper is to present an analysis of research concerning the hydrologic regimes of the natural woodland
and forested areas on Beaver Creek. The information is based on 22 years of research.
Study Area

The Beaver Creek Experimental area is in the Colorado Plateau physiographic province within the
The regional dip of the Mogollon Slope is northeast; however, a major flexure north of
the Beaver Creek Watershed (the Mormon Mountain anticline) reverses the regional dip in the Beaver
Creek area.2 The drainage is situated across the Mogollon Rim, which separates the Colorado Plateau
and the Verde Valley.
Mogollon Slope.1

The Beaver Creek drainage ranges in elevation from 3,100 to 8,000 feet (945 to 2,438 m) and contains four vegetative types: semidesert, Utah juniper, alligator juniper, and ponderosa pine. Soils are
derived from parent materials of sandstone and limestone below the 5,000 -foot (1,524 -m) elevation and
from basalt and volcanic cinders above. All experimental watersheds are above the 5,000 -foot (1,524 -m)
elevation, and their soils range from clay to clay loams averaging 2.5 feet (0.7 m) in depth (Williams and
Anderson 1967). Soils developed on these volcanic surfaces are generally dark in color, usually red,
and have little free silica. They often have low permeability rates which restrict water infiltration and
percolation.

Volcanic parent material covers the Beaver Creek area at depths from zero at the lower elevations to
an estimated 1000 feet (305 m) near some of the cinder cones in the area.3 The average thickness is
believed to be approximately 500 feet (152 m), based on the projected position of the erosion surface of
the Kaibab Formation on which the volcanics were deposited.2

The sedimentary rocks below the volcanic cover are porous and permeable because of their origin
and the abundant fracture systems developed in them. Water that penetrates the volcanic mantle may be
expected to continue through the sedimentary beds to the regional water table, estimated to be between
1,000 and 2,000 feet (305 and 610 m) below the surface.2
Of the rock types exposed on Beaver Creek, the basaltic and andesitic lavas are the least porous

and permeable. When unfractured, they are essentially impervious to water. The cinder deposits are
highly porous even when cemented. Water falling on the cinder cones percolates downward and produces

very little surface stormflow. However, because the cones are built upon a lava base, the permeability
of this base determines whether the water continues downward to the regional water table or seeps out
along the base of the pyroclastic material.

The general topography of the Beaver Creek area has developed as the result of outpouring of
successive lava sheets that are inclined towards the Verde Valley.3 The slope-controlled distribution
of streams has produced a subparallel drainage system of numerous, closely spaced streams.

In its untreated condition, Utah juniper averages 60 square feet per acre (14 m2 /ha) of basal area.
Alligator juniper and ponderosa pine average 20 and 125 square feet per acre (5 and 29 m2 /ha) of basal

area, respectively.4
5

The pinyon -juniper woodland type is on the Springerville soil series, which has a predominately clay
texture. The infiltration rate for this series ranges from 0.8 to 2.5 inches (2.0 to 6.4 cm) per hour,
with a permeability rate of less than 0.05 inch (0.1 cm) per hour. Water storage capacity for this soil
series is over 18 inches (46 cm).

About 90% of the area in the ponderosa pine forest type is in the Brolliar soil series. The infiltration rate for this series ranges from 0.8 to 2.5 inches (2.0 to 6.4 cm) per hour and has a permeability
rate that ranges from 0.05 to 0.2 inch (0.1 to 0.5 cm) per hour. Water storage capacity is between 6
and 18 inches (15.2 to 45.7 cm). The remaining 10% of the area is composed of the Siesta -Sponseller
soil series, which has the same ranges of infiltration and permeability rates as the Brolliar soil series.
Water storage capacity is over 18 inches (45.7 cm). When an upper soil horizon is thin and the permeability rate of the next lower soil horizon is limited, soil saturation of the upper soil horizon is rapid
(Betson and Marius 1969).
or subsurface flow.

Such an area then becomes a source of streamflow, producing either surface

The low permeability soils and small soil water storage of the Beaver Creek watersheds give them
high ratios of peak discharge to mean flow and frequent periods of zero flow between streamflow events.
Streamflow typically stops shortly after the end of rainfall or snowmelt, even after precipitation events
with recurrence intervals of 100 years.
Stream gages were installed in the late 1950's and early 1960's within the Beaver Creek drainage to
establish 20 experimental watersheds ranging in size from 66 to 16,000 acres (27 to 6,480 ha). Fourteen
of the watersheds are in the ponderosa pine type, and six are in the pinyon -juniper type. The study
area is discussed in detail in Brown et al. (1974) and Clary et al. (1974). The results of this study are
based on measurements from 1958 through 1979.
Hydrologic Regimes

General Characterististics

The Beaver Creek watershed is in the plateau climatic region of Arizona. Two major precipitation
seasons characterize this region. The most important is the winter season from October through April
(fig. 1). Winter precipitation accounts for over 60% of the annual precipitation. Most of the remaining
precipitation falls during July, August, and September.
Based on records covering 22 years (1958-1979), mean annual precipitation on Beaver Creek is
greater at higher elevations. Precipitation at the lower elevation of 3,180 feet (969 m) averages 11.70
inches (29.7 cm), increasing 3.3 inches (8.4 cm) for every 1,000 -foot (305 m) increase in elevation along
the axis of the watershed perpendicular to the Mogollon Rim.
Widespread, protracted, frontal storms and prolonged flows are common along the Mogollon Rim
from November through March and provide the major portion of annual water yield. Precipitation in May
and October varies but is most nearly like that of the winter period. Precipitation in October is composed principally of storms preceded by dry weather. Therefore, much of the water from these storms
is absorbed by dry soil and over a period of years contributes little to total streamflow.

However,
Point rainfall intensities in Arizona are generally not excessive (Sellers and Hill 1974).
cloudbursts occasionally produce up to 3 inches (8 cm) of rain in less than 30 minutes. These events
are generally in the summer over the mountainous country, but they are much less frequent than the
extremely light rain showers that barely wet the ground. Rainfall intensities greater than 4 inches
(10 cm) per hour have been recorded only for durations of 15 minutes or less.

Differences between precipitation and streamflow may be assumed to represent total evapotranspira-

tion (ET) (table 1).

Change in the average ET index between vegetation types (table 1) reflects dif-

ferences in precipitation and temperature with elevation and in timber basal area. There is little if any
carryover effect in soil water storage from one water year to the next. Summer rains have generally

ceased by early or mid - September and the soil profile has begun to dry by the beginning of the new
water year. Streamgages on Beaver Creek are sealed to relatively impervious bedrock, and significant
leakage is not evident.

This is a simplistic approach for obtaining an estimated index of ET, but it can be used successfully on Beaver Creek because of the lack of significant loss of precipitation to deep seepage. One major
factor influencing water yield from these areas is the distribution of precipitation. Only winter precipitation has a significant chance of contributing to streamflow. If more of the annual precipitation were
produced in the summer season, proportionately less streamflow would probably be produced.
The water producing characteristics for the Mogollon Rim have been summarized by Feth and Hem
They estimate that 98% of the precipitation that falls on the Mogollon slope leaves the region as
streamflow, evaporation, and transpiration.
(1963).
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Figure 1.-- Distribu ion of monthly precipitation (clear) and streamflow (shaded) in the three vegetation
types on Beaver Creek.
Precipitation

Annual Precipitation. Annual precipitation mean and range for the three vegetation types on Beaver
Creek are presented in figure 2. These values reflect changes in elevation across the Mogollan Rim.
Snowfall accounts for 18, 27, and 37$ of the annual precipitation in the Utah and alligator juniper and
pine types, respectively.
Seasonal Distribution. August has the greatest amount of precipitation in both juniper types
(fig. 1). In the pine zone, December and March have the most precipitation followed by August. May
and June typically have the least precipitation in all three vegetation types.

Winter precipitation is normally associated with frontal storms. Winter averages are presented in
and shows the increase in precipitation amount with elevation from the Utah juniper to the pine
Snowfall commonly begins in November and increases into December. Usually snowfall declines in
January and February followed by an increase to a peak in March.
table
type.

1

Average peak water equivalent of the snowpack in the pine type near Beaver Creek is 4.0 inches

(10.2 cm). This average is based on 30 years of data from the Soil Conservation Service snow courses
at Mormon Lake, Mormon Mountain, Happy Jack, and Newman Park (U.S. Department of Agriculture
1975).

The snow regimes on Beaver Creek are characteristic of these and other locations along the

Mogollon Rim. Typically the snowpack is intermittent in the juniper types while a continual snowpack is
common in the pine.

Nearly all summer precipitation is in thunderstorms.
Although they occur frequently, individual
storms usually cover relatively small areas. Mean summer rainfall is similar in the three vegetation zones

with an average of 7.0 and 8.0 inches (17.8 and 20.3 cm) in the two juniper types and 8.5 inches
(21.6 cm) in the pine (table 1). Summer rains generally begin in July and reach their peak in August
(fig. 1).
Annual Precipitation Frequencies. Probability distributions of annual precipitation in the three
vegetation types were determined and using the 25th and 75th percentiles to define extreme events,
annual precipitation amounts in the hatched area of each bar may be considered relatively high and low,
respectively (fig. 2).
Evapotranspiration

Annual Evapotranspiration.
In the Utah juniper types with a mean annual precipitation of 18.0
inches (45.7 cm), there is a mean annual ET of 17.0 inches (43.2 cm). In the alligator juniper, mean
annual precipitation is 2.7 inches (6.9 cm) higher and ET is reduced 1.1 inches (2.8 cm). Decrease
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in ET is the result of 70% less timber basal area in the alligator juniper type. There is also the effect
of a lower ET stress caused by a 5° F (2.8° C) reduction in mean annual temperature at the higher
elevation. Mean annual precipitation in the pine type is 7.5 inches (19.0 cm) higher than in the Utah
juniper and has 2.9 inches (7.4 cm) additional ET. The average basal area of the pine type is 2 times
that in the Utah juniper. This factor apparently outweighs the influence of the lower mean annual temperature of 10° F (5.6° C) in lowering ET stress. Annual ET ranges for the three vegetative types are
illustrated in figure 2.
Annual Evapotranspiration Frequencies. Probability distributions of annual evapotranspiration were
also determined and using the 25th and 75th percentiles to define extreme events, annual evapotranspira-

tion amounts in the hatched area of each bar may be considered relatively high and low, respectively

(fig. 2).

Streamflow

Annual Streamflow. Mean annual water yields have averaged 10, 37, and 33% of mean winter precipitation in the Utah juniper, alligator juniper, and pine type, respectively (table 1). Since the majority
of the annual water yield on Beaver Creek comes during the winter season, mean annual runoff efficiency
(ROE) is defined as ratio of mean annual water yield to mean winter precipitation.

ROE on all pine watersheds range from 20 to 38 %. Much of this variation results from differences in
mean winter precipitation that ranges from 14 to 19 inches (36 to 48 cm) and from differences in watershed topographic orientation. ROE is often greater in the alligator juniper than in the other two vegetation types. This increased ROE reflects the influence of the less dense overstory, sparcer litter cover,
and soil type.

A large portion of the Streamflow from these upland or headwater basins is the product of surface
The shallow A- horizon (with infiltration rates ranging from 0.8 to 2.5 inches (20 to 64 mm) per
hour on these watersheds), generally less than 15 cm deep, covers a relatively impermeable soil layer
(permeability rates of 0.05 to 0.2 inch (1 to 5 mm) per hour). Surface flow on Beaver Creek has been
observed during both rainfall and snowmelt events and is often derived from a saturated shallow surface
soil horizon. The surface soil horizon saturates as a result of the build up of soil water above the lower
horizon which is of lower hydraulic conductivity. Rainfall and snowmelt intensities within the above
infiltration and permeability ranges are not uncommon [U.S. Department of Commerce 1967; Ffolliott and
Hansen 1968]. This condition can develop during summer events such as the September 5, 1970 storm
on Beaver Creek, which had a, range of 60- minute rainfall intensities of 0.6 to 2.0 inches (15 to 50 mm)
per hour. Surface flow was produced by this storm event on many of the untreated control watersheds.
flow.

Seasonal Distribution. Seasonal distribution of streamfiow on Beaver Creek follows the pattern
typical of areas that are dependent upon snowmelt (fig. 1). Winter water yield accounts for 85% of the
total annual streamflow in

the Utah juniper and 97% in the alligator juniper and pine type (fig. 1).

Winter streamflow, which is relatively low in October and November, increases in December. Watersheds
in all three vegetation types reach their maximum water yield in March. Streamflow is essentially nonexistent in May (except where residual flow may continue from winter snowmelt), June, and July.
Summer streamflow usually only occurs in August and September and is least frequent in the pine.
Summer flow generally terminates by early September in all three vegetation types.

May and June have the least amount of precipitation in the Utah juniper type and result in essenBy August the soil water storage capacities of watersheds in this vegetation
type begin to replenish as a result of the summer rains and streamflow may be initiated. There is
tially zero streamflow.

streamflow about 2 years out of 10 from August through January and about 5 years out of 10 in February
and March, the most reliable months for streamflow in the Utah juniper type.
Winter precipitation in the Utah juniper type comes as either rain or sn8w. Th8 snow generally
melts rapidly because the lowest mean monthly temperature is in January at 38 F (3.3 C). Soil water
storage approaches capacity in the early winter period and evaporation rates are low. Water percolating
through the shallow soil mantle soon reaches bedrock and becomes increasingly more available for streamflow. The watersheds, therefore, are considered primed for the spring snowmelt season.
Spring snowmelt in the juniper types is during February, March, and April. Because nearly the
whole watershed is often charged, streamfiow rises rapidly to its peak in March. Water yield then

drops sharply in April as the residual snowpack is depleted and stored soil water is reduced.
flow from spring snowmelt is usally terminated in March or early April.

Residual

May and June also have the least amount of precipitation in the pine type. Streamflow frequency
and amount increases during the fall and winter. Water yield reaches an early winter high in December
and remains there until March.
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Spring snowmelt in the pine type is during March, April, ipd May. There is a sharp increase in
F (1.1 C); because nearly the whole
watershed is charged, average streamflow rises rapidly. Water yield drops sharply in early May as the
residual snowpack is depleted, leaving the major part of the month with zero flow.
snowmelt in March when the mean monthly temperature reaches 34

The summer rainfall season in the pine follows the spring and early summer dry period and is
during the time of highest ET demand, resulting in little flow being produced. There is streamflow in
September and October 12 and 18% of the time, respectively. This indicates that most summer precipitation in the pine type is used to recharge soil water storage and to provide water for ET.

Annual Streamflow Frequencies. Again using the 25th and 75th percentile from probability distributions of annual streamflow to define extreme events, annual streamflow amounts in the hatched area may
be considered relatively high and low events, respectively (fig. 2).

Annual Peak Discharge. Average annual peak discharge in the Utah juniper is 117 ft3s -1mi 2
(1.3 m's_'km_z), 112 ft s 1mi 2 (1.2 m3s "km 2) in the alligator juniper, and 90 ft3s 1mi 2

(1.0 m3s 1km 2) in the pine (fig. 3). In the Utah juniper type, annual peak flows are more heavily
influenced by the orographically produced rain events that have been responsible for 39$ of all peak
discharges. The peak discharge pattern in the alligator juniper type is similar to that in the pine type
during the winter but is more heavily influenced (31$ of the peak discharge) by summer thunderstorms.
In the pine type only 11% of the annual peak discharges were in the summer season.

The average annual peak discharges presented above do not adequately characterize the flood

hazard from these vegetation types. The average annual peak discharges are equalled or exceeded only
25% of the time in the Utah juniper and 30% of the time in the alligator juniper and pine type. The
median peak discharge is 32 ft s 1mi 2 (0.4 m3s 1km 2) in the Utah juniper and 74 ft3s 1mi 2
(0.8 m3s 'km 2) and 44 ft3s 1mi 2 (0.5 m3s 1km 2) in the alligator juniper and pine types, res-

pectively.

Using the 25th and 75th percentile to define extreme events, peak discharges in the hatched
area may be considered relatively high and low events, respectively (fig. 3).
Summary and Recommendations

Winter season precipitation is important to the streamflow regimes along the Mogollon Rim because
vegetation manipulation can affect the snowpack and the evapotranspiration process, and consequently,
can influence streamflow from the melting snowpack. Reduction of forest densities can be used to reduce
soil water depletion, manipulate the snowpack, and consequently, make more winter precipitation available
for streamflow. Although opportunities exist to manipulate the snowpack along the Mogollon Rim, potential mean increases in water yield are restricted by the 4.0 -inch (10.2 -cm) mean peak water equivalent
in the pine type.
Summer precipitation in the forest types along the Mogollon Rim is after a 2-month dry period, at
a time of high evaporation stress and high moisture demand by vegetation. This creates a high demand
upon available soil water. Nearly all summer precipitation is in thunderstorms. Although frequent,
individual storms cover relatively small areas. These small storm events generally produce no significant
summer water yield or flooding even from storms with recurrence intervals of 25 and 50 years.

Mean annual water yield consists of 10, 37, and 33% of the mean winter precipitation in the Utah
juniper, alligator juniper, and pine types on volcanic- derived soils, respectively. The inherent low
water yield in the Utah juniper limits this vegetation type for considerations of significantly increasing
water yields. The existing vegetation or its replacement is often capable of utilizing the available water
supply. The relatively high soil water deficit, the seasonal precipitation pattern, and typical ephemeral
snowpack conditions are not conducive to management manipulation. In contrast, the naturally high
water yield from the alligator juniper type and its characteristic low vegetation density limits it from
vegetation manipulation alternatives for the purpose of increasing water yields.
Water yield from the ponderosa pine type has been shown to be responsive to vegetation management
alternatives (Brown et al. 1974).
Average annual peak discharges of 117 and 112 ft3s 1mì 2 (1.3 and 1.2 m3s 1km 2) are
characteristically higher in the Utah and alligator juniper types, respectively, than the 90 ft3s imi 2
(1.0 m3.s ikm 2) in the ponderosa pine because of their characteristic soil type, vegetation density,
and sparce litter cover. Peak discharges also are more frequent in the summer season in the juniper

types.

Average annual peak discharges do not adequately characterize the flood hazard from these
vegetation types because a few large flood events have skewed the distributions of the annual peak
flows. _Median discharges in the Utah and alligator and pine types, respectively, are 32, 74, and

44 ft3s ikm 2).
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These baseline data from three vegetation types on Beaver Creek can be used to evaluate the

potential water yields of vegetation manipulation.

These data also provide an understanding of the
upland hydrology of naturally vegetated watersheds on volcanic- derived soils along the Mogollon Rim in
north -central Arizona.
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SEDIMENT SOURCES OF MIDWESTERN SURFACE WATERS

Donovan C. Wilkin, School of Renewable Natural Resources, University of Arizona,
Susan J. Hebel, Department of Landscape Architecture, University of Illinois

INTRODUCTION

Sediment is probably the most significant water quality problem in the midwest, certainly so in
terms of volume and mass of material. While sediment has always been a feature of midwestern streams,
there is evidence that instream sediment levels have increased substantially in post -settlement times.
The obvious implication is that post -settlement land use has increased the rate of erosion and of
delivery of eroded soil to surface waters.
Some problems associated with excess sediment are obvious, some not.
Reservoir sedimentation has
received major attention.
A reservoir can serve as a dependable water supply, recreation pool or flood
control facility only to the extent it has storage capacity to do so.
As it loses storage capacity, it
becomes less able to provide benefits for which it was designed.
A less obvious effect, however, is the
creation of large shallow -water areas which quickly become choked with weeds and become breeding grounds
for insects.
Excess turbidity makes water less attractive and hides snags and obstructions, causing
damage and injuries to boaters, swimmers and skiers.
Channel sedimentation in downstream reaches of
major rivers disrupts navigation, requiring increased expenditures for dredging.
Loss of channel capacity also contributes to the potential for greater frequency and severity of flooding.
An obvious culprit in this pattern is agriculture.
Throughout the midwest, the overwhelming majority of land is in agricultural land use of some sort.
Accelerated erosion from cropped farmland and
overgrazed pasture began to receive major attention as early as 1933 with the establishment of the Soil
Erosion Service, later the Soil Conservation Service.
Ili 1979, in compliance with section 208 of the
Federal Clean Water Act Amendments, the Illinois Environmental Protection Agency prepared a Water Quality Management Plan (IEPA, 1979). "Soil Erosion and Sedimentation" is its largest single section.
The
plan gives major emphasis to already well established soil conservation techniques on cropland for
controlling instream sediment loadings.
This emphasis may be inappropriate. It entirely overlooks, for example, the potential contribution
of stream banks and channels.
Land clearing and drainage improvements have led to substantially
increased flood flows, which, in turn, have much greater capacity to erode channels.
Leedy (1979)
showed that stream bed and channel contributions may contribute more than 50% of the instream sediment
in a small Illinois stream.

The "208" plan implicitly assumes that landscape position in a watershed has no effect on sediment
delivery from sheet erosion. That is, a ton of soil eroded from fields far from a stream is assumed to
have the same net effect on sediment loading as a ton of soil eroded close to the stream.
Casual
There seem too many opportunities for
observations led the authors to question this assumption.
redeposition on the land surface. Our hypothesis is that the farther erosion occurs from a stream
channel, the less impact it is likely to have on instream sediment.
More and more
Another issue not adequately addressed by the "208" plan is floodplain farming.
After field observations, the authors hypothesized
cropland is being cleared on active flood plains.
these lands had switched from sediment- accumulating to sediment- eroding due to removal of floodplain
forests.
The present study was an attempt to study these hypotheses.

METHODS

The authors wanted a tracer with which to identify patterns of sediment movement across the land
Ritchie and McHenry (1975) demonstrated the use of fallout Cesium -137 as a tool in soil
One result of atmospheric testing of atomic weapons was a "dusting" of the land
conservation research.
surface with radioactive Cesium -137 in broadly uniform regional patterns. The majority of this element
The theory behind this
was adsorbed to the soil particles, most particularly to the clay fraction.
work is that where erosion has been severe, Cesium -137 levels are lower than the regional average, and
where deposition has been predominant, Cesium -137 levels are higher than the regional average.
surface.
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To better define erosion and deposition patterns in this reasonably typical midwestern watershed,
the authors ran a series of sampling transects
sing surveying equipment to describe the land surface,
and taking soil samples which were assayed for Cesium -137.
All soil samples were hand -dug to sample
uniformly from the top six inches of the soil profile.
Air -dry mass of each sample was determined,
with an average sample weighing about 5,000 grams.
Each sample was counted in a large ILLASCO liquid scintillation radiation counter for eight one -minute counts with a two- minute background count between
each sample.

The samples were taken from upland prairie soils, border forest soils, and bottomland soils under
land use conditions of row crop, open pasture, and woodland.
Land uses sampled less frequently were
ditches along roadsides and fence lines.
The study area was the Middlefork River Forest Preserve, land that has been under private agricultural use for more than a century.
It was recently bought and is operated by the Champaign County Forest
Preserve District.
The site consists of about 1,500 acres, most of it within one mile of the Middlefork
of the Vermilion River in east -central Illinois.

RESULTS

ESTIMATING A 'BALANCED" SOIL
The ILLASCO liquid -scintillation counter allowed very accurate discrimination between samples. A
regression analysis relating Cesium -137 counts and Universal Soil Loss Equation (USLE) estimates of
soil loss rates suggested how to interpret the counts in terms of erosion or deposition rates at the
point of sampling.
Figure 1 represents one of the closed upland depressions sampled to help determine
the counting rate of a soil where erosion and deposition were balanced.
The edges of depressions were
These analyses suggested that a
clearly eroding, just as the centers of depressions were depositional.
"balanced" soil, one where erosion and deposition were roughly equal, would count at the rate of about
Thus,
0.94 counts per minute per gram of soil (cpmg). The regression analysis supported this figure.
any soil counting at a rate higher than 0.94 cpmg was assumed to be depositional, and lower than 0.94
cpmg was assumed to be erosional.
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Figure 1. A transect through a closed depression in a cropped upland
Lower counts at the rims indicate erosion and higher counts in
area.
the center indicate deposition. "Balanced" soil is assumed to be at a

counting rate intermediate between the two extremes.
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FLOOD PLAINS

Figure 2 is a cropped flood plain typical of cleared bottomland.
Even though this area is approximately a quarter of a mile from the presently active stream channel, it is an area of relatively high
flood velocity and the location of numerous meander scars.
Note that the great majority of this area
indicates substantial erosion, much of it in excess of twenty tons per acre per year.
Figure 3, on the
other hand, is a typical wooded floodplain.
Here, as in most wooded bottomlands we sampled, the Cesium 137 counts suggested deposition except immediately adjacent to the active stream channel.
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Cropped flood plain showing evidence for substantial erosion.
Note apparent deposition in the vicinity of the hedge row.
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border land, however, appears to be eroding at a substantial rate.
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BORDERLAND AREAS

Borderlands along streams, particularly those with substantial slopes, were the natural transition
from upland prairies to forested bottomlands, and were forested in presettlement times.
These soils,
typically light in color and low in organic matter, define the area referred to as "borders" in this
study.
Because of generally steep slopes, rowcropping these lands would be expected to contribute
substantial sediment.
Referring again to Figure 3, there is evidence for erosion at the rate of from
10 to 25 tons per acre per year.
Compare these results to those in Figure 4, where the border area
has remained wooded.
Apparent deposition can be explained in part by a large farmed parcel adjacent
which delivers sediment to the upslope edge of the woods.
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Note the absence of erosion and evidence
Wooded borderland.
that this land is trapping erosion from farmed lands upslope.
Figure 4.

CROPPED UPLAND AREAS
Note that the estimated
Figure 5 is an area typical of cropped upland acreage in the watershed.
This is roughly in agreement
soil loss is generally in the range of 3 to 5 tons per acre per year.
Note also the areas where deposition
with Soil Conservation goals for this type of land under this use.
is indicated. This suggests that soil loss from the farmed land is not total, and that redeposition on
the land surface is a possibility. Figure 5 follows on the next page.

DISCUSSION OF RESULTS
Sediment from upland erosion can be considered delivered when it arrives at the active flood plain.
At that point, it is only a matter of time before a flood event resuspends it and delivers it on downWhen
stream to be redeposited on the flood plain, in the stream channel or in a reservoir or lake.
talking of sediment delivery ratios, erosion from flood plains is already, by definition, 100% delivered
The
suggestion
from
these
data
is
that
these
and has maximum impact on downstream sediment movement.
First, they are no longer acting as a sediment trap
cropped bottomlands are significant in four ways.
Second,
Deposition is no longer occurring.
or as an impediment to downstream movement of sediment.
Third,
they are actually eroding and contributing their own increment to the downstream sediment load.
all such sediment eroded is involved in the downstream transfer, unlike sediment eroded from upland
positions, only part of which is delivered. Fourth, velocities across these areas are substantially
greater, resulting in increased downstream transfer of sediment per unit time, delivering them more
rapidly to downstream "trouble" areas.
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Figure 5.
Cropped upland area showing erosion in roughly the 3- to 5 -ton
soil loss range. Note the evidence for redeposition, both on the farmed

land and in the roadside grassed ditch.

Cropped borderlands are almost as serious a problem as bottomlands.
Because of steep slopes,
erosion rates are substantial. Because drainage is usually coherent with and unimpeded to the active
flood plain, most of the eroded sediment is delivered to the stream.
Under wooded conditions, however,
these lands appear to act effectively as sediment traps, reducing the delivery of upland erosion.
Our
preliminary analysis suggests that 1,000 feet of woodland in the border position would virtually
eliminate the impact of upland farming in sheet delivery of sediment to the active flood plain.

As to the disposition of sediment eroded from upland cropped areas, this work gives only the
crudest indication.
However, our data suggest that the potential for redeposition of such sediment
is substantial.
Fence lines, hedge rows, roadside ditches, and natural depressions in the land surface
all showed significant evidence of redeposition.
Almost surely, the farther from the stream channel
erosion occurs, the less likely it is to make the trip unimpeded.
The management implications are clear as regards where sediment control resources should be
concentrated. Active flood plains and steep bordering lands are, in wooded condition, an effective
line of defense mitigating the impacts of upland erosion.
In cropped condition, they are a significant
increment to the problem and mitigate nothing.
It is probably less expensive to contol instream

sediment by concentrating our resources in these areas than to spread them over all upland farm
operations.
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WATER YIELD OPPORTUNITIES ON NATIONAL FOREST LANDS IN ARIZONA

Rhey M. Solomon and Larry J. Schmidt
(USDA Forest Service, Albuquerque, New Mexico)

Abstract

Water Yield improvement opportunities were estimated for National Forest lands in Arizona. The
land base available for treatment was reduced in a stepwise manner to account for administrative, climatic, and ownership contstraints.
Research relationships were built upon, and then applied to the
remaining land base to project water yield estimates.
A continuum of management prescriptions was
then displayed to show the range of opportunities.
Only the chaparral, ponderosa pine, and mixed
conifer types show opportunities of significance. Water yield increases can be realized principally
from conversion of chaparral to grass and could add an additional 25 to 70 thousand acre -feet. The
ponderosa pine zone could add an additional 15 to 30 thousand acre -feet with intensive management by
reducing stocking levels on the commercial National Forest lands.
Little opportunity exists within
the mixed conifer zone and increases would amount to less than 10 thousand acre -feet. Annual contributions of National Forest lands are likely to range from 40 thousand to 100 thousand acre feet; this
will be highly variable depending upon precipitation quantities.

Introduction

Modifying vegetation for multiple use benefits, especially water yield improvement, has been
discussed in Arizona and nationally for many years.
The first question asked was --can we increase
water yield through vegetation management?
In addressing this question, water yield relationships
were developed on small test watersheds to establish baseline response information (Brown, 1970).
As this information was gathered and analyzed, research efforts began to answer the first specific
question and enable speculation on large scale water yield opportunities within Arizona (Ffolliott and
Thorud, 1975).
It soon became apparent that other resources besides water had equal, if not more,
importance (Brown, H. et al., 1974). This paper will follow the same line of development (i.e., from
site- specific water yield projections, to long -term large scale projections, and will include multiple
resource projections and trade -offs) and applies the knowledge of past research to determine realistic
water yield opportunities on National Forest lands within Arizona.

Methodology For On -Site Water Yield Estimates

Water yield opportunities are controlled principally by climate and vegetation.
These two dynamic
components must be accounted for as continuous variables constantly changing in time and space.
When
dealing with water yield improvement opportunities, we must understand and predict, as best we can,
not only climatic influences but their associated probabilities.
Precipitation and Runoff Distributions
In the many pilot programs for quantifying water yield, three critical assumptions have been
(1) water yield increases depend on annual or seasonal precipitation; (2) annual or seasonal
precipitation follows a normal (bell- shaped) distribution and therefore "means" are expressive; and
(3) since precipitation is distributed normally, runoff is likewise distributed normally.
Subsequently,
water yield increase opportunities were reported as "averages" that might be realized.
made:

The question obviously surfaces --does precipitation, or more importantly runoff, follow a normal
distribution? To best answer this question, we would need long -term pre and post- treatment runoff
data that are not available. The next best alternative is to evaluate some long -term USGS streamflow
records representing various vegetation and precipitation regimes.
Preliminary work has been done in
this area (Solomon and Schmidt, 1978; Solomon and Schmidt, 1981).
Not surprisingly, much of the
streamflow data was not distributed normally but was skewed to the right (Figure 1).
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Figure 1

Annual water yield distribution for the chaparral ecosystem.

The chaparral ecosystem has a markedly skewed distribution; over 65 percent of the observed
At progressively higher elevayearly (water year) runoff totals are below the arithmetic "mean ".
tions, the skew is less apparent; preliminary results show that the spruce -fir ecosystems do not
Although,
some
small
research watersheds within
differ statistically from the normal distribution.
is not
Thus the widely used arithmetic mean
the spruce -fir do show skewed distributions for runoff.
representative of recoverable water yield increases, particularly for the chaparral ecosystem (Hibbert,
1979). This points out an area for concern when trying to make long -term inferences from relatively
short -term research information. As a result, past projections appear to have over estimated potentials.

In summary, inferences based on short -term experimental studies should be scrutinized to assure
Some tools
that the statistical assumptions are valid and that the use of the "mean" is meaningful.
may require adjustment to accurately predict long -term water yield opportunities and probabilities
In Arizona, adjustments are probably necessary for hot /dry ecosystems up to the
(Hibbert, 1979).
ponderosa pine ecosystems. Runoff and precipitation distributions are believed to be nearly normal
for ecosystems found at elevations above the ponderosa pine and adjustments are probably not necessary.

Extrapolation of Research Results

Vegetation communities have been broadly stratified in the investigation of water yield (Clary
Water yield
et al., 1974; Hibbert et al., 1974; Brown, H. et al., 1974; Rich and Thompson, 1974).
chaparral, pinyon research in Arizona, since the 1950's, has focused on four broad vegetation types:
juniper woodlands, ponderosa pine forests, and mixed conifer forests (including the spruce -fir).
Other vegetation types either possess minor water yield opportunities (grasslands, desert shrub),
occupy small acreage within Arizona (alpine, aspen, high elevation grasslands), or are managed primarily for other multiple use benefits (riparian).
Numerous relationships exist for predicting water yield opportunities within each of the four
vegetation types (Clary et al., 1974; Clary, 1975; Hibbert et al., 1974; Brown, H. et al., 1974; Rich
and Thompson, 1974). Only chaparral, ponderosa pine forests, and mixed conifer forests show opportunities for significant water yield improvement in Arizona (Ffolliott and Thorud, 1975; Clary et al.,
1974; Clary 1975). This paper focuses on these three vegetation types for appraising water yield
opportunities on National Forest lands in Arizona. Existing predictive relationships are elaborated
to better address management needs. A step -by -step methodology is used to formalize a model and
nomographs for use in projecting water yields on National Forest land (Solomon and Schmidt, 1980).
In chaparral vegetation, streamflow is increased by converting deep- rooted shrubs to
Chaparral.
A relationship for predicting water yield in
shallow- rooted grasses and forbs that use less water.
chaparral was developed by Solomon and Schmidt (1980). Elevation zones were used to infer temperature
regimes, and water yield increases were calculated for complete conversion to grass rather than partial
conversion (e.g., from 80 percent to 30 percent shrub cover). Resulting water yield increase opportunities for chaparral appear in Table A.
The yield predictions in Table A are lower than those projected by Ffolliott and Thorud (1975)
These lower estimates are primarily a result of adjusting for additional
(1974).
and Hibbert et al.
data since 1975 (Solomon and Schmidt, 1978) and using the 50% exceedence level (i.e., the level at
which you can expect 50% of the values to be higher and 50% of the values to be lower) as being more
meaningful to management than the arithmetic mean (Hibbert, 1979).
Ponderosa Pine. As with chaparral, much research has been done on water yield improvement opportunities in ponderosa pine forests (Brown, H. et al., 1974; Rich, 1972; Ffolliott and Thorud, 1975;
Seasonal
The integrated relationship used by Baker (1975) was used to generate Figure 2.
Baker 1975).
mean winter precipitation was changed to a more general, and readily understood, annual precipitation.
Figure 2 represents water yield increases as
Runoff values are expressed as 50% occurrence levels.
dependent on level of vegetation removal as well as precipitation.
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Table A.

Long -term water yield increase opportunities for chaparral assuming
complete conversion of overstory shrubs to grass.

Long -Term

Long -Term

Mean Annual
Precipitation
(Inches)

"Mean"

Yield Increase

Figure 2.

40

60
80
100
120
BASAL AREA (ft2 /ocre)

(Inches)

(Inches)

16
20
25
30

20

50% Exceedence Level
Yield Increases

140

.2
1.1

.1

3.3
4.5

2.7
3.7

.8

10

160

Water yield increase opportunities
for the ponderosa pine forest.

20
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50
% OF AREA IN OPENINGS

Figure 3.

60

70

BO

90

Water yield increase opportunities for the mixed conifer
zone.

In mixed conifer forests, water yield is best increased through intensive patch Mixed Conifer.
cutting schemes (Rich and Thompson, 1974). These patches redistribute snow and decrease evapotranspiration to increase runoff. The relationships of Rich and Thompson (1974) were used to estimate water
yield improvement increases. Figure 3 will be used in subsequent sections to develop water yield
increases for the mixed conifer forest.
Increased water yields are expressed as expected arithmetic
means since runoff from this zone is assumed to be normally distributed.
Summary
The previous discussion dealt with the predictive "tools" (based on state -of- the -art research)
that can be used to generate a regional appraisal of water yield increase opportunities for National
Forest lands in Arizona. Table B summarizes these approaches and shows supplemental information
needed to use these tools.
Table B.

Summary of estimating techniques for water yield improvement.

Vegetation
Zone
Chaparral

Estimating
Technique
Table 1

Supplemental
Information Needed
Acres treated, precipitation zone

Ponderosa Pine

Figure 2

Acres treated, precipitation zone, management
prescription

Mixed Conifer

Figure 3

Acres treated, precipitation zone, management
prescription
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Water Yield Opportunities

To make accurate and defensible estimates of water yield increases, a considerable amount of
Therefore, we have
This information is scant or even absent in many cases.
information is required.
made assumptions recognizing the level of uncertainty involved.
Three components must be assessed to determine realistic water yield improvement opportunities:
(1) water yield increases per treated unit; (2) net acres available and suitable for management; and
In
(3) management prescriptions applied. The first component was discussed in the previous section.
The net acres available and suitable
this section, the second and third components will be quantified.
for water yield management in each vegetation type is estimated by adjusting the gross acreages downward
Fixed constraints are those that are generally unchangeable,
for various fixed and variable constraints.
including land ownership, administrative designation (e.g., wilderness), and ecological suitability.
Variable constraints are those affecting management decisions, including land (operable topography),
multiple use mix, sociopolitical considerations, and economic trade -offs.
When all the fixed and variable constraints are accounted for, a net treatable acreage is left.
However,
These net acres can then be treated at various levels of intensity to increase water yield.
these on -site increases may not necessarily be realized by downstream users because of possible
transmission losses.
The only
In our analysis of National Forest lands, all the fixed constraints were assessed.
Social, political, and economic constraints
variable constraints assessed were land and multiple use.
were not assessed because they must remain a management decision based upon a high degree of uncertainty
and vary with time and space.

The methodology followed is shown in Figure 4.
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Methodology used in estimating water yield opportunities.
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Fixed Constraints

Estimates of potential water yield increases depend on how many net acres are available for
treatment. These acres are determined by overlaying vegetation maps (Brown and Lowe, 1980), administrative maps, and U.S. Weather Bureau isohyetal maps for mean annual precipitation.
Acreages available
for water yield improvement prescriptions as a resultant of these stepwise reductions for fixed constraints are shown in Table C.

Stepwise reduction of available treatable lands (million acres) due
to fixed constraints.

Table C.

Total Land
Base in
the State 1/

Ownership

Chaparral

2.8

1.6

1.3

.7

Ponderosa Pine

4.3

3.3

2.4

2.0

Vegetative
Community

Mixed Conifer

National
Forest

Administratively
Treatable 2/

.18

.31

Ecologically
Suitable 3/

.15

.09

1/

Based on Brown and Lowe (1980).

2/

Removes wilderness or special use designations which limit management
prescriptions, and removes noncommercial forest land.

3/

Removes acres ecologically unsuited for treatment:
chaparral (isolated
patches, overstory density less than 30 percent, annual precipitation
less than 16 inches); ponderosa pine and mixed conifer (isolated patches,
unstable soils).

These available lands are displayed by precipitation zones in Table D to better show opportunities
and to better utilize Table A, Figure 2 and Figure 3 in further calculations.

Table D.

Acres of National Forest lands available for water yield improvement.
Mean Annual Precipitation (Inches)

Vegetation

16 -18

18 -21

21 -24

24 -26

26 -29

29 -31

31 -35

35+

Total

Thousand Acres
Chaparral
10
Ponderosa Pine

100
180

495
812

Mixed Conifer
Total

10

280

1307

70
22

40
492
26

10
46
17

542

548

73

450

721

2000

20
21

4

90

41

4

2811

Variable Constraints

After accounting for the fixed constraints, the next step in the analysis is to evaluate variable
constraints. These "management decision" constraints are summarized in Table E.
In the endeavor to evaluate water yield opportunities on National Forest lands in Arizona, assumptions regarding prescriptions and associated constraints, shown in Table E, must be made (i.e., what
growing stock levels will be used, what slope criteria will be used, etc.).
Rather than make these
assumptions, as has been done in previous efforts (Brown, T. et al., 1974), a display of the continuum
of opportunities over the range of the "variable constraints" was chosen (Solomon and Schmidt, 1980).
Chaparral.
Figure 5 was constructed by combining water yield projections from Table A with
acreages shown in Table D. Additionally, a slope exceedence curve (Solomon and Schmidt, 1978) was
applied across all precipitation zones.
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Table E.

Variable constraints used in assessing water yield

increase opportunities.
Multiple Use Constraints

Land Constraints

Vegetation
Chaparral

Operable slope criteria
(this is important because
an estimated 50% to 60% of
the chaparral is between
30% slope and 60% slope)
(Brown et al., 1975)

Percent of project area actually
converted (i.e., the creation of
mosaic patterns for wildlife and
esthetics) will be a consideration.

Ponderosa Pine

Acres subject to management (limited by slope,
economics).

Growing stock levels that stands
will be managed for (limited by
desired volumes, wood quality,
wildlife),

Mixed Conifer

Acres subject to management (limited by slope,
economics, esthetics).

Percent of project area functioning
as openings for redistribution of
of snow and reduced ET (limited by
land stability, erosion, asthetics,
wildlife)

Regardless of the actual alternative, by using such a display technique, one can quickly assess
the relative trade -offs in water yield increases as slope criteria and percent conversion prescriptions change. Additionally, the display shows the entire realm of alternatives and allows a comparison
against potential water yield. As an example, Point A would yield an additional 42,000 acre -feet of
water (50% exceedence level) by operating up to 40% slope on all available land and a mosaic pattern
with 60% of an area in openings.
Unlike, chaparral, the accepted multiple use management of ponderosa pine does
Ponderosa Pine.
not imply clear- cutting or type converting from pine to grass (Schubert, 1974; Baker, 1975). Rather,
it involves silvicultural treatments where timber stands are reduced in their stocking from high
levels and allowed to regrow. Therefore, when discussing water yield improvement opportunities within
this vegetation type, we must look at increases in water yield for various levels of thinning or harvesting.

Figure 6 depicts the existing stocking distribution for the commercial Forest lands in Arizona
Also shown are distribuextrapolated from the Salt and Verde drainages (Ffolliott and Solomon 1976).
Case I is based on a timber management emphasis
tions that could be possible by the year 2020.
Note in Case I that the
Case
II
is
based
on
a
water
yield
emphasis
(Baker,
1975).
(Schubert, 1974).
distribution curve shows a greater percentage of land stocked between 40 and 80 Ft /acre because
of restocking needs, while positive increases in water yield are realized by reducing the acres within
basal area class 100 -140 Ft /acre to some lower levels.
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By adjusting water yield increases from curve to curve in Figure 6 coupled with Table D, water
yield improvement opportunities can be estimated as shown in Figure 7.
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It is believed that opportunities for water yield increases within the pine zone have already
Future opportunities of
been partially realized from past management (Solomon and Schmidt, 1978).
10,000 to 40,000 acre -feet exist, depending on the management prescription and acres managed to that
prescription as shown in Figure 7.
Intensive management of mixed conifer could significantly increase annual water
Mixed Conifer.
yield per unit area treated.
Intensive management is defined as a patch -cutting scheme with openings
three to eight tree heights in width. The area of "effective" clearings could approach 30 to 40 percent of the total intensively managed area (Rich and Thompson, 1974; Ffolliott and Thorud, 1975).
Figure 8 depicts the water yield increases that could be expected for various management options.

The mixed conifer zone, due to limited extent, offers little in the way of total water yield
Even with intensive management for water yield purposes, only 7,000 acre improvement opportunities.
feet of increase is realistically attainable. Additionally, the mixed conifer zone is far removed
from where the increased water would be put to beneficial use, so transmission losses should be considered.

Knowledge Shortfalls and Uncertainties

Throughout the development and analysis of data, many concerns surfaced that contribute to the
Listed below are the major concerns:
uncertainty of the projected estimates.
1.

These
Discrepancies exist among estimates of acreage for the various vegetation zones.
discrepancies may result from lack of standard criteria for defining each vegetation type.

2.

Checks need to be made of the accuracy of
Rainfall isohyetal maps may not be accurate.
these maps. The resolution for high rainfall areas needs to be improved.

3.

Long -term rainfall and runoff "frequency distributions" were uncertain.
need to be more accurately quantified.

4.

Vegetation density distributions (chaparral) and stocking levels (ponderosa pine) for each
These densities and stocking levels need to be quantified
vegetation zone were approximated.
with greater accuracy.

5.

These distributions

More recent research data indicates that estimates of water yield increases per unit area
Greater precision and accuracy should be
forthcoming as more years of information are added to the research data base.

may not be to a desirable "state -of- the -art ".

6.

This will have to be accomplished
On -site and channel transmission losses need to be estimated.
on a watershed by watershed basis, but research will have to be done to better quantify
these losses.

7.

Water yield increases that occur during high runoff years may be lost because of reservoir
Therefore, the years with the highest water
regulation and spill over of increased volumes.
yield increases may not give the greatest recoverable increases in water yield.
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8.

Greater knowledge of these
Cost effectiveness of management prescriptions is uncertain.
costs could help better define the upper limits of water yield improvement opportunities.
Conclusions

Water yield opportunities exist on National Forest lands in Arizona, although not of the magnitude
These water yield proprojected from previous estimates (Ffolliott and Thorud, 1975; Hibbert, 1979).
jections are shown in Table F.
Table F.

Water yield projections from National Forest lands in thousands of acre -feet.
Vegetation Zone
Ponderosa
Chaparral

Mixed Conifer

Pine

Base level current yield
(50% exceedence)

173

740

76

Increases from management

25 -70

15 -30

3 -7

Total

Other

1,509

520

43 -107

0

1.

Future intensive management can increase water yield from National Forest lands an additional
3 to 7 percent over current yields.

2.

Almost
Future opportunities can best be realized through intensive management of chaparral.
60 to 70 percent of future water yield increases can be generated from type converting chaparral vegetation.

3.

These inThe ponderosa pine forest shows opportunity for moderate water yield increases.
creases would result from a more intensive timber management program and could account for 30
to 35 percent of future increases in water yield.

4.

Management of the mixed conifer zone offers opportunities for substantial water yield increases
per unit area. The drawback is the limited amount of acreage that can be managed effectively.
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CANDELILLA /PETROLEUM WAX MIXTURES FOR TREATING SOILS
FOR WATER HARVESTING 1/ 2/
Dwayne H. Fink
U.

S. Department of Agriculture,
Science and Education Administration
U. S. Water Conservation Laboratory
4331 E. Broadway, Phoenix, AZ 85040

Abstract

A vegetable wax (candelilla), alone or in combination with petroleum waxes, was evaluated for
treating soils for water harvesting.
Samples were alternately weathered in a freeze -thaw cycle
chamber, tested for water repellency and structural stability against water erosion, then subjected
to more weathering, etc., until sample failure occurred.
Soils treated with candelilla /paraffin wax
mixtures were much more resistant to laboratory freeze -thaw cycle weathering than those soils treated
with either of the waxes alone. Weatherability was further improved, and wax requirement reduced by
(1) prior stabilization of the soil with cellulose xanthate made from chemically pulped waste paper;
(2) incorporating 28 of a commercial antistripping agent into the wax; and (3) substituting a residual type petroleum wax for the paraffin in the wax mixtures.

Introduction

Paraffin wax has become accepted as a watet harvesting treatment (Fink et al, 1973, 1980). Wax
treated catchments currently are being used to supply water for livestock and wildlife (Cooley et al,
1978), and for various runoff farming purposes (Cluff, 1978; Schreiber and Frasier, 1978; and Fink
and Ehrler, 1981).
Paraffin wax, when melted into soil, creates a water- repellent, but porous soil surface which
readily sheds rainfall.
Runoff efficiencies (efficiency = runoff /rainfall) for this water harvesting
treatment are high, normally ranging from 70 to 90 percent.
The wax treatment should be applicable
to most hot, arid, and semiarid areas of the world provided certain soil property and site requirements are met (Frasier et al, 1979; Fink et al, 1980).

Most of the arid and semiarid regions of the world are located in so- called "developing
These countries desperately need the water that water harvesting can supply;
unfortunately, few of them have the capital needed to import such "nonessentials" as wax. Water harvesting for them is restricted to simple land shaping and smoothing treatments which usually have a
low runoff efficiency. Equally as undesirable, they produce no runoff at all from most small and
medium size storms.
Such small storms can constitute a half, or more, of the total rainfall events
and the total yearly precipitation.
Highly efficient, low cost, water -harvesting treatments are
desperately needed.
countries ".

While most developing countries lack sufficient capital to purchase petroleum base waxes, many
have ready sources of natural vegetable waxes from indigenous xerophilous plants. In fact, some
countries are already harvesting and processing vegetable waxes for export. Surpluses often develop,
driving wax prices down drastically.
At times it might be economically justifiable to use vegetable

waxes for water harvesting - in essence, to trade wax for watet.
Will vegetable waxes work for water harvesting?

Vegetable waxes differ structurally from parafThe vegetable waxes are esters of long chain fatty acids and alcohols; thus they contain
both hydrophobic and hydrophilic groups in the molecule.
In contrast, paraffin waxes, are simple
straight, or slightly branched, alkanes.
They have no electronegative atoms, like oxygen or
nitrogen, in the molecules.
"Residual" petroleum waxes are more structurally complicated and more
diverse than paraffin. They generally contain more branching, unsaturation, cyclic and polar
groups,
and oils.
Since laboratory studies (Fink, 1977) and preliminary field tests indicate that these
residual waxes can be used successfully to treat soils for water harvesting, it seems reasonable that
the vegetable waxes also should work for this purpose.
Possibly too, these vegetable waxes could
serve as diluents to reduce the need for petroleum waxes.
Both of these techniques for substituting
locally produced natural waxes for imported petroleum waxes would reduce the capital requirement and
lessen the outflow of currency.
fin waxes.
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The objective of this laboratory study was to evaluate the feasibility of using a vegetable wax
(candelilla), alone or in combination with petroleum waxes, to create water- repellent soils for water
A soil stabilizer and an antistripping agent also were evaluated to increase the
harvesting.
weatherability and longevity of the candelilla treatment, while simultaneously reducing both application rate and material cost.

Materials and Methods
Two soils were selected for the laboratory study: Tremant gravely, sandy loam from our water
harvesting field location, near Mesa, Arizona; and Pachappa, a loam from Riverside, California.
One hundred fifty grams of air dried soil (less than 2 mm fraction) were placed into 9-cm
diameter petri dishes, leveled, uniformly wetted and packed, and air dried (Fink, 1976).
In Phase I of the study, candelilla wax and refined paraffin (128 -131 AMP) mixtures
25 and 0 percent candelilla) were melted together and brushed onto the compacted soil
Application rates were 0.5, 1.0, and 2.0 kg /m2. The coatings were melted into the soil
The glass, soil edges were sealed with a paraffin- petroleum jelly mixture to preusing heat lampa.
Treatments were duplicated.
vent water wicking.
(100, 50,
surfaces.

The candelilla /paraffin treated
The testing, weathering sequence is outlined in Figure 1.
samples were tested initially for water repellency using the 4 -hr- hydration test, in which an
approximately 3 -cm diameter water drop must stand on the soil surface for 4 hours, and were tested
One sample
for structural stability by brushing vigorously with a stiff bristled brush (Fink, 1976).
set was then weathered in a freeze -thaw chamber which cycled 7 to 9 times per day between +20 C and
An
approximately
3
-cm
diameter
water
drop
was
centrally
placed
atop
the
samples
to
further
-20 C.
The other sample set was weathered in a 100% relative -humidity
accelerate structural breakdown.
chamber at room temperature. A large (3 -cm diameter) water -drop also was placed on these samples.

All samples were tested for erodibility after a day in the respective weathering chambers.
Erodibility was evaluated with a dripolator (Fink, 1976) in which 1,000 water drops (5-mm- diameter)
fell 2 m onto the center of the samples in 5 minutes. The degree of erosion was estimated as none
(N), moderate (M) for pitting to 3 mm deep, severe (S) for pitting from 3 mm through the treated soil
Once the treated zone is breached using
zone, and failure (F) for pitting to the bottom of the dish.
the dripolator, erosion through the untreated soil portion occurs almost instantaneously.
After each dripolator test, the samples were air dried and placed back in their respective
weathering chambers. This process of weathering, followed by erosion testing was continued until a
sample either failed or withstood 300 minutes under the dripolator (60 testing cycles and approximately 500 freeze -thaw cycles for the Phase I samples). Samples also were checked for cracking after
each testing cycle.
In Phase II of the study, Tremant soil samples were prepared, as in Phase I, through the air
drying stage. The air -dried samples were then stabilized using cellulose xanthate prepared from cheThe xanthate (0.4%
mically pulped waste paper according to the method of Menefee and Hautala, 1978.
by weight of paper solubilized in water) was sprayed onto the soil at 1.5 1 /m2, and was allowed to
air dry and reconstitute into insoluble cellulose.
For Phase II, candelilla /Chevron unrefined wax 140 (140 slack wax) mixtures containing 2% by
weight of the antistripping agent Trymeen 6639 from Emery Industries, Inc., were melted together and
brushed onto the soil surfaces. The candelilla /140 slack wax mixtures (100, 90, 75, 50, 25, 10 and 0
Other prepercent candelilla) were applied to the soil at three rates: 0.25, 0.5, and 1.0 kg /m2.
paration procedures were the same as in Phase I.
For initial water -repellency evaluation, the Phase II samples also were given the initial
For evaluation of initial structural stability, samples were subjected to 5 minutes under a water -jetting erosion apparatus, which jets a 1-mm diameter stream of
The jetting device
water, at 34.5 kpa (5 PSI), 6 cm, onto the center of the treated soil surface.
was similar to that used by Morrison and Simmons, 1977, except that our petri dishes were set at a
15- degree angle to facilitate water drainage away from the impact point, rather than dropping the
water vertically onto the samples. The nozzles were adjusted to deliver the water normal to and at
the center of the soil surface. The erosive force of the water- jetting device was considerably
Degree of erosion in Phase II was expressed by
greater than that of the dripolator used in Phase I.
4- hr- hydration test (Figure 1).

N, M,

S or F as in Phase I.

Weathering tests were imposed on the samples following these initial tests for water repellency
After a day of freeze -thaw treatment, the samples were tested first for
and structural stability.
structural stability with the jetting device, followed by testing again for water repellency with the
Samples which passed these two tests were recycled into the freeze -thaw
4- hr- hydration test.
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chamber.
This process was repeated until a sample failed either teat or lasted 200 minutes under the
jetting device (39 weathering /testing loops).
These samples also were checked daily for cracks.

Results and Discussion
Phase I:
All but two samples passed the initial 4 -hr- hydration test and the initial stiff
brushing.
The two failures were duplicates of the low rate (0.5 kg /m2) of 100% candelilla wax on
Tremant soil. Both samples adsorbed water and swelled during the initial 4- hr- hydration test, then
cracked and lost structural stability during subsequent air drying.
The loosened soil was easily
removed by the brushing. These two samples were removed from further testing.

The remaining samples were split into two groups with one set going into the freeze -thaw chamber
and the other into the hydration chamber, to begin the testing sequences as outlined in Figure 1. We
determined that a water -repellent treated soil should withstand a minimum of about 100 minutes under
the dripolator.
This would represent about 150 freeze -thaw cycles for that weathering mode, which
would be equivalent to about 10 years of such weathering even in the worst freeze -thaw cycle areas of
the southwest, provided that one considers only those disruptive cycles where standing water is apt
to be present.
Dry soil is not damaged by freeze -thaw cycling.
Samples which survived the full 300
minutes beneath the dripolator were extremely resistant to both water erosion and the weathering mode
imposed, thus should be excellent soil treatments for water harvesting.
In general, weatherability improved with increasing wax application rate (Table 1).
This is
reasonable in that the wax served both as the water repellent and the soil stabilizer.
Theoretically, at least, it takes only a monolayer of wax to mask the hydrophilic properties of soil.
Attaining soil stability, however, is more difficult.
Wax forms only the very weak van der Waals
forces for both adhesive and cohesive bonding. Water, which adsorbs strongly to most soil surfaces,
can easily strip away a thin wax layer. Also, the erosive force of water drops can readily break the
wax /soil or wax /wax bonds.
Applying multi -layers of wax helps to waterproof the soil surfaces from
water -film penetration and adds structural strength against mechanical disruption.

Candelilla wax alone does not adequately treat Tremant soil, regardless whether the weathering
is by freeze -thaw cycling or by simple continuous hydration (Table 1).
Pachappa soil, on the other
hand, can be adequately treated with candelilla, provided at least 1.0 kg /m2 is applied.
Also, paraffin wax itself is not a good soil treatment if freeze -thaw cycling occurs. If hydration is the major weathering element, then paraffin should provide an adequate treatment on Pachappa,
but not on Tremant soil. We know, however, from field testing that the paraffin water -harvesting
treatment on Tremant type soil will last 8 or more years before needing retreatment (Fink et al,
1980).
On this basis it appears that our laboratory requirements for recommended and acceptable
treatments are stringent indeed.
Candelilla /paraffin wax mixtures were more resistent to weathering than was either wax alone
On Pachappa soil an adequate treatment could be attained using only 0.5 kg /m2 of either
of the two mixtures tested, regardless of the weathering mode imposed.
On Tremant soil the 50/50
mixture was acceptable (92 min) at the low 0.5 kg /m2 rate, provided hydration was the primary
weathering mode.
Increasing the rate to 1.0 kg /m2 (either mixture) provided added insurance.
If
freeze -thaw cycling was a factor with Tremant type soil one would need to apply at least 1.0 kg /m2 of
the 25/75 candelilla/ paraffin mixture.
(Table 1).

Previous studies (Fink, 1976; 1977) have shown that other water -repellent chemical mixtures
applied to soils weather better than when the components are used individually.
For example, a
paraffin treated Tremant soil withstood only four freeze -thaw cycles, and a dust suppressant oil
treatment withstood over 250 cycles; but a treatment of 45% dust suppressant oil in paraffin
withstood over 650 freeze -thaw cycles. Also, the paraffin in the mixture improved the resistance of
the dust suppressant oil to degradation by ultraviolet radiation.
Several things are clearly evident from Table 1: (1) treated Pachappa soil withstood considerably more weathering than the Tremant soil; (2) freeze -thaw cycling was more destructive than
simple hydration weathering; (3) weatherability improved with increased wax application rate; (4)
mixtures of candelilla and paraffin waxes were more weather resistant than either wax alone; (5)
Tremant soil was much more subject to cracking than Pachappa.
Phase II: All the samples passed the initial 4 -hr- hydration and water jetting erosion tests,
and then were subjected to the freeze -thaw weathering, water jetting, and 4 -hr- hydration evaluation
sequence (Figure 1).
Results are expressed either as minutes under the jetting device for samples
which failed in less than 200 minutes, or as degree of erosion for samples which survived the full
200 minutes of water jetting (Table 2).

As in Phase I, the 100% candelilla wax soil treatment quickly failed under freeze -thaw cycle
weathering. This rapid failure occurred in spite of the soil -prestabilization treatment and the
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addition of 2% 6639 antistrip to the wax. However, adding only 10% of the 140 slack wax to the can delilla improved freeze -thaw weatherability 10 times, and brought it to acceptable levels (i.e.,
samples survived at least 100 minutes under the water jet). Even the low 0.25 kg /m2 wax rate treatment survived 150 minutes.
Adding only 25% of 140 slack wax to candelilla increased weatherability to the maximum of the
teat (200 minutes under the jetting). Further increases in the proportion of slack wax brought no
additional improvement in weathering resistance as judged by this test.
The cracking problem decreased as the proportion of slack wax increased (Table 2).
ments with the 100% and 90% candelilla mixtures cracked early in the weathering /testing
Several of the 75% candelilla mixtures also cracked, but none cracked before 100 minutes
Cracking on wax -treated operational catchments has been suggested as a causal factor in
runoff efficiency (Frasier et al, 1979), but there is no confirming evidence.

Most treatsequence.
of jetting.
reduction of

Conclusion
These laboratory findings suggest that candelilla wax can be used for treating soil for water
harvesting, provided that the wax is mixed with at least 10 to 25 percent of petroleum base wax.
Soil samples treated with as little as 0.25 kg /m2 of such mixtures successfully withstood the laboratory weathering imposed on them, only when the soil had been first stabilized with a cellulose
xanthate solution and when an antistripping agent was added to the wax mixture.
Evaluation of other
natural plant and animal lipids for water harvesting is warranted, as are field evaluations to assure
the applicability of these laboratory findings to operational systems.
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Agriculture.

Table 1.

Department of Agriculture.

S.

Sample survival time (or degree of erosion after 300 minutes) with the dripolator, of two
soils treated with candelilla /paraffin wax blends (Ca /Pa), and subjected to weathering by
either freeze -thaw cycling or continuous hydration. i/

Weathering Mode
Hydration
Wax Application Rate (kg /m2)

Freeze /Thaw

Soil

Ca /Pa

0.5

1.0

0.5

2.0

1.0

2.0

min
Pachappa

100/0
50/50
25/75
0/100

/74$''

M

M

H

14*

M
40

M
30

10

N
1

S

S

N

N*

N

N

N

125

175

0

10*

64*

s*

s*

262*
45*

S*

L
Tremant

1/

*

100/0

0

50/50
25/75
0/100

20

9*

13*-

70.-119*

53,-'4
15

20*

F 92*

70*

139*
50

15*

-

Results are expressed either as actual survival time (in minutes) beneath the dripolator for
those samples which failed during the testing process, or else as the final degree of surface
erosion (N = none; M = moderate (<3 mm); S = severe (>3 mm); for those samples which survived the
full 300 minutes beneath the dripolator.
Samples which survived more than 200 minutes beneath
the dripolator are blocked within solid lines; those which survived 90 to 200 minutes are blocked
within dashed lines.
Soil sample cracked during evaluation.

Table 2.

Sample survival time (or degree of erosion after 200 minutes) with the water -jetting device
of prestabilized Tremant soil treated with candelilla /slack wax (Ca /140)lblends containing 2%
antistripping compound, and subjected to freeze -thaw cycle weathering.

Wax Application Rate (kg /m2)

Ca/140

100/0
90/10
75/25

50/50
25/75
10/90
0/100

1/

*

0.25

0.5
min

1.0

15*

25*

16

r15

73*

S*

M*

S*

N

M

N

N

M

S

N

M

S

M

N
N

Results are expressed either as actual survival time (in minutes) beneath the water -jetting
device for those samples which failed during the testing process, or else as the final degree of
surface erosion (N - none; M = moderate (<3 mm); S = severe (>3 mm) for those samples which survived the full 200 minutes beneath the jetting device.
Samples which survived the full 200 minutes are blocked within solid lines; those which survived 100 to 200 minutes are blocked within
dashed lines.
Soil sample cracked during evaluation. o
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STORMFLOW AS A FUNCTION OF WATERSHED IMPERVIOUS AREA
Jan M. Pankey
Tonto National Forest, Phoenix, Arizona 85038
Richard H. Hawkins
College of Natural Resources, Utah State University, Logan, Utah 84322

INTRODUCTION

In recent years the idea that an entire watershed contributes to the generation of surface runoff
has been questioned.
Researchers studying small watersheds have suggested that only a fraction of the
drainage actually contributes to stormflow.
This theory is called the partial source area concept.
Many hypotheses have been put forth to explain how the source areas vary (if at all) and how the water
reaches the channel.
An application of the partial area concept to two watersheds in Utah's Wasatch
Mountains suggests that the partial source area for some drainages may simply be the fraction of the
watershed which is functionally impervious.

DEVELOPMENT
The U.S.

Soil Conservation Service developed the runoff curve number method to estimate surface
runoff depths from rainstorms (USDA, 1956). The curve number, also called the "hydrologic soil -cover
complex number" is presumed to characterize a drainage's hydrologic response to storms based on certain soil and vegetative types, cover density and antecedent moisture conditions. Most commonly, the
curve number for a given watershed is estimated using guidelines based on the above factors.
However,
Hawkins has observed (1973, 1978, 1979) that the runoff curve number (CN) for any real rainfall- runoff
event may be calculated from an observed precipitation- discharge data pair.
He terms the curve number
thus computed an observed CN. Hawkins (1973) demonstrated that, for several small forested watersheds
in the western U.S., observed CN varies with storm size.
A later publication (1979) contends that the
observed variation may be the result of a constant partial source area for stormflow. If this source
area is constant (or nearly so) for a given watershed, then the direct runoff (Q) is a proportion (C)
of the total precipitation (P), or, Q = CP (Eq. 1), where C is simply the fraction of the total
drainage area which is impervious. Impervious in this case includes saturated areas such as the channel itself and areas of impermeable rock adjacent to the stream.
Other impervious areas distant from
the stream network are not considered contributing areas, on the assumption that any overland flow
from these areas would infiltrate before reaching the channel.
Equation 1 may be considered an expression (the integration) of the rational formula:
q = CiA

Sgdt=
CAidt
Q =CP
C is thus Q /P, the familiar "runoff ratio."
This ratio was substituted into the equation for observed curve number from historical data
pairs.
Using data from 11 small, high -elevation western watersheds, Hawkins (1979) estimated the C
coefficient for each drainage by an iterative least- squares method.
For all but one of the 11
watersheds, over 90% of the variation in CN was accounted for by the regression onto storm size
= 0.90).
(r
To test the hypothesis that the observed CN behavior is a consequence of having a small but
constant source area generating streamflow, a field survey was undertaken of two of the watersheds for
which C coefficients had been estimated by regression techniques (Pankey, 1980).
Both watersheds were
within the Davis County Experimental Watersheds (DCEW) in central Utah, in the Farmington Creek
drainage.
The experimental watersheds were established by the U.S. Forest Service in 1930 as a
research site for the study of floods and erosion (Johnston and Doty, 1972). Consequently, a variety
of hydrologic instrumentation has been installed.
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The annual precipitation averages 40 inches at the mouth of Halfway Creek and 45 inches at West
The Halfway
Annual streamflow for both drainages, however, averages 19 inches.
Chicken Creek.
drainage is a 464 -acre watershed facing southwest with an elevation range of 6200 to 9000 feet. West
Chicken Creek drains 217 acres from an elevation of 7550 to 8400 feet, generally facing northwest.
The Halfway Creek drainage is rocky with generally immature, thin soils, except in areas of gentle
slopes near springs or the stream where the richer soils may support a rare aspen stand. West Chicken
Creek watershed, however, is predominantly covered by aspen, with little of the shrub oak -mountain
mahogany stands which characterize the Halfway drainage.
The width
In the fall of 1979 channel surveys were made on both Halfway and West Chicken Creeks.
of the channel was measured at no greater than 50 -foot intervals or upon abrupt changes in width or
Included in each measurement was the width of the live stream plus the width of impervious
geometry.
material within five feet of the channel, or the width of the dry channel or erosion pavement. Any
In the cases of large
saturated area (i.e., enough moisture to wet boot soles) was also measured.
areas, which could not be measured exactly (e.g., beaver ponds on West Chicken Creek or rock outcrops
and springs on Halfway Creek), the approximate boundaries of a regular geometric shape which inscribed
the area in question were measured.

Measurement along a stream continued until the channel became well vegetated and /or indistinct.
West Chicken Creek was measured along the entirety of the live stream for that time in the field.
Because of the steep and rugged character of Halfway Creek and the number of tributaries, estimates of
The photographs used for this purpose had
some of the tributaries were made using aerial photographs.
Channel lengths and widths measured in the field probeen taken one month prior to the field work.
vided the reference for photo point scales for a given elevation.

RESULTS AND DISCUSSION

The comparison between the estimates of the impervious areas for Halfway and West Chicken Creeks
and the runoff ratios, C, as reported in Hawkins (1979) for those drainages is shown in Table 1.

A comparison of the field -surveyed impervious fraction with the runoff
ratio (C) from Hawkins (1979) for Halfway and West Chicken Creeks, Davis Co., Utah.
Table 1.

C

Drainage
Halfway Creek
West Chicken Creek

Impervious Fraction
0.0058
0.0045

Regression Estimate
0.0105
0.0075

Generally, the runoff ratio C is twice the measured impervious fraction. Thus, if Q = CP were to
be used to estimate runoff for Halfway Creek and the true value of C was 0.0105, using a C of 0.0058
Conversely, if C was actually 0.0058 and 0.0105
would result in underestimating the runoff by 45%.
Such margins of error would generally
was used, the runoff would be overestimated by a factor of 1.8.
be considered unacceptable.
However, if each value of C is thought of as an estimate of the runoff -generating zone within an
entire drainage area, and where such estimates may range from a fraction of a percent to 100%, then
The estithe field measurements and the values from the runoff curve calculations are in agreement.
mates for Halfway Creek differ by only 0.47% of the total drainage area, and the estimates for West

Chicken Creek differ by 0.3 %.

There are a number of explanations as to why the measured impervious fractions and the C coefThere is undoubtedly some error in measurement, both in the
ficients do not agree more closely.
collection of the rainfall- runoff data used in regression and in the field estimates of impervious
The values for C probably also include residual errors in prediction associated with the
areas.
iterative least- squares procedure.

The field measurements of impervious and saturated areas were made at a time when the watersheds
Thus areas which may be contributory in
would be at the lowest moisture content for the water year.
the wetter summer would not have been detected. An ideal time to measure the channel and impervious
The
areas would be during a storm, but the size and complexity of the study areas preclude this.
field surveys constitute a single point measurement (at least temporally), whereas the least- squares
generated C values are an average for 14 to 16 storms over 5 or 20 years of record.
Hawkins,
precipitation

in the 1979 article, cautions that Q = CP may hold only for storms in which there is no
moisture.
nor
any
antecedent
infiltration
capacity
due
exceeded
excess
to

36

Finally, the discrepancy between the measured impervious fraction and the runoff ratio may be due
to additional stormflow processes taking place, such as the lateral flows into concave areas suggested
by Zaslaysky and Sinai (1981).

SUMMARY AND CONCLUSION

Analysis of historical rainfall- runoff data using regression techniques suggests that surface
This implies that
runoff may be expressed as a constant proportion (C) of the precipitation (Q = CP).
a relatively constant runoff source area is contributing all of the stormflow, where the runoff ratio,
is that fraction of the watershed which is impervious and is in proximity to a stream channel. C
C,
coefficients for eleven high -altitude watershed were estimated using an iterative least- squares proceField measurements of the impervious areas of two of those watersheds were found to be within
dure.
0.3 to 0.5% of the total drainage areas when compared to the regression -generated estimates. This
supports the hypothesis that surface runoff is produced by the functionally impervious portions of a
watershed.
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POINT- AREA -FREQUENCY CONVERSIONS FOR SUMMER RAINFALL IN SOUTHEASTERN ARIZONA

Herbert B. Osborn and Leonard J. Lane
USDA -SEA Southwest Rangeland Watershed Research Center
Tucson, Arizona

INTRODUCTION

Air -mass thunderstorm rains dominate rainfall -peak discharge relationships on many small watersheds
(up to 150 km2) in southeastern and southcentral Arizona, southwestern New Mexico, and northern Sonora,
Intense rain cells within these storms usually last only minutes and cover relatively small
areas.
In the Southwest, for watersheds larger than 2 km2, estimates of maximum point rainfall are inadequate for most rainfall -runoff models. To estimate rainfall values within the watershed, frequency of
point values should be revised upward to account for the greater likelihood that intense rain would have
been recorded within an area, as opposed to a point, and then reduced for average rainfall over the
watershed.
For larger watersheds, it may also be necessary to position the event and route it through
the channel system to obtain the accuracy needed. In this paper, a method is presented to convert air mass thunderstorm rainfall at a point to areal values for use on watersheds up to 150 km2. Limitations
are stated, and the reader is referred to other published information if flood routing procedures are
needed as well.
Mexico.

REGION OF APPLICABILITY
The curves for point- area -frequency conversion of thunderstorm rainfall were developed with records
from a network of over 90 recording raingages on the 150 -km2 Walnut Gulch Experimental watershed near
Tombstone, Arizona (Fig. 1).
Rainfall and runoff records have been collected on Walnut Gulch and its
subwatersheds since 1954, and the networks of recording raingages and runoff -measuring stations were
completed by 1965 (Renard, 1970).
Walnut Gulch was originally chosen as representative of the rangelands
in southeastern Arizona.
It is also representative of a climatic region encompassing much of southeastern and southcentral Arizona, southwestern New Mexico, and northern Sonora, Mexico (Fig. 2).
Although
rainfall frequencies are not identical throughout the regions, runoff from similar semiarid watersheds up
to 150 km2 is dominated by air -mass thunderstorm rainfall.
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POINT- AREA -FREQUENCY -CONVERSIONS

Air -mass thunderstorms can pro-

duce very high rainfall intensities
for short durations over relatively
Point rainfall values
small areas.
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Point (pt) rainfall depths (mm) for return periods (Tr)
up to 100 years for Walnut Gulch (WG), as compared with
values taken from NOAA Atlas 2 (1973).

The graphs can be used to determine rainfall input for models predicting peak discharge or runoff
For example, the maximum 30 -min rainfall at a single point for a 50 -yr return period is 53 mm
(2.1 in), and there will be an average of four such events (i.e., the Tr - 12.5 yr) every 50 yr on a

volumes.

50 -km2 (20 -mi2) watershed (Fig. 4). On a watershed basis, the maximum 30 -min rainfall for a 50 -yr return
period is 64 mm (2.5 in) (Fig. 4). For runoff volume, the maximum 60 -min rainfall for a single point for
a 50 -yr return period is 66 mm (2.6 in), and the average rainfall over the watershed is 44 mm (1.8 in)
(Fig. 5). On a watershed basis, there will be an average of three such events every 50 yr (Fig. 5).

LIMITATIONS

The relationships are
Some precautions must be taken in using the relationships in Figs. 4 and 5.
However, if better estimates of, for examgenerally applicable throughout the region shown in Fig. 2.
Assuple, the 100 -yr, 60 -min rainfall are available at a specific location, such values should be used.
ming the same relationship between point and areal frequency, the user may start with the new depth on
The point
the upper vertical scale rather than with the 100 -yr value from the right horizontal scale.
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and areal frequencies and the average depth can be determined in the same way as the example and compared
to the point frequency derived from Walnut Gulch data.
Duckstein et al. (1973) analyzed 7 yr of summer rainfall data from a network of recording raingages
They found that the number of storms and the amount of rainfall increain the Santa Catalina Mountains.

sed with elevation, which might imply that runoff -producing storms with a given frequency occurring in
This may be true for the more frequent events --2the "valley" would occur more often in the mountains.
yr, 5 -yr, and, possibly, even the 10 -yr events, but Osborn et al. (1979) found no significant correlation
with changing elevation for the expected 100 -yr rainfall on Walnut Gulch (elevation ranging from 1220 to
o
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Furthermore, Osborn and Laursen (1973) noted that record peak discharges for small watersheds
1620 m).
(under 150 -km2) in Arizona and New Mexico have been recorded from watersheds that do not originate at
high elevations. Therefore, Figs. 4 and 5 are probably applicable without local elevation correction for
flood peaks with return periods longer than 10 yr.
There is a general increase in extreme storm frequency from west to east in southern Arizona which
corresponds in general to an increase in elevation. For this reason, where frequency data are available
Again, the relaat a specific "valley" location, these data can be used with the Walnut Gulch curves.
tionships should be used without adjustment for local differences in topography such as mountain ranges.

RUNOFF

Runoff -producing rainfall from air -mass thunderstorms generally covers no more than 50 km2 within a
The storms may be centered within the larger watershed or may overlap onto a smaller
larger watershed.
Furthermore, many rangeland watersheds are drained by abstracting sand -bottomed channels
watershed.
However, Osborn and Laursen (1973) found good corwhich may reduce flood peaks as they move downstream.
relations between maximum 30 -min rainfall and peak discharge for extreme events on watersheds up to 150
They hypothesized that, for the larger (more infrequent) events, channel abstractions were
km2 in size.
satisfied in the rising limb of the hydrograph, and flood peaks were maintained for several miles downWith smaller events, the channels abstracted water from the flood peak and
stream from the storm area.
In the extreme case, the flood peaks did not reach the outreduced the peaks as they moved downstream.
let of the larger watershed.
For small watersheds - -up to possibly 10
The relationships in Figs. 4 and 5 can be used in two ways.
For watersheds with extensive
km2--average areal rainfall can be used directly to estimate flood peaks.
alluvial channel networks and for larger watersheds, a routing procedure is needed for accurate estimates
Lane (1981) has developed a distributed model for small semiarid watersheds that is
of peak discharge.
Rainfall estimates are used as input to the distributed
particularly applicable in southern Arizona.
This model can be
(Lane) model to establish flood peaks for desired frequencies from ungaged watersheds.
used for any storm frequency, not just the more common events.

SUMMARY

A graphical procedure is presented to convert point rainfall data to areal rainfall values for use
in predicting peak discharge and storm runoff from rangeland watersheds in southcentral and southeastern
Arizona, southwestern New Mexico, and northern Sonora, Mexico.
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AN ANALYSIS OF RECESSION FLOWS FROM DIFFERENT VEGETATION TYPES
Wan Norazmin bin Sulaiman and Peter F. Ffolliott
School of Renewable Natural Resources, University of Arizona
Introduction

The magnitude and variability of recession flows from a watershed depend upon
many factors (generally, it is not feasible to quantify each of them separately because these factors are closely related). However, it has been commonly assumed that
recession flows are less dependent upon precipitation and intensity distribution than
upon physical storage capacity of a watershed (Linsley et al., 1975). Since, characteristically, these flows are more -or -less steady, it has been a common practice to
represent them by general mathematical models.
To evaluate recession flow characteristics from different watersheds in Arizona
and to facilitate comparisons, a general mathematical model with one constant was
chosen. Assuming that variability due to evapotranspiration, soil moisture conditions, and land use patterns can be "lumped" into the constant, differences attributed
to vegetative cover types and season of occurrence can be analyzed.
Objectives

The objectives of this study can be outlined as follows:
(1) to develop a general mathematical model suitable for the recession flows analyzed, and to use the
constant in the model to characterize differences; and (2) to statistically compare
the constant values to infer significant differences.
Study Areas

The study areas, Sycamore Creek, Cherry Creek, East Fork and West Fork of the
White River, and Pacheta Creek, are catchments in the Salt -Verde River Basin of
north -central Arizona. These watersheds vary climatically from cold and humid to dry
and arid, depending upon their elevations and the season of the year. In general,
two seasons of precipitation are recognized on the watersheds, one in the summer and
the other in the winter. Summer storms, (high intensity and short duration) derive
their moisture from the Gulf of Mexico.
Winter storms, which derive most of their
moisture from the Pacific Ocean, bring rainfall events of lower intensity and longer
duration, and snow.
Sycamore Creek, located near Sunflower, has elevations ranging from 3,310 to
7,130 feet.
Vegetation is mostly chaparral, with scattered oaks and other species of
desert plants. The watershed receives 20 inches of precipitation annually. Soils
are derived from granite and schist.
Cherry Creek, near Young, has elevations ranging from 4,950 to 6,450 feet. For
the most part, vegetation is mesquite and grasses, with scattered shrubs. Pinyon and
juniper prevail at higher elevations. Annually, the watershed receives approximately
20 inches of precipitation. Soils are derived from sandstone parent materials.
East Fork of the White River, near Fort Apache, has elevations exceeding 6,000
Vegetation is mostly pinyon and various species of juniper. The watershed receives about 18 inches of precipitation annually.
Soils are mostly basalt and sandstones.
North Fork of the White River, located near Greer, ranges in elevation from
8,000 to 11,590 feet. Vegetation is predominantly mixed confer forests.
Annually,
the watershed receives 24 inches of precipitation.
Soils consist of basalt.
feet.

Pacheta Creek, near Maverick, has elevations ranging from 7,850 to 8,520 feet.
Vegetation is mostly ponderosa pine, with scattered Douglas -fir. It receives more
than 25 inches of precipitation annually.
Soils are formed on basalt and cinders.
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Methods

Average daily streamflow for the water years of 1967 to 1976 was summarized from
the U.S. Geological Survey water data reports for Arizona. Individual recession hy(1) A set
drographs were selected for analysis according to the following criteria:
of data points that exhibited a more -or -less steady recession was considered a recesComplex recessions were separated into individual recessions depending
sion event.
upon the number of surges. Recessions that demonstrated extensive fluctuations were
eliminated; (2) Recessions that occurred between July 1 and October 30 were considered
summer recessions, while those between January 1 and April 30 were winter recessions.
Recessions recorded outside these periods were omitted; (3) It was decided that four
data points, or a three -day interval, was a minimum duration of a recession event retained for analysis; and (4) Unusually high and low flows were eliminated. A minimum
flow was set at 0.25 cfs. The upper limit was not singled out, since these flows
varied greatly among the watersheds.
The form of streamflow drainage from a watershed, characterized by recession
flows, has been documented (Barnes, 1939; Hursh and Brater, 1941; Knisel, 1963;
Brown, 1965; and Howe, 1966), according to the form:
Qt = Qo Kt

(1)

where Qt = the discharge after a time period, t
Qo = the initial discharge
K = the recession constant per unit of time
t = the time interval between Qt and Qo in hours or days
In this study, the above- defined mathematical model was used. Each recession hyThe slope of each plotted line was deterdrograph was displayed on semi -log paper.
mined in terms of a log form, as follows:

Log Qo - Log Qt
Log K =

(2)

t

From previous studies, it has been shown that more than one straight line with
divergent slopes often occurs with semi -log plots of recession flows. A study by
Brown (1965) on recession flows in Arizona demonstrated that, typically, recessions
To reduce the complexity of interpreting various limbs in the
are two limb types.
study described herein, it was decided that those exhibiting two recession limbs on
semi -log paper would be used for final differentiation.
To characterize recession flows from watersheds of different vegetative cover
types, slopes of each recession limb was determined from equation (2), and their
averages were grouped according to the season of occurrence. The fallowing null hypotheses were tested (at a significance level of 0.05) to evaluate differences among
averages grouped by vegetative cover types and season of occurrence.
In particular, null hypotheses that involved testing variations within a watershed were:

Hot = there were no significant differences among
averages of upper and lower slopes analyzed for
vegetative cover types and season
Ho2 = there were no significant differences among
averages of upper recession slopes grouped under
summer and winter periods
Ho3 = there were no significant differences among
averages of lower recession slopes grouped under
summer and winter periods
Null hypothesis that involved testing variations among watersheds included:
Ho4 = there were no significant differences among
averages of upper recession slopes grouped under
vegetative cover types and winter periods
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Ho5 = there were no significant differences among
averages of upper recession slopes grouped under
vegetative cover types and summer periods
Ho6 = there were no significant differences among
averages of lower recession slopes grouped under
vegetative cover types and summer periods
Ho 7 = there were no significant differences among

averages of lower recession slopes grouped under
vegetative cover types and winter periods
To test the above -mentioned null hypotheses, three statistical methods were employed as required: t- tests, analyses of variance, and multiple comparison procedures
(Steel and Torrie, 1960).

Results and Discussion
Generally, the recession flows demonstrated straight -line plots, with some exhibiting more than two slopes separated by distinct break points. Some break points
occurred at high flows, others at low flows.

Summer recession flows were mostly of the two limb type, while winter recession
Most summer recessions were of shorter
flows were of both the one and two limb types.
duration than were winter recessions. The longest single event in the summer was 9
days; 21 days characterized the longest single event in the winter.
Representing recessions of the two limb type, 66 and 45 individual events of
summer and winter grouped recessions, respectively, were identified for analyses. The
averages of summer upper limb slopes grouped by vegetative cover type ranged from 0.10
to 0.54 day -1, and lower limbs ranged from 0.03 to 0.10 day-1. Averages of winter
upper limb slopes grouped by vegetative cover types ranged from 0.09 to 0.16 day -1,
and the lower limbs ranged from 0.02 to 0.04 day-1.
With respect to the above -mentioned hypotheses, the following results were obtained:

Hol = rejected for all vegetative cover types and seasons
Hot = accepted for East Fork and North Fork of the White
River and Pacheta Creek, rejected for other watersheds
Ho3 = accepted for East Fork and North Fork of the White
River and Pacheta Creek, rejected for other watersheds

Ho4 = accepted for all watersheds
Ho5 = rejected for all watersheds, with multiple comparison procedures employed to determine which
averages were different
Ho6 = rejected for all watersheds, with multiple comparison procedures employed to determine which
averages were different

Ho7 = accepted for all watersheds
It is, generally, beyond the intent of this paper to detail all of the individual
differences and interactions among vegetative cover types and seasons of occurrence.
These results can be found elsewhere (Sulaiman, 1961). However, the more important
conclusions reached as a result of this study are presented, as outlined below:
1.

Pinyon -juniper, chaparral, and grassland vegetative cover types can be considered the same, in terms of delayed recession flows.

2.

With respect to time, delayed recession flows were more sustained for mixed
conifer and ponderosa pine forests compared to grassland vegetative cover
types.
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3.

During the summer, fast or delayed recession flows were generally steeper in
Differences were observed in
slope averages than they were in the winter.
fast recession flows in mixed conifer and ponderosa pine forests, pinyon Differences were noted in
juniper, and grassland vegetative cover types.
delayed recession flows in mixed conifer and ponderosa pine forests, and in
grassland vegetative cover types.

4.

There were no differences in winter recession flows among the vegetative
cover types analyzed.

5.

Unfortunately, small differences in recession flows could not be statistically detected. Quite possibly, a larger number of observations would be
required to increase the precision required in evaluations of small differences.

In conclusion, it is proposed that recession flow analyses (such as presented
herein) could be helpful in the assessment of the affects of land use on streamflows
of low quantities. However, this exploratory study must be expanded to other sites
before specific outcomes can be predicted.
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USE OF THE UNIVERSAL SOIL LOSS EQUATION IN THE TROPICS

Todd C. Rasmussen and Fred C. Tracy
Department of Hydrology and School of Renewable Natural Resources
University of Arizona, 85721

Introduction

Sediment production from the land surface is a normal erosion process.
The production of
sediment in tropical environments, however, results in more severe consequences than in more temperate
climates.
This is due to the fact that most nutrients in tropical soils are nearer the surface than

in comparable temperate soils and because rainfall intensities are greater resulting in higher,
overall runoff and sediment transport rates (Lal, 1977).

Agricultural production suffers as a result

of decreased soil fertility, roads are damaged due to the exposure of unvegetated slopes and
reservoirs rapidly fill with sediments.

The Universal Soil Loss Equation (USLE) has been developed to quantify the sediment production
The equation utilizes factors which, when multiplied together,
provide an estimate of the expected soil loss from a parcel of land.
The equation is;

phenomenon on agricultural lands.

A6R*R*LS*C*P

(1)

where;

A

is the estimated soil loss per unit area
is a rainfall factor which accounts for the kinetic
energy of a storm
K
is a soil erodibility factor which accounts for
edaphic variablility
LS is a combination of length and slope factors which
accounts for topographic influences on erosion rates
C
is a cropping and management factor which accounts for differences
in vegetative cover and density
P
is a support practice factor which accounts for
such erosion control practices as terracing, contouring, etc.
R

In this paper we shall present erosion plot data which has been collected in two Central
A brief analysis of the factors shall be made and some

American countries; Honduras and El Salvador.
tentative conclusions will be presented.

Erosion investigations in El Salvador

Sediment yield and runoff data for El Salvador were collected on runoff plots established
jointly by the Food and Agriculture Organization (FAO) of the United Nations Development Programme
(UNDP) and the Salvadorean Directorate General for Renewable Natural Resources. The plots were
established in 1974 on the government forest district outside of Metapan in northwestern Santa Ana
Department.
The elevation of the area is about 835 metres above sea level and yearly rainfall
averaged 1625 mm over the five year study period (Table 1).
Average monthly rainfall distribution is
shown in Figure 1.
TABLE 1
1975

1976

1977

1978

1979

MEAN

1895

1397

1192

1929

1716

1626

ANNUAL RAINFALL (mm)
Ingenio San Jose, El Salvador
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MEAN MONTHLY RAINFALL (mm)
Ingenio San Jose, El Salvador
1975 -1979

Soils in the area are red latisols typical of the northern zone of the country.
loams to clay loams on slopes that vary between 24 and 35 percent.

Textures are

The plots were
Twelve plots were established with dimensions of 5 by 20 metres (Figure 2).
equipped with runoff -sediment tanks (Michaelson and Sanchez, 1974); rainfall was recorded on a SLAP
In 1975 the plots were divided into
tipping bucket rain guage and collected in 2 standard guages.
three replicates of four treatments; fallow, traditional cropping pattern, strip cropping and bench
terraces (Figure 3).

Fallow plots were tilled by hand and raked up and down slope periodically throughout the rainy
Traditional agriculture plots duplicate the no- tillage, hand -planted, basic grains system
indigenous to the mountainous northern zone. Strip cropped plots incorporate two double strips of
lemon grass (Cimliopogon citratus) dividing the plots into three equal slopes. Bench terrace plots
are divided into five terraces with the backslopes planted to jaraqua grass (Hipparthenia rifa) and
include a brick -lined drainage channel (Michaelson and Heymans, 1975).
season.

Five years of continuous rainfall data was analyzed and actual rainfall energy factors (R)
were calculated for 20, 25, and 30 minute intensity intervals using standard USDA methodology
(Wischmeier and Smith, 1978; Foster, et al, 1981). The R factor value used in our analysis was for
The values are (in units of megajoule millimetre /hectare hour year);

the 30 minute intesity interval.

R(20) - 12,694
R(25) = 11,420
R(30) - 10,227

Four years of sediment- runoff data were analyzed, again using the USDA methodology cited
The A factor values are
above, to obtain annual sediment production values (A) for each treatment.
(in units of metric tons /hectare);
TABLE 2

RUNOFF (mm)

FALLOW

TRADITIONAL

252

126

(a =52.6)

SEDIMENT (T /ha) 356.4
(0=82.4)

STRIP CROP
72

TERRACES
199

(0=40.4)

(0 -12.9)

(0=32.9)

55.5
(a= 6.8)

34.9
(0= 5.5)

13.7
(a= 3.3)

MEAN ANNUAL RUNOFF AND EROSION
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PLOT TREATMENTS

1- Fallow

2- Traditional cropping
pattern

3-Strip crop

4-Bench terraces

a
Figure 3

50

The length-slope factor (LS) was calculated using the formula presented le Wtschmeier and
Smith (1978).

The factor velue for the bench terrace plots is determined over the downelope length of
each individual terrsee, cachet than for the overall plot length. The values, calculated for each
Plot ana averaged by ttearment. are (unitlesa);
Fallow plots:

6.13

Traditional cropping:

7.16

Strip cropped:

6.37

Sencb terrace:

3.31

The euiL eredibilicy factor te) values were determined by tan methodologees.

Using the
nomograph presented by Eoetet, et el 0981) produced a value of 0.032 (mettle ton hectare hour/hectare
megaeoule millimetre).
the second method involved solving the USLE for the K factor using the A value
from Lhe fallow plots and setting the cropping factor (C) and the support practice factor (P) values
at l.U.
ihe result was a substantially lower K factor value of 0.0057.

(2)

- A / (Ft * LS)
for

C e P

1.0

Cropping Factor (C) values acre then calculated using the USLE for each treatment using betel
eetInatee of the K values for the att. The cropping system used un all, three cultivated treatmenta
was the endtgenous system of the northern mountain zone.
This consists of inter-cropped corn (4es
mays) and beans (Phaseolus app.). The corn was planted iu early May and the beans in early August.
The average annual 2 values are (unitless);
C (K obtained from nomottrapb):

C (K calculated):

.025

.14

Supporting practice factor (P) values were then estimated for the remaining treatments (atter
Arnoldus, 14)7). The teeultlng P values are (unitlese);
Traditional cropping:

.95

Strip cropped:

.67

Bench terraces:

.51

Erosion investigations in Honduras

Sediment production in Honduras was monitored starting in May, 1577. The area investigated
lee, -pproximately 200 km due easi of the alter In El Salvador and 20 km to the west of the capital of
liondurae, legetepalpa.
The elevation ui the area is between 1100 is and 1h00 m with an average ennui
preeipitnteor er approximately 85U mm.
rhree sites were instrumented with Coshocton samplers
ivetelled beles ,.e t wt 4-type flumes. The sites ranged in size from 7 to 22 hi. in extent and were
loceiel en brush, forested and traditional agricultural (corn and bean) watersheds.
Starting is Ms?,
leee, ihir,y 1.5 b5 6 metre standard USIA runoff plots were installed oc different feed use "lasses en
thee, eiparace soil types and two elope classes with two repetitions. The land usc classes were
etieie LOIC:SC, bruselande (reeeneritien of abandoned agrtcultutel lande), traditional agricultural
;tern soc beep) frrets, efaed lands and burned forest lands. The three soils were, a shallow, sAndy
lio scils originating tram weiceeree ignembrIttee, a deep, well-weathered basalt sell, and a decp,
saerly-locie seal,
le eddition, individual storm runoff volumes and representative sediment Inods were
ohclieed 11118 e.ecioes re rcods urine 1.5 font h-type flumes. (Kramer ana Arcoleo, 1980)
S.CIJ,P 1.11'10Lico technique was used to determine the concentration of sediment in eke
eiltplote ottaioea from the eisherton wheel, the runoff plots and from the roadside -flume,. Total
iteseeedel elide ,leei were recorded for each stormflow event and gummed oeec
he vicar ce protide in
iiim ) e I u',hr',ai
edit loss fi each land use-soll typo combination.
Ihr date fet
the le7e ware, year
le,
,9-79/ is presented for 28 of the 30 runoff plots in ¡able
Ileie I, iie tern April
i.
Using tic , II, an estimate of the Clopping factor (e) can be woe for each ef che
The eel imiets ote prevented in Table 4 along with corresponding estimates u,treg eedimelt
dete eoliteiou :roe the t 1,14es.
The values for the first three land use classee ors subefeerialle
leeei ter Lite (41,pe, cede for the runoff plots.
One possible reason is that the areas of the plots
eve wee
smalier than ihe ate., measured by the flumes (9 square metres vs. 200,000 square everres).

c,i-eies.

t

si

Table 3
Soil Loss from Runoff Plots in 1978
Plot

Rainfall

Runoff

(m /yr)

(m/yr)

Runoff /Rainfall
(X)

AgY
AgY
AsY
As?

603.5
603.5
647.7
647.7

52.73
66.86
43.64
67.73

BgY
BgY

569.5
569.5
647.7
647.7

FsY
FsY

578.6
578.6
578.6
578.6

AgM
AgM
BgM

Be
GO

618.7
666.0
666.0

Ago
Ag0

563.6
563.6

46.19
26.26

7.8

1180

563.6
563.6
563.6
563.6

25.42
20.97
14.70

4.5

563.6
563.6

24.82
17.70

4.4

563.6
563.6

15.14
15.78

2.7

BsY
BsY
FgY
FgY

GgM

40
BaO
BaO

Fg0
Fg0
Fs0
Fs()

Code:

8.7
11.1

9.9

6.7
10.5

8.6

67.16
66.70
49.93
50.75

11.8
11.7

11.8

27.22
15.45
31.87

4.7

10.81

1.9

687.1

183.47

26.7

687.1
618.7

202.63
47.99
71.19

32.8

A
B
F
G

-

Soil Loss
(kg/ha) pair avg

pair avg

601.2
2141.9
6431.9
4443.3

2.7

218.0
21.7
71.0

7.8

3.7

24.9
54.2
27.5

29.8

7358.0

4.7

22.46

46.4

36.8
40.9

4787.8

7.2

10.4
26.0
27.8

177.2

48.7
3.7

5.5

178.77
191.2

5437.6

136.4

7.7

7.8

1371.6

6072.9

52.7

8.8
26.9

190.6
2393.0
1882.8

2137.5

6.3

534.3
216.7

375.5

121.6

3.7

4.1

31.2

2.6
4.0

41.5
20.8
73.2

3.3

96.4

84.8

3.1

2.8

23.9
3.8

16.2
73.4

20.0

2.8

33.9

53.6

Traditional agricultural plots
Brush plots
Forested plots
Grazed plots

g - Gentle slopes < 101
s - Steep slopes > 201

Y - Yauyupe soils
M - Milile soils
0 - Ojojona soils

Table 4
Cropping Factors in Honduras

Land use type

Plots

Flumes

SDR

Undisturbed forest
and brushlands

.0002

.00002

.613

Grazed lands

.0096

.0004

.507

Agricultural lands

.0226

.0013

.560

Roads and trails

1.71
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The use of a Sediment Delivery Ratio (SDR) as described by Wischmeier and Smith (1978), is also
presented in Table 4, and is not sufficient in itself to explain the difference. The difference may
be the result of disturbances due to installation of the plots.
The analysis of subsequent years of
data will be required to determine the source of the inconsistency. Consistent with the methodology
used in the study conducted in El Salvador, the K factor was selected using the nomograph designed for
that purpose.

Conclusions

The storm intensities typical to tropical regions (Lal, 1977) produce R values higher than
those published anywhere within the United States.
The use of these R values, in combination with
high LS values characteristic of the steep, mountainous zones of Central America produce USLE annual
sediment loss values well above those observed on the experimental plots.

The C value for traditional agriculture in Honduras is reasonably close to that obtained in El
Salvador (0.023 vs 0.025) when the nomograph technique is used.
In both Honduras and El Salvador, the

C values estimated are an order of magnitude less than those values which are obtained from the
literature (Arnoldus, 1977; Wischmeier and Smith, 1978).
Recommendations

Additional information is needed on the physical soil characteristics of the plots to allow a

precise mechanical analysis for K determination by the nomograph method.
Crop stages should be
examined to explain differences in sediment production as a function of plant development. The
effects of various inter- cropping systems also need to be quantified.
In light of the limited data
base, an event -based analysis may yield more significant values than an annual approach.
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EVALUATION OF THE USE OF SOIL CONSERVATION SERVICE SNOW COURSE DATA IN
DESCRIBING LOCAL SNOW CONDITIONS IN ARIZONA FORESTS

Gerald J. Gottfried, Research Forester
USDA Forest Service, Rocky Mountain Forest and Range Experiment Station
Forestry Sciences Lab., Arizona State University, Tempe, Arizona 85281
and

Peter F. Ffolliott, Professor
School of Renewable Natural Resources
University of Arizona, Tucson, Arizona 85721

Introduction

Snowmelt is the major source of runoff from mountain watersheds throughout the western United
Over 75% of Arizona's surface water originates from winter storms over the state's mountainous
ponderosa pine (Pinus ponderosa) and mixed conifer forest watersheds.
The USDA Soil Conservation
Service (SCS) maintains a system of permanent snow courses throughout the mountains of Arizona and
pertinent portions of New Mexico to evaluate snowpack conditions.
The snow courses, usually in
forest openings, provide an index of snow conditions within a river basin.
The SCS correlates data
averages and other parameters with streamflow to determine anticipated flow volumes, for use in allocating water, and in planning for downstream irrigation, hydroelectric, and domestic -industrial water
States.

supplies.

The SCS snow courses do not necessarily provide unbiased area -wide snow depth, water equivalent,
and snow density values for a given river basin, primarily because of the wide variability in snow
accumulation patterns.
In addition, many of the forest openings which contain snow courses act as
"snow traps" which accumulate more snow than the surrounding forest (Rhea and Grant 1974).
Court
(1963), working in the central Sierra Nevada of California, determined that snow courses represented
conditions on sites 2,600 feet higher in elevation producing an overestimation of about 2 inches.
Conversely, Rhea and Grant (1974) indicate that snow courses in very open or in densely forested sites
tend to underestimate snow water equivalents. There are times when more localized snow information
would be helpful; for example, for engineering, forest management and research, and for recreation
planning.
The SCS courses are often the only available winter climatic data for isolated areas.
Our first objective was to evaluate how well SCS snow courses represent conditions in the surrounding area by comparing SCS data from selected Arizona snow courses with snow measurements from the
nearest experimental watershed snow courses. The watersheds, maintained by the USDA Forest Service,
Rocky Mountain Forest and Range Experiment Station and located throughout the ponderosa pine and mixed
conifer forests of central and eastern Arizona, were established to evaluate effects of forest management practices on water yields.
The watersheds contain intensive snow survey grids which sample a
range of local topographic and forest stand conditions.
Our second objective was to attempt to evaluate the ability of several snow -elevation relationships
to estimate average snow water equivalent on the experimental watersheds.
These relationships were
derived from published SCS data (USDA Soil Conservation Service 1975) or were published previously
(i.e., Cary and Beschta 1973).
In areas where there are no snow courses but where snow information is
necessary, such a relationship would be a helpful estimating tool. This relationship has interested
several other investigators; including Court (1963) in California, Rhea and Grant (1974) in Colorado,
and Storr and Golding (1974) in Alberta, Canada.

Study Area

The first part of the study compared snow water equivalent and snow density from four SCS snow
courses and from seven snow courses on neighboring experimental watersheds.
Each watershed snow
course was paired with the nearest SCS snow course:
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SCS Snow Course

Experimental Watershed

Newman Park
Heber
Beaver Head
Beaver Head
Hannagan Meadows
Hannagan Meadows
Hannagan Meadows

Beaver Creek Watershed -15
Stermer Ridge
Castle Creek West Fork
Castle Creek East Fork
Thomas Creek North Fork
Thomas Creek South Fork
Willow Creek East Fork

The study sites sample a wide geographical area (figure 1), from south of Flagstaff to the eastern
The experiWhite Mountains, and are in the headwaters of four major Arizona river basins (table 1).
The first four watersheds are in
mental watersheds exhibit a wide range of characteristics (table 2).
Mixed conifer forests
the ponderosa pine type, and the others are in the mixed conifer forest zone.
generally contain uneven -aged stands of seven coniferous species and quaking aspen (Populus tremuloides).
The most common tree species are Douglas -fir (Pseudotsuga menziesii), aspen, Engelmann spruce (Picea
engelmannii), and white fir (Abies concolor).

Flagstaff

4

O

Arizona

o

'cson

Snow course
* Evaluated snow course

The SCS has measured snow at 57 locations within Arizona and pertinent
The four locations used in our analysis
portions of New Mexico starting in 1938.
are emphasized; e.g., Newman Park, Heber, Beaver Head, and Hannagan Meadows.
Figure 1.
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Characteristics of the SCS Snow Courses (USDA Soil Conservation Service 1975)

Table 1.

Name

Newman Park
Heber
Beaver Head
Hannagan Meadows

Table 2.

Twp.

Rge.

Elev.
(feet)

19N
11N
4N
3N

6E
15E
30E
29E

6750
7600
8000
9090

Record
begun

Aspect

Drainage

SE
NE
NE

Verde
Little Colorado
San Francisco (Gila)
Salt

N

1963
1950
1938
1964

Characteristics of the Experimental Watersheds

Watershed

Area
(acres)

Beaver Creek

163

(feet)
6735 -7160

Aspect

Slope

(inches)

( %)

15

S -SW

Ave.
basal
area

Distance-/
to SCS
course

(ft2 /ac)

(miles)

25

96

9 1/4

67

9 1/2

mean: 6950

Watershed -15

Stermer Ridge

Elevation

Ave.
precip.

121

6900 -7050

9

NW

18-25

14

SE

25

1161/
60

14

NW

25

139

25

E-SE

29

187

3 3/4

20

E

29

1861/
146

3 1/4

20

E

30

mean: 6975
Castle Creek
West Fork

900

Castle Creek

1163

7850 -8583

mean: 8105
7835 -8477

1 1/2

2/

mean: 8076

East Fork.

Thomas Creek
North Fork

467

Thomas Creek
South Fork

562

Willow Creek
East Fork

489

8350 -9250

mean: 8880
8350 -9150

mean: 8880
8880 -9330

73

1 1/4

mean: 9069

/Data reflects pre- and post- treatment conditions.
The Beaver Head snow course is in the upper third of the watershed.
2/The distances are between the SCS snow courses and the approximate center of the watershed.

The Beaver Creek and Stermer
The watersheds also reflect different land management histories.
Castle Creek West Fork
Ridge watersheds were harvested by group selection prior to the early 1960's.
was harvested by a combined patchcut on one -sixth of the area and selection harvest on the remaining
This harvest did not cause a major change in average snow accumulation.
five -sixths in 1965 -1966.
Snow surveys on
Castle Creek East Fork and Thomas Creek North Fork are both in virgin condition.
Thomas Creek South Fork reflect both virgin and, since 1978, treated conditions (patchcutting and
It is too early to know if the treatment affected snow accumulation; therefore, the
selection method).
data were combined. Willow Creek was treated in 1972 by a combined selection method and overstory
removal harvest. Overstory density varies from 135 square feet per acre to 32 square feet per acre,
depending on treatment.

Study Methods
Field Procedures

The common procedure is
All snow measurements were made with a Mt. Rose (or Federal) snow sampler.
The typical SCS
described in detail in Agriculture Handbook 169 (USDA Soil Conservation Service 1959).
Multiple samples
snow course contains about 10 permanent stakes, but courses vary from 5 to 14 stakes.
Most Arizona snow courses are measured
are more accurate than point samples because of snow variability.
on or about January 15, February 1, February 15, March 1, March 15, and April 1, except in the most
inaccessible locations where measurements are made on fewer dates, or during long snow seasons, when
additional measurements are made.
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The experimental watershed snow courses usually consist of several lines of sample points which run
perpendicular to the main drainage (table 3). This design allows samples to be obtained from a variety
of topographic and forest overstory sites. Two to four measurements are made at each point during each
survey. Surveys were not made at set dates, but tended to follow major storms in an attempt to measure
the peak seasonal accumulation which could be correlated with streamflow. Some surveys did not include
all of the points or lines because of manpower or weather problems, and there were several (generally
dry) winters when Watershed -15 and Castle Creek were not measured.

Table 3.

Snow Course Characteristics of the Experimental Watersheds

No.

No.

Length of
record

lines

points

(years)

6

86

6

18

1968

Stermer Ridge

3

30

4

12

1973

Castle Creek
West Fork

4

54

7

14

1964

Castle Creek
East Fork

4

49

6

13

1964

Thomas Creek
North Fork

6

62

7

30

1974

Thomas Creek
South Fork

5

46

7

30

1974

60

3

11

1978

Watershed

Number of
data pairs

Year
begun

Beaver Creek
Watershed -15

Willow Creek ,
East Fork-

1/The Willow Creek snow course consists of a series of loops which
criss -cross the watershed.

Office Procedures
SCS- Watershed Comparison. --Snow water equivalent (in inches) and density (water equivalent
depth) data for each date and watershed snow course were averaged. The differences between SCS and
watershed averages were analyzed. Only measurement dates within 7 days of each other were considered.
Analysis was by paired t -test and linear regression for the watershed comparisons.
Elevation -Water Equivalent Comparison. --In the analysis of.the elevation -gnow water equivalent
relationships, linear and polynomial (curvilinear) regression (Y = a + bX + cX ) procedures were initially applied to the long -term SCS records (USDA Soil Conservation Service 1975) (which vary from 7 to 37
years).
The section of the polynomial curve within the range of our data was used.
Separate regressions
were developed for each of the six sampling dates.
The linear model was dropped because the data showed
significant curvilinearity (figure 2), reflecting the decreased occurrence of intermittent melting with
increased elevation. Some lower elevation snow courses can become bare during the winter, whilg the
highest courses do not have significant melting until spring.
Coefficients of determination (r ) for
the curvilinear model ranged from 0.75 to 0.86. Part of the unexplained variation can be attributed to
differences in storm track (some storms do not affect the entire state); aspect; surrounding topography,
which can shelter or over -expose a course to storm affects; and adjacent forest stand conditions.
Ffolliott et al. (1972) found that the spatial arrangement of forest cover (i.e., basal area) affects
the distribution of peak seasonal accumulation of snow water equivalent.
Water equivalent estimates
were derived from each of the curves for the six sampling dates, using mean watershed elevation as the
independent variable.
Estimates and measured values were compared by paired t -test.
For each date,
only watershed mean values derived from at least three measurements were included.
We could not compute
6 acceptable means for each of the four ponderosa pine watersheds; however, the 12 acceptable mean
values were grouped for the t -test analysis.

The regressions developed by Cary and Beschta (1973) for each sampling date were also evaluated.
(water2equivalent +1.0). Cary and Beschta
These were of transformed linear regressions, where Y = log
based their equations on data from up to 22 SCS snow course. The r values ranged from 0.47 to 0.65,
and all were significant at the 10% level.
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Elevation
The polynomial relationship of elevation of SCS snow courses (in thousands
of2feet) vs. average water equivalent (through 1975, in inches) for the March 1 survey
Figure 2.
(r

= .82).

Estimates for each date were also made from linear regressions of SCS data (through 1980) from 11
stations selected by the authors, including the 4 used above, which represented a range of elevations or
McNary (7,200 feet), Mormon
were located near the watersheds. The additional seven snow courses were:
Lake (7,350 feet), Happy Jack (7,630 feet), Coronado Trail (8,000 feet), Hawley Lake (8,300 feet),
The use of selected stations reduced the
Cheese Springs (8,600 feet), and Fort Apache (9,160 feet).
Covariance analysis indidata variation present in the complete record and was easier to manipulate.
cated that the six "selected eleven" regressions were not significantly different from linear regressions
derived from the entire SCS record.

Results and Discussion
SCS -Watershed Comparison

Snow water equivalent. --The first step in evaluating the relationship between the SCS and watershed
The
snow measurements was to determine whether the data could be interchanged without modification.
paired t -test indicated highly significant differences (1% level) for the Heber -Stermer Ridge, Hannagan
Meadows -Thomas Creek, and Willow Creek comparisons, and significant differences (5% level) for the
Beaver Head -Castle Creek West Fork data, (although the latter average difference was only 0.4 inch). No
significant differences were found for Beaver Head -Castle Creek East Fork and for the Newman Park -Beaver
Creek Watershed -15 pairs.
The results of the Beaver Head -Castle Creek East Fork pair are not surprising,
since the SCS snow course is within the experimental watershed.
The results of the Newman Park -Beaver
Creek WS -15 pair may again reflect the fact that SCS snow courses tend to represent conditions at higher
elevations.
Beaver Creek WS -15 is generally at a higher elevation than Newman Park and receives equivalent moisture, even though they are separated by 9 miles.
Other watersheds are at similar or lower
elevations than the associated SCS courses. Distance and topography may have also had an influence,
especially in the White Mountains with its numerous valleys and ridges.
The terrain between Newman Park
and Watershed -15 is relatively flat.
The data suggested linear regression analysis (figure 3).
All regressions were highly significant;
r2 values ranged from 0.86 for Newman Park -Watershed -15 to 0.97 for Hannagan Meadows -Willow Creek East
Fork.
Standard errors of estimate (s
)
varied from 0.4 inch for the two Beaver Head -Castle Creek
comparisons to 1.2 inches for the HanAiOan Meadows -Thomas Creek South Fork comparison. Coefficients of
variation ranged from 12 to 32 %. The large Thomas Creek data base allowed us to develop regressions for
the heavy snowfall years (i.e., 1979, 1980) and for the average -low snowfall years. These regressions
59

Significant regressions could be developed between the
were significantly different from each other.
watersheds and more distant SCS snow courses; however, r values decreased, e.g., the Thomas Creek North
The regressions
Fork r is 0.89 when Hannagan Meadows is used and 0.74 when Fort Apache is used.
indicate that data from SCS snow courses can be used to estimate average snow water equivalents on
neighboring areas. These results could be of immediate practical help to researchers, because the
regressions would allow them to consider abandoning some of the labor -intensive watershed courses and
still obtain good estimates of snow conditions, provided the accuracy is satisfactory for the specific
Less accuracy would probably be required for normal management activities.
experimental objectives.
However, this technique can only be used if paired sets of measurements are available for a sufficient
number of years and range of snowfall conditions.
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Figure 3. Significant regressions relating Soil Conservation Service survey and Forest
CCEF = Castle Creek
Service experimental watershed snow water equivalents (in inches).
East Fork, CCWF = Castle Creek West Fork, WCEF = Willow Creek East Fork, WS -15 = Beaver
Creek Watershed -15, TCSF = Thomas Creek South Fork, TCNF = Thomas Creek North Fork,
Stermer = Stermer Ridge.

Because snow density increases as
Snow Density. --Snow density is another important characteristic.
The
the season progresses, it is used to evaluate snowpack condition relative to the onset of melt.
water equivalent at aerial markers is calculated by multiplying snow depth by the density recorded at a
Snow densities from the SCS and watershed snow courses were compared to each
neighboring location.
Data from the Castle Creek watersheds could be combing, as could those
other by linear regression.
All regressions were significant, but r values were below
from the Thomas -Willow complex (figure 4).
The standard error of the estimate for Thomas- Willow was 0.04 gm/cm ; this would result in a
0.50.
This is
possible error of 0.5 inch, if a water equivalent were calculated for a 12 -inch deep snowpack.
values for the water equivalent regressions. Density varies depending on exposure,
comparable to the s
Relatively low watershed snow densities could also result because
aspect, topography,yáfld canopy cover.
measurements were keyed to periods immediately following storms, when density is lower while the SCS is
scheduled by date giving the snowpack a chance to ripen. High relative snow watershed densities could
Similar regressions
reflect shallower snowpacks which could become denser and melt at an earlier date.
could be used to estimate snow density, as long as the high degree of variability and lack of precision
is recognized.

Elevation -Water Equivalent Comparison

None of the three (curvilinear, Cary -Beschta or selected eleven) regression models successfully
estimated all watershed measurements. They all estimated the ponderosa pine mean water equivalent
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Figure 4.
Comparison of snow density values for the SCS, Hannagan Meadows, and the
Thomas -Willow Creek snow courses.

measurements well, with an average difference of 0.4 inch.
However, none of the three estimated
Willow Creek or Thomas Creek North Fork satisfactorily.
Average differences were 1.1 inches and 2.3
inches, respectively.
The curvilinear or selected eleven models, which are derived from statistically
similar data, did not estimate either Thomas Creek watershed well. Estimates from the Cary -Beschta
model compared well with Thomas Creek South Fork readings, with an average difference of 0.03 inch.
The Cary -Beschta regression model, although not consistent, appeared to give closer estimates
than the curvilinear or selected eleven regressions. These two overestimated values for all watersheds, except for Beaver Creek. The consistent results in the ponderosa pine are probably caused by
the large number of snow courses at or below 8,000 feet (ranging from 54% of the sample for the
curvilinear to 77% for the Cary -Beschta regressions).
The overestimations for the curvilinear model
are indicative of the relatively large number of readings above 8,000 feet, while the tendency toward
underestimation (e.g., of the Cary -Beschta regressions) reflects the reverse.
Overestimates are, of
course, also related to the fact that the relationship is based on data which generally tend to overestimate snow accumulations.
In view of Court's (1963) observations in California, we decided to solve the curvilinear equations
for the six dates (because of its large data base) for elevations using the watershed measurements as
the dependent variables.
The subtraction of the calculated elevation from the actual elevation yielded
the following differences (in feet):
Beaver Creek Watershed -15
Stermer Ridge
Castle Creek West Fork
Castle Creek East Fork
Thomas Creek North Fork
Thomas Creek South Fork
Willow Creek East Fork

- 819
+

98

+ 747
+ 535
+1039
+ 677
+ 264

Except for Beaver Creek Watershed -15 and one date for Stermer Ridge, (which recorded more snow than
expected), results consistently indicated that the measured watershed averages were characteristic of
lower elevation sites.
It appears that Arizona SCS snow courses represent snow conditions at sites
which are on an average, (with standard error) 363 + 229 feet higher in elevation.
The average would
be 560 + 139 feet without Beaver Creek, Watershed -15. Rhea and Grant (1974) attempted to compensate
for this deviation by relating water equivalent to an average elevation obtained from an area within a
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1.5 -mile radius circle around each snow course.

The curvilinear relationship, by definition, does not give a constant water equivalent increase
per 1,000 feet increase in elevation. Average increases varied from 1.8 inches per 1,000 feet on
Court (1963) determined an average increase of
January 15 to 4.6 inches per 1,000 feet on April 1.
A reason for the increasing
5.2 inches per 1,000 feet for the late March readings in Kings River Basin.
rate with time is that in Arizona, low elevation sites (below 7,500 feet), often melt off completely
The
between storms, while areas above 9,000 feet accumulate snow steadily with little or no melt.
relationship varies with type, frequency, and magnitude of storms.
Conclusion

Comparisons were made between Soil Conservation Service snow survey data and snow data from
nearby Forest Service experimental watersheds to evaluate the use of the SCS data to describe local
conditions.
SCS snow courses are generally within forest openings which tend to collect more snow
SCS data could not be used directly to describe watershed conditions,
than the surrounding area.
except when the snow course was within the watershed or when the watershed was at a higher elevation
However,
highly significant linear regression relationships could be developed
than the snow course.
These could be used to estimate snow water equivalents on the watersheds, and
from the paired data.
could, (depending on experimental requirements), allow researchers to reduce or eliminate intensive
snow surveys. Similar relationships can be developed where a record of paired measurements exists.
Linear regressions were also developed comparing snow density, but they contained a high degree of
variability.
Estimates
Paired data from SCS snow courses and from the local area are usually not available.
from several elevation- average water equivalent relationships, which were developed from SCS data for
each of the six measurement dates, were compared to the watershed values. All gave reasonable estimates
The SCS courses
for the ponderosa pine zone but were less satisfactory for the mixed conifer sites.
tended to measure snow conditions which were more representative of sites an average of 363 feet
higher in elevation. More research, coupled with an intensive review of existing information, could
produce a generally useful relationship, possibly using multiple regression procedures, for estimating
local snow conditions.
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Introduction

There has been strong and continuing interest through the years in estimating evapotranspiration
(ET) from plant communities.
Most of this interest has developed from a need to estimate the water
use of agricultural crops, in an effort to effectively manage water supplies so as to maximize productivity.
The many facets of this interest have reviewed thoroughly (see for example, Hagan, et al. ,
1967).

The concept of potential evapotranspiration" (PET), apparently first introduced by Thornthwaite
(1944, 1948), has proven to be an important development in evapotranspiration research. He concluded
that the rate of water loss from vegetation with an ample supply of water would be governed primarily
by the characteristics of the atmosphere and only secondarily by the characteristics of the vegetation.
A considerable effort has since developed to estimate PET from climatic measurements. The PEP
values thus obtained could serve as a guide for either the amount of water required for irrigation

should water development take place in the future, or for an estimate of actual water use from
irrigated crops.

The major developments in evaluating PET have been reviewed many times (see, for example, a
recent review by Gay, 1981).
A large number of methods have been used to relate climate to potential
water use of well -watered vegetation. These methods differ widely in complexity and in consistency of
PET estimates.
Further, the divergence between methods increases in the extreme climatic conditions
found in arid and semi -arid regions.

This paper reports on the application of several widely known methods to data available from the
Lower Colorado Valley, the hottest and driest region in Arizona.
The data were obtained from several

sites that span a range of conditions within this region.

Our comparisons provide a basis for

selecting a method, and for making appropriate corrections needed to compensate for the effects of the
hot, dry climate.

The Mastic Regime
The climatic summary for the experimental area is based upon data in Sellers and Hill (1974).
The Lower Colorado River Valley in the vicinity of Blythe, California, is too far south to benefit
from the middle latitude storms that originate in the North Pacific Ocean and provide winter precipitation to Arizona, and the region is too far west to receive much summer rain from the summer flow of
moist, unstable tropical air from the Gulf of Mexico. The weather station at Ehrenburg, Arizona, four
miles east of Blythe, has one of the driest climates in Arizona, receiving an average of only 89 mm of
precipitation annually.
Drought conditions are most severe in May and June. The average precipitation in May is only 0.5 mm, and measureable rainfall fell in June during only one of 30 years from
1942 through 1971.
Summer temperatures are hot and humidities low.
Maximum temperatures frequently
exceed 46 °C in each month from May through September, and the highest temperature on record is 50 °C.
Pumping from wells and from the Colorado River provides a source of water for thousands of hectares of
irrigated cropland along the river in the vicinity of Blythe, and irrigated agriculture is the dominant economic activity in the region. The data used in this study came from several different
sources, as described below.
Weather Station Descriptions

PVID weather station. The Palo Verde Irrigation District (PVID) maintains a weather station at
its main office on the south edge of Blythe. The station is probably influenced by a nearby building;
it is sited on a large (20m x 20m) plot of bare soil, adjacent to a paved parking lot on one side and

to a gravelled, nearly empty storage yard on the other.

The standard weather shelter houses

thermometers and a hygrothermograph. PVID tabulates maximum and minimum air temperature each day. At
0600, additional readings are made of air temperature and relative humidity, precipitation, wind total

for past 24 hours, and the daily solar radiation total measured with an integrator attached to a
silicon photocell.
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SCE solar station. Southern California Edison (SCE) records solar radiation continuously on the
roof of their office on the south edge of Blythe, near the PVID weather station. The Blythe site is
only one of 50 stations that comprise the Western Energy Supply and Transmission ocon Associates
Solar Resource Evaluation Project. SCE serves as project manager, including maintenance, calibration
and data processing. The measurements made at the Blythe station are 15 minute averages of solar
radiation on a horizontal surface, direct -beam radiation and air temperature. The data utilized in
this paper are daily totals of solar radiation on a horizontal surface.
Blythe airport FAA station. The FAA Station at Blythe Airport is in the desert on a mesa about
Weather data
four miles west of Blythe, at an elevation of 120 m, about 30 m higher than the town.
recorded hourly includes sky cover and ceiling height, air temperature, dewpoint, wind speed and
direction. Precipitation and maximum and minimum air temperatures for the past 24 hours are also
recorded.

Palo Verde agricultural weather station. This station is established in the midst of a large
irrigated area adjacent to the Colorado River about 2 km south of Palo Verde, and about 50 km south of
The data
day.
Blythe. The measurements are made by volunteer observers approximately once a
collected includes pan evaporation, maximum and minimum air temperature, relative humidity, and wind
weather
station.
This paper utilizes pan evaporation data from the Palo Verde agricultural
run.

Site Comparisons: PVID vs. FAA
The differences
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Figure 1. Mean daily temperature and relative humidity at
the PVID and FAA sites in July 1980.

appear low, and the
estimates based upon sky
cover at the FAA site appear unreasonably high.
greater than at the more sheltered PVID site.

The wind speed at the FAA Station (Figure 3) is also

The Figures illustrate the differences between sites for the single month of July 1980. The mean
data for each month during the period March thru October are tabulated in Table 1. Table 1 shows that
marked differences exist between the sites over the approximate growing season (8 months) from March
the period mean at the FAA site is warmer than at the
through October. Consider first temperature:
PVID site (27.6 °C vs. 26.4 °C), and the monthly means differ as much as 2.2 °C in July. Next, consider
wind at the two sites: on the average, the FAA is much windier than PVID (2.97 m/s vs. 1.86 m/s), with
the maximum monthly mean wind speed reaching 3.96 m/s at the FAA site in August. Finally, relative

humidity is lower at the FAA site for the period (32% vs. 45%), with the lowest monthly value being
For example, the
The differences are to some extent affected by measurement accuracy.
19% in June.
SCE mean solar radiation (593 ly /day) is 11% greater than that at the adjacent PVID station. The
The
hundred
meters.
difference must be instrumental, as the two stations are separated by only a few
SCE measurements are thought to be more accurate, for reasons given earlier. Most of the other
observed discrepancies appear to represent climatic differences, confirming that there is considerable
in
variability in arid regions. As we will show, this variability can produce large differences
predictions of PET, depending upon the source of data used.
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Figure 2. Mean daily solar radiation for July 1980.
PVID and SCE are measured, and FAA is estimated.
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Figure 3.

Mean wind speed at PVID and FAA, July 1980.

Table 1. Monthly means of selected variables at
Blythe, California, over the 1980 growing season.

Month

Ta °C]
PVID FAA

Mar
Apr
May
Jun
Jul

16.1
20.3
23.3
29.7
34.7

Aug
Sep
Oct

Mean

16.7
21.4
24.2
31.1

Ki [ly]
PVID SCE

U [m/s]
PVID FAA

PVID

FAA

RH

[8]

485
597
679
707
654

1.9

36.9

426
556
590
628
594

1.8
2.4
1.8
2.0

2.7
2.7
3.0
3.1
3.5

62
43
45
35
44

33.3 34.7

42
31
34
19
29

580

633

2.2

4.0

42

34

30.0 30.6
23.6 25.0
26.4 27.6

493
388
532

545
444
593

1.3
1.4
1.8

2.4
2.4
3.0

45
45

35
33
32
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Climatological Models of Pet

Most of these formulas are
A very large number of models for evaluating PET have been proposed.
empirical and depend upon a known correlation between per and one or more climatic variables such as
Other formulas relate ET to direct
radiation, temperature, wind speed and/or vapor pressure deficit.
measurement of water losses from evaporation pana. The large number of climatological models for PET
temperature, radiation, combination and pan evaporation models.
and ET will be grouped as follows:
Six of the most widely used methods have been tested in this study.

Various empirical coefficients have been proposed to convert potential evapotranspiration to
actual evapotranspiration of the crop. Variability of this factor is large; it varies on kind of
Doorenbos and Pruitt
crop, stage of development, growing period and prevailing climatic conditions.
(1975) examined the wide variation of this factor in their guidelines for estimating consumptive use,
The basic formulation of the six methods in this study are
but substantial work remains to be done.
reviewed below.

A Temperature Model
The Blaney -Criddle formula (Blaney and Criddle,
The model is:
crop water requirements (f).

(la)

= p (0.46t + 8.13) mm/day

f

1962) is a widely used equation for estimating

where t is the mean daily temperature in °C; and p is the mean daily percentage of annual daytime
hours, depending upon latitude, or
f

(lb)

25.4 pt /100 mm/day

=

where t is the mean daily temperature in °F.

The effect of climate on crop water requirements is not fully defined by the temperature and day
length variables used to predict factor "f." Further, the factor "f" is an estimate of actual use,
rather than potential use, so Doorenbos and Pruitt proposed a correction to the original Blaney Criddle formula, such that:
PET

=

(2)

a + b f

where a, b are coefficients that vary with three levels of humidity and solar radiation (low, medium,
high) and wind (light, moderate, strong). The above equation was used to calculate Blaney -Criddle PET
in this paper.

Radiation and Temperature Model
Jensen (1966) proposed an equation to predict PET from incoming solar radiation.

His original

formula is
PET

=

0 K+ /L

(3a)

g /cm2day

where 0, Ky, and L are, respectively, an empirical solar radiation coefficient, incoming solar radiation in cal/cm4 day, and latent heat of vaporization (585 cal /g). Jensen recognized a strong correlaHe determined the slope of the regression
tion between mean air temperature and the PET/K ratio.
(1) calibrating with accurately measured
line between these variables by one of three procedures:
evapotranspiration data, collected from areas with similar climatic conditions; (2) calibrating with
January and July data, and data near the beginning and end of the growing season; and (3) relating the
temperature coefficient and temperature intercept to one or more climatic factors that are related to
As an example of the last procedure, "when very limited data are available," he used data
humidity.
from western U.S., North Carolina and Florida to define coefficient O, such that
0 =

(3b)

CT (T - Tx)

is CT = (27 + 7.3CH) -1 and CH = 50 mb /(e2 e1) where en e1 are the saturation vapor
pressures (in mb) at the mean maximum and minimum air temperatures (in C) for the warmest month. Tx
was estimated as Tx = -23 + CH + 750 CT. Note that Jensen did not choose to use saturation vapor
The coefficient C.

pressure at minimum temperatures as a basis for representing humidity, since direct measurements
(i.e., dewpoint temperature) are not often available. Jensen's equation has been widely used for
predicting PET.

Net Radiation Model

PET.

Available energy was used by Priestley and Taylor (1975) as the primary factor for predicting
Net radiation (Q *) represents available energy, because soil heat flux is relatively small at
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any time, and over 24 hours it become negligible. It might be noted here that almost all empirical
PEP equations include this assumption. The model is:
PET =

OkrYL

g/an2 day

(4)

where is an empirical constant (E =1.26), L is latent heat of vaporization and W is a temperature
dependent weighting factor. W -A /( A+ y ) where A is the slope of the saturation vapor pressure temperature curve (A- des /dt, with a the saturation vapor pressure in mb at air temperature t in
°C), and y is the psychrometric constant which varies with atmospheric pressure P(y= AP with A =
0.000643/"C and P is in nib).
Solar Radiation Model

Doorenbos and Pruitt (1975) proposed a solar radiation model for use when air temperature and
incoming solar radiation (measured, or estimated from sunshine or cloudiness data) are available. In
addition, four general levels of wind speed and relative humidity are required (i.e., obtained from
local sources or published weather descriptions). This model was tested by Doorenbos and Pruitt at a
large number of locations and in different climates with satisfactory results.

The solar radiation equation is:
PEP = a + b W Ei/L

g/cm2day

(5)

where W, K+ and L are as described previously, and a and b are coefficients which take into account
humidity and wind. These coefficients are grouped for four levels of mean daily humidity (low <40%,
medium -low 40 -55%, medium -high 55-70% and high > 70%) and four levels of mean wind speed (light <2
m/s; moderate 2 -5 m/s; strong 5-8 nn/s; and very strong> 8 Ws).
Pale Qosbinaticn Model

There is a general, widespread concensus that the Penman combination model provides the best
estimate of evapotranspiration when the major climatic variables (temperature, radiation, wind and
humidity) are available. The original Penman (1948) method predicted the loss of water by evaporation
from an open water surface. Experimentally determined crop coefficients that varied in the English
climate from 0.6 in the winter months to 0.8 in summer were suggested initially to relate evaporation
from an open water surface to evapotranspiration from a crop. Penman developed his model based upon a
combination of the energy balance method and an aerodynamic analysis. The Penman equation expresses

the relative importance of the radiation form and the aerodynamic (wind and humidity) term.

The

aerodynamic term varies with climatic conditions. The aerodynamic part has proven controversial, and
many formulas have been proposed for this term. The fundamental basis for this model gives it some
generality in application over a wide range of conditions. The model can be applied over any desired
time period. It can also be used to predict either potential or actual evapotranspiration.
Doorenbos and Pruitt (1975) rearranged the Penman model in a simple form:
pEr*

=

W(Q *-G) /L + (1- W)f(u)(e5 -e)

(6)

where: PET* is unadjusted flux density of potential evapotranspiration (g /cm2 day), W is the
dimensionless weighting factor (defined earlier) that accounts for effects of temperature and pressure; Q* is net radiation (cal /cm day); G is soil heat flux; L is latent heat of vaporization (585
cal/g at 21.8°); f(u) is a wind function that approximates the diffusivity of the atmosphere near the
surface (g/cm day), and es - e is the vapor pressure deficit of the atmosphere at 2m height (in nib).

Wind is an important factor in the combination equation. The wind function depends upon the
units specified as well as upon the time period over which tte estimates are being made. Penman's
original wind function was f(u)= 0.0262 (1 + 0.0061 U2) g /cm day mb, where U2 is horizontal wind
speed in units of km/day at a.height of 2 m. Wind value at a height other than Z m can be adjusted by
an approximate factor (2/Za) , where z is the actual mpasuremennt height in meters. Doorenbos and
Pruitt used the wind function f(u) = 0.027(1+ 0.0102) g/cm

day mb, with U2 in units of km/day.

Net allwave radiation Q* is seldom measured directly, but it can be approximated in several ways.
For example, it can be calculated as the sum of net shortwave solar radiation, (K* _ (1 -a) K where a
is surface reflection coefficient or albedo), and net longwave radiation, L *. Net longwave is com-

posed of a loss from the surface, and an input from the atmos ere. The longwave losses from the
earth (L) can be approximated by the Stefan- Boltzman law 1.1.= aD, where a is Stefan - Holtzman constant
and T is the absolute temperature ( °K) of the surface. The longwave input from the atmosphere, L +,
depends upon many variables, and especially upon temperature and the distribution of atmospheric

moisture, carbon dioxide and ozone. Because temperature, water vapor and cloudiness vary greatly with
time, empirical formulas for estimating L *, as functions of the;pe parameters are generally used. The
D (0.34 - 0.044) (0.1 + 0.9 n/N), where
following formula yields an estimate of net longwave: L*
T is air temperature (OK), e is actual vapor pressure (mb) and n/N is the sky cover ratio. Air
temperature and vapor pressure are measured at 2 m height.
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Pan Evaporation Model:
The basic pan model is simple:
PET = Kp Epan

(7)

where R,, is an empirical constant and E,,ten is the evaporation rate that is measured directly with an
Stanhill (1965), for example, concluded
evaporation pan. This simple approach ERE been widely used.
that the Class A evaporation pan was the most promising method for estimating PEP. Guidelines for
choosing an appropriate value of the reduction coefficient R are given by Doorenbos and Pruitt (1975)
for a variety of climatic and site conditions. The agreemertt between adjusted evaporation rates and
evapotranspiration from irrigated crops is quite good in temperate regions. Pruitt reviewed many
studies and concluded that pan evaporation could give an excellent estimate of evapotranpiration from

irrigated grass.

Class A pan evaporation data at an irrigated site is therefore included in this

paper.

Application of Pet Models
Five climatological models (temperature, radiation -temperature, net radiation, solar radiation,
and Penman combination) were applied to the data collected by PVID and FAA. The lack of a suitable

standard is a major problem in comparing results obtained with PET models.

PET is an idealized

concept, and consumptive use by irrigated crops does not necessarily conform to the model predictions,

even when the crop meets the primary requirements of "low, continuous canopy" and "not short of
water." The evaporation pan model used data from the Palo Verde agricultural weather station,
adjusted by a coefficient (R, = 0.85) in accordance with Doorenbos and Pruitt's (1975) recommendations
for irrigated areas. The adjusted pan evaporation provided a standard of comparison for the estimates
of the climatological models.

Space limitations here require us to summarize our results, but an intensive examination of the
full year 1980 is in preparation and will be available in a subsequent report. The summary given here
compares monthly PET totals for the 8 -month growing season of March 1 through October. In addition,
The
we present graphically the daily PET totals for July, the month with warmest mean temperature.
five climatological methods and pan evaporation are tabulated in the monthly totals, but neither the
temperature method (Blaney -Criddle) nor the pan method could be included in the daily comparisons for
the month of July, as these methods are not suited to such a fine time resolution.

The SCE solar radiation data was input to both the PVID and FAA site whenever solar radiation
data was required in the models. The net radiation values were obtained by combining R* (R* = (1-a
)/(4, with 0= 0.25) and L* as estimated from Doorenbos and Pruitt's (1975) functions of air temperature, vapor pressure and cloudiness.

Model Ccaparisons at PVID
The monthly mean PET

(mm /day) at PVID is
tabulated in Table 2 for

Table 2. Mean PET ímm/day) at PVID and the agricultural weather station site.

the March -October period,

Climatological Models

along with pan evapora-

tion and adjusted pan
evaporation. Note that
the net radiation model
consistantly underestimates PET (8 mo. total =
116 cm) relative to the

The
other models.
temperature model was
also low (135 cm), while
the radiation -temperature

model had the highest
estimate (197 cm) for the
period. The adjusted pan

model predicted 176 cm,

Month

temp

2.25
3.86
5.90
6.13
6.90
8.79
5.98
Sep
4.19
Oct
aum[cml 135

Mar
Apr
May
Jun
Jul
Aug

rad&
temp
3.92
6.14
8.01
10.66
11.55
10.68
8.24
5.21
197

net solar
rad
rad
4.14
3.18
4.49 6.48
5.56 7.77
5.98 8.81
6.26 8.55
5.79 8.14
4.46 6.73
2.65
4.99
118
170

comb
4.33
6.49
8.07
8.87
9.00
8.98
6.40
4,67
174

Ag Wea Sta
Class A pan
PET
pan
evap
6.401
5.44
6.50 7.65
8.31
7.06
8.94 10.52
9.10 10.70
8.53 10.03
6.58 7.74
5.44 6.40
207
176

Note 1; March pan evaporation is interpolated.
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close to the estimates
from the Penman combi-
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nation and the solar
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The
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relationship among the
climatological models

PET - NET RADIAI. - -.-

(excluding temperature
and pan evaporation) is

retained

at

PVID

throughout the month of
July in Figure 4.
Note

that

the

Penman

combination model shows
much greater variability
than does the radiation
model, even though both

methods have similar
monthly (and seasonal)
There is also a
similar response to the
totals.

cloudiness in all the
methods (see, for
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is now the highest (119
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the solar radiation

e

1

models remain virtually
unchanged from the PVID

site, which is to be
expected since the SCE
solar radiation measurements form the basic in-

2

put to both models in
The
both locations.

e

daily PET estimates for
the FAA site in July are
shown in Figure 5.
Again, the models respond

similarly to changes in
radiation input. The
Penman model shows a lot

of variability, and
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Predicted PET at the FAA site.
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July 1980.

Table 3. Mean PET (mm/day) at FAA and the agricultural weather station site.

predicts substantially

Climatological Models

greater PET at this
warmer, windier site than
at PVID.

20

DAY

Month

temp

Mar
Apr
May
Jun

3.72
5.01
6.05
7.72
8.77
9.09
7.47
5.50
163

Jul

Aug
Sep
Oct
Sumlcm]
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rad&
temp
4.09
6.45
8.28
11.20
12.29
11.12
8.51
5.59
207

net solar
rad
rad
3.23 4.20
4.56 6.58
5.62 7.85
6.07 8.94
6.37
8.70
5.85
8.24
4.50 6.80
2.70 5.09
119
173

comb
6.48
9.17
10.67
13.55
13.42
13.64
9.35
7.16
256

Ag Wea Sta
Class A pan
PET
pan
evap
5.44
6.40'
6.50 7.65
7.06
8.31
8.94 10.52
9.10 10.70
8.53 10.03
6.58 7.74
5.44 6.40
176
207

31

22

Some Site Ocapsrisons

P.Y. -PEMIAN 20

The seasonal totals are summarized in
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Table 4 to show the

_
t,

effects of the climatic differences between
the two sites. Since
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A

N

14

the same SCE solar
radiation input goes

12

into the two radiation
models (solar and net)

;

í

_

11

//

,

V%

.,
..e1

le

at both sites, it is
not surprising that
these two models remain in close agree-

s
6

The Penman combination totals, howment.

4

ever, increased substantially at the FAA
This increase
site.
is also quite evident
for the month of July
in Figure 6. Since

2

_

e
18

s

20

IS

the radiation input is

25

31

DAY

essentially the same

July 1980.

Penman PET estimates, PVID and FAA.

Figure 6.

at both site, the dif-

ferences evident in
Figure 6 are almost
entirely due to the

Table 4. Seasonal PET totals (cm) at PVID,
FAA and agricultural weather station sites.

larger aerodynamic
component at the

Climatological Models

warmer, drier, windier
Note that
FAA site.

rad&
temp

net
rad

solar
rad

comb

Site temp

the Penman PET estimates have a similar
response to climatic
fluctuations at the

PVID

135

197

118

170

174

FAA

163

207

119

173

256

Ag Wea Sta
Class A pan
pan
PET
evap

176

two sites, even though
the magnitudes differ.

207

Comparisons Between PET and ET

The many, widespread applications of

the combination model
have led to a general

Table 5. ET measurements and PET estimates over alfalfa near Phoenix. ET
and climatic data are from Van Bavel (1966).

acceptance of its
value for predicting
PET over a range of
surface and weather
conditions. The comparisons between Penman PET and "actual"

Mean climatic variables
no.

1
2

tential" conditions

4

are not easy to make.
Onesuccessful compar-

6

ison was made at an

7

alfalfa field site

8

by Van Bavel (1966).
We shall make use of
his approach, his experimental data, and
additional data from
Gay and Hartman (1981)

for further comparisonsbetween climatologial PET models in
this paper and ET from
irrigated crops.

KY
[ly)

ET from a crop that is
transpiring under "po-

near Phoenix, Arizona,

date

3

5

9

10
11

3/26/63
6/21/63
8/ 9/63
8/12/63
11/12/63
3/18/64
4/11/64
4/18/64
4/21/64
6/ 5/64
7/20/64

532
761
625
631
319

479
610
479
668
643
584

U
T.
Ta es ea
[ly][ °cl[mb][mb] [m/s]

261
468
458
459
159
304
342
254
436
436
428

17
24
31
32
19
16
19
24
16
26
32

19

8

30
45
48
22
18
22

22
21
11
11

30
18
34

48

6

10
10
9

13
26

1.6
1.8
1.3
1.2
1.0
2.6
1.9
3.8
1.8
1.9
1.7

Evapotranspiration estimates
ET1

ET2

PETS

PET'.

PETS

PETE

[mm]

[mm]

[mm]

[mm]

[mm]

[mm]

5.0
12.2
8.6
8.9
3.4
6.2
7.2
10.4
6.6
9.1
12.0
89.6

5.7
11.8
9.0
9.2
3.5
7.1
7.3
11.2
7.6
9.6
11.4
93.3

4.5

3.7
7.4
7.9
8.0
2.3
4.2
5.0
4.0
6.1
7.1
7.4
63.4

4.7
8.9
6.8
7.0
2.8
4.4
5.7
6.3
5.9
7.7
6.5
66.7

5.4
10.2
8.9
9.2
3.6
5.6
6.7
9.2
7.1
9.2
8.7
83.8

8.9
9.4
9.8
3.0
3.8
5.7

5.6
5.3
8.1
9.1
73.2

11-day totals:
Symbols: KS, solar radiation; Q *, net radiation; Ta, air temperature es,
saturation vapor pressure; ea, vapor pressure; U, wind speed.
2. modified energy budget
1. lysimeter measurement
Notes:
4. net radiation model
3. radiation & temperature model
6. Penman combination model
5. solar radiation model
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Van Bavel's (1966)
paper compared lysimeter evapotranspiration
with a complex form of

Table 6. ET measurements and PET estimates over alfalfa near Tucson.
ET and climatic data from Gay and Hartman (1981).

Nean climatic variables

the Penman equation

designed to yield
short -term, direct

no.

date

excellent agreement
between the modified

1
2

Penman method and the
lysimeter. The data
alfalfa are summarized

for

11

days

of

measurement in Table
5.
Van Bavel's modi-

fied Penman method

Q.

Ta

és

ea

U

Ely] Ely/ 1°C1 [rab] [mb] [m/s]

measurements. He found

and his results over

K+

3

6/12/80
6/27/80
6/28/80

494
430
447

719
626
642

44
54
56
3-da

Evapotranspiration estimates
ET1

PET2

PETS

PET''

PETS

[mm]

[mm]

Earn]

[mm]

[mm]

1.2 10.4, 11.4
8.4
9.1 10.0
1.2
9.9 10.9
7.7
8.2
9.1
1.5 10.6 11.4
8.0
8.4 10.0
totals: 30.9 33.7
24.1 25 7 29 1
atlon; Q *, net radiation; Ta
air temperature;
31
34
35

12
16
15

s: K , so ar r
es, saturation vapor pressure; ea, vapor pressure; U, wind speed.
Notes:
1. Bowen ratio measurement
2. radiation & temperature
3. net radiation model
4. solar radiation model
5. Penman combination model.
S

yielded a PET total of
93.6 mm for the 11 day
period, as compared to

his lysimeter ET estimate of 89.5 mm.

The data summarized in Table 5 were used with the

climatological methods defined in this paper to obtain totals estimated by the radiation -temperature

method, net radiation method, solar radiation method and Penman combination method. These were,
respectively, 73.1 mm, 63.2 mm, 66.7 mm and 83.8 mm. The best agreement between Van Bavel's observations and the four models used in this paper is with the Penman combination method, using the simple
wind function of Doorenbos and Pruitt (1975).

An additional comparison can be made between the climatological models of this paper and the
Bowen ratio measurements of Gay and Hartman (1981) for three days over alfalfa near Tucson, Arizona.
Their data is summarized in Table 6. Their Bowen ratio estimates of ET totaled 303 mm for the 3-day
period. The models used in this paper (radiation -temperature, net radiation, solar radiation and
Penman combination, respectively) yielded estimates of 33.6 mm, 24.1 mm, 25.8 mm and 29.1 mm.
Again,
the closest agreement between measured ET over irrigated alfalfa and predicted PEP was with the Penman
combination model, with the radiation -temperature model being next best.

Conclusions
The data collected at two nearby sites varied greatly, as is evident in the summary in Table 1
for the March thru October growing season.
The FAA desert site was substantially warmer and windier
than the PVID site within the irrigated area.
The site differences are to a major degree associated
with the effects of irrigation on the climate at the PVID site. Indiscriminate application of PET

models to these two data sources could lead to substantially larger estimates of PET than may be
warranted, unless procedures are developed to "discount" dryland data in anticipation of the ameliorating effect of large scale irrigation.

The application of the simple climatic models to the data from the PVID and FAA showed that the
radiation -temperature method, the net radiation method and the solar radiation method each gave
excellent repeatability at the two sites (Table 4), although the absolute values of the methods varied
markedly.
The more complex Penman combination model and the empirical temperature method were quite
different at the two sites. The accuracy of the methods is difficult to establish, but evaporation
pan data from an irrigated field site has been used for an estimate of ET by many authors. The March
thru October pan estimate of PET was 176 cm (after adjustment of evaporation data with a pan
coefficient of 0.85).
This compares closely with the solar radiation method at both sites, and with
Penman combination method at the PVID site. We conclude that such simple models have considerable
promise for estimating PET, providing special steps are taken to "calibrate" them for arid zone
conditions.

The comparisons between PET estimates and measurements of actual ET further confirm that
simple models can be calibrated to yield satisfactory results. The Penman combination with the
Doorenbos- Pruitt empirical wind function gave results that were in excellent agreement with those
based upon the complex wind function of Van Bevel. The much simpler solar radiation model also gave
good results. The solar radiation model does incorporate an empirical wind function term that distinguishes it from the other simple, empirical models.
This form therefore appears worthy of extensive
testing in order to calibrate it for arid zone conditions. Calibrating simple methods against direct
measurements (lysimeters, energy budgets) of ET from irrigated crops that transpire near the potential
rate could substantially enhance our ability to readily estimate water use from irrigated crops.
This
could pay enormous dividends in management of arid zone water resources in the future.
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ENERGY BUDGET MEASUREMENTS OVER IRRIGATED ALFALFA
L. W. Gay and R. K. Hartman
School of Renewable Natural Resources
University of Arizona
Tucson, AZ 85721

Introduction

Irrigated crops flourish in the warm, semi -arid region of the southwestern United States. Consumptive use is high, and the water requirements of crops have been studied extensively in attempts to develop
rational irrigation practices. However, these studies are mostly based upon long -term water balances.
More sensitive methods have been developed such as energy budget evaluations, lysimeters, and even soil
moisture budgets, but there have been few attempts to apply these sensitive methods in Arizona in order
to determine precise evaluations of crop water use on a short -term basis.
Such studies have proven useful elsewhere in examining water use differences between various species and varieties, in comparing
management practices, in evaluating the effects of water stress on growth and yield, and in studies of
the evaporation process (see, for example, Baldocchi et al., 1981; Blad, et al., 1981; Hipps and Hatfield,
1981).

Irrigated alfalfa in central Arizona appears to use about 9 or 10 mm of water per day in mid -summer.
Van Bavei (1967) reported maximum rates of 12.2 mm/day near Phoenix, based on measurements with the energy
budget method.
Rosenberg and Verma (1978) found even higher water use rates in Nebraska, where irrigated
alfalfa consistently used 8 to 12 mm /day on clear days, and the maximum use reached 14.2 mm/day as measured with a lysimeter.
The Nebraska .summer climate has less extreme temperatures and atmospheric vapor
pressure deficits than are found in central Arizona, but wind is an important factor there, and the higher
use rates were associated with clear, windy weather conditions that provided a substantial advective
energy component.

This study reports evapotranspiration measurements made with the Bowen ratio energy budget method
(1) to test a new, dual -mast
over irrigated alfalfa during four days in June, 1980. The study sought:
measurement system; and (2) to develop baseline data of evapotranspiration losses from a standard crop
(irrigated alfalfa) under the warm, dry environmental conditions that characterize summer in southern
Arizona.

The Bowen Ratio Model

The theoretical basis and application techniques of the energy budget and the Bowen ratio model are
While
well known and thoroughly documented (see, for example, Bowen, 1926; Tanner, 1963; Webb, 1965).
details of the derivations need not be repeated here, some aspects of the model should be noted for reference during later discussions.
The model is based upon the one -dimensional energy budget of a volume beneath a horizontal plane of
infinite extent:

Q*+G+LE+H = 0

(1)

where Q* is the net exchange of radiation, G is the rate of heat storage in the volume beneath the plane,
LE is the exchange of latent energy and H is the exchange of sensible energy (convection) across the
The fluxes of Q *, LE, and H are positive in the downward direction (to the plane) and the storage
plane.
term G is positive when stored energy is released to the plane (i.e., when the level of thermal energy
stored with the volume decreases). The energy budget can be evaluated periodically in order to provide
an average over the desired time period.
The fluxes Q* and G are readily measured directly with a net radiometer and a soil heat flux disc,
respectively. The fluxes LE and H can be expressed in terms of measured temperature and vapor concentration gradients if Equation (1) is first divided through by LE and then solved to yield the Bowen ratio
model,
LE = - (Q* + 0)1(1 + 9)

where B (Bowen's ratio) can be expressed as

(2)
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9

= H /LE = xP(Kh /Ke)(ee /ez) /(ee /ez)

(3)

= 0.646 Ae /ee at sea level,

with x (x = 0.0006461 °C) being the psychrometric constant, P (mb)
and Ke are the turbulent diffusivities for sensible energy and for
equal 1.0), ee /ez ( °C /m) is the gradient of potential temperature
the gradient of vapor pressure. Both gradients are measured over

is atmospheric pressure at the site, Kh
vapor (Kh /Ke is normally assumed to
above the plane, and ee /ez (mb /m) is
the same vertical distance Az.

Equation (3) requires that measurements of ee and ee be made in the air above the evaporating surface.
Since the gradients are often rather small, a high degree of precision is needed in order to evaluate
The basic applicability of the model has been well established by comparisons with
LE with Equation (2).
lysimeter measurements (see Tanner, 1963). Note that the assumption that Kh /Ke = 1.0 appears to hold
reasonably well, except for recently raised questions concerning measurements made during strongly advective conditions (Verna, et al., 1978).

Field Measurements

The alfalfa field site was located about 50 km northwest of Tucson in the Avra Valley Irrigation
The instruments were sited in a field approximately 12 ha in
District, at an elevation of about 650 m.
area; fetch to the desert and to the west and northwest was about 300 m, and fetch to adjacent fields to
The recently irrigated alfalfa was vigorous,
the south and east was about 270 m and 80 m respectively.
dense, and about 0.5 m tall. Measurements were taken on June 11 and 12, just before cutting began on
June 14, and again on June 27 and 28, after the canopy was re- established.
The system used for the energy budget measurements is similar to that described by Gay (1979a). The
key features are: a precision data acquisition system, a microprocessor calculator for on -line data
analysis, precisely calibrated ceramic wick psychrometers (Hartman and Gay, 1981), and an exchange mechThe system employs two masts in close proxanism that interchanges psychrometers between observations.
imity (about 10 m apart here) so that two independent Bowen ratios can be obtained in order to provide a
check on measurement precision. The two net radiometers (one on each mast) were averaged for areal net
The
radiation and one soil heat flux disc was used to estimate thermal storage changes in the soil.
data acquisition system and microprocessor are housed in a mobile van,and the system operates from a
generator in the field.
The psychrometers on
The pair of psychrometers used on each mast are vertically separated by 1 m.
each mast are interchanged every 6 minutes so that unbiased At and ee means can be obtained for the Bowen
The
ratio model every 12 minutes, using the averaging approach described by Sargeant and Tanner (1967).
The mean gradients are then calculated
At's are corrected for the adiabatic lapse rate to yield AO's.
from 15 samples made during the second 3 minutes of each 6 minute period (sensors are achieving equiliThe exchange mechanism used here is described in
brium during the first 3 minutes at the new level).
detail by Gay and Fritschen (1979).

The exchange mechanisms were oriented to the north and placed on the masts with the lower psychroThe net radiometers extended to the south at a height of
meter about 0.5 m above the alfalfa canopy.
1.5 m above the alfalfa.
The soil heat flux disc was placed in a representative location at a depth of
about 10 mm.
In addition to the data obtained for the basic energy budget, measurements were made of
incident and reflected solar radiation, and wind speed and direction.

Results

The daily energy budget results are obtained from two periods with quite different thermal regimes:
(1) the daytime period, characterized by large and cyclic variations in the inputs and outputs of energy;
Further,
and (2) the night time period, with rather uniform, low intensity inputs and outputs of energy.
there were unexpected difficulties in obtaining night measurements, as the data acquisition system, which
was unmanned at night, was frequently interrupted by problems in the data processing equipment and /or
generator. The generator was also routinely shut down for service at dawn and again at sunset each day.
The daytime
The data were obtained with virtually no trouble during the four daytime periods, however.
energy budget results will therefore be emphasized because of their great magnitude, and because of the
excellent quality of the data.

Energy Budget Analyses

The daytime period of analysis actually conforms to the time that net radiation (Q *) is positive,
Net radiation lagged about 30 minutes behind solar
rather than to the period between sunrise and sunset.
radiation in the morning, becoming positive about 30 minutes after sunrise, and it went negative again
about 30 minutes before sunset. This timing conforms to general results reported for a variety of surfaces elsewhere (Gay, 1979b).
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The flux densities of the energy budget components (in W /m2) are illustrated in Figure 1 for the
daylight period of positive net radiation on June 11 (approximately 0636 -1836 hours). The points upon
which the curves are based were obtained at intervals of 12 minutes throughout the day.
The curves on
this day are quite similar to those obtained on the other three days of measurement.
The soil heat flux
(G) shown in Figure 1 is based upon a single sensor, while the measurements of net radiation and sensible
heat are averaged between the two masts (, 1i).
The flux of latent energy is of primary interest in
this study, and these estimates are shown individually for the two masts (LE1, LE2) to provide a visual
check on the relative precision of measurement. This precision will be discussed further in a subsequent
section of this paper.
Note that l-i>0 throughout the day confirming
that there was a continuous advection of sensible
energy from the warm desert to the cool, transpiring alfalfa field. Also, there are short period
fluctuations of about ±50 W /m2 that are superimposed
upon daily cycles of convective latent energy. Both
masts show the same fluctuations in LE1 and LE2,
leading to the conclusion that these flucuations
are probably associated with atmospheric transport
changes as affected by wind speed.

800
BOO

400
200
0

The energy flux densities have been totaled
for the periods of measurements and the totals are
presented to Table 1.
The individual days are
quite similar.
The flux totals for the daylight
periods are (in MO/m2): Q* = 19.8; G = -0.7;H = 7.8;
and IT = 26.9.
The latent energy mean is equivalent to the daily evaporation of 10.4 mm depth of

G

-200
-400

LE1 ....

-600

water.

-800

The night period totals shown in Table 1 are
based on measurements made through the single night
of June 12 -13.
The basis for the night period
estimates requires further explanation.
The measurements revealed that nocturnal conditions in
this semi -arid climate place exceptional demands
upon the Bowen ratio model. The clear skies, dry
air and resulting steady loss of longwave radiation
at night contribute to rapid surface cooling and to
the formation of a strong inversion over the alfalfa field (temperature gradient increases with
height). At the same time, the distribution of
water vapor from the irrigated field is apparently
affected by the stable inversion conditions, and

-1000
6

8
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14

16

20

18

TIME (MRS)
Figure 1.
Energy budget components over irrigated
alfalfa on June 11, 1980.
Symbols identified in
the text.

'

we observed strong water vapor gradients
(decreasing vapor concentrations with
height above the field). The positive Table 1. Energy budget components over irrigated alfalfa.
Energy units are MJ /m2; ET units are mm /day.
temperature gradients and negative
vapor gradients were of a magnitude to
MJ /m2
produce Bowen ratios that approached
f
t
negative one (B+-1 ).
The Bowen ratio Date
980

model in Equation (2) becomes undeThis can only
fined when B = -1.0.
1 June
happen when Q* + G = 0, according to
0636 -1836)
Equation (1), and thus it occurs only
during periods of very low energy flux. 12 June
When the Bowen ratio is close to nega- (0636 -1836)
tive one, however, extraordinarily high
precision is needed in measurements of 27 June
uo /oe in order to make consistent esti- (0648 -1848)
mates of LE. The application of the
28 June
Bowen ratio to these nocturnal periods (0648 -1848)
in semi -arid conditions is under further study and will be reported on in
Daytime
a future paper.
Mean

Q*

LE2

mm

G

H1

H2

20.52

-0.84

6.54

6.33

-26.22

-26.01

10.45

21.08

-0.97

6.12

5.88

-26.23

-25.99

10.44

18.35

-0.49

7.14

6.63

-25.00

-24.49

9.90

19.10

-0.58

8.21

7.70

-26.73

-26.22

10.59

19.76

-0.72

7.00

6.64

-26.05

-25.67

10.35

-1.81

1.22

.59

.59

17.95

0.5

7.69

7.23

LE1

ET

r

In the meantime, we have estimated
the nighttime fluxes from the measured
values of Q* and G, by assuming that
all of the longwave losses (Q *) are
supplied by positive soil heat flux (G)
and positive convection of sensible
heat from the air (H).
Latent energy

Night
12 -13 June
(1836 -0636)

0

0

0

24 -hour

Mean

75

-26.05

-25.67

10.35

was therefore set equal to zero at night.
Forcing LE = 0 is consistent with the closure of stomata at
Since soil evaporation is likely to be low
night, but any evaporation from the soil surface is ignored.
because of the closed crop canopy, we feel that little error is introduced by this simplification given
the low levels of energy exchange at night.
Likewise, the use of a single night to represent all four
nights should cause few problems, given the similar conditions that prevailed during the four days of
measurement.

Combining the night time estimates with the daytime averages reduces the daily total of Q* by nearly
The positive night time flux G, which supplied most of the night
radiative loss, more than compensated for the daytime "loss" of G, so the daily total becomes slightly
positive.
The flux H is increased slightly, and daytime LE remains unchanged over the 24 -hour period.
The mean Bowen ratio 9 = H /LE = -0.29 for the 24 -hour day, and there is little variation from this value
from day to day.
10 percent, from 19.8 to 18.0 MJ /m2.

Clearly, the most significant feature of the energy budgets measured over the alfalfa is the advection of sensible heat from the surrounding desert. More than 25 percent of the evaporation that took
place was derived from this source, which served to substantially augment the energy available from the
net exchange of radiation.
The consequence of the desert warming of the air is clearly shown in Figure 2,
The
which illustrates the mean hourly temperature and vapor gradients over the alfalfa field on June 11.
gradients are averaged between masts, as well as within each hour, to smooth out the random flucuations
in the air.
Note the air temperature gradient was about +1 °C /m during the mid -day hours, and the vapor
The positive temperature gradients and the negative
gradient was about -2 mb /m during the same period.
vapor concentration gradients indicate that sensible heat was directed towards the surface (advection)
and water vapor was moving away from the surface
(evaporation).
'Table 2. Radiation budget components over
Symbols idenirrigated alfalfa.
The Radiation Budget
tified in the text.
Date
1980

Table 2 shows the radiation balance data for
June 11, 12, 27, and 28 in terms of average flux density (W /m2).
Incident solar radiation (K+) averaged
670 W /m2during the four, 12 -hour daylight measurement
periods.

11 June

about 25 percent with the second study period (6/2728) indicating slightly higher values than the first
Shortwave albedos in the range of 0.23 to
(6/11 -12).
0.26 are typical for dense, compact canopies of crops
such as the alfalfa (Monteith, 1978). The apparent
difference in albedo may have been caused by partly
cloudy conditions on July 27 and 28 which increased
the relative contribution of diffuse radiation to the
total solar radiation. Net solar radiation (K * =K+ - K +)
averaged 505 W /m2 during the study.

K*

L*

a

Q*

%

W /m2

714

-166

548

-73

475

23

12 June

711

-166

545

-57

488

23

619

-163

456

-31

425

26

635

-166

459

-27

442

26

670

-165

505

047

458

25

(0636 -1836)

27 June
(0648 -1848)

28 June
(0648 -1848)

Mean

2.0

The efficiency with which the alfalfa surface
converted solar radiation (K +) into non -radiative
forms (given by Q *) can be examined by regressing

w

Over the four 12 -hour daylight periods w

1.0

E

this yields (in W /m2).

Q* = -59 + 1.02K*

K+

(0636 -1836)

The mean shortwave albedo (EK+ /EK +) was

Q* upon K *.

K+

(4)

U

0.0

Interpretation of the coefficients "a" (intercept)
u
and "b" (slope) have been discussed by Gay (1971).
w -1.0
The initial net longwave, "a ", represents longwave
loss when K = 0 (i.e., at night), so that K* must
W
exceed approximately 59 W /m2 before the net radiao -2.0
The slope, "b ", is 1.02,
tion becomes positive.
w
indicating an increase of 1 unit of K* will result
O
in a 1.02 unit increase in Q *.
A slope greater than
Aa
_3.0
unity indicates the net longwave loss increases
áap
somewhat (becomes less negative) during the middle
of the day when net shortwave is greatest. This is H
-4.0
to be expected if the surface temperature becomes
relatively cooler than its surroundings (i.e., irrigated crops surrounded by desert) during periods of
5.0
greater solar radiation incidence. A comparison of
coefficient "a" ( -59 W /m2) and the average net long 8
20
8
12
14
16
6
10
wave ( -47 W /m2) supports this interpretation. Thus,
TIME OHRS)
the alfalfa surface reflects a significant portion
of the incident solar radiation (tending to reduce
Figure 2.
Mean hourly temperature and vapor concennet radiation) but its relatively cool temperature
tration gradients over irrigated alfalfa on June 11.
moderates the longwave loss and the net result is
fairly high net radiation.
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Energy Budget Precision

The accuracy and precision of energy budget measurements have been evaluated by a variety of
approaches (see, for example, Fritschen, 1965; Fuch and Tanner, 1970; Hartman, 1980; Holbo, 1973;
Sinclair et al., 1976; Spittlehouse and Black, 1980; and Verma, et al. 1978).
It is evident that the
Bowen rates method can yield reliable results provided it is caru1Ty applied by competent researchers
with the proper equipment. This is difficult to substantiate statistically, however, due to the adverse
A simple analysis of
effects of autocorrelation which are typical of time series data such as this.
variance of the measured data appears inappropriate; we are attempting to quantify the effects of the
The results of those analyses will
autocorrelation so an analysis of variance can be properly applied.
be published in a future paper.
Despite the failure of standard statistical tests, the apparent precision of the Bowen ratio meaThe mean daily evapotranssurements can be examined through a comparison of results from the two masts.
piration from the two masts for the four days of measurements fell with ±0.7% of the mean.
For the
single day illustrated in Figure 1, the agreement between LE1 and LE2 is quite dramatic.
The latent
Excellent agreeenergy totals on this day were within 0.4 percent of their mean (LE1, LE2 in Table 1).
These results are in substantially better agreement in LEI and LE2 prevails on each of the four days.
ment than the Bowen ratio error estimates proposed for forests by Spittlehouse and Black (1980) of <15%
for moist soil conditions (high ET) and 15 to 45% for dry soil conditions (low ET).

0.0

The difference in latent energy between masts
(LEI, LE2) in Figure 1 is slightly reduced through
the use of averaged net radiation.
Since LE1 and LE2
in Figure 1 are not completely independent, a more
appropriate test of the measurement system would be
by comparison of the estimated Bowen ratios 01 and 92.
The Bowen ratios estimated on June 11 are shown in
Figure 3, and again the agreement is judged to be
excellent.
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The magnitude of the temperature and humidity
gradients directly affects the precision of the Bowen
ratio measurements.
Obviously, when the gradients
are large, the measurement system accuracy requirements are less stringent. The gradients illustrated
earlier in Figure 2 over the alfalfa surface are
quite large. Throughout the mid -day period, the
temperature gradient fell between +0.5 and +2.0 °C /m,
and the vapor concentration gradient was between -5
and -4 mb /m.
In contrast, a series of measurements
with the same system over freely transpiring salt cedar (Gay and Hartman, 1981) revealed that the day time gradients were between +0.1 and +0.2 °C /m for
temperature and between -0.4 and -0.2 mb /m for vapor.
20
The two communities were transpiring at similar rates

TIME CNRS>
alfaallfa), and the smaller gradients overythe rsaltFigure 3. Bowen ratios at mast 1 and at mast 2.
cedar were attributed to the role of canopy roughness
Irrigated alfalfa, June 11, 198n.
in inducing mechanical mixing. Thus the alfalfa community, with its large gradients, isa much simpler site for energy budget measurements than are rough canopied plant communities, such as saltcedar.

The equality of exchange coefficients for water vapor and heat (Ke and Kh) is an important assumption in the Bowen ratio model. The assumption of equality was questioned for advective conditions (as
in this study) by Verma, et al. (1978), based upon comparisons between the Bowen ratio and lysimetric
estimates of evapotranspiratión. They concluded that the Bowen ratio might cause under -estimates of
We felt that more work is
latent energy by as much as 20 percent during conditions of strong advection.
needed on this problem, and that the evidence is not conclusive enough to warrant an adjustment to the
model to correct for advective conditions.
Conclusions

Bowen ratio measurements over irrigated alfalfa in southern Arizona for four days in June of 1980
Advective conditions prevailed
indicated a mean daily evapotranspiration slightly in excess of 10 mm.
The positive sensible heat flux contributed over 25 percent of the energy ultimately
throughout the study.
converted to latent energy of vaporization.
The dense alfalfa canopy moderated the amount of absorbed
solar radiation through a relatively high albedo (0.25). The alfalfa field remained "cool" relative to
the environment, and so the net longwave loss from the alfalfa was slightly reduced during the heat of
the day, and thus compensated somewhat for the high aTbedo.
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The agreement between the latent energy estimates from the two masts is judged to be excellent, as
the evapotranspiration totals for the two masts were within 4.7% of their mean. The precision of the
latent energy measurements was enhanced by the large temperature and humidity gradients over the irrigated alfalfa.
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ARIZONA SOLAR POWERED PUMPING PROJECT:

OPERATING EXPERIENCES

Dennis L. Larson
Soils, Water and Engineering Department
University of Arizona
Tucson, Arizona 85721

INTRODUCTION

the magnitude of irrigation energy requirements, potential natural gas shortages and
greatly increased energy costs motivated Arizona farmers to request an evaluation of the use of solar
listed developA 1975 -76 University of Arizona feasibility study
energy to drive irrigation pumps.
ment of efficient, economical equipment, full utilization of the produced energy and availability of
capital at a modest price as primary conditions to be net for successful marketing and use of solar
In 1977, three firms prepared conceptual designs of
powered pumping plants (Larson et al., 1978).
The Acura( concept was
solar thermal- electric power plants to provide energy for deep well pumping.
selected for construction on the Dalton Cole Jr. farm, located southwest of Coolidge in Central
It is
Arizona.
Procurement began in 1978.
The operational plant was dedicated in November, 1979.
operated by the University of Arizona with Sandia Laboratories direction.
In

1974,

PLANT DESCRIPTION
The Coolidge power plant consists of solar collector, energy storage and energy conversion subsysThe collector field, manufactured by Acurex, consists of 2140 m2 (23,040 ft) of coltems, Figure 1.
lectors arranged in 8 north -south oriented loops, each containing 48 line -focusing, parabolic trough
Collector reflective surfaces are polished aluminum; the solar concentration ratio is
collectors.
about 36 to 1. Collector receiver tubes are coated with a selective black chrome surface and surrounded by a pyrex tube.

A heat transfer oil, Caloria HT -43, is pumped through the receiver tubes at a rate controlled to
Energy storage is a 114 cubic meter
obtain the desired outlet temperature, usually 288C (550 °F).
(30,000 gallon) tank of hot oil, sufficient for approximately six hours of turbine generator operation.

Hot Caloric is circulated through a vaporizer heat exchange unit to expand the organic fluid
Energy conversion is accomplished by a Rankine cycle turbine engine made by Sundstrand. The
Nominal gross generator output is 200 kW; net electrical
toluene is recondensed in a cooling tower.
power production is over 150 kW.
toluene.

Figure 1.

150 -kW Solar- Powered Irrigation Facility Flow Diagram
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(Duffy et al., 1980)

Electric District Number Two, the local
The plant is interconnected with the utility grid.
utility company, receives energy generated by the plant and supplies energy required to meet solar
Energy
above
plant
requirements
is purchased by the utility.
plant and irrigation pump needs.

SYSTEM PERFORMANCE

Collector subsystem efficiency was
The solar power plant has been operated on a daily basis.
The performances of power conversion subsystem, thermal storage tank and other
determined quarterly.
When tests were not being conducted, the
plant components also were evaluated during specific tests.
plant was operated as normally and fully as possible.
Since April 1980, the collector subsystem has operated 90 -95 percent of times having sufficient
Evaluation tests and maintenance efforts were responsible for
insolation (Torkelson and Larson, 1981).
One or more of the
Subsystem modularity contributed to the high percentage.
inoperative periods.
eight collector loops or 48 tracking systems can be removed from service during subsystem operation.
Available solar energy, collected thermal energy, and generated electrical energy have been
A relatively small amount of thermal energy was collected in January, February,
compiled for 1980.
Fifteen days of cloudy weather limited January output. Collector sysMarch and December, Figure 2a.
tem pump repair caused February energy collection to be very low and greatly reduced March operation.
October had clearer weather but
Thermal energy collection then increased, peaking in May and June.
Downtime for piping
less energy was collected due to lower sun angle than in cloudier September.
modifications contributed to the low December value. The amount of collected thermal energy as a percentage of available direct radiation received during collector system operation was 7.5 in January,
20.6 in March and 32.5 in June.

Collector subsystem efficiency was determined on clear days near winter solstice, spring equinox,
During tests, the
Collectors were washed prior to tests.
summer solstice and antumnal equinox.
Caloria flow rate was controlled to maintain the desired, constant collector system outlet fluid tempenergy
gained
by
Calorie during
Collector system efficiency was computed as the thermal
erature.
passage from inlet to outlet manifold locations divided by the total direct normal solar radiation
intercepted by the collector area.
The mid -day collector system efficiency was 30-37 percent on April 3 and September 24, 40 -42 percent on June 25 and 5 -14 percent on December 24. Thermal energy collection rates were about 650, 750,
Collector fluid outlet
500 and 150 kW for spring, summer, fall and winter test days, respectively.
temperature was maintained at about 284C (545 °F) during the first three tests. Too little energy was
collected to conduct a stable, comparable evaluation at the higher temperature during the winter
Average collecsolstice period. That test was conducted with an outlet temperature of 232C (450 °F).

tor system efficiencies were 36.9 percent on the summer test day, 30.1 and 31.4 percent during the
spring and fall tests and 7.2 percent on the winter test day.
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Figure 2a. Solar energy collected in 1980.
Clear, crosshatched and shaded
areas represent solar energy
availability, solar energy
available during collector
operation and collected thermal
energy, respectively.

MONTH
Figure 2b.
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Electrical energy generated
by the plant in 1980.

largely because collector reflectivity did not meet
Reflectivity of polished aluminum collector surfaces was only about 60 percent at year's
In August 1980, aluminized mylar (FEK -244) film was
at least 10 percent below expectations.
Reflectivity of
applied to the surface of 8 of the 384 collector modules for enviromnental testing.
Film is being applied to the other reflector surfaces in
this surface is 80 -85 percent as anticipated.
Dust intrusion into glass receiver covers, deterioration of black chrome receiver surfaces at
1981.
high, perhaps 260C, temperatures and deterioration of flexible hose insulation covers in sunlight also
may have reduced collector subsystem performance. Dust seal and insulation cover modifications have
been developed and new component installation is being contemplated.

The efficiency was lower than predicted,

expectations.
end,

The power conversion subsystem was operated whenever sufficient thermal energy was available. To
provide additional thermal energy for operational testing, a natural gas boiler was operated at times.
Natural gas provided much of the thermal energy for generator operation in January and December, Figure
Electrical energy production
2b.
February and March operation was reduced due to the pump outage.
August production was
rose from 12,480 kWh in April to 22,000 kWh in June before declining again.
18,530 kWh; October output was 10,540 kWh. Peak daily production was about 1200 kWh on June 21.
Gross efficiency
Performance of the power conversion system was measured in January 1980 tests.
at the 200 kW output design point was 19.7 percent, close to the manufacturer's projected value of 20.2

Gross cycle efficiency is the electrical energy output from the generator divided by the
The average power requirement for the power conversion system
thermal energy input to the vaporizer.
Subtracting this usage from 200 kW yields a net cycle efficiency of 17.3 percent
equipment was 24 kW.
A key operational finding was the nearly constant gross cycle efficiency over a
at the design point.
wide power range, a desirable attribute in power conversion system operation.
percent.

Power conversion subsystem operation varied from about one hour on a sunny January daffy to six
hours on a June day. Operation was limited by collector field size. Operator assistance was required
Replacement of the vaporizer level sensor reduced
during startup and periodically during operation.
Modifications planned for 1981 are expected to make completely automatic
operator requirements.
turbine- generator operation possible.
PerWhen tests were not being conducted, the solar plant was operated to maximize utilization.
formance of systems and components was observed, problems noted and changes made as deemed appropriate
The Arizona environment contributed to some
to improve plant performance and operating reliability.

troubles.

Collector tracking sensors have been adversely affected by moisture condensation and thermal
Erratic tracking resulted and a number of sensors were replaced. Modified sensor units were
Several electric
developed; two units have been operated successfully at the plant since September.
Flow meters and
tracking motors failed during the year; failures attributed to manufacturing problems.
Moisture condensation has caused a
other electronic equipment also have required periodic repair.
number of the problems.
stresses.

Hot Calorie leakage developed from pump

Various leakage problems required attention.

seals,

flanged joints and valve stems. The potential hazard, of fire or burns, focused attention on eliminating this leakage.
New seals are being evaluated and information for future designs has been developPower conversion system vacuum leakage and excessive pneumatic control system air usage have
ed.
required maintenance attention as well as increased pump operation.
Thus far, plant operation has permitted evalution of components in a new operating system and
Information obtained and modifications and improvements made as a result of these
unique environment.
experiences have made large contributions toward commercialization.

ON -FARM SITING

The desirability of on -farm siting of a solar power plant is dependent on a number of factors.
time required for
Among these are the availability of sufficient land, the amount of personnel
operation and maintenance, load management and cost.

LAND REQUIREMENTS
The
The land area required for a solar plant is primarily due to the required collector area.
Coolidge plant has 2140 m2 of collectors which occupy a ground area about three times as large to minimize collector shading and permit entrance by maintenance vehicles. These collectors collected sufficient energy for only 6 hours per day of turbine -generator operation in summer. With more efficient
collectors spaced more closely, including land for the power plant, about 20,000 m2 (5 acres) of land
would be required for a 200 kW plant capable of 24 hour summertime operation.
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OPERATIONAL REQUIREMENTS
In part,
University personnel have been in attendance during all plant operation to date.
attendance was deemed necessary because of the need to observe and record operational events of an

facility.
However, daily plant start -up, shut -down and power conversion subsystem
experimental
operational activities required about 2 -3 hours of effort in winter, 5 -6 hours during the summer.

Tasks included inspecting components and replenishing supplies, such as cooling tower water treatment
A
1981 goal
is
monitoring and controlling equipment during operation.
chemicals, as well
as
elimination of the latter tasks through automation. Some daily attention still will be needed, though
perhaps just inspection.

Recurring maintenance tasks required approximately 1 -2 additional hours per day on the average.
Activities included collector cleaning and periodic alignment inspection, equipment lubrication and
A number of electronic components need periodic testing and
filter replacement and site maintenance.
Recurring maintenance need not be performed daily, but may be concentrated and
recalibration.
scheduled to accomodate other commitments.

Repair or replacement of malfunctioning devices or equipment is another operating responsibility.
However, equipment reliability has been quite good and first
The requirement is not yet quantifiable.
year improvements should result in decreased repair requirements.
Plant operation requires a
The solar plant provides a new and perhaps unique work environment.
range of skills. These include electrical, plumbing, report writing and electronic maintenance abiliHowever, personnel with the necessary basic skills can become proficient in solar plant operaties.
tion through a relatively short period of on- the -job training.

LOAD MANAGEMENT
Electrical energy production is a less
The solar power plant near Coolidge generates electricity.
However, electricity can be
efficient method than is direct connection of power plant and pump.
readily transported to and used by other pumps, at the farmstead or by other users.
Isolation of solar plant and pumps makes pumping weather dependent and requires special scheduling
A reservoir could buffer power production and use
maximize utilization of produced power.
scheduling mismatches, but requires land and additional management and reduces water use efficiency.

to

This interconThe Coolidge solar plant is interconnected with the utiliiy company grid system.
nection assures pumping power availability independent of solar power plant operation and provides a
use for power generated when unneeded on the farm. Generated power excess to farm needs is purchased
A system composed of independent power plants interconnected by a grid appears well
by the utility.
suited to solar application.

COST

Construction of
The Coolidge solar power plant cost 5.3 million dollars to design and construct.
About half the cost would be for the
a similar plant now would cost an estimated 2.5 million dollars.
Total cost is approximately
collector subsystem, another quarter for the power conversion subsystem.
$12 per gross watt capacity.

The energy storage and power converMass production should reduce collector costs substantially.
sion subsystem could be used with a larger collector field to increase annual electrical output.
Changes in plant configuration and increases in collector production could reduce solar plant costs to
under $5 per gross watt in the future.

SITING CONCLUSIONS

The land requirement is substantial, but probably not a barrier to on -farm siting of solar power
plants in Arizona. The plant may require too much time and special skills to be appropriately operated
Interconnection with the electrical utility company grid offers the
on most Arizona farm enterprises.
Solar power plant costs will be higher than coal fired
most efficient option for load management.
plants for a number of years.

SUMMARY
A

1979.

150 kW solar thermal electric power plant has been operated in Central Arizona since October
Collector, energy storage, and power conversion subsystem performances have been determined,
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equipment operation evaluated and operational requirements determined during this period.
The plant
largely performed up to expectations, but some equipment modifications were found to be desirable. The
changes are being made and will be evaluated in 1981 -82.
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SOME EFFECTS OF CONTROLLED BURNING ON SURFACE WATER QUALITY
Bruce D. Sims, Gordon S. Lehman and Peter F. Ffolliott
School of Renewable Natural Resources, University of Arizona

Introduction

Controlled burning is becoming an acceptable forest management practice to reduce excess fuels,
In Arizona, controlled burns have produced other
decreasing the likelihood of destructive wildfires.
desirable effects, including thinning dense forest stands and increasing wildlife populations. However,
the effects of this practice on water quality has not yet been fully ascertained.

Previous studies have indicated that higher intensity fires produce greater changes in water
quality characteristics than do lower intersity fires. Higher intensity fires consume more litter and
vegetation, reduce more soluble ions to ash, and expose more soil to erosion (Campbell et al. 1977,
Therefore, it was hypothesized that relatively low intensity fires would have
Zwolinski 1971, etc.).
relatively little effect on water quality. This hypothesis was evaluated in the study reported upon
herein.

Description of Study

The primary objective of the study was to describe the effects of low intensity controlled burning
in an Arizona ponderosa pine forest on surface water quality and, if possible, to develop empirical
equations to predict changes in water quality over time following a fire.

Study Area

Source data were obtained from a study area in the Santa Catalina Mountains, about 20 miles northeast of Tucson, Arizona. The study area, ranging in elevation from 8,000 to 8,300 feet, is located on
slopes averaging 25 percent (10 to 45 percent). Soils are formed from underlying quartz monzonite
parent material.
Ponderosa pine is the dominant forest cover. Limber pine and, to lesser extents, Douglas -fir,
No severe forest fires have been recorded on
white fir, and silver leafed oak also grow on the area.
Preburn surface fuel
the study area since effective suppression was initiated, about 40 years ago.
was 24.7 tons per acre dry weight, with a mean depth of 2.2 inches and an average moisture content of
18.5 percent.

Field Procedures
Prior to a controlled burning in December of 1977, 18 randomly located surface runoff plots, 7 -by -8
Nine of the plots were located on a northerly aspect and nine were on a
southerly aspect. A covered gutter was installed to drain surface runoff into a plastic bag that was
changed after each sample collection.

feet, were established.

A total of 67 preburn and 119 postburn samples (0.11 gallon) were collected as soon as possible
after runoff producing events. The preburn samples were collected during the months immediately prior
to the controlled burning, and the postburn samples were obtained during the 10 months following. Total
surface runoff volume was also measured when each plot was sampled.
To calculate fire intensity (FI), Byram's (1959) formula was solved for each of the 18 randomly
This formula is:
located plots.

where:

FI

= HWR

FI

= fire intensity

H = heat yield
W = weight of available fuel
R = rate of spread
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Inputs required to solve the above equation were estimated through evaluations of appropriate relationships and collections of on -site measurements, as described by Sims (1979).
Three additional variables quantified to characterize the controlled burning activity were:
I

2.
3.

Fire temperatures, measured at ground level and three feet above the ground with tempilaque
pyrometers.
Density of the forest overstory, expressed in terms of basal area.
Percent of slope.

Laboratory Analysis

Water samples were analyzed by the Department of Soils, Water, and Engineering at the University
Specific constituents assessed were: calcium (Ca++), magnesium (Mg + +), sodium (Na +),
of Arizona.
chloride (C1-), sulfate (SO4), bicarbonate (HCO3), fluoride (F-), nitrate (NO.-0, pH, total soluble salts,
and electrical conductivity. Sodium adsorption ratio (SAR) was also calculat d.

Statistical Analysis
To expedite statistical analysis, an integrated system of computer programs, The Statistical Package
for the Social Sciences (SPSS), was employed (Nie et al. 1975). All statistical tests were evaluated
at the 0.05 level of significance.

Results and Discussion
Normally, controlled burns in the Santa Catalina Mountains are conducted in October and November,
when fuel moisture contents and temperature ranges minimize the danger of losing control of the fire.
However, in the year of this study, controlled burning was postponed until December because of an exceptionally wet autumn. At the time of the burn, air temperatures were in the mid -fifties and wind speed
ranged from zero to three miles per hour.

Fire Intensity

The calculated fire intensity of the controlled burn in the Santa Catalina Mountains in December of
1977 ranged from 112 to 1,078 Btu's per foot per second, with a mean of 480 Btu's per foot per second.
Therefore, even areas of highest fire intensity were still less than one -half of the fire intensity commonly associated with a moderate burn, and almost ten times less than the fire intensity of a severe burn
(Campbell et al. 1977).
Although some overstocked areas of pulpwood -sized trees were destroyed, little sawtimber was lost.
In general, the fire was confined to the forest floor.

Fire Temperatures

Unfortunately, soot deposits made it difficult to determine if the tempilaque paints had melted.
However, 16 to 18 ground level pyrometers showed paints formulated to melt between 600 and 750 °F were
Indicator stripes between 150 and
melted, and two showing ranges between 900 and 10500F also melted.
300 °F had melted on 10 of 18 pyrometers three feet (1 meter) above the ground surface. Seven stripes
indicated temperatures between 300 and 600 °F melted, and one showing ranges between 750 and 900 °F melted.

Water Quality

No consistent differences were found in mean concentrations of the chemical consituents in either
preburn or postburn water quality samples collected from runoff plots located on the different aspects.
Therefore, the source data were pooled for subsequent analysis.
Of the chemical consituents assessed, mean concentrations of calcium, magnesium and flouride, and
the average pH increased after the controlled burning, while the sodium adsorption ratio (SAR) decreased.
Differences in mean concentrations of the other consituents were not significant.
Increases in calcium and magnesium can be considered beneficial in water being used to irrigate
agricultural crops. An increase in flouride can increase the general quality of drinking water (McKee
Although pH increased (from approximately 6.2 to 6.4), both preburn and postburn values
and Wolf 1963).
are especially suitable for irrigation of southwestern soils.
In general, higher sodium adsorption ratios (SAR's) indicate that increased amounts of sodium,
rather than of calcium and magnesium, will be adsorped in soil cation exchanges, leading to a breakdown
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of soil aggregates and causing soils to become less permeable (Donahue et al. 1977).
In this regard, a
decrease in the sodium adsorption ratio (SAR) as reported herein, may be quite desirable.
Preburn water samples, expressed in terms of mean concentrations, showed quality levels were within
drinking water standards established by the Environmental Protection Agency, the U.S. Public Health
Following
Service, and the World Health Organization for magnesium, sulfate, flouride, and nitrate.
controlled burning, mean concentrations of these constituents were still within drinking water standards,
even though the concentrations of magnesium and flouride increased.
None of the other chemical constituents analyzed have been included in published drinking water standards.

Change in Water Quality Over Time

To evaluate changes, if any, in water quality over time since the controlled burning, regression
analysis techniques were used to define empirical equations.
Of the chemical constituents assessed,
concentrations of only three, sodium, pH, and the sodium adsorption ratio (SAR), changed over time following the burn.
Empirical equations defining these changes are:
Na = 11.0 - 0.0023(FI) - 0.0044(BA) - 0.014(DB) + 14.8 (PP) - 0.67(RO)

(1)

r2 = 0.61

pH = 6.60 - 0.0014(FI) + 0.00014(MT) - 0.00037(BA) - 0.55(SL) - 0.0090(DB) + 4.2(PP) - 0.0085(RO)
r2

(2)

0.70

SAR = 0.76 - 0.00011(Fí) - 0.000026(MT) - 0.00036(BA) - 0.0023(DB) + 0.98(PP) - 0.054(RO)

(3)

r2 = 0.68
where:

NA = sodium, in milligrams per liter
pH = hydrogen ion, in pH units
SAR = sodium adsorption ratio
FI

= fire intensity, in joules sec -1 meter -2

MT = maximum fire temperature, in degrees F
BA = density of forest overstory, in basal area per acre
SL = slope, in percent
DB = number of days since burn
PP = precipitation, in millimeters per storm event
RO = surface runoff, in liters per five- square -meters per storm event

It must be emphasized that the above -defined empirical equations have not been independently verified and, therefore, may only be applicable to those conditions encountered in the study.

Conclusions

With respect to describing the effects of low intensity controlled burning in an Arizona ponderosa
pine forest and to developing empirical equations to predict changes in water quality over time following
a fire, the following conclusions can be reached as a result of the study reported upon herein:
1.

2.

Mean concentrations of calcium, magnesium, and flouride, and the average pH increased following
the controlled burning.
The sodium adsorption ratio decreased. No other statistically significant differences were noted.
Empirical equations were developed to predict changes in sodium, pH, and the sodium adsorption
ratio over time.
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ABSTRACT

A modified tidal efficiency algorithm, ESTA, was developed to correct observed water well levels
in tidally responsive coastal areas to get best estimates of aquifer properties and well production
characteristics.
The algorithm was developed during groundwater studies in Puerto Peñasco, northeastern Gulf of California, Sonora, Mexico.
ESTA predicts standing water well levels in response to
tides.
ESTA requires initial sea and well calibration data, from which sea -well relationships are
calculated.
It needs tidal data for the time period when projected standing water well levels are
desired.
The method uses a single cosine or sine function for rising or falling tides, respectively.
ESTA tended to overpredict water levels, especially on rising tides, on the average of about 0.05 ft,
as shown in analyses at five coastal well sites completed in low to moderately permeable sand and
coquina.
ESTA can be improved by application of error analysis, but this will not be necessary in
most cases, as errors are generally very small for most aquifers and tidal ranges. When ESTA was
applied to an aquifer test in highly permeable coral near Kahuku, northehore Oahu, Hawaii, rising -tide
water well levels were overpredicted and falling -tide water well levels were underpredicted by 0.10
and 0.33 ft, respectively.
Error analysis reduced these errors to 0.06 and 0.16 ft.

INTRODUCTION
Hydrogeologists know that tides influence groundwater levels in coastal aquifers.

In fact, tidal

responses in wells may be used to roughly estimate aquifer storativity and transmissivity, if one
assumes, or independently determines, one value to reckon the other (Jacob, 1940, 1950; Ferris, 1951;
Werner and NOr2n, 1951; Todd, 1960; Carr and VanderKamp, 1969).
During aquifer and well production tests in tidally responsive coastal aquifers, observed water
levels must be corrected to get best estimates of aquifer properties and production characteristics
(Walton, 1962, p. 3 -4).
Corrections are needed to remove tidal impacts, and produce drawdown values
which represent only aquifer responses to pumping wells.
Rough corrections may be made by applying simple tidal efficiency equations (Walton, 1962, p. 4).
Better corrections can be made using mathematical and electric analog models developed by Williams and
others (1970) and Williams and Liu (1971).
This is a time- consuming and costly inverse analysis,

where extensive historic water level data are needed, and aquifer properties must essentially be
assumed beforehand.

Groundwater studies in Puerto Peñasco were conducted from 1978 to 1980 to develop a seawater
supply

for commercial controlled -environment shrimp aquaculture
(Water -Supply Study Team, 1979;
Popkin, 1979, 1980a; DeCook and others, 1980).
These studies included pumping tests on five sets of
dual test wells (Popkin 1979, 1980a) with observation wells.
Earlier hydrogeologic studies (Crowe,
1968 -1978; Riley and Percious, 1974; Percious, 1976) were conducted in a smaller area without benefit
of observation wells.

The University of Arizona's Environmental Research Laboratory (ERLAB), with Universidad de
has operated a research station since 1962 (U.E.P., Unidad Experimental Peñasco) at Puerto
Peñasco, northeastern Gulf of California, (Sea of Cortez) Sonora, Mexico, and a commercial shrimp
prototype farm from June 1978 to June 1980.
Research projects have included solar distillation of
Sonora,
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seawater, greenhouse vegetable agriculture, controlled -environment shrimp aquaculture, and halophyte
irrigation.
These require a dependable supply of filtered temperate seawater.

Tides in the northern Gulf of California are of the irregular semidiurnal type:
there are
usually two high and two low tides each day, each of a different height.
In Puerto Peñasco, August
tidal ranges may approach 26 ft.
The test wells, within 1,000 ft of the sea, were in a tidally responsive coastal aquifer.
It was
necessary to correct observed water well levels for aquifer analysis and well production tests.
Tidal
efficiency equations were found to be too inexact, while modeling was impossible because of lack of

historic data and accurate hydraulic estimates.
developed, evaluated, and applied to the problem.

A modified tidal efficiency algorithm, ESTA, was
ESTA:

"that's it."

This report presents the ESTA algorithm, summarizes its properties, and suggests how it can
used and improved.
ESTA is also applied to a Hawaiian aquifer test, where tidal ranges were
relatively small and permeability was very high compared to the Peñasco case.
be

AQUIFER TESTS AND TIDAL CORRECTIONS

Five dual seawater well sites (Plate 1) were drilled and tested:
Site 1 near Estero Marua
Shipwreck, and four coastal sites from ERL Well #5 to Las Conchae Park along Las Conchas Road.
(The
Estero rarely receives streamflow but, like the coastal sites, responds to tides.)
Site 1 was
developed in alluvial sand, while the coastal sites were developed in coquina.
Data were collected and analyzed on drill cuttings, well discharge, pumping and static water well
levels, pumping and tidal response levels, sea and estero levels, and discharge water quality ( Popkin,
1979).

Pumping tests were conducted, with at least three days of pumping at each site, and water

levels were measured in the pumping well and nearby observation well.

Since fluctuations in sea level due to tides influence standing groundwater levels, it is not
simple to estimate drawdown.
Correlation of water well levels and time observations with tidal data
offers an approach to correct drawdown estimates to account for tidal impacts.
The equation for the tides of Puerto Peñasco used to generate tidal charts and calendars includes
37 harmonic constituent cosine pairs (Matthews, 1968).
Even so, it appears that tidal predictions
are only accurate to within 0.5 ft and 20 minutes of observation.
This may be because more harmonic
terms need description, and there are variations in winds which preclude harmonic tidal analysis.

Appendix A -1 presents the ESTA algorithm to predict standing water level data from tidal data.
The method utilizes Tablas de Predicción de Mareas (Universidad Nacional Autónoma de Mexico, 1979),
and a single cosine or sine function for rising or falling tides, respectively.
Appendix A -2 shows
the ESTA calibration values developed for the algorithm for a representative test site.
The algorithm tends to overpredict water levels, especially on rising tides, on the average of
about 0.05 ft (0.03 ft for production test wells along Las Conchas Road).
This seems acceptable,
as tidal chart data are reported to 0.1 ft, and water levels are measured either to 0.01 ft in
observation or 0.01 m (0.03 ft) in pumping wells. Also, average range in water level response for the
dual well sites was observed as 0.47 ft (0.29 ft for the Las Conchas Road wells).
The percent error
for this method, based on the ratio of the average error to the average range in standing water level,
is 10.6 percent (10.3 percent for the Las Conchas Road wells).
Appendix A -3 summarizes the error
analysis.

TIDAL ANALYSIS

Tidal responses of standing water well levels can be used to roughly estimate aquifer properties.
The analysis assumes that sea level varies with a simple harmonic motion, and propagates a train of
sinusoidal waves inland from the aquifer's submarine outcrop.
Transmissivity is estimated by:
T
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P
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/

L )
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Appendix B -1 summarizes tidal derived estimates of aquifer tranemissivities, and shows distances
of test sites to the sea. Wells along Las Conchae Road averaged about 800 ft inland, with an average
tidal efficiency of 1.8 percent.

Appendix B -2 summarizes transmissivity estimates based on recharge boundary and tidal analysis.
These are probably closer to the true values than B -1. These estimates are averages which extend over

the large distance between test wells and the Gulf.
fair estimates for a producing field.

They tend to be overestimates near a well, but

At Peñasco, both tidal fluctuation and well response are not simple harmonic waves.
responses show truncated high -tide response peaks, and flattened low -tide response troughs.

Well
These

appear similar to streamflow hydrographs responding to a storm, showing a rapid rise followed by
longer delayed drainage.
This type of response produces longer lag times for low tides than high
tides, and consequently lower transmissivity estimates for low -tide than high -tide data.

Low -tide lag

times were from 1.17 to 2.38 times high -tide lag times in wells completed along Las Conchas Road.

AVERAGE AQUIFER PROPERTIES

Aquifer test data, interpreted according to tidal, specific capacity, recovery, Theim, Theis and
Cooper -Jacob analyses (Walton, 1962) indicate a range of values for aquifer properties. Short pumping
period, dynamic tidal impacts, inefficient well design, poor development, and inadequate pump submergence contribute to this range.
They account for underestimates using specific capacity and
Theim methods, and for overestimates using recovery methods.
Areal changes, boundary dynamics, and
storativity uncertainties account for overestimated values derived from tidal analyses.

The best estimate of aquifer properties appears from the non -steady methods of Theis and
From these analyses and other hydrogeologic inferences, average aquifer properties

Cooper -Jacob.

along Las Conchae Road are summarized

TABLE 1.

in Table 1.

SUMMARY OF AQUIFER PROPERTIES ALONG LAS CONCHAS ROAD

Transmissivity:

200,000 gpd /ft, or 26,700 ft2 /day

Hydraulic conductivity:
Storativity:

4,450 gpd /ft2, or 600 ft /day

0.05 to 0.5

Saturated aquifer thickness:
Coquina thickness:

45 ft, or 13.7 m

24 ft, or 7.3 m

Water levels in the coquina aquifer along Las Conchas Road are controlled by recharge from the
nearby Gulf of California. The effective recharge zone is closer to high -tide water than mean-tide
water. This was found from well -image boundary analysis.
Most hydrogeologists acknowledge that the best field estimates of transmissivity are within
20 percent of the real aquifer value, if the correct aquifer model is known, and within 50 percent if
not (Walton, 1980).
Best estimates of storativity are within a log cycle or order of magnitude for
the confined aquifers, and within 50 percent for unconfined aquifers. Transmissivity and conductivity
estimates in Table 1 are probably within 20 to 40 percent accurate.
Storativity estimates cover
the likely range.

A misleading risk is achieved by believing that many tests or analyses which produce similar
aquifer property estimates will somehow "average out" to closely describe the real properties of the
aquifer.
Such information only shows that the analysis method converges on average values.
It
says nothing about how close these average values approximate the aquifer's real values.
Standard
statistical analysis is insufficient because it cannot account for important errors in aquifer, well,
and pump idealization.
In other words, precision must not infer validity.

ALGORITHM USE AND IMPROVEMENTS
The ESTA algorithm requires initial sea and well calibration data, from which sea -well relationships are calculated.
It needs tidal data for the time period when projected standing water well
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If these are not available or extractable, a temporary sea staff gage or coastal
Appendix A -1 defines all ESTA variables, and shows appropriate
stilling well can be established.
relations and calculations.
levels are desired.

After ESTA is applied to
The algorithm may be improved by application of error analysis.
generate the "new water well level" (!WL), one correction for a falling tide and another correction
for a rising tide can be calculated for each well site, based on error analysis. In most cases these
improvements will not be necessary, as errors will generally be very small except in highly permeable
aquifers, in high tidal ranges, where wells are very close to the sea, and /or where tidal efficiencies
are high.

The ESTA algorithm and error- analysis improvements may be computerized on a programmable pocket
calculator, or more sophisticated computer.

HAWAIIAN APPLICATION

In August 1980, ESTA was applied to an aquifer test on a seawater well developed in the highly
Though local tidal variations
permeable coral near Kahuku, northshore Oahu, Hawaii (Popkin, 1980b).
are relatively small (maximum range about 2.6 ft), the high hydraulic conductivity of the coral makes
tidal impacts significant in analyzing well responses to pumping.
According to Gerritsen (1978, p. 19):

(There is...) a
Tides in the Hawaiian Archipelago are of the mixed semidurnal type.
significant daily inequality in which there is a considerable difference in the elevation
of successive high waters during spring tide and strong diurnal characteristics during neap
tides.

Tidal projections from Laie Bay (National Ocean Survey, 1979; Evergreen Pacific, 1980), about 4
These projections are based on many
miles southeast of the well site, showed a tidal range of 2.2 ft.
The well, which was 600 ft inland from the Pacific Ocean, indicated a water
years of observations.
Since the corrected
This is a tidal efficiency of about 97 percent.
well level range of 2.13 ft.
specific capacity of the pumping well was 1,000 gpm /ft, and the maximum water well level tidal
range is about 2.52 ft, the well could theoretically pump about 2,500 gpm, and no drawdown would be
observed if tides were rising at maximum. More commonly, observed water well levels could rise during
This oddity was actually seen
pumping and fall during recovery, if tidal corrections are ignored.
during the pumping and recovery test.

When ESTA
Appendix C -1 shows ESTA calibration values for the 10 -inch supply well near Kahuku.
was applied, rising -tide water well levels were overpredicted and falling -tide water well levels were
underpredicted by 0.10 ft (4.5 percent error, 28 data sets) and 0.33 ft (33 percent error, 21 data
Error analysis reduced these errors to 0.06 ft (2.7 percent error) and 0.16 ft
sets), respectively.
This was obtained by decreasing ESTA- calculated, rising -tide water
(16 percent error), respectively.
well levels by 1.91 percent, and increasing falling -tide water well levels by 5.95 percent.
Tidal response and arrival time calculations could not be made, because the Laie Bay high and low
tidal peak data followed the observed well responses at Kahuku. Better corrections and analyses could
be made if Kahuku tidal data were available.

The tidal corrected, Cooper -Jacob recovery of the observation well gave the best, though only
The test included pumping the 10 -inch supply well at 1,050 gpm for 8 hours,
fair, hydraulic analysis.
It indicated an aquifer trans and recovering the very nearby 4 -inch observation well for 3 hours.
missivity of about 2.92 mgd /ft (390,000 ft2 /day) and an hydraulic conductivity of about 36,500 gpd /ft2
These values are on the order of magnitude estimated by Stephen L. Lau, Director
(4,900 ft /day).
They represent an increase in transof the University of Hawaii, Water Resources Research Center.
missivity of about 15 -fold, and an increase in conductivity of more than 8 -fold over the values
of the Puerto Peñasco coquinoid aquifer.
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APPENDIX A -1

ESTA ALGORITHM
For Predicting Standing Water Levels

This algorithm computes standing water well levels in response to changes in sea levels due to

It requires initial sea and well calibration data, from which sea -well relationships are
tides.
These relationships are assumed constant, or proportional to dimensionally identical new
calculated.
Tidal chart data are needed for the time period when projected standing water
sea and well values.
well levels are desired.
Plate 2 shows a sketch of key sea and well variables and relationships for falling tides.

Initial Sea Variables
These variables are used:
HTSS, high -tide sea stage, ft, above a datum such as mean low water
LTSS, low -tide sea stage, ft, above same datum
HTST, high -tide sea time, hrs
LTST, low -tide sea time, hrs
These sea variables are computed:
MSS, mean sea stage, ft, above same datum: MSS = (HTSS + LTSS) / 2
SSR - HTSS - LTSS
SSR, sea -stage range, ft:
IHTST, HTST in minutes
ILTST, LTST in minutes
SSTI, sea -stage time interval, minutes: SSTI = / IHTST - ILTST /

Initial Well Variables
HTWS,

LIWS,
HTWT,

LTWT,

high -tide well stage, ft, below a datum such as top of casing
low -tide well stage, ft, below same datum
high -tide well time, hrs
low -tide well time, hrs

These well variables are computed:
MWS, mean well stage, ft, below same datum: MWS - (HTWS + LIWS) /
WSR, well -stage range, ft: WSR = / HTWS - LTWS /
IHIWT, HINT in minutes
ILTWT, LTWT in minutes
WSTI, well -stage time interval, minutes: WSTI = / IHTST - ILTST /

2

Sea -Well Relationships

EDIF, differential between mean sea and well stages, ft: EDIF = (MSS - MWS)
TEFF, tidal efficiency, %: TEFF = (WSR x 100) / SSR
TTEFF, tidal time interval efficiency, %: TTEFF = (WSTI x 100) / SSTI
IHTRL - IH1WT - IHTST
IHTRL, high -tide response lag, minutes:
ILTRL = ILTST - ILTST
ILTRL, low -tide response lag, minutes:
HEFF, high -tide response lag efficiency, %: NEFF = (IHTRL x 100) / WSTI
LEFF, low -tide response lag efficiency, %: LEFF = (ILTRL x 100) /WSTI

After sea -well relationships are calculated, the computer is ready to calculate projected water
A set of tidal chart data,
well levels from new tidal chart data and new water well level times.
occurring before the projected water level time, is tried out.
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New Sea Values
NHTSS,
NLTSS,
NHTST,
NLTST,

new
new
new
new

high -tide sea stage, ft, same datum as initial sea variables
low -tide sea stage, ft, same datum
high -tide sea time, bra
low-tide sea time, hra

These new sea values are computed:
NMSS, new mean sea stage, ft, same datum: NMSS = (NHTSS + NLTSS) / 2
NSSR, new sea -stage range, ft: NSSR = NHTSS - NLTSS
NIHTST, NHTST in minutes
NILTST, NLTST in minutes
NSSTI, new sea -stage time interval, minutes: NSSTI = / IHTST - ILTST

New Well Values
NaST, new well -stage time, hrs -- given
NIL, new water -well level, ft, same datum as initial well variables -- unknown

This new well value is computed:
NIWST, MIST in minutes
From the sea -well relationships and new sea values, these new variable are calculated:
NNWS, new mean well stage, ft, same datum as initial well variables:
NWS - NMSS - EDIF
NWSR, new well -stage range, ft:
NISR = (TEFF x NSSR) / 100
NBASE, new base, ft:
NBASE = NNIS - (NISR / 2)
NSSTI, new well -stage time interval, minutes:
NSSTI = (TTEFF x NSSTI) / 100

Falling Tide
If tide is falling, calculate:
NHTRL, new high -tide response lag, minutes: NHTRL = (NEFF x NSSTI) / 100
NIHIWT, new high -tide well time, minutes: NIHIWT = NIHTST + NHTRL
NILTST, new low -tide well time, minutes: NILIWT = NIHIWT + MISTI

If NIHTWT < NIWST < NILTWT, then
NILTWT)
NISTI

NIL = NBASE + NISR sin [(NIWST If NIWST = NIHIWT, then NIL = NBASE.

If NILIWT < NIWST < NIHIWT, then a new set of sea values must be attempted until an
appropriate set occurs.

Rising Tide
If tide is rising, calculate:
NLTRL, new low -tide response lag, minute: NLTRL = (LEFF x MISTI) / 100
NILTST, new low -tide well time, minutes: NILTWT = NILTST + NLTRL
NIHTWT, new high -tide well time, minutes: NIHIWT = NILIWT + MISTI

If NILIWT < NIWST < NIHTWT, then
NIL = NBASE + NISR cos [(

NIWST - NILTST)
MISTI

90 °1

If NIWST = NILTST, NIL - NBASE + NISR.
If NIHIWT < NIWST < NILIWT, then a new set of sea values must be attempted until an
appropriate set occurs.
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APPENDIX A -2

ESTA CALIBRATION VALUES
Puerto Peñasco, Sonora, Mexico

Test -Supply Well 2A
September 18, 1979
Falling Tide

LTSS - 0.5 ft
LIST - 0630 hrs
ILTST - 390 minutes

HISS - 13.3 ft
HTST - 0030 hrs
ILTST - 30 minutes
MSS

6.90 ft

SSR- 12.8ft
SSTI - 360 minutes

LTWS- 29.80ft

HbIS - 29.64 ft
H1WT - 0320 hrs
IHIWT - 200 minutes

LIWT - 1005 hrs
ILIWT - 605 minutes
MWS - 29.72 ft
WSR - 0.16 ft
WSTI - 405 minutes
ILTRL - 405 minutes
TTEFF - 112.50 X
LEFF - 100.00 X

EDIF - -22.82 ft
IHTRL - 170 minutes
TEFF - 1.25 X
HEFF - 41.98 X

Note:

Datum for Test- Supply Well is top of casing, 0.77 ft above land
surface, which is 32.09 ft above mean sea level. Datum for tides
is mean sea level at Harbor in Puerto Peñasco.

APPENDIX A -3

ESTA ERROR ANALYSIS
Puerto Peñasco, Sonora, Mexico

Average Overpredicted Water Level
Feet
Percent

No.
of

Pta

Well No.

Tide

TPIB

Rising

0.33

0.08

13

TS2A

Falling

0.04

0.01

9

TS3A

Rising

0.36

0.04

7

TS4A

Falling

0.13

0.04

8

TP5B

Rising

0.10

0.03

11

Average of 5 sites

0.19

0.04

Average of sites 2 to 5

0.16

0.03
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APPENDIX B -1

TIDAL DERIVED TRANSMISSIVITIES

Puerto Peñasco, Sonora, Mexico

Test Site
1*
2 **
3 **
4 **
5 **

Transmissivity, gpd /ft

High Tide

Distance

of Test Site
from Sea, ft

Low Tide

158,000
940,000
1,035,000
630,000
980,000

15,700
167,000
403,000
367,000
710,000

Tidal
Efficiency,
percent

690

1.8
1.2
2.2
2.7

870

1.3

370
910

740

* Assumed Storativity, 0.004
* *Assumed Storativity, 0.05

APPENDIX B -2
BOUNDARY AND TIDAL DERIVED TRANSMISSIVITIES

(Assumed storativity of 0.05)
Puerto Peñasco, Sonora, Mexico

Test Site
2
3

4
5

Transmissivity, gpd /ft

High Tide
300,000
604,000
368,000
272,000
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Low Tide

Average

53,300
235,000
214,000
197,000

177,000
420,000

291,000
234,000

APPENDIX C -1

ESTA CALIBRATION VALUES

Kahuku, Oahu, Hawaii

Ten -Inch Supply Well
August 10, 1980

Rising Tide

LTSS = 0.2 ft

HISS - 2.4 ft

LIST = 0824 hrs
ILTST - 504 minutes

HTST - 1535 hrs
IHTST = 935 minutes

MSS = 1.30 ft
SSR = 2.2 ft
SSTI = 431 minutes
LTWS = 6.60 ft

HTWS = 4.47 ft

LTWT = 0820 hrs
ILTWT = 500 minutes

HTWT = 1525 hrs
IHTWT = 925 minutes

MWS = 5.54 ft
WSR = 2.13 ft
WSTI = 425 minutes

ILTRL = nil
LEFF = nil

IHTRL = nil
HEFT = nil

EDIF = -4.24 ft
TEFF = 96.8 X

TTEFF - nil
Note:

Datum for Supply Well is top of casing, 0.40 ft above land surface.
Land surface at well site is about 5 ft above sea level. Datum
for tides is 0.8 ft below mean sea level, Laie Bay.
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ASPECTS OF AQUIFER TEST ERROR ANALYSIS
Ahmed M. Benbarka and Donald R. Davis
Department of Hydrology and Water Resources
University of Arizona
Abstract
Errors in the estimation of the aquifer parameters T and S derived from aquifer
test data are examined as to their cause and effects. The analysis is based on the
Theis equation. The basic causes of error are in the measurements of drawdown and
pumping rate, in fitting the model to the data and in violations of model assumptions.
Measurement errors were studied experimentally. Curve fittings by hydrologists were
compared to "automatic" curve fittings obtained by nonlinear regression. The covariance matrix of T and S obtained in this manner was used, in conjunction with sensitivity analysis, to estimate the error in prediction of future drawdown. While
automatic fitting is not a perfect substitute for graphical fitting, there is a definite relation between the two methods which allows the use of the statistics developed
by nonlinear regression theory to be used to study the cause, effects and risks inherent in aquifer analysis.
Introduction

Fitting parameters to aquifer models may lead to parameter estimates that contain
significant error (Meyer, 1971).
These errors result from a relatively limited number
of measurements which can be inaccurate, from a wrongly or incompletely specified
model and from imprecise algorithms used to determine the parameters. Further, aquifer
response over a limited range of time and space may be predicted fairly closely by many
different parameter combinations for each of several different aquifer models (Bear,
Chap. 11, 1979).
Predictions of aquifer conditions outside of the range of the measurement data based on uncertain parameter estimates may contain considerable error. These
errors can lead to inefficient design and operation of water resource projects. They
may also thwart regulations promulgated to protect the environment in which aquifer
models are used to predict future conditions. As part of the requirements to obtain a
permit for the surface mining of coal, the Surface Mining Control and Reclamation Act
of 1977 (P. L. 95 -87) requires the determination of the probable hydrologic consequences of the proposed mining (and reclamation) operations. Parts of this determination are based on aquifer tests; if the tests are in error, wrong decisions based on
these tests could lead to environmental harm.
This paper focuses on the use of the Theis equation, in conjunction with aquifer
test data, to determine aquifer transmissivity and storativity and to predict future
drawdowns.
The accuracy of the pump rate and drawdown measurements has been determined
for a typical test. In a case study, graphical and "automatic" methods to estimate T
and S are compared. A statistical analysis of the results of the case study is used
to determine confidence intervals for predictions of future drawdown based on the estimates of T and S.
The difficulties associated with the estimation of hydrogeological parameters
from aquifer test data by the standard graphical methods are well recognized among
hydrogeologists (McElwee, 1980; Vanden Berg, 1971). These difficulties are: The
graphical fitting of data to a ground water model has a great deal of engineering
judgement, which renders the process very subjective.
Also, using this approach
raises the question whether the estimated parameters are unique or almost unique, i.e.,
will other values fit the data as well or almost as well (Cooley, 1977).
These problems have led researchers to look for alternative methods of parameter
estimation in order to answer the foregoing questions. Automatic fitting of aquifer
test data has been investigated as an alternative (Saleem, 1970; Labadie and Helweg,
1975; Chander et al., 1981). Others have investigated the effect of errors introduced
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by inaccuracy in aquifer parameters through sensitivity analysis (Sager and Kisiel,
Lately, there has been a trend to use stochastic
1972; McElwee and Yukler, 1978).
modeling to answer water resources problems. For steady state inverse problems researchers have combined least square methods with nonlinear regression to obtain an
idea about the size of the errors (Cooley, 1977; Neuman and Yakowitz, 1979). But,
when using nonlinear regression in non -steady state models, few statistical analyses
have been made.
The analysis in this paper has three stages as shown in Figure 1:
generation, (2) error determination, and (3) error propagation.

(1) error

Case Studies

The three stages of analysis are discussed using two case studies. The first case
study concerns measurement error, the second is an aquifer test which is used to illustrate the other segments of the analysis.
Measurement Error
Estimation of T and S on the basis of the Theis model utilizing data from an aquifer test requires a knowledge of the distance from the pumping well to the observation
wells, of the constant or average pumping rate and of the drawdown resultant from this
pumping at various time instants. Measurement error comes from many sources. The
measurements themselves may not be accurate and precise. In many cases the measurements may not be the desired quantities. Drawdown measurements may be inaccurate
because the drawdown at the start of the test was not static; drawdowns measured
during the test may vary due to changes in barometric pressure and fluctuations in the
pumping rate.
Knowledge of the characteristics of the measurement error is necessary to determine whether the error is significant and to determine what kind of statistical analysis may be required to determine the consequences of the error.
Two experiments were conducted to evaluate the magnitude and the distribution of
measurement errors, namely pumping rate and water level. The first was performed in
the summer of 1980 at Mesa, Arizona, at the Hydrology and Water Resources Department
field camp. Pumping rates were measured in a constant discharging well, using a recTwenty -five technical persons participated in the survey. Measuretangular flume.
ments were taken during a brief time, in order to minimize the effect of pumping rate
The measurements were analyzed statistically; the results showed that
fluctuations.
errors assumed a normal distribution. Figure 2 is a plot of errors in pumping rate
measurements, on normal probability paper.
The second experiment was made to examine water level measurement errors, using
four three -inch pipes of different depths to simulate wells, and to enable measuring
Fifty -two measurements were taken, using the wetted tape method.
water levels exactly.
The errors displayed a normal distribution. The variances of errors increased with
depth, the variance was 0.028 square feet for 15.66 feet of depth, and 0.079 square
feet for 23.57 feet of depth.
Model Error
Model error arises because a model is only a reasonable approximation for the real
Each model has its attached assumptions used to simplify the natural phenomena
But if the aquifer does not conform to any assumpand the mathematics of the model.
The remedy is a model to account for the deviations.
tion there will be a model error.
Use of the wrong model to fit data results in errors in parameter estimates, called
In selecting parameters to best fit the wrong model to the data, a
"model error."
This bias represents the deviation necessary to obtain the best
bias is introduced.
Such parameters may be useless in predicting future
fit utilizing the wrong model.
In some cases, different types of aquifers can produce similar responses
conditions.
(Freeze and Cherry, 1979); unless more geologic information is available there will be
difficulties in obtaining a unique set of parameters. Thus, it is necessary to establish reasonable model selection criteria, coupled with hydrogeological information and
For the traditional graphical fitting, small model error may be adjusted
experience.
on the basis of experience, but this valuable information cannot be quantified directly.
On the other hand, quantitative comparison among a number of models can be made using
system.
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automatic fitting, because it is based on an objective function (Himmelblau, 1970;
Wilke, 1946; Williams, 1959).
For the case study in this paper the Theis model can be used.
analysis is based on this model.

The subsequent

Estimation Error
Even with the correct model there may be many sets of parameter values that fit
the data very closely.
Small differences in measured data values or in the criterion
for fit may produce significant changes in the parameter estimates. In this section
estimation errors resulting from graphical and automatic fits are examined. Subsequent sections will examine the consequences of these errors.
Data were obtained from an aquifer test conducted in July 1962 by the Institute
for Land and Water Management Research, Holland (Kruseman and DeRidder, 1970). The
aquifer consists of coarse sand and some gravel and is situated between 18 and 25
meters below land surface.
The aquifer is bounded from top and bottom by clay and
sandy clay; it is considered to be confined. The test was run for 800 minutes.
Parameters were estimated graphically and by automatic fitting.
The graphical estimation was conducted by a panel of 30 technical persons. The
main purpose of having a panel estimate the transmissivity and storativity from the
aquifer test data was to examine the precision of the graphical estimation. Each
panelist received a time -drawdown curve from the test data plotted on logarithmic paper
and, on a separate sheet of logarithmic paper, the Theis type curve plotted as W(u) vs u
(Walton, 1970; Davis and DeWiest, 1968). A match point was then determined by fitting
the plotted data with the type curve.
The aquifer parameters were then estimated.
For details see Benbarka (1981).
The automatic method used to estimate the parameters of the Theis equation was
nonlinear regression (Draper and Smith, 1966; Himmelblau, 1970). In nonlinear regression the parameters are estimated by choosing values which minimize the sum of the
square of the difference between the observed and calculated heads:
n

(hc(ti) - ho(ti))2,

SS =

(1)

i

where ti is the time at which the i -th observations were made. An IMSL nonlinear
optimation routine employing the Marquardt (1963) algorithm accomplished the minimization.
A plot of the calculated and observed drawdown is shown in Figure 3.

The automatic estimates, the mean of the graphical estimates and a statistical
analysis of the results of both estimation methods are presented in Table 1. T and
S are in metric units. For the graphical method the statistical analysis was accomplished by the use of sample statistics based on the panelists' results. For the
Table 1.

Estimation Results and Statistical Analysis

Estimate
Method
Graphical
Automatic

T

449
496

2.1 x 10
2.1 x 10

Coefficient of
Variation

Variance
T

S

S

-4

8270

7.1 x 10

Correlation
Coefficient
T,S

T

S

0.2

0.4

-0.63

0.02

0.06

-0.84

-9

-4

120

1.8 x 10 -10

case of the automatic method, the statistical analysis is approximate and is based on
a Taylor Series linearization of the nonlinear problem (Draper and Smith, 1966;
Himmelblau, 1970) and the determination that the measurement errors were normally
distributed.
The statistical results are based on linear regression theory where the
independent variables are the Taylor Series coefficients evaluated at the values of
the parameters that minimize the sum of the squares.
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A feeling for the results of the parameter estimation procedures can be obtained
by plotting the results on a chart having T and S for axes. Figure 4a shows the estimated values of T and S obtained by each panelist, the automatic estimate and contours
of T,S pairs giving equal sum of squares when used for the calculated drawdown in
Equation (1). The dots are points determined by the panelists, the cross represents
the automatic estimate. Intuitively, the dots representing the points estimated
graphically by the panelists and the points within an ellipse representing equal sum
of squares as determined by the automatic method may all be considered estimates in
The inner ellipse consisting of 0.02 sum of
which one could have equal confidence.
The variances of the estisquares contour points enclosed the 95% confidence region.
mates are proportional to the width of the estimated points, or the ellipses, when
projected on the component axes.
Examination of the statistical analysis in Table 1 and of the estimate pairs and
ellipses in Figure 3 shows that the estimates for T and S are negatively correlated;
an estimate that is above average for one parameter is below average for the other
The strength of this correlation is shown in Table 1 by the value of the
parameter.
correlation coefficient and in Figure 4a by the tight lateral clustering of the
graphically estimated points and the small ratio of the length of the minor axis to
the major axis of the ellipse. In the next section it will be seen that the correlation between the estimates of the parameters is crucial to understanding how the
errors in the estimates of the parameters are propagated to predictions based on these
parameter estimates.
Prediction Error

Aquifer tests are not inexpensive, they are usually made with a purpose in mind.
How well that purpose is achieved depends, in part, on the effectiveness of the decisions made and the actions taken based on the information obtained from the test. If
the information obtained from the test is affected by error, there is some risk inherent in the application of decisions based on that information. The risk can be
determined by further analysis based on the statistical measure already developed to
describe the uncertainty in the estimates.
It is often possible to use first order
Decisions are based on predictions.
analysis (Cornell, 1972), which is based on a Taylor Series expansion, to determine
If f(T,S) is a prediction
an approximate probability for the error of prediction.
based on uncertain estimates of T and S, the uncertainty in T and S is propagated into
This
uncertainty
may
be
expressed
as a variance:
uncertainty in f(T,S).

Var [f(T,S)]= (Tl
111T,S

)

) 2VarS + 2

2VarT + (ILI
T,S

IIT,S

aT1

2Sl

Coy (T,S)
T,S

(2)

If the distribution of f(T,S) can be assumed to be approximately normal, the probability of the actual value of f(T,S) being significantly different from the calculated
value can be determined.
Examination of Equation (2) shows that the variance of the prediction depends on
the sensitivity of the prediction to the uncertain parameters (the first partial
derivatives), the variance of the errors and their covariance. Of special importance
are the cases where the covariance term lowers the prediction error by "compensating"
These occur when the sensitivity
for large variances in the parameter estimates.
coefficients for both parameters are large, have the proper sign (so the sign for the
term is negative), and there is a high correlation between the parameter estimates.
In the case study presented in this paper the covariance is negative. If draw down is being predicted by the Theis equation, the sensitivity coefficients are both
negative (for most values of transmissivity, storativity, time, radius and discharge)
(McElwee and Yukler, 1978). Therefore, the covariance term in Equation (2) has a
negative sign which effectively reduces the variance in predicted drawdown. The
amount of reduction depends on the values of the sensitivity coefficients. The effect
of the covariance of the estimates of S and T is best seen graphically by referring to
These figures are smaller, versions of Figure 4a. The T,S estimate
Figures 4b and c.
pairs made by the panelists are retained, but the contour lines representing equal
sum of squares have not been included as they would clutter the graph. Their relation
to the dots representing the graphical estimates remains as it was in Figure 4a.
4b and 4c are curves of equal prediction based on the same observation
On Figures
well and pumping rate as that used in the aquifer test but calculated at different
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600 minutes and Figure
Figure 4b shows equi- drawdown curves of prediction at
4c for 80,000 minutes (the duration of the aquifer test was 830 minutes).
times.

It can be seen that the prediction for 600 minutes has the least error as most
of the T,S pairs estimated by the panelists lead to the same prediction. As the time
of predicted drawdown increases, the equi- drawdown lines rotate clockwise and the
drawdown predicted by the various T,S estimates begin to differ. The measurement
error is being propagated into larger amounts of prediction error. As the time of
prediction continues to increase, the equi- prediction curves will tend to be parallel
to the S axis, indicating that the sensitivity of the drawdown to storativity is quite
small. At this point the error in the estimate of T is the major factor in the error
of prediction and only depends on the sensitivity of drawdown to transmissivity.
Taylor Series approximation allows confidence intervals to be calculated for prediction based on the parameter estimates, assuming the uncertain estimates have a
Figure 5 shows the confidence intervals
normal distribution (Draper and Smith, 1966).
for the drawdown predicted for the continuation of the aquifer test previously analyzed.
The width of the intervals increases as the predictions are made further into
the future. The interval based on graphical estimation is about 9 times the width
based on automatic estimate.
Discussion and Conclusions

In a recent paper Senders and Levy (1981) examine the ability of technical people
to fit lines to data by eye. Their line was compared with that of the line mathematWhile individual perforically fitted by minimizing the sum of the squared error.
mances were erratic, the line drawn based on the average of the individually estimated
slopes and intercepts was in close agreement with the mathematically fitted line.
Further, on the average there did not seem to be significant differences in the lines
drawn by the technical personnel when asked to draw lines of "best fit" or which minimized the squared error. While the average eyeballed line was close to the mathematically fitted line, there was a wide variation among the lines drawn by eye.
The graphical fitting results presented in this paper follow the same pattern as
On the average, the estimated aquifer
those reported by Senders and Levy (1981).
parameters were close to those obtained by the automatic least squares fit; however,
The answer to the question
some individual graphical estimates were not close at all.
of whether those estimates which were not close to those obtained by the automatic fit
were significantly different, depends on the concept of close. Due to the nature of
the correlation between the estimates, they were close enough to provide reasonable
fit to the aquifer test data and when used in the Theis equation they provide fairly
For predictions involving just
accurate short to medium term predictions of drawdown.
one parameter, such as steady state drawdown or a flow net calculation, the prediction
would not be close because the compensation affected by the negative covariance would
not come into play.
Since the automatic fit provides aquifer parameter estimates with a smaller error
than those obtained from a graphical fit, it would seem that estimates of transmisHowever, it must be
sivity and storativity should always be made automatically.
remembered that this superior performance is dependent on all the assumptions of the
The automatic method does not automatically detect the deviaTheis model being met.
tions from the model assumptions that would be noticed and adjusted for by an experi(Examination of the summed square error and the residual fitting
enced practitioner.
error obtained by automatic estimation can be valuable in choosing among models.) On
the other hand, there are many values of the parameters that will fit the data almost
as well as the values that fit the data best. One of those values could be the true
value of the parameter; small errors in the data having allowed another parameter
value to provide a better fit. The use of automatic methods coupled with statistical
analysis allows the uncertainty induced by errors in the data to be quantified and
used to compute the risk associated with the use of the uncertain estimates. Graphical
methods do not provide such statistical information.
Our research and that of others has indicated that graphical fits do approximate
least square fits and have similar statistical properties, but parameter estimates
produced graphically by a single person are liable to have considerable variation.
Since the automatic fit procedure can be viewed as nonlinear regression, it seems both
reasonable and advantageous to utilize automatic least square fitting procedures and
the regression statistics as a model to study the cause, effects and risks inherent in
aquifer tests and the decisions and actions based on these tests.
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ESTIMATIONS OF AQUIFER CHARACTERISTICS USING DRILLERS' LOGS
Kandy G. Kisser and Jill S. Haimson
Arizona Department of Water Resources
99 East Virginia, Phoenix, Arizona 85004
Abstract
In an effort to utilize the lithologic information contained within the thousands
of drillers' logs on file with the Arizona Department of Water Resources (DWR), a computer program was developed to analyze the logs for basic aquifer characteristics.
These characteristics, estimations of specific yield, hydraulic conductivity and trans missivity, are calculated for each well log by comparing drillers' descriptions of
alluvial sediments to standardized drillers' terms for which predetermined specific
yield values have been assigned. These values approximate conditions in alluvial basins in Arizona. This information and identified hydrostratigraphic units are then
coded for computer input. The computer program then calculates estimated aquifer characteristics for the total depth of the saturated sediments and hydrostratigraphic units.
When a sufficient density of acceptable drillers' logs exist in the area being
studied, the logs are used to approximate the extent and depth of the hydrostratigraph ic units present.
Thus the gross morphology of features, such as large clay bodies,
which can have a significant effect on a hydrologic system, can be evaluated.
This program has proven to be valuable by providing a preliminary overview of the
geohydrologic systems of alluvial basins and for calculating initial estimates of
aquifer characteristics for use in DWR computer modeling studies.
Introduction

The Arizona Department of Water Resources is currently involved in a two -year
study to determine aquifer characteristics of alluvial fill basins within the state by
analyzing the lithologic information reported in drillers' logs.
Using a computer program developed by DWR specifically for this study, estimations of specific yield (SY),
hydraulic conductivity (K) and transmissivity (T) are calculated for each log.
Hydrologic maps are then prepared showing relative areal distributions of these characteristics for use in groundwater modeling studies.

The United States Geological Survey (USGS), which is sponsoring this study, will
be the primary recipient of this information.
The data will be incorporated into their
ongoing four -year investigation of Basin and Range aquifer systems in south- centrai
Arizona and parts of adjacent states.
The study area, which encompasses 84,000 mi
is one part of the National Regional Aquifer -System Analysis (RASA) Program being conducted or planned by the USGS.
(Anderson, 1980)
,

Purpose and Scope

The primary purpose of this investigation was to develop a computer program which
could analyze the lithologic information contained within drillers' logs.
This will
provide the USGS with areal distributions of estimated aquifer characteristics for use
as initial input into their digital groundwater models of alluvial basins.
Use of this
program has provided contributions in the form of updating and expanding the current
understanding of these geohydrologic systems.

Methodology

The computer program calculates values of specific yield, hydraulic conductivity
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Each driller description reported in a
and transmissivity for each well log selected.
log is assigned a standardized call which represents a group of drillers' terms with
The specific yield values were taken
predetermined specific yield values (Table 1).
primarily from Water -Supply Paper 1469, Ground -Water Conditions and Storage Capacity in
the San Joaquin Valley California, (Davis et. al, 1959) and adapted to alluvial settings
in Arizona for use in the computer program. The hydraulic conductivity values were
then established for each term, enabling the program to calculate for each well log
(Long and Erb, 1980)
the three aquifer parameters mentioned above.
For example, the following well log (Fig. 1) with a reported depth to water of 50
feet and a total saturated interval of 850 feet has computer- generated values of 14.4%
for specific yield, 699.3 gals /day /ft2 for hydraulic conductivity and 594,405 gals /day
ft. for transmissivity.
Code

SY

SOIL
Topsoil
WASA
Sand
Sand, clay and gravel SCGR
SAGR
Sand and gravel
HSCL
Clay and fine sand
SAGR
Sand and gravel
GRCL
Gravelly clay

5

2o

25
10
25

150 0

Depth /Description of Sediments
0 -20
20 -77

77
135
250
425
670

-135
-250
-425
-670
-900

K

10 C

150 0

5

2 0

25

150 o

5

2o

A selection process was established so that the two most informative
logs per square mile could be chosen
from the estimated 30,000 well recorda
on file within the study area. All
selected logs were then grouped and
assigned to their appropriate basins.
Once the DWR files were screened and
the data base established, logs from
the USGS well schedule files were collected and added to the DWR logs in an
attempt to create the most comprehenThe logs
sive data base possible.

Calculating Specific Yield, SY:
(27' x 25)+(58' x 10)+(115' x 25)+(175' x 5)+(245' x 25)+(230' x 5) = 14.4%
850'

Calculating Hydraulic Conductivity, K:
27' x 1500)+ 58' x 100)+ 115' x 1500 +(175' x 20)+(245' x 1500 + 230' x 20) = 699.3
gal /day /ft2

850

Calculating Transmissivity, T:
699.3 gala /day /ft

x 850 ft = 594,405 gals /day /ft.

Calculating estimates of specific yield, hydraulic conductivity and transmissivity from drillers' logs.
Fig. 1.

were then coded and entered into computer files so that aquifer characteristics could
be calculated for each basin using the DWR Driller Log Program. Appropriate hydrologic
maps were then prepared.
In addition to examining the most informative drillers' logs, each basin is also
studied by reviewing the published information dealing with the geohydrologic conditions and stratigraphy of its alluvial sediments. Once the conditions are understood,
the logs are reexamined and compared to the published data.
If a particular basins alluvium has within it distinct and extensive hydrostratigraphic units (Maxey, 1964), they are identified and flagged when each log is coded.
This optional data entry procedure allows for additional geohydrologic input which increases the value of the data file and provides a means for further interpretation of
The additional data can be essential since the program not
the existing conditions.
only calculates aquifer characteristics for the saturated column of sediments on a
whole -log basis, but it also has the ability to calculate aquifer characteristics for
each saturated hydrostratigraphic unit identified. With this information, hydrologic
maps can be prepared for the different units within the basins, facilitating model
development, data input and interpretation of the results when layered digital models
This also results in a better understanding of the gross morphology of subare used.
surface features within the alluvium and its effect on the overall geohydrologic system.
Results and Limitations
The Driller Log Program is able to calculate computer- generated values for specific
yield, hydraulic conductivity and transmissivity. When these values are used to produce hydrologic maps, they show relative areal distributions of the aquifer characterHowever, these are not absolute values, they should be comistics within the basin.
pared with available field test results and calibrated before being used as data input
to a digital model study.

As in all studies of this nature, the accuracy of the results are limited by the
Despite these limitations,
quality, quantity and distribution of the original data.
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this method has proven to be an informative tool in understanding the geohydrologic
conditions in Arizona's alluvial basins.
Conclusions

The DWR Driller Log Program has enabled this Department to develop a standardized,
uniform method of analyzing the large number of drillers' logs available. The ability
to calculate the three basic aquifer characteristics, specific yield, hydraulic conductivity and transmissivity, has proven to be a valuable asset when establishing a preliminary overview of a geohydrologic system and as a supplement to field test data.
Table 1
CODE

SY

HARK
LIST
FRLS
CEMT
CLAY
DEGR
HAPN
MALA
SHAL
SHEL
VOLC
CALI
CMGR
CMSA
CNGL
DRGR
GRCL
HASA
HSCL
HSYC
SAHP
SILT
SOIL
SAST
VASH
CMSG
CNGE
CLGR
HAGR
QKSA
SAND
SACL
SCGR
SAHR
SASO
VSYC
SFSS
FISA
SISG
BOUL
SAGR
SABO
WAGR
WASA

0.
0.
3.
3.
3.
3.
3.
3.
3.
3.
3.
5.
5.
5.
5.
5.
5.
5.
5.
5.
5.
5.
5.
5.
5.

10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
15.
15.

25.
25.
25.
25.
25.

STANDARDIZED DRILLERS' TERMS

K

Hard Rock
Limestone
Fractured Limestone
Cement
Clay, Pure
Decomposed Granite
Hardpan
Malapai
Shale
Shell
Volcanics
Caliche
Cemented Gravel
Cemented Sand
Conglomerate
Dry, Gravel, Below the Water Table
Gravelly Clay
Hard Sand
Hard Sand and Clay
Hard Sandy Clay
Sandy Hardpan
Silt

0.
0.
2.
2.
2.
2.
2.
2.
2.
2.
2.

20.
20.
20.
20.
20.
20.
20.
20.
20.
20.
20.
20.
20.
20.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
400.
400.
1500.
1500.
1500.
1500.
1500.

Soil

Sandstone
Volcanic Ash
Cemented Sand and Gravel
Conglomerate, Gravel and Sand
Clay and Gravel
Hard Gravel
Quicksand
Sand
Sand and Clay
Sand, Clay and Gravel
Sand and Hard Rock
Sand and Soil
Sandy Clay
Soft Sandstone
Fine Sand
Silty Sand and Gravel
Boulders
Sand and Gravel
Sand and Boulders
Water Gravel
Water Sand
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DETERMINATION OF TRANSMISSIVITY VALUES IN THE
SALT RIVER VALLEY USING RECOVERY TESTS,
SPECIFIC CAPACITY DATA AND DWR DRILLER LOG PROGRAM
Mary Ann Niccoli and Michael R. Long
Arizona Department of Water Resources
99 East Virginia, Phoenix, Arizona 85004
Introduction
The purpose of this report is to make available the results of a study of trans missivity in the Salt River Valley.
The objective of the study was to obtain trans missivity data for an ongoing digital modeling effort of the Salt River Valley and the
study's primary focus was a field program in which transmissivity values were determined from aquifer tests.
Transmissivity values from the field program were supplemented
with values estimated using specific capacity or driller log data in order to produce
a map of transmissivity in the Salt River Valley.

In the summer of 1979, the Arizona Department of water Resources (DWR, then the
Arizona Water Commission) and the Salt River Project (SRP) initiated a cooperative
aquifer testing program in conjunction with the annual SRP well maintenance schedule.
This field program was initiated after an extensive data search revealed few reliable
estimates of transmissivity in the Salt River Valley (SRV).
Between May and September 1979, well recovery tests were performed on 172 large
capacity irrigation wells during the SRP annual maintenance program using standard
testing procedures and consistent methods of analysis.
Due to the excess surface water
available from the previous spring runoff, groundwater pumpage was below normal during
this period. Therefore, the SRV aquifer system was not being heavily stressed and
interference from pumping wells was minimal. These factors enhanced the reliability of
the test results.
The cooperative efforts of SRP are recognized, and appreciated, especially their
assistance in formulating the program and furnishing field equipment and personnel.
The results from the field program provided the base for a transmissivity (T) map
of the Salt River Valley model area. Within the SRP boundaries, transmissivity values
determined from the 1979 well tests were used in preparing model input, however, outside these boundaries transmissivity data remained very scarce.
Additional methods of
estimating transmissivity were employed in order to construct a T map for the model
area.

In addition to transmissivity values calculated from the aquifer tests, specific
capacity values were also determined.
A relationship between transmissivity and specific capacity was established from which transmissivities were predicted for areas which
had sufficient specific capacity data.
Both transmissivity and specific capacity values were unavailable for some areas
of the valley. Therefore, values generated from the DWR Driller Log Program were used
to supplement field data, as further explained in the Analysis and Results section of
this paper.

Previous Studies and Data Collection Efforts
Previous modeling studies of the Salt River Valley include Anderson, 1968, Turner,
However, these studies were of a general nature and utilized regional transmissivity values.
1978.

Available aquifer tests and well data were collected from numerous irrigation districts, private water companies, cities, towns, U. S. Geological Survey files and DWR
records.
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Field Procedures
The basic field procedures for the aquifer testing program were as follows:
1.
Static water levels were measured prior to the start of the pumping period.

Wells were pumped for 24 consecutive hours; this allowed sufficient time for
the drawdowns to stablize in most instances.
2.

Pumping water levels were measured immediately prior to shutting off the pump.
Discharges were measured using a Cox flow meter at both the beginning and end
of the pumping period.
In a few instances, only ending measurements were obtained due to the limited number of field personnel.
3.
4.

Although not part of the aquifer testing per se, water samples were obtained
The samples were collected by the
from selected wells for water quality analyses.
U. S. Geological Survey for use in their SWAB /RASA program, a study of alluvial
basins in central and southern Arizona.
After the pumps were shut off, water level recovery measurements were taken
6.
until field plots indicated the well had recovered sufficiently to obtain reliable
This usually occurred within a two to six hour period from the time when
data.
pumping stopped.
5.

Figure 1 indicates the location of the 172 irrigation wells that were tested in
the Salt River Valley and also delineates the boundary of the model study.

Analysis and Results
Aquifer Tests
Transmissivity values were calculated from recovery test data by a modified non equilibrium approach utilizing either direct recovery or residual drawdown (Johnson,
1975).

A comparison of transmissivity values estimated by direct recovery to those estimated by residual drawdown indicated that the two techniques yielded similar results.
Table 1 displays pertinent data and calculated transmissivity values for each recovery test. Although 172 wells were tested, transmissivity values were considered reThe remaining 20 tests produced questionable results priliable for only 152 tests.
marily due to mechanical problems with the pump, or difficulties with water level measurements.
Specific Capacity Data

Specific capacity data (SC) were available for numerous wells located in areas
where aquifer tests were not performed. An analysis was performed to determine the
relationship between specific capacity and transmissivity using the 1979 well tests.
This analysis was based on the fact that transmissivity and specific capacity are related since both are functions of the permeability of the aquifer - transmissivity is
directly related and specific capacity indirectly. Transmissivity versus specific
capacity data when plotted on log -log paper yielded a straight -line trend suggesting
The data were analyzed with a standard
that the parameters are related exponentially.
These
statistics package on a programable calculator, (Hewlett Packard, 1976).
analyses indicate that the relationship between the two parameters is best described by
the equation y =axb where y= transmissivity; x= specific capacity; and the terms a and b
are constants. Solving for the constants in the equation yields a =1,972 and b =1.085 or
The results of the analyses are statistically reliable
approximately T =1,972 x SC.
with a coefficient of determination of .8070 and a coefficient of correlation of .8983.
In addition, these analyses conform to the mathematics of a previous study in the
SRV that indicated T =2,000 x SC (Anderson, 1968).
DWR Driller Log Program

The DWR Driller Log Program assigns permeability values to each material type referenced in a driller log, (for a detailed description of the DWR program, see Long
Transmissivity is calculated for each
and Erb, 1980 and Kisser and Haimson, 1981).
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Table 1.

Pertinent Data and Calculated Tranamissivity Values
from 1979 Salt River Valley Cooperative Well Testing
Program. 1
Well
Discharge

Static
Water Level

Well Location

(gpm)

A-01-01
A-01-01
A-01-01
A-01-01
A-01-01
A-01-01
A-01-01
A-01-01
A-01-01
A-01-01

02ccc
03abh2
09hbb2
lOccc2
lladd
llcbc
19abb
21ddd
24aac
28cbd

3172
3003
3332
3615
2335
2160
2282
2688
3696
4178

89
145
102
65
96
167

A-01-02 18ddd2

4074

A-01-03 02aaa
A-01-04
A-01-04
A-01-04
A-01-04
A-01-04

Olaba
Oldbc
02dbb
19acc
24bbb2

A-01-05
A-01-05
A-01-05
A-01-05
A-01-05
A-01-05
A-01-05

Oladd
Olhda
02aaa2
02hbb2
o2cbb2
02cdd2
02dhb

A-01-05 02dcic
A-01-05 03r1rlc
A-01-05 04rlc1d2

A-01-05
A-01-05
A-01-05
A-01-05
A-01-05

09dcb
lOccd
l3bbc
13caa
14bae

A-01-05 16c al

A-01-05 17aaa
A-01-05 17caa
A-01-05 18ccic
A-01-05 1.8ddd2

A-01-05
A-01-05
A-01-05
A-01-05
A-01-05
A-01-05
A-01-05
A-01-05
A-01-05
A-01-05
A-01-05
A-01-05

l9acc2
2labb
24aad
26ddd
27dcc
30bba
30cdd
30bdd
32cdd
33cdd
34ddd
35haa

A-01-06
A-01-06
A-01-06
A-01-06
A-01-06

06hha
07chc
17acc
21hcb2
21cdc

L-01-06 28rird2

A-01-06 30nhn2

(feet)

Pumping
Water Level
(feet)

Tranamissivity
(gpd /ft)

44

113,000
127,000
105,000
273,000
57,000
39,000
450,000
131,000
707,000
1,137,000

67

115

179,000

2860

56

101

1063
1929
1586
903

198

225
214

299
283
256
80

3685
2782
2096
2654
2847

255
62
72
75

47
47

64
21

41
118

3675
3702
2231
2723
2254
2793
3055
2264
3703
2345
2303
2731
1225
2870
1167
2679
2789
3199
1284
2824
2275
4137
2238

324
287
257
228
231
251
252
285
232
217
221
266
290
293
292
250
194
199
131
161
125
244
295
219
226
159
172
154
178
185
166
242

2861
2192
2564
2578
2027
1906
1127

316
362
363
313
383
290

2491
3916
3019
3895
2841

172
180
144
93
174

147

368
297
270
251
248
275
270
309
268
251

260
294
318
314
340
295
230
243
228
223
186
271
318
259
272
233
211
209
240
306
206
309

315
335
386
389
397
424
322

291

119

58,000*

38,000
121,000
42,000
63,000
162,000
306,000
294,000
494,000*
396,000
518,000
345,000
347,000
297,000
203,000
347,000
166,000
109,000
300,000
532,000
*

129,000
107,000
128,000
80,000
75,000
76,000
82,000
316,000
32,000
104,000
97,000
188,000
28,000
108,000
50,000
174,000
39,000

252,000
227,000
212,000
349,000
245,000
149,000

Well
Discharge

Static
Water Level

Pumping
Water Level

well Location

(gpm)

(feet)

(feet)

A-01-06 32cbd
A-01-06 33cdd
A-01-06 34ccc2

2024
2034
2423

246
355
377

292
409
407

53,000111,000
286,000

A-02-01
A-02-01
A-02-01
A-02-01
A-02-01
A-02-01
A-02-01
A-02-01
A-02-01
A-02-01
A-02-01
A-02-01
A-02-01
A-02-01
A-02-01
A-02-01
A-02-01
A-02-01
A-02-01
A-02-01
A-02-01

Oldad
08ddd
09ddd2
12dda2
13ccc
14bbb2
14bdd
14ccc
15abb
15cbb
17ddd2
20daa
20ddd
23ccc
23dda
24dbc
26daa
28aaa
29ddd2
35ddd
36dad

2154
2195
2592
820
2201
2372
2264
1224
1972
1827
1247
2079
2020
2020
2403
2483
2661
781
2053
3165
3902

212

281
272
236
244
258

78,000
46¡000
41,000
31,000
53,000
50,000
44,000
61,000
37,000
71,000
40,000
41,000
45,000
58,000
89,000
53,000
112,000
64,000
47,000
118,000
165,000

A-02-02
A-02-02
A-02-02
A-02-02
A-02-02
A-02-02
A-02-02
A-02-02
A-02-02
A-02-02
A-02-02
A-02-02
A-02-02
A-02-02

03aad
04cba
14cbc
17ada2
18ddd2
19ccb
25bca
26dbb
27dbb
28caa
29bcb
29dbb2
31aad
32daa

789
1320
773
958
853
1208
1441
3199
2455
1640
2489
2137
2806
3153

254
255
175
230
218
200

346
384
284
263
281
263

128
126
157
172

170
212
211
205
268
232

145

238

A-02-03
A-02-03
A-02-03
A-02-03
A-02-03
A-02-03
A-02-03
A-02-03

07dcc2
OBbcc2
20add2
20bcc2
24aad
25bbb2
25cbb2
35bbc

452
1836
837
778
1300
1223
930
1218

115
207
83
75
35

282
283
223
264
103

51
51
67

99
140
179

A-02-04
A-02-04
A-02-04
A-02-04
A-02-04
A-02-04

11adc2
lldcc2
12daa2
19ddd
22dcc
35bba

1538
2379
1487
853
769
589

299
382
149

403
428
407
136
369

A-02-06
A-02-06
A-02-06
A-02-06
A-02-06

27cbc
28ddb
31dcc
32acb
33bab

3048
3133
2912
2330
2899

A-03-01
A-03-01
A-03-01
A-03-01
A-03-01
A-03-01

Olcdc
21ada
26add
26ddd2
27ccc
33ddd2

1467
2042
1861
1127
845
1300

167
158

212
198
174
180
176
164
158
158
155
154
169
193
200
176
159
144
141
143

243
278
194
228
205
202
208
207
236
231
272
215
175
192
171
194

210
181
162

193

Transmissivity
(gpd /ft)

7,000
22,000
14,000
24,000*
27,000
40,000
33,000
60,000
62,000
59,000
48,000
39,000
153,000
59,000
5,000*
99,000
12,000
9,000
93,000
165,000
60,000
40,000

157

20,000
314,000
39,000*
41,00092,000
96,000

391
385
334
358
350

439
419
363
402
421

156,000
369,000
112,000
107,000
383,000

365
245
241
257

441
333

40,000
37,000
15,000
17,000
38,000
26,000

7

347
139

365
404
236
242

180
169
120

Well
Discharge

Static
Water Level

Well Locatióm

Pumping
Water Level

(dnm)

(feet)

(feet)

A-03-01 35abb

2693

223

313

56,000

A-03-02
A-03-02
A-03-02
A-03-02
A-03-02
A-03-02
A-03-02
A-03-02
A-03-02

1548
900
1216
1030
684
720
1425
1860
684

305
276
302
291
303
313
271
235
271

411
403
422
439

360
438
376
272
376

24,000
22,000
31,000
20,000
17,000
17,000
52,000
41,000
12,000

A-03-03 30cbc
A-03-03 30dcc

2758

339
333

414
415

324,000

D-01-02 03cdd

1242

38

166

28,000

D-01403 06aaa
D-01-03 06dbb

2944

134
102

156

1167

233

561,000*
171,000*

D-01-04
D-01-04
D-01-04
D-01-04
D-01-04

1041
1298
2518
2506
2087
2503
2855
2965
1617

122
193
146
133
146
136
134
139
132

194
235

147

36,000
43,000
88,000
74,000
88,000
131,000
120,000
142,000
267,000*

2303
2264
3344

252
206
206
185
140
144
169
188

319
299

82,000
35,000*

261
221

55,000
110,000
140,000
120,000*
48,000
115,000
56,000
42,000
500,000*
36,000
290,000*
35,000
143,000*

17dcb
19ada
21caa
25cad
27bbb
27dbb
29dda2
30ccc2
33daa

03bbb2
09bdc
lladd
llhcc
12acc

1)-01-04 14ccc2

D-01-04 22bcc
D-01-04 24aaa
n-01-04 36bha

D-01-05 Olbab
D-01-05 03ccc3
It-DI-O'; 03d<lrl

D-01-05 04ccc2
n-01-05 07add
D-01-05 07acc2
D-01-05 08hcld

D-01005 09dbb
D-01-05 10c1dd2

D-01-05
D-01-05
n-01-O5
D-01-05
D-01-05

llaaa2
12cbb
l2ccc
15hba
19ccc

1931

2310
2730
2206
2350
3061
2477
2062
3247

181
194
177
171
186

201

Transmissivity
(god/ft)

*

*

181

246
280
207
282
286
216
271

173

202
205

D-01-05 73h,la

1831
1575
2823

D-01-05 32cab

2620

174
181
124
235
188

D-01-06
D-01-06
n-DI-00
?-Dl-06

D-01-06 17.1cc2

2292
1190
2693
1413
2013
2402
2206

392
205
200
195
208
212
227

440
239
230
214
284
301
326

D-01-06 18ccc2
D-01-06 21dbb

1723

90
276

107

2171

334

83,000
130,000*
384,000
455,000
33,000
47,000
42,000
492,000
55,000

D
D
D
n

3054
2972
2212
2044

189
166

211
180
357
312

265,000
413,000
22,000
50,000

03caa
05haa
OScab
07ddc2

D-01-06 07acld

D-01-06 08ddd

-02
-02
-02
-02

-05
-05
-05
-05

02bdd
04add
04dda
llccc

141

203
259

380
268

1tir11 locations are cadastral, by quadrant, township, range, section
For further explanation of cadastral location, see
and 4 4 4 section.
Laney, 1978
water level measurements are expressed in feet below land surface.
1

* Denotes questionable test results due to mechanical problema with
pump, or difficulties with water level measurements.
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The
material type by multiplying the permeability of each unit by its thickness.
transmissivity values obtained for each material type are then summed from the static
water level to the total well depth or a specified depth to yield a transmissivity
value for the aquifer material represented in the driller log.

Results

Figure 2 illustrates zoned transmissivity values determined from the well testing
program combined with those calculated from specific capacity values and from the DWR
Driller Log Program. The distribution of high and low transmissivity values reflects,
in part, the abrupt facies changes which occur over small distances in alluvial basins.
Due to the extreme variation in values obtained from aquifer tests of wells within a
Instead, for the
few hundred feet of one another, the data points were not contoured.
basic data report of the SRV model study, the values were zoned according to ranges of
low
=0
to 25,000;
transmissivity in gallons per day foot of aquifer, as follows:
medium = 25,000; high = greater than 100,000.

For input to the SRV model, a node grid was placed over the transmissivity zone
and average values over each node were estimated. In a few areas of the model
study, particularly the extreme eastern and southern areas, development of the groundwater resource has been minimal and data is insufficient to estimate transmissivity.
For modeling purposes, the limited geologic and hydrologic data available in these
areas was compared to that of surrounding areas and transmissivity values were approximated accordingly.
map

Summary

A transmissivity zone map of the Salt River Valley was produced by combining the
transmissivity values from the 1979 aquifer testing program with estimated values from
specific capacity data and from the DWR Driller Log Program.
In the summer of 1979, aquifer tests were performed on 172 large capacity irrigation wells located within the boundaries of the Salt River Project. Transmissivities
were calculated from these tests utilizing direct recovery or residual drawdown methods.
Data from the field tests were used to establish a statistical relationship between
specific capacity and transmissivity which allowed transmissivity values to be estimated in areas where aquifer tests were not performed but specific capacity information
In areas where both transmissivity and specific capacity data were
was available.
unavailable transmissivity values were estimated from driller log information using the
DWR Driller Log Program.
The transmissivity zone map provides a better understanding of the relative values
and areal distribution of transmissivity throughout the Salt River Valley and also
demonstrates the substantial variations in the Salt River Valley alluvial aquifer which
Increased knowledge of the alluvial aquifer is essential
occur over small distances.
to the further development and management of the groundwater resources in the Salt
River Valley.
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GEOSTATISTICAL ANALYSIS AND INVERSE MODELING OF THE AVRA VALLEY AQUIFER
Peter M. Clifton and Shlomo P. Neuman
Department of Hydrology and Water Resources
University of Arizona, Tucson AZ 85721
ABSTRACT
The geostatistical method of kriging is used to analyze log -transmissivity data from aquifer tests
conducted in Avra Valley. This analysis yields estimates of spatially averaged log -transmissivities
over finite subregions of the aquifer, plus the variance of the error of each estimation, as well as the
covariance of the errors of each pair of estimated values. This information together with measured
groundwater level data form the input for the statistical inverse model. The output from the inverse
model is a modified set of log -transmissivity estimates for each subregion plus the covariance matrix
of the corresponding estimation errors. The magnitude of the errors derived from the inverse model is
less than that derived from the kriging analysis. Thus, the modified log- transmissivity estimates can
be used to model the aquifer with greater certainty than would be possible without the statistical inverse procedure.
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SOME BIOHYDROLOGIC IMPACTS OF LAND IMPRINTING

Robert M. Dixon and J. Roger Simanton, USDA, SEA -AR
2000 E, Allen Road, Tucson, Arizona
85719

ABSTRACT

The land imprinter is a unique new tillage implement that molds aboveground plant
materials and soil surface particles into mulch- lined, rainwater irrigated seedbeds and
seedling cradles to increase the probability of crop stand establishment in arid and
semiarid regions,
This conservation tillage implement is designed to increase surface
microroughness and macroporosity to, in turn, beneficially control infiltration, runoff, and erosion within plant -sized areas.
Preliminary testing of an experimental
rangeland imprinter sought to determine (1) several floral responses; (2) inprintability of land as a function of load- bearing capacity or penetration resistance; and
(3) penetrability, infiltrability and erodibility of imprinted soil surfaces,
Results indicate that (1) biomass concentration at the soil surface, biomass production, and plant community diversity are all increased; (2) proving ring penetrometers can be used to determine the imprinter loading required for adequate
penetration of imprint angles; and (3) interconnected downslope and cross -slope imprinted furrows form rainwater shedding and absorbing systems having the capacity to
concentrate and conserve both rainwater and soil resources during intense rainstorms.
Mean imprinted /unimprinted ratios for biomasa productivity, floral diversity, infiltrability and erodibility were 30, 10, 2.1 and 0,2, respectively.
Penetrability
ratios for the imprinted furrow ridge and trough were 0.6 and 4.3, respectively.
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A POTENTIAL FOR WATER-EFFICIENT, C,} HALOPHYTES
IN ARIZONA'S AGRICULTURAL WATER BUDGET

Edward P. Glenn, James W. O'Leary and Barney P. Popkin
Environmental Research Laboratory, University of Arizona

Introduction

Arizona's underlying water problem is a shortage of renewable supplies to meet
de ads, resulting in a depletion of groundwater reserves at the current rate of 3.1 x
10'myr -1 (Water Resources Research Center, 1980).
By far,
the majority
of
water
(ca.
89%)
is
consumed by irrigated agriculture in the arid Basin and Range
Lowland Province (White and Stulik, 1962).
An additional problem is that saline aquifers underlie the major riverbottom
irrigation districts in the
state (Figure 1). Unlike the deep supplies of fresh
water, the saline aquifers receive recharge from surface flows as well as underground
flows from
adjacent, higher
drainages, and are not undergoing depletion (U.S.G.S.,
1978).
Unfortunately, the low salt tolerance of most conventional crops severely
limits the usefulness of these saline water resources for agriculture (Allison, 1954).

AREAS IN ARIZONA WITH GROUND WATER

IRRIGATED

IN ARIZONA

CONTAINING MORE THAN 1000 PPM

SOME AREAS IN EXCESS OF 3000 TO 10000 PPM

Figure 1. Areas of saline groundwaters (from Kister, 1973) and irrigated
areas (from
Dept. of Agri. Economics and Agri. Engineering, 1963) in Arizona.
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available
Lowered water tables, salinity problems, and increased competition for
water by growing urban areas have placed the future of Arizona's agriculture in doubt
sector
(Webster, 1981). Perhaps the most water- inefficient part of the agricultural
is forage crop production. Alfalfa, the leading forage crop, is second only to cotton
Reporting Service, 1979), and with a
Crop & Livestock
in
total
acreage (Arizona
al.,
consumptive water use of 185 cm yr 1 it is by far the thirstiest crop (Erie et
is
relatively
saltsensitive
and
requires additional leaching water
1965).
Alfalfa
(above consumptive use) even when grown on water of moderate salinity (Allison, 1954).
of
in some parts
The total water requirement for alfalfa is as high as 245 cm yrthe state (Advisory Committee on Irrigation Efficiency, 1974).
Forage crops are vital to the state's livestock industry, but their bulky nature
requires that they be produced near the point of consumption. A partial solution to
Arizona's water problem may be to develop new forage crops to replace alfalfa in the
Such crops should have nutritional value equivalent to
desert irrigation districts.
alfalfa, but at the same time be highly water efficient and salt tolerant, in order to
minimize the use of valuable fresh water and take advantage of presently unused saline
water resources. Whereas these attributes are absent from conventional forage crops,
they exist in the wild flora.

C4 halophytes are a heterogeneous group of wild plants distributed in salt
marshes and inland salt deserts throughout the world. They include grasses as well as
broadleaf dicot species, and have been recognized as important constituents of natural
rangeland for many years (Jones, 1970). The nutritional value of some species equals
Only
1979).
alfalfa in terms of protein content (Glenn et al., in press(a); Goodin,
have these exceptionally hardy plants been considered as
however,
in
recent years,
Mudie,
(Goodin,
1979;
districts
irrigation
arid
-zone
replacements for alfalfa in
1974).

Comparison of C3 and C4 Plants
The overwhelming majority of plants contain the C3 pathway for photosynthesis,
in which the first product is a three- carbon compound. This pathway is competitively
inhibited by atmospheric levels of oxygen, and operates efficiently only at relatively
high levels of carbon dioxide in the leaf. On the other hand, some plants have
evolved a CA pathway for photosynthesis, in which the first product is a four -carbon
most
the
respects,
in many
organic acid. While the C3 and C4 pathways differ
important may be the higher affinity of the C4 pathway for carbon dioxide, allowing
efficent photosynthesis to take place even at very low levels of carbon dioxide in the
leaf (Black, 1973). The C4 pathway is unaffected by atmospheric levels of oxygen.

The Cd pathway appears to have evolved as a mechanism to ameliorate water
whether arising from arid conditions or salts in the water. Carbon dioxide
entry into, and water loss from a leaf share the same pathway. Thus, assimilation of
carbon and the subsequent conversion into materials that make up the dry weight of a
plant, takes place at the expense of water loss. By virtue of their high affinity for
carbon dixoide, C4 plants can keep leaf stomata partially closed to reduce water
loss, while still maintaining a high rate of photosynthesis. Under similar conditions
of carbon dioxide restriction, C3 plants actually lose carbon dioxide as a result of
the other hand, in a temperate environment where water is not
On
photorespiration.
limiting, stomata can be kept wide open and the C4 pathway appears to confer no
pathway, and may actually be a liability (Black,
C3
the
special advantage over
stress,

1973).

Numerous studies have confirmed the higher water use efficiency of C4 plants
Water cost can be defined as the ratio of weight of
compared against Cl plants.
This transpiration ratio
water lost per weight of dry matter produced (g H2O /g DW).
is commonly measured by one of three methods: instantaneous rates of photosynthesis
and transpiration are compared for a single leaf; the rate of dry matter accumulation
and water usage are compared for potted plants; or dry matter accumulation and total
Not surprisingly, the
requirements are compared for field -grown crops.
irrigation
Instantaneous measurements on single leaves do not
methods yield different results.
account
water
and
carbon
losses
at
night
and
therefore
underestimate water
take into
usage, whereas field methods do not always correct for water losses due to runoff,
deep percolation, and surface evaporation, and therefore generally overestimate actual
water consumption by the crop.
important point, however, is that the superiority of C4 plants with regard
The
to water use efficiency is maintained at all three levels of measurement (Table 1).
The results have been confirmed in numerous studies and hold true over a wide range of
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environmental conditions.
Beginning with the extensive studies of Shantz and
Piemeisel (1927), there have been no exceptions found to the general rule that C4
plants are at least twice as efficient as C3 plants in water usage (Black, 1973;
Vollmer, cited in Szarek, 1979; Caldwell et al., 1977; Dillman, 1931).

Table 1. Transpiration ratio (g 020/g DW) for leaves, plants, and
fields
grasses and C3 legumes (based on data from Ludlow and Wilson, 1972).

C4 Grasses

C3 Legumes

of

C4

C3
C4

Leaf

120

280

2.3

Plant

203

374

1.8

Field

325

700

2.2

CA halophytes from the genus Btripiog have transpiration ratios ranging from 87
DW for potted plants (Vollmer, cited in Szarek, 1979), to 232 g H2O /g DW
for field -grown plants (Caldwell et al., 1977).
In contrast, the weighted mean water
cost
for
alfalfa over six years in the study by Shantz and Piemeisel (1927) using
potted plants, was 814 g H 0/9 DW. A seasonal water cost of 1250 g H20/g DW can
be dalculated for alfalfa, based on field yields from Arizona, 1977 -1979, and water
consumption data from Mesa, Arizona (Webster, 1981).
In a direct comparison between
Atriplex canescens and alfalfa in western Texas, Goodin (1979) found that equivalent
yields of btri91eg were obtained at only 15 -25% of the water cost of alfalfa.
g

11,07g

It is important to note that not all arid- adapted plants are C4.
C3
xerophytes that can withstand long periods of severe drought may actually have high
transpiration ratios when
water is available (Maximov,
1929).
This applies to
arid- adapted plants that have been proposed for desert agriculture, such as jojoba and
guayule (Ritchie,
1979).
Jojoba, for example, has a transpiration ratio of 1700 g
H20/g DW, one of the highest ever recorded (McGinnes and Arnold,
1939).
These
plants probably offer no real water savings under irrigated conditions.

Comparison of Glycopbyteg And Halophytes
Salinity problems arise in desert irrigation districts because evaporation
greatly exceeds precipitation,
so
salts
become concentrated in the soil
and
groundwaters.
Thus,
it
is
not surprising that some of the major areas of saline
groundwater correspond to the location of the major irrigation districts in Arizona
(Figure 1).
Naturally -saline groundwaters also occur in the northeastern corner of
the state and in deep aquifers underlying the Safford and Wellton- Mohawk valleys along
the Gila River Mister, 1973 and literature cited therein).

The saline aquifers range in salinity from slightly saline (1,000 -3,000 ppm)
to
saline (above 3,000 ppm), with some wells producing salinities in excess of the salts
in seawater (30,000 ppm). Most conventional crops are glycophytes:
plante that
evolved in the absence of salts and that are sensitive to even low levels of salts in
the environment. As a result, water exceeding 1,500 ppm salinity
is
generally not
useful for long -term application
in irrigated agriculture (Allison, 1954).
In the
Safford Irrigation District, farmers rely on good quality water diverted from the
surface
flow of the Gila for most of their irrigation requirements, and resort to the
pumping of shallow "slightly saline" groundwater only when their allotment of
surface
water is used up (Muller et al., 1973).
A deeper artesian aquifer in the valley is
not used at all because of salinities in excess of 5,000 ppm.
In
the Wellton- Mohawk
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Irrigation District, irrigation water comes from surface flow diverted from the
deemed unfit for
Colorado River. The shallow aquifer underlying the basin has been
any use due to salinities in excess of 3,000 ppm, and it is pumped from the gound and
sent unused into the Gulf of California by lined canal.

Halophytes evolved to survive, and even flourish in salinities up to and
In addition to the C4 and CAM pathways for photosynthesis (not
exceeding seawater.
present in all halophytes), halophytes have developed specific mechanisms to exclude,
Salt
compartmentalize, or excrete toxic salts from the growing portions of the plant.
tolerance requires expenditures of metabolic energy (O'Leary, 1979), so that even the
best adapted halophytes show growth reductions when the salinity of the irrigation
water excedds
approximately 10,000 ppm (Figure 2). It has been found, however, that
the most productive C4 halophytes, irrigated with 40,000 ppm seawater, produce
yr , which are equivalent to yields of alfalfa
yields of 850 -2270 g DW m
irrigated with fresh water (Glenn et al., in press(b)).
Since the
salinities of Arizona's
saline aquifers do not generally exceed
10,000 ppm Mister, 1973), plants adapted
to
grow on seawater would receive an
form of lower
"energy subsidy"
in the
salinity
water
in
Arizona irrigation
districts, and could be expected to yield
two
times as high as when
to three
seawater
irrigated with full strength
(O'Leary, 1979) (see Figure 2).

700

o

C4 Halophyte
(Atriplex paludosa)

OQ

ó 50
C7

C3 Halophyte
(Atriplex patula)

e

Ó

e

Figure 2.
Growth (measured as dry weight)
of
plants in sand culture with irrigation
Plants were
water of varying salinities.
grown in a greenhouse and irrigated with
nutrient solution adjusted to the given
artificial
seawater
salinities
with
After
a
three -week
(Instant Ocean).
adjustment period at each salinity, dry
matter increase was measured
after eight
weeks.
Data points are the average of
5 -10 plants each.

¢

Olycophyte
(castor bean)
(deed)
10

20

30

40

Salinity (ppt)

Conclusion
Halophyte crops are not yet economical due to problems of toxicity and lack of
agronomic techniques.
Similar problems have been overcome in domesticating our
present agricultural crops. On the other hand, it has proven to be quite difficult to
alter the core metabolism of plants: efforts to increase productivity by breeding
for
high rates
of photosynthesis have
not been
successful (O'Leary, 1979); nor have
The
efforts to introduce the C4 pathway into C3 plants (Bjorkman et al., 1971).
next logical step is to breed desirable crop characteristics into wild C4 halophytes
that already have
the desired
attributes of high nutritional content, high water
efficiency, and high salt tolerance.
replace alfalfa
in 6Arizona's irrigation
If C4 plants were to completely
districts,
then a water
savings of approximatpçly3740 x110 m yr- could be
achieved, based on an assumed savings of 9.14 x 10 m
ha over an area of
Crop & Livestock Reporting Service, 1979). This estimate assumes
80,900 ha (Arizona
If
total
that only high quality irrigation water would be used.
half of the
irrigation water for such a crop could come from saline resources not presently used
foA agricu }ture, the total savings of good quality groundwater would amount to
1.2
x
or approximately 40% of the current annual overdraft of groundwater
10
m
yrin Arizona.
,
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An important
question is the extent to which saline water can be used without
further damaging soils and aquifer. The position of the U.S.D.A. Salinity Lab is that
with proper drainage and a safe disposal site, water of virtually any salinity can be
used on normal soils without permanent damage (van schifgaared, 1981). They encourage
the
reuse of irrigation and drainage water for successively more salt -tolerant crops
order to reduce the volume of water that must
including native halophytes, in
ultimately be discarded, and to get the maximum beneficial use out of the water.
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USE OF BACTERIAL INDICATORS IN
ASSESSMENT OF WATER QUALITY OF
THE EAST VERDE RIVER

Patrick V. Athey, Marilyn J. Urbina and Milton R. Sommerfeld
Department of Botany and Microbiology,
Arizona State University, Tempe, Arizona 85281

INTRODUCTION

A limited water quality survey of the East Verde River during the summer of 1979
(Sommerfeld et al., 1979) indicated that although the River was generally of good
physicochemical quality, the upper reach contained large numbers of fecal coliform and
streptococci bacteria, with the former frequently exceeding water quality standards
(AWQCC, 1979).
Both groups of bacteria are characteristic of the feces of warm- blooded
animals ( Geldreich et al., 1962a,b; Geldreich et al., 1964; Geldreich and Kenner,
1979).
Although these organisms are not of great pathogenic significance in the natural environment, their presence in water is an indication of fecal contamination and
the possibility of bacterial and viral pathogens.
This study was undertaken in an attempt to (1) determine whether the bacteriological water quality problem previously observed in the East Verde River persists beyond
the heavy use summer period and to (2) identify the source of bacterial contamination
found in the River.
DESCRIPTION OF STUDY AREA
The East Verde River originates about 24 km northwest of Payson, Arizona in the
escarpment of the Mogollon Rim and flows in a southwesterly direction for approximately 80 km before its confluence with the Verde River.
Average annual Streamflow is
about 850 ac -ft (104 ha -m) near the head and about 13,500 ac -ft (1665 ha -m) near its
mouth at the Verde River. Streamflow near the head averages slightly over 1.0 cfs
during non -flood periods.
Streamflow in the East Verde River is augmented by the addition of about 25 to 30 cfs by pipeline from Blue Ridge Reservoir located about 32 km
northeast of Pine on East Clear Creek.
The water supplement to the East Verde results
from a water trade made by the Salt River Project and Phelps Dodge Corporation involving Gila River Basin and Colorado River Basin waters.
The upper East Verde River is the major attraction in a heavily -used recreational
Primary streamside activities are camping, hiking, picnicing, fishing, wading
and swimming.
Much of the recreational use is dispersed since campgrounds are undeveloped. Two campgrounds do exist in the study area.
The largest is un -named and
located just above the bridge crossing of the East Verde River.
The other, Waterwheel
Campground, is located below the confluence of Ellison Creek with the East Verde. In
addition to the campgrounds just mentioned, several areas of primary and secondary
homes have been developed on private land in close proximity to the River. They include Washington Park, Rim Trail, Verde Glenn, and Whispering Pines Subdivisions. The
latter three directly border the River.
area.

METHODS

SAMPLING LOCATIONS

Sampling sites on the upper East Verde River were selected to isolate portions of
the River with respect to type of streamside activity.
Five sites were sampled as
follows:
(1) just below the confluence of the East Verde River and pipeline aqueduct,
(2)
at the abandoned Gaging Station below Rim Trail and Verde Glenn Subdivisions, (3)
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at bridge crossing below campground but above Whispering Pines Subdivision, (4) at
river crossing just below Whispering Pines Subdivision, and (5) at Waterwheel Campground (Fig. 1).
SAMPLING DATES
Each of
The above sites were sampled six times between August and December, 1980.
the sampling periods consisted of daily samples at each site for three consecutive days
over a weekend period (Friday - Sunday). Actual sampling dates were August 8 -10 and
22 -24, September 5 -7, October 10 -12, November 7 -9 and December 5 -7.

BACTERIOLOGY

East Verde River water was collected in sterile 50 ml Swinnex syringes and filtered through 0.45 um sterile membrane filters contained in sterile Swinnex filter
holders.
After filtration of 20, 50 and 100 ml of river water, filters were placed on
selective media and incubated. In fecal coliform enumeration, filters were placed on
m -FC Agar and incubated for 24 hr at 44.5 °C.
Viable fecal coliform bacteria produced
colonies that could be recognized by their blue coloration.
For fecal streptococci
enumeration, filters were placed on KF Streptococcus Agar and incubated for 48 hr at
35 °C.
Viable fecal streptococci produced pink to dark red colonies.
In both cases,
colony counts were made using a Bausch and Lomb stereomicroscope.
For speciation of the fecal streptococci, colonies were isolated from KF plates
obtained during the first and second sampling days.
At least 20% of the fecal streptococcus colonies that developed in the KF plates or a minimum of 10 colonies (where 20%
was less than 10) were isolated.
In a few instances more or less than this percentage
was used because of very high or low counts. At least 100 colonies were isolated for
each sampling trip. The isolated colonies were placed into Brain Heart Infusion (BHI)
broth and agar for subsequent confirmation and speciation according to the standard
protocol (USEPA, 1978). A brief description of the protocol follows.
After incubation for 24 hr at 35 °C on BHI agar, each isolate was tested for catalase activity.
Catalase negative organisms were again inoculated into duplicate BHI
broth tubes and incubated at 45 °C and 10 °C.
Growth was evaluated after two and five
days, respectively.
Growth at both temperatures indicates a potential enterococcus or
Group Q streptococci.
Growth at 45 °C only suggests the Streptococcus bovis or S.
equinus group.
A positive starch hydrolysis test is confirmation of tíesé bacteria.
Streptococcus bovis
Lactose fermentation is used to differentiate between the two.
A third organism
gives a positive acid reaction, whereas S. a uinus gives no reaction.
that may be included in this group is S. sa ivarius which in addition to not growing at
10 °C does not hydrolyze starch (Buchanan and Gibbons, 1974). Those isolates demonstrating growth at both temperatures are confirmed as enterococci by their growth in
6.5% NaCl -BHI broth (35 °C), BHI broth, pH 9.6 and reduction of 0.1% methylene blue in
skim milk.
Confirmed enterococci were evaluated for their ability to reduce potassium
Negative reactions
tellurite and tetrazolium and to ferment D- sorbitol and glycerol.
are suggestive of Streptococcus faecium which is confirmed by the fermentation of Larabinose.
Positive reactions in the above tests indicate S. faecalis and its subspecies.
The ability to hydrolyze gelatin and blood is usez to distinguish subspecies.
Those isolates which do
Gelatin hydrolysis indicates S. faecalis subsp. liquefaciens.
not hydrolyze gelatin are placed Blood
in
Agar and evaluated for hemolysis. Beta No
hemolysis (alpha or
hemolysis is characteristic of S. faecalis subsp. zymogenes.
gamma) is indicative of S. faecalis subsp. faecalis.
RESULTS AND DISCUSSION

In the East Verde River, fecal coliform densities were variable depending on
sampling trip, site and day.
On a sampling trip basis, fecal coliform numbers declined
from the first to last trip, reflecting the decreased human activity in the watershed
and /or decreased viability of the bacteria with decreasing temperatures and onset of
winter (Fig. 2).
On a daily basis, coliform numbers varied considerably more than was
observed during the previous study (Sommerfeld et al., 1979).
The much greater variability may be, in part, due to the greater variability in River discharge that occurred during the present study.
Because of the large daily variability in coliform
numbers, differences between sites were not statistically significant although site
means differed noticeably (Fig. 3). Site 1 showed the least variability and had the
This is expected since this site is subject to the least
lowest number of coliforms.
streamside activity.
Daily means at this site typically ranged from non -detectable to
25/100 ml.
The only exception to this occurred on the third day of the second sampling
trip, when a rainstorm occurred just prior to sampling.
Fecal coliform numbers were
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exceptionally high at all sites on that date, ranging from 900 to 3,355/100 ml. This
suggests that fecal coliforms do exist in high numbers in the soil or sediment of the
watershed and are carried by runoff into the river.
Water quality standards for fecal coliforms were exceeded on several occasions
during the first two sampling trips.
Based on geometric means of a five sample minimum, only one sample from the East Verde River (site 4) was excessive on trip 1. However, during precipitation runoff (trip 2, day 3) all samples exceeded the single
sample maximum of 800 fecal coliform per 100 ml.
Fecal streptococcus densities also decreased from first to last sampling trip,
paralleling fecal coliform numbers and the drop in recreational use. Streptococcus
numbers were lowest at site 1 and increased on a downstream basis to site 4 (Fig. 4).
Site 5 had higher streptococcus numbers than sites 1, 2 and 3 but slightly lower densities than recorded at site 4.
On a daily basis there was considerable variability in
streptococcus numbers.
Days 1 and 3 had the highest mean but they were not significantly different than that observed during day 2. Similar observations were made
during the previous study on this watershed (Sommerfeld et al., 1979). The actual number of fecal streptococci per 100 ml compares closely with that reported in Oak Creek
(Story, 1976).
The effect of precipitation on streptococcus densities was readily
apparent, as numbers increased 10 to 100 times over those detected prior and subsequent
days to precipitation. According to Clausen et al. (1977), fecal streptococci are
generally less numberous in rivers and lakes than fecal coliforms. Data collected in
this study and previously in this and other streams in Arizona indicate the opposite to
be the case, namely, that streptococci dominate (Story and Christensen, 1976;
Sommerfeld et al., 1979).
Two techniques have been used to attempt to identify the source of fecal pollution
in the East Verde. The simplest is the ratio of fecal coliforms to fecal streptococci
( Geldreich and Kenner, 1969).
In human feces, the quotient is 4.0 or greater, whereas
in the feces of animals or waste waters so contaminated, the quotient is less than 0.7.
Ratios in the East Verde varied from 0.1 to 5.0, with only one being 4.0 or greater and
only 33% of the ratios equalling or exceeding 0.7 (Fig. 5). This would seem to suggest
that the source of most of the bacterial contamination is from non -human sources.
Ratios that exceeded 0.7 occurred sporadically, without regard to day of sampling or
sampling trip. However, sites 2, 3 and 4 accounted for 84% of the ratios above 0.7,
suggesting increasing human impact in this stretch of the River. While it is important
to know the source of fecal contamination in the River, concern should not be limited
to organisms of human origin since human pathogens can be harbored in non -human. sources
(Butler and Busbee, 1967; Geldreich, 1970).
The second technique used to identify the source of fecal pollution was the
speciation of the fecal streptococci.
Several species are reportedly unique to human
feces, including Streptococcus faecalis subsp. faecalis, S. salivarius, S. durans
(= S. faecium), and S. mitis (Cooper and Ramadan, 1955; Bartley and Slanetz, 1960;
Kenner et al., 1960). Feces from livestock can be distinguished from humans by the
presence of significant proportions of S. bovis and S. equinus (Geldreich and Kenner,
1969; Kenner et al., 1960). Species of enterococci such as S. faecalis subsp.
liquefaciens, on the other hand, are more ubiquitous and are-esinT5173 with humans,
livestock and insects (Mallman and Seligmann, 1950; Geldreich et al., 1964). Other
streptococci such as S. faecium subsp. casselflavis and S. avium have been found in
association with plants, insects and birds.
Of the total number of fecal streptococci isolated from the upper East Verde, 21%
were identifiable as S. faecalis subsp. faecalis. This percentage compares closely

with the 22% reported for Oak Creek (Rumery6) and is higher than the 15% reported
in the Nile River (Saleh, 1980), both areas of heavy human activity. There was considerable variation in the percentage of S. faecalis subsp. faecalis from sampling trip
to sampling trip. The percentage varied frog-Z=20 to 528
or t e first three trips
and decreased to around 10% or less during the latter three trips. The distribution of
this indicator species on a site basis is given in Table 1. Site 1, the site of the
least human activity, had the lowest S. faecalis subsp. faecalis percentage of all the
sites.
From site 1 to site 5, the percentage of S. faecalis su sp. faecalis increased
gradually from 9% to 33%, suggesting that some human fecal pollution occurs throughout
the entire study area (Table 1). According to Cooper and Ramadan (1955), S. faecalis
subsp. faecalis comprises about 40% of the streptococcus population in human ec es.
If
this percentage is valid, one may conclude that in the lower portion of the study area,
most of the contamination is of human origin.
In addition to the presence of S. faecalis subsp. faecalis, other isolates of
human origin were detected.
Two species, S. salivarius-572-g7-faecium accounted for
13% and 10% of the total isolates (Table 17. The former species is c aracteristic of
the human buccal tract and enters the digestive tract and feces, while the latter
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(often considered analogous to S. durans1 generally occurs in human feces as a small
proportion of the total streptococcus population (Clausen et al., 1877L. There is some
disagreement about the source of S. faecium. Stuart et al. (1976) consider this
species to be distinct from S. duraras andnot characteristic of humans but of other
warm- blooded animals.

Two species, S. bovis and S. a uinus, considered to be specific indicators of
the East VRiver. Only one isolate of S. equinus and
animal feces were rare
none of S. bovis was detected throughout the entire study. These species apparently
die off rapT!T ( Geldreich et al., 1968; Geldreich and Kenner, 1969) and their isolation should reflect recent fecal contamination. Rumery (1976), similarly found these
species in very low numbers in Oak Creek, Arizona.
The other S. faecalis subspecies, S. faecalis subsp. liquefaciens and subsp.
zymogenes, considered to be non -specific with respect to host organism represented 29%
and 1% of the total streptococcus isolates. Group Q organisms represented 26% of the
total isolates (Table 1).
The results obtained from speciation of the isolated streptococci therefore suggests that fecal contamination at the lower sites in the East Verde is primarily of
human origin. This is in contrast to the fecal coliform to fecal streptococcus ratios
which are usually less than 0.7 and suggestive of contamination from warm -blooded
Similar paradoxical results were reported from Oak Creek ( Rumery, 1976).
animals.
Such results may be due to the fact that fecal streptococci survive longer in the soil
and sediments or in association with plants and insects than do fecal coliforms
( Geldreich et al., 1968; Geldreich and Kenner, 1969). This residual streptococcus
population may enter the aquatic environment during recreational and other streamside
disturbances. A residual streptococcus population could conceal the significance of
fecal coliform input and produce low fecal coliform to fecal streptococcus ratios.
These results appear to provide further proof that fecal coliform to fecal streptococci ratios are useful only in situations where fecal or sewage contamination is continual or recent as previously suggested ( Geldreich and Kenner, 1969).
CONCLUSIONS
Fecal coliform and streptococcus numbers were considerably lower in the fall winter period than reported in the summer, indicating that bacterial problems in the
Bacterial numbers increased gradually on a downstream basis
watershed are seasonal.
indicating that non -point source contamination occurred on both private and public
lands.

Fecal coliform to fecal streptococcus ratios were typically less than 0.7 and suggestive that animals are the major source of fecal contamination in the East Verde
River. Since ratios are considered useful only when applied to recent contamination
and indicators of recent contamination were rare, the validity of the ratios are
questionable.

Streptococcus faecalis subsp. faecalis, an enterococcus unique to human feces,
98 to 33%) with distance downstream in the River.
was isolated in increasing abundance
The presence of significant numbers of this indicator species suggests that humans are
a major source of bacterial contamination in the East Verde River.
ACKNOWLEDGEMENT
This research was supported by the Tonto National Forest, U.S. Department of
Agriculture. We gratefully acknowledge the counsel of Rich Martin, Hydrologist, Tonto
National Forest and the technical assistance of Bradley Mueller, John Rampe, Tina
Pernak, Terri Petyak, Louise Jensen and Chris DeVita.
LITERATURE CITED

Arizona Water Quality Control Council.
43 p.
waters.

1979.

Water quality standards for surface

Types and sanitary significance of fecal
1960.
Bartley, C.H. and L.W. Slanetz.
streptococci isolated from feces, sewage and water. Am. J. Pub. Health 50: 15451552.

Bergey's Manual of Determinative Bacteriology.
1974.
Buchanan, R.E. and N.E. Gibbons.
Williams and Wilkens Co., Baltimore, Md.
138

Butler, C.E. and C.E. Busbee. 1967. Human enteric pathogens in dogs in Fairbanks,
Alaska.
Pub. Health Reports 82: 465 -470,
indicators of
1977.
Clausen, E.M., B.L. Green and W. Litsky.
Fecal streptococci:
pollution, pages 247 -264.
IN A.W. Hoadley and S.J. Dutka (eds.). Bacterial Indicators /Health Hazards Associated with Water.
ASTM, Philadelphia, Pa.

Cooper, K.E. and F.M. Ramadan. 1955. Studies in the differentiation between human and
animal pollution by means of fecal streptococci. J. gen. Microbiol. 12: 180 -190.
1970. Applying bacteriological parameters to recreational water qualGeldreich, E.E.
ity.
J. Am. Water Works Ass. 62: 113.

Geldreich, E.E. and B.A. Kenner. 1969. Concepts of fecal streptococci in stream pollution. J. Water Poll. Contr. Fed. 41: R 336.
1964.
Occurrence of coliform, fecal
Geldreich, E.E., B.A. Kenner and P.W. Kabler.
coliforms and streptococci on vegetation and insects.
Appl. Microbiol. 12: 63.

Geldreich, E.E., C.B. Huff, R.H. Bordner, D.W. Kabler and H.F. Clark.
1962a.
The
J. Appl.
fecal coli- aerogenes flora of soils from various geographical areas.
Bacteriol. 25: 87.
Geldreich, E.E., L.C. Best, B.A. Kenner and D.J. Van Donsel.
1968.
The bacteriological aspects of stormwater pollution. J. Water Pollut. Control Fed. 40: 1861 -1872.
Type
Geldreich, E.E., R.H. Bordner, C.B. Huff, H.F. Clark and R.W. Kabler.
1962b.
distribution of coliform bacteria in feces of warm -blooded animals.
J. Water
Poll. Contr. Fed. 34: 295.

Kenner, B.A., H.F. Clark and P.W. Kabler.
1960.
Fecal streptococci.
II. Quantification of streptococci in feces. Am. J. Pub. Health 50: 1553 -1559.
A comparative study of media for the detecHallman, W.L. and E.B. Seligman.
1950.
tion of streptococci in water and sewage. Am. J. Pub. Health 40: 286 -289.
1976.
Rumery, J.K.
Bacterial water quality studies in Oak Creek Canyon.
Report to the Coconino National Forest, U.S. Forest Service.

Unpublished

Isolation and enumeration of faecal streptococci from Nile water
1980.
(1975- 1976).
Water Res. 14: 1669 -1678.

Saleh, F.A.

1979.
Impact of recreation on water
Sommerfeld, M.R., P.V. Athey and B.C. Mueller.
qaulity of the East Verde River. Final Report to the Central Arizona Association
of Government, Florence, Arizona.
99 p.

Story, M. and R. Christensen. 1976. Water quality survey - Slide Rock in Oak Creek
Unpublished report.
35 p.
Canyon, May- September 1976.
1976.
Aquatic indicaStuart, S.A., G.A. McFeters, J.W. Schillinger and D.G. Stuart.
tor bacteria in the high alpine zone. Appl. Environ. Microbiol. 31: 163 -167.

U.S. Environmental Protection Agency. 1978. Microbiological methods for monitoring
Environmental Monitoring and Support Laborathe environment. EPA- 600/8 -78 -017.
tory, Cincinnati, Ohio.

139

N

W+E

4

II S ü

Ihhnlo

Figure 1.

Locations of sampling sites on the East Verde River.
Dots and numbers represent approximate site locations.
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Figure 2. Mean fecal coliform numbers in the East Verde River during each trip of the study period.
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Figure 5.
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on the East Verde River.
the six sampling trips.

Distribution of species of fecal streptococci as a percent of the total
fecal streptococci isolated from sites in the East Verde River.
Table 1.

Total

Sites

for

S. bovis

S. equinus
S. salivarius
S. faecium
"Group Q"

1

2

3

4

5

All Sites

0

0

0

0

0

0

1

0

0

0

0

0

10

14

12

15

13

13

9

13

6

16

5

10

55

32

15

24

22

26

9

15

19

23

33

21

17

25

48

21

27

29

0

1

0

1

0

1

100

100

100

100

100

100

S. faecalis
subsp. faecalis
subsp. liquifaciens
subsp. zymogenes
Totals
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NUTRIENT LEVELS ON THE VERDE RIVER WATERSHED WITH RECOMMENDED STANDARDS FOR P AND N

Timothy D. Love (Arizona Department of Health Services, 1740 West Adams
Phoenix, Arizona 85007)
Data from the Environmental Protection Agency (EPA) STORET computer system was analyzed
to determine the present nutrient concentrations in the Verde River watershed and concentrations
were found to be high.
Total phosphate concentrations were found to be at or above the standards
set by EPA. The limited data indicate that nitrogen is probably the limiting nutrient, but other
factors are probably involved.
It was found that the majority of the nutrient loadings occurred
during high runoff events indicating most of the nutrients are from nonpoint sources.
New standards
for total phosphate and total nitrogen are recommended for this watershed.
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A STUDY OF SALINITY IN EFFLUENT LARES, PUERTO PENASCO, SONORA, MEXICO
Alison L. Dunn
Department of Hydrology and Water Resources
University of Arizona, Tucson, AZ 85721
Abstract
An investigation of salt build -up in two saline discharge lakes was conducted during 1979 in Puerto Peñasco, Mexico. Salt water was discharged to the smaller, deeper
Lake I from a shrimp aquaculture prototype at an average rate of 70 liters per second.
Water flowed to Lake II through a short channel, and exited the system through either
In an attempt to differevaporation or infiltration into the underlying sandy soil.
entiate between the evaporation and infiltration terms in the water budget, salt- budget
equations have been derived for the two -lake system. These equations have been approximated in a series of monthly time steps, using averages of weekly salinity and water
level measurements.
Due to imprecision in the data, meaningful results have been obtained only for Lake II. The average calculated infiltration rate is 0.015 meters per
day, and calculated evaporation rates show good correspondence with pan evaporation
Examination of the salt budget
records for a station 2 kilometers away from the lakes.
equations shows that, under steady -state conditions, the ultimate salinity is finite.
Thus, the maximum expected salinity of a lake may be calculated from worst -case
(summertime) values of lake volume, inflow, evaporation, and salinity of incoming water.
Introduction

There are many coastal industries which rely on seawater either as a coolant or in
For economic, ecological, or esthetic reasons, land disposal
the industrial process.
of the saline effluent may be chosen over direct discharge to the sea, and the problem
of leakage to the ground -water system then arises. Those industries which obtain their
seawater from near -shore wells may actually run the risk of contaminating their own
supply.

This is the problem which was encountered in an area just east of Puerto Peñasco,
Sonora, Mexico, where two effluent lakes appeared to be affecting, through ground -water
Although
recharge, the flow from the supply wells for a shrimp aquaculture prototype.
there were no toxic substances in the lake water, salts were being concentrated in the
effluent by high evaporation rates in the area, and salinity itself is thought to
affect growth rate in shrimp.
Between June 1978 and June 1980, the aquaculture facility was operated jointly by
the University of Sonora and the Environmental Research Laboratory at the University of
Arizona.
During the summer of 1979, a study was begun to develop a water budget for
Although much of the flowrate data needed for an accuthe overall hydrologic system.
rate quantification were lacking, a good set of bi- weekly measurements of salinity in
In order to use these data,
the lakes was gathered during the summer and fall of 1979.
salt budget equations were developed for the two lakes, and used to calculate the missBased on a simple mass -transport model of the
ing components in the water budget.
system, these equations yield a reasonable simulation of actual conditions, and provide
a useful tool for predicting seasonal fluctuations in lake water salinity under a
variety of climatic and management conditions.
Physical Setting
The study area is located approximately two kilometers east of Puerto Peñasco,
Despite its proximity to the Gulf of California, the region has
Sonora (see Fig. 1).
an arid climate, with an average annual rainfall of only 9.3 centimeters, and an averMeasurements from
age annual air temperature of 20 °C (Water -Supply Study Team, 1979).
a Class A pan in the town of Puerto Peñasco, provided by the Secretaría de Recursos
Hidráulicos (1979), indicate that total pan evaporation between June and December, 1979
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equaled 152 centimeters; this corresponds to an annual evaporation of about 250 centimeters, twenty -five times the annual precipitation. Physiographically, the study area
is located on the coastal border of a vast alluvial plain, extending 50 kilometers inland.
Surface sediments consist of beach sand, dune sand, playa silt, and an outcrop
of consolidated coquina beachrock in the intertidal zone which strikes parallel to the
beach and has a limited inland extent. The salinity of inland groundwater ranges from
that of seawater (36 parts per thousand) to over 80 parts per thousand (ppt).
In 1979, the local hydrologic system (see Fig. 2) consisted of three pumping wells
(PW5, PW6, and PW7) which supplied the aquaculture prototype. From the prototype,
effluent was discharged to Lake I at approximately the same rate that it was being
pumped.
Effluent flowed from Lake I to Lake II through a connecting channel.
A portion of the prototype discharge was diverted daily to irrigate the halophyte plot north
of Lake I.
Methods
A survey was conducted to develop stage- area -volume relationships for the two
lakes, and staff gages installed to monitor water level fluctuations. Total discharge
from the prototype was estimated from total blowdown, or water circulated through the
prototype raceways. An average flowrate to the halophyte fields of 3400 cubic meters
per week was obtained by timing daily irrigation periods.
A weir was installed between
the lakes to measure flow, and was in place until the end of October. Pan evaporation
rates measured in Puerto Peñasco were taken as the upper limits of evaporation from
the lake surfaces.

Salinity measurements were made twice a week at seven sampling stations in the
lakes (see Fig. 2). The instrument used was a temperature- compensated pocket refractometer, which had an accuracy of about 1 ppt.
The most complete set of flowrate and salinity data available covers the period
from August through October, 1979.
These data have been summarized as monthly averages
in Tables 1 and 2.
In Table 2, salinities are given in both parts per thousand and
kilograms per cubic meter, a more convenient measure of concentration for use in mass transport equations. Specific gravities for seawater from the Gulf of Mexico, reported
in Weast (1971) were used in the conversion.

Table 1.

Average Monthly Data for Water Budget Calculations.
August

September

1979

1979

October
1979

1.

Total Prototype Discharge, Qp, in m3 /wk

46356

44830

47119

2.

Flowrate into Lake I, QI

42956

41430

43719

33002

33956

( =Qp - 3400 m3 /wk),

in m3 /wk
3.

Flowrate into Lake II, QII, in m3 /wk

30522

4.

Lake I Area, AI, in m2

43500

44000

43700

5.

Lake I Volume, VI, in m3

25000

26000

25800

6.

Lake II Area, A11, in m2

178000

190000

199000

7.

Lake II Volume, VII, in m3

54000

66000

79000

8.

Pan Evaporation, in m /week

0.059

0.046

0.047
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Table 2.

Summary of Monthly Salinity Data.
August

1.

Average monthly salinity of prototype water,

September

October

1979

1979

1979

40.0

39.7

39.1

41.2

40.9

40.3

Ci,, in ppt
2.

Average monthly salinity of prototype water,
CF, in kg /m

3.

Average monthly salinity in Lake I, CI, in ppt

40.5

40.0

39.7

4.

Average monthly salinity in Lake I, CI,

41.8

41.2

40.9

in kg /m3
5.

Initial monthly salinity in Lake I, C1(0),
in ppt

41.0

40.0

40.0

6.

Initial monthly salinity in Lake I, C1(0),

42.3

41.2

41.2

65.0

60.1

57.0

68.2

62.9

59.5

in kg /m3
7.

Average monthly salinity in Lake II, C11,
in ppt

8.

Average monthly salinity in Lake II, C11,
in kg /m3

9.

Initial monthly salinity in Lake II, C11(0),
in ppt

73.0

61.1

58.6

10.

Initial monthly salinity in Lake II, C11(0),

76.8

64.0

61.2

in kg /m3

Mathematical Analysis
A schematic flow diagram for the two -lake system is given in Figure
definition of all symbols used is provided in the appendix.
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Schematic Diagram of Flow System. -- C = Concentration (M /L3)
Q = Flowrate (L3 /T)
E = Evaporation Rate (L3 /T)
F = Infiltration Rate (L3 /T)

Assuming that the salinity of water represents the total concentration of solids
in that water, the mass of solids in a given volume of water is that volume times its
concentration. Therefore, the conservation of mass equation whereby
mass in - mass out = change in mass
may be used to obtain a salt budget for a body of water in the form:
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QinCin - Qout Cout

dV
dC
V
dt
- C dt +

dt

where V = volume of body of water, Qin = flowrate in to body of water, Qout = flowrate
out of body of water, Cin = concentration of incoming water, Cont = concentration of
An equation of this form has been
outgoing water, C = concentration in body of water.
derived for each of the effluent lakes in the study area, and a solution obtained. The
full derivations are given in Dunn (1980b), and only the solutions, with their associated assumptions and implications, are presented here.
Assumptions

The major assumption underlying the use of the conservation of mass equation in
this study is the absence of any chemical or biochemical processes in the discharge
lakes which might affect salinity. Salt concentrations in the lakes are assumed to
result solely from the mechanical mixing of solutions of varying concentrations.
Additional assumptions made in the use of this mass transport model are:
(1)

flowrates Q1, QII, Fl, F11, E1 and EII are considered constant across the time
step chosen;

(2)

variations in lake volume are considered to be uniformly distributed across the
time step;

(3)

the concentration of incoming water is constant, and initial concentrations are
known at the beginning of each time step;

(4)

fluctuation in the salinity of incoming water is small during each step, so that
a reasonable average concentration may be calculated, and assumed constant
throughout a time step;

(5)

the concentration of water lost to evaporation is zero, and the concentration of
both infiltrated water and surface outflow is equal to the concentration in the
lake;

(6)

rainfall (minimal in the area) has been assumed equal to zero for lack of data;

(7)

the lakes act as single mixing cells: mixing is instantaneous, and is uniform
across the lakes and with depth; there are no concentration gradients within
either lake at any time.

Implications

The salt budget equation for Lake I, obtained as a solution to a mass transport
equation of the type shown above, may be written as follows, using symbols defined in
the appendix.
QICP

CI(t) -

+

CI(0)

QICP

vi(0)

Q -E )

VI(t)

I

I

[Q _E / (oV /At)]
I

I

I

(1)

The concentration equation for Lake II has essentially the same form:
[QII-EII /( VII /At)J

QIICI

CII(t)

r

QII -EII +

QIICI 1IVII(0)

CII(0)

In the case where a constant lake volume may be assumed (dVI /dt = 0), equation
becomes:

CI (t)

=

QICP
Q -E
I

+
I

¡

CI

(2)

QII EII / VII (t)

(0)

QICP ` e -[(QI -E I )/VI ]t
Q

I

(1)

(3)

I

it approaches a limiting
Equation (3) is an exponentially asymptotic equation:
value, (QICp) /(QI -EI), as time increases. This implies that, under constant conditions

of inflow, evaporation, infiltration and outflow, the concentration in the lakes would
This limiting, or
become essentially constant, never exceeding this limiting value.
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ultimate value, is determined by the ratio of incoming salt- bearing flowrate to outIn the long
going salt- bearing flowrate, and by the salinity of the incoming water.
run, the initial salinity of the lake would have no bearing on its ultimate concentration.

This result may be explained by noting that, although the rate of salt removal
may approach the rate of salt inflow, it can never exceed it under the conditions
assumed. This explains why Lake I, although it was in existence for five months before
Lake II, consistently displayed a much lower salinity. In the fall, as evaporation decreased, so did the ratio of incoming to outgoing salt- bearing flowrates; consequently,
salinities in both lakes fell from their summertime peaks.
An additional remark may be made concerning the rate at which the ultimate salinity is reached, that is the rate at which the second terms in equations (1) through (3)
become insignificant. As the ratio of outgoing salt- bearing flowrate to lake volume
increases, the period necessary to reach ultimate salinity decreases. Using typical
values for the summer of 1979, it was found that this period was less than one month
Since monthly time steps were being used to approximate equation (3), it
in Lake I.
was found that this equation could be reduced to its first term alone.
Applications

Ideally, working from a full knowledge of terms in the water budget, the equations
But in
developed could have been used to predict salinities in the lakes over time.
this particular case, whereas salinity was easily measured, several terms in the water
budget remained imprecise, particularly the infiltration rates, PI and F11, and the
actual average flowrate into Lake I, Q1. Therefore, the equations have been rearranged
in an inverse approach to calculating these quantities from the available record.
Using the relationship

VII
(4)

At

_E II

equation (2) may be rewritten as
AVII

QIICI
FII =

V

Q

CII(t)

C
II I
1FII +(AVII /At)

II

[FII /(dVII /At) +1]

(0)

At

(5)

VII(t)

CII(0)

which can be solved by successive approximation.
The evaporation rate from the lake may be calculated as
EII
eII - All

QII-FII-(AVII/At)
All

(6)

Assuming this evaporation rate may lie transferred to the first lake, it should be possible to calculate QI from the rearranged form of equation (3):
EI
(7)

QI
1

(0)) e
Q C

CI

(t)

+

(QI_É
-E
QI

CI

(Q -E )/(V / t)]

I

I

I

I

Several practical difficulties were encountered, however, in applying this equation to
available data for the period from August through October, 1979. These are discussed
below.

Results and Discussion
Lake II Results

The results obtained for the period of study by approximating equation (5) in
monthly time steps are summarized in Table 3. The calculated rates of infiltration
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Table 3.

Results of Lake II Calculations.
August

Average monthly salinity in Lake I, CI

1.

(from Table 1)
(from Table 1)
(from Table 1)

1979

41.8

41.2

40.9

76.8

64.0

61.2

64.0

61.2

57.8

in kg /m3

Final salinity in Lake II, CII (t)

3.

October

1979

in kg /m3

Initial salinity in Lake II, C11(0)

2.

September

1979

in kg /m3

4.

Initial volume in Lake II, V11(0), in m3

41500

59500

74000

5.

Final volume in Lake II, V11(t), in m3

59500

74000

84000

6.

Change in Lake II volume, AV12 (= VII(t) -V11(0)),

18000

14500

10000

4.29

4.43

in m3
7.

Time step, At, in weeks

4.43

8.

AVII /At, in m3 /wk

4063

3380

2257

9.

Flowrate into Lake II, Oil (from Table 1),

30522

33002

33956

in m3 /wk
10.

Average monthly area in Lake II, in m2

178000

190000

199000

11.

Volume infiltration rate into Lake II, F11
(from equation (7)) in m3 /wk

16657

19151

22257

12.

Infiltration rate per unit area in Lake II, f11

0.0936

0.1007

0.1184

(= FI1 /AI1) in m /wk
13.

Volume evaporation rate from Lake II, E11
(= Q11 - FII - (AV11 /At))

9802

10471

9442

are quite consistent, exhibiting only a small deviation from the mean of 0.104 meters
They increase slightly throughout the three per week (0.062 centimeters per hour).
month period, which is consistent with the rising stage in Lake II during that time.
Average monthly evaporation rates were also calculated for the period of study,
and are compared with measured pan evaporation rates in Table 4. The pan evaporation

Table 4.

Month

Calculated Evaporation Rates From Lake II Compared to Pan Evaporation.
Evaporation Per
Unit Surface Area
in Lake II, e11

Pan

Evaporation

en as Percentage
of Pan Evaporation

(m /wk)

( %)

0.059
0.046
0.047

93
120
101

(m /wk)

August
September
October

0.0551
0.0551
0.0474

rate for September, 1979 appears to be anomalously low.
Discounting the September
result, it appears that the pan coefficient, or conversion factor from pan evaporation
to lake evaporation, is extremely high, on the order of 95%. Such a coefficient is
plausible if one notes that the pan was subject to a different (less humid, but also
less windy) microclimate than the lakes.
151

Lake I Results

Lake I calculations were made assuming a constant area and volume in the lake, and
using a value for ei equivalent to 95% of pan evaporation. The results of these calcuThe value of Q1 calculated for
lations are summarized in the upper portion of Table 5.

Table 5.

Results of Lake I Calculations.*
August

September

October

1979

1979

1979

42956

41430

43719

1.

Flowrate into Lake I, Q1 (from Table 1)

2.

Volume rate of evaporation, SI
(= pan evaporation x AI x 0.95) in m3

2449

1910

1951

3.

Average monthly salinity of prototype
discharge water, Cp (from Table 1) in kg /m

41.2

40.9

40.3

4.

Initial salinity in Lake I (from Table 2)

42.3

41.2

41.2

41.2

41.2

40.7

262306

198514

in m3 /wk

in kg /m3
5.

Final salinity in Lake I

6.

Flowrate into Lake I, QI (calculated from

(from Table 2) in kg /m3

?

equation (7)) in m3 /wk
7.

Flowrate into Lake II, QII (from Table 1)

30522

33002

33956

in m3 /wk
8.

Volume infiltration from Lake I, F1
(= QI - %I - EI) in m3 /wk, using QI from line 1

9.

Infiltration rate per unit area from Lake I,
fI

9985

6518

7812

0.2285

0.1492

0.1788

43.7

42.9

42.2

41.2

41.2

40.7

(= FI /AI) in m /wk

(calculated from

10.

Final salinity in Lake I
equation (3) in kg /m3

11.

Actual final salinity in Lake I

(from Table 2)

in kg /m3

Volume of Lake I, VI = 25800 m3; area of Lake I, AI = 43700 m2.

August approaches infinity, which is the solution to equation (7) for time steps when
Both of the other calculated values of Q1 are very large, greatly exceedCI(t) = Cp.
ing the maximum possible inflow of 57,000 cubic meters per week (94 liters per second).
Therefore, these values were ignored, and Q1 was calculated instead as Qp -QH, with QH
taken as constant and equal to 3400 cubic meters per week (5.6 liters per second).
Both infiltration rates and predicted ultimate salinities were calculated using this
very rough, but more reasonable value for Q1, as shown in the lower portion of Table 5.
The predicted final salinities differ from actual values by less than 3 kilograms per
cubic meter, thus showing how sensitive the results of equation (7) are to very small
variations in the salinities used.
There are several possible reasons for the failure of the salt budget equations in
In general, these reasons all stem from the paucity and
their application to Lake I.
imprecision of the data, and the resulting coarseness of the approximation used in its
application to a small lake. Because the ratio of salt -bearing outflow to inflow is
high, and the residence time in Lake I is small, only very small differentials develop
between the salinities of the inflow and of the lake water itself. The total annual
range in Lake I salinity fluctuations in 1979 was only 2.7 parts per thousand, and the
instrument used to monitor salinity had a sampling error of 1 part per thousand.
Furthermore, dramatic differences in rate of inflow, which occurred daily in Lake I,
were ignored in the monthly time -step approximation. This variability in Q1 was due
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mainly to the irrigation process, which reduced the inflow to zero during two one -hourSalinity in Lake I may actually have been responding hourly to
long periods each day.
fluctuations in flowrate, but it was impossible to account for this with the available
data.

Conclusions

Despite certain difficulties in applying the salt- budget equations to the data
for Lake I, it was possible to obtain consistent values for the infiltration rate from
the effluent lakes by using a combination of the salt- and water- budget approaches.
Application of a salt- budget equation to Lake II was particularly useful in distinguishing evaporation from infiltration in the total outflow, and in deriving a rough
"pan coefficient" which could be transferred to Lake I. Calculated rates of infiltration for the two lakes ranged between 0.094 and 0.229 meters per week (0.05 and 0.15
These are very low rates, on the order usually associated with
centimeters per hour).
clays (Hillel, 1971), and indicate that considerable clogging of the two lakes occurred
during their first year of operation, due to deposition of fines and /or bacterial
From an overall management standpoint, there were both posigrowth in the effluent.
On the one hand, they
tive and negative consequences of such low infiltration rates.
indicated that the total volume of potential ground -water flow back from the lakes to
On
the
other
hand,
such
low
infiltration
rates implied a
the supply wells was small.
longer residence time at the surface and greater concentration of salts in the effluHad the flowrate
ent, as well as the need for increased surface storage volume.
through the prototype continued at the same rate through 1980, additional playa areas
would have had to be flooded to accomodate the effluent.
Comparison of the results obtained by applying salt- budget equations to the two
lakes separately clearly shows up the shortcomings of the finite difference approximaIn the larger Lake II, where a substantial differential
tion used in their solution.
developed between the salinity of incoming water and average lake water salinity, the
salt budget equation, approximated in monthly time steps, was used to great advantage
to calculate infiltration from measured salinities. In the smaller Lake I, where
annual salinity fluctuations were less than 3 parts per thousand and rate of inflow
varied daily by as much as 95 liters per second, the same approximation yielded meanClearly, in the long -term application of such equations to a lake
ingless results.
system, the measurement schedule and the time -step used in the approximation should be
tailored to lake volume, to the ratio of average outflow to inflow, and to the frequency of flowrate fluctuations.

An interesting feature of the salt budget equations developed for this study is
Under constant conditions of inflow, outflow, and incomtheir asymptotic character.
This has
ing salinity, the salinity of water in a lake will approach a finite value.
wide application since, even with only rough estimates of inflow, outflow, evaporation
and infiltration, it is possible to calculate a series of ultimate steady -state salinities, and to obtain bracketing values for the range of expected salinities in a salt
water pond.
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Appendix - Definition of Symbols
AI

= Area of Lake I (L2)

A11 = Area of Lake II (L2)
V1
= Volume of Lake I (L3)
VII = Volume of Lake II (L3)
Op

= Flowrate out of Prototype (L3 /T)

QH

= Time -Averaged Flowrate into Halophyte Field (L3 /T)

= Time -Averaged Flowrate into Lake I (L3 /T)
QII = Flowrate out of Lake I, into Lake II (L3 /T)
Q1

FI

= Volume infiltration Rate from Lake I

(L3 /T)

F11 = Volume Infiltration Rate from Lake II (L3 /T)
= Volume Infiltration Rate per Unit Area from Lake I (L /T)
fI
fII = Volume Infiltration Rate per Unit Area from Lake II (L /T)
el
EI

= Volume Evaporation Rate per Unit Area in Lake I
= Volume Evaporation Rate from Lake I (L3 /T)

e11 = Volume Evaporation Rate per Unit Area in Lake II
EII = Volume Evaporation Rate from Lake II (L3 /T)
CP

= Salt Concentration in Prototype Discharge

CI

= Salt Concentration in Lake I

CII = Salt Concentration in Lake II

(L /T)

(L /T)

(M /L3)
(M /L3)

The notation (0) appended to any one of the symbols above refers to the value of
that term at the beginning of a time step. The appendix (t) refers to the value of
the term at the end of a time step, which is equal to the initial value for the next
time step.
Symbols without appendices refer to average values for the time step.
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RAINWATER QUALITY IN SOUTHEASTERN ARIZONA RANGELAND
Herbert B. Osborn, Loel R. Cooper, and Jeff Billings
USDA -SEA Southwest Rangeland Watershed Research Center
Tucson, Arizona

INTRODUCTION

The effect of "acid rain" on the environment has become a concern in many parts of the world, particularly in the more industrialized nations.
The effects have been studied extensively in Europe and,
to a lesser extent, in the northeastern United States, but very little information on rainwater quality
is available from the southwestern United States (Lewis and Grant 1980; Marsh 1977).
This paper is
based on precipitation samples collected since 1975 by the U.S. Department of Agriculture, Science and
Education Administration (USDA -SEA), Southwest Rangeland Watershed Research Center, at the Walnut Gulch
field station near Tombstone, Arizona.
The purposes of the study were (1) to develop background rainwater quality information for input to other rangeland resource models, and (2) to determine what
effect, if any, possible rainwater contamination would have on the Walnut Gulch experimental rangeland
watershed in southeastern Arizona.

LOCATION

The rainwater samples were collected at a single raingage site near Tombstone, Arizona (Fig. 1).
Possible sources of rainwater contamination include farmed land in the Sulfur Springs Valley, to the
east and northeast, and the metropolitan Tucson area, about 95 km to the northwest.
The most likely
sources of contamination are the copper smelters at Douglas, about 65 km to the southeast (Fig. 1), at
Cananea, about 80 km south -southwest, and at San Manuel, Hayden, Superior, and Miami, about 110 to 190
km to the northwest.
Other possible sources are the copper smelters at Morenci, about 160 km to the
northeast, and at Silver City, about 210 km to the northeast.

WATER QUALITY ANALYSIS
All parts of the precipitation collector that contact the atmospheric moisture are inert materials
to minimize contamination of the collected sample.
An automated cover for the collecting cone prevents
contaminants from entering the system both before and after each event.
Samples collected in plastic
bags were removed soon after rainfall.
Immediately after the samples were collected, pH and electrical conductivity (EC) were determined.
On weekends, the samples were collected and refrigerated and, measurements of pH and EC made on Monday
Immediately after sample collection, a 4 -ml aliquot for NO3 -N analysis was placed in a 5 -ml
morning.
vial containing 20 microliters of chloroform, capped, and refrigerated at 4° C until analysis, usually
within a month.
The sodium, potassium, calcium, and magnesium (Na +, K +, Ca + +, and Mg + +) cations were analyzed with
a Perkin -Elmer 403 Spectrophotometer* using standard procedures as outlined in the Perkin -Elmer Methods
Manual (Perkin -Elmer, 1976).
Anions of sulfate and orthophosphate (SO, and POy) were determined with a
Technicon Auto Analyzer Industrial II System.*
For the SOy, Industrial Method No. 226 -72W, range 0 -10
ppm ( Technicon, 1972), was used, and for PO-P, range 0 -300 ppb, Industrial Method No. 155 -71W (Technicon, 1973), was used.

Analyses of rainwater samples are often uncertain because of possible contamination caused by temporarily suspended particulate matter falling into the sampler between rainstorms.
For this reason,
Bentz (1968) developed an inexpensive automatic cover for a standard raingage that would open when a
sensor recorded precipitation and close when precipitation ended.
In this study, a weighing -type
recording raingage shell was converted to collect rainwater samples free of between -storm contamination
(Schreiber et al. 1978) by using an automatic opening raingage lid similar to the one developed by Bentz
(1968).

*Trade names are included for information of the reader, and do not constitute endorsement by the
U.S. Department of Agriculture.
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RESULTS

Average rainfall for the 4 years
Water quality samples were collected from 1975 to the present.
(1975 through 1978) was about that of the 25 -yr average on Walnut Gulch but below the long -term mean for

The summer of 1979 was extremely dry and the winter
the Tombstone gage near the watershed center.
unusually wet, while the summer of 1980 was not only dry, but the copper smelters were closed by a
Also, initial
Therefore, the principal analyses were based on the 1975 through 1978 data.
strike.
analyses indicated seasonal differences in some of the contaminant concentrations, so the data were
divided into seasonal components. Calcium, POS, and SO4 were the major contaminants. The summer events
f the compounds analyzed, NO3, SOy, and PO were
consistently yielded the lower values of pH (Fig. 2).
For 1975 through 1978, the NO3 N and SO y ions yielded a correlation coefficibest correlated with pH.
ent (r) of -.36 with pH. Orthophosphate concentration evaluations in the rainwater were begun in 1977.
When the combined concentrations of NO3-N, SOy, and PO, were correlated with pH for the 1977 and 1978
samples, the correlations improved to -.53.
Summer precipitation is dominated by high- intensity, short -duration thunderstorm rainfall. Most
winter precipitation is low- intensity frontal rain or snow (Osborn and Hickok, 1968).
Most of the compounds, with the exception of sulfate, had no general trend in their seasonal variation.
High values of
sulfate were recorded in the summer months with the lower values being noted in the winter months (Table
The SO4 values ranged from 1.4 to 4.7 kg /ha in the winter and from 7.3 to 13.0 kg /ha in the summer.
1).
While at first glance it may seem that the difference in summer and winter values for sulfate resulted
from differences in the length of the two periods, the data in Table 1 show that the trend toward lower
concentrations in winter and higher in summer was also evident in the average SO4 concentrations in
While summer rainfall for the period was only 25% higher than winter rainwinter and summer storms.
This trend compares well with
fall, accumulation of SO4 in the summer was 4 times that in the winter.
that observed by Tabatabai and Laflen (1976) for Iowa.
Their sulfate accumulations for October through
March averaged 2.5 kg /ha, and for April through September averaged 9.0 kg /ha, compared to our seasonal
averages of 2.9 kg /ha for the winter and 9.4 kg /ha for the summer. Tabatabai and Laflen's data for
For the months of October through March, they reported a
nitrate also compared well with our data.
value of 0.7 kg /ha for NO3 -N, while for the summer (April through September) they reported a value of
Annual rainOur average values were 0.85 kg /ha in the winter and 1.8 kg /ha in the summer.
2.8 kg /ha.
fall in Iowa is over twice that of Walnut Gulch, so individual sample concentrations were generally much
higher at Tombstone than Iowa. Part of this difference can be accounted for by greater "washout" from
more rainfall in Iowa, but even so, the contaminant concentrations in the air are probably greater over
Walnut Gulch than over Iowa.

Estimated average precipitation and precipitation contaminants on
Table 1.
Walnut Gulch based on rainwater samples collected near Tombstone, Arizona
(1975 through 1978).
Average
sample

Accumulated
amount

Average
sample

Accumulated
amount

Average
sample

Accumulated
amount

Average
sample

Accumulated
amount

(ppm)

(kg /ha)

(ppm)

(kg /ha)

(ppm)

(kg /ha)

(ppm)

(kg /ha)

- -- (1975) - --

- -- (1977) - - --

- -- (1976) - - --

--- (1978) - - --

Summer (May through September)

0.2

0.2
0.2

0.6
0.4

2.8

1.4

3.0

0.1

0.2
0.2

0.2
0.04

0.3
0.1

---

---

Cl

Na

0.8
0.2

Ca

1.2

K

0.2
0.04

0.4

1.9
6.3
0.5
0.1
1.3
0.1

0.1

- --

- --

H2O

13.1
1.9

0.5
2.8

1.935106

4.0

0.8
8.0

2.3
5.7

Mg
PO,

5.2

0.4
3.6

NO3
SO4

- --

12.9
1.0

2.055106

0.5
5.4

0.6
7.3

1.0

1.4

0.4
3.4

---

0.3
2.5
0.8
0.2
4.5

2.21x106

- --

1.0

0.2
6.1

1.425106

Winter (October through April)
0.4
2.0

1.0

0.3
0.2

0.3
2.9
0.6
0.5

0.4
0.3

0.9

0.7

1.5

1.8

0.2
0.01

0.5

0.5

1.2

0.02

0.2
4.9

0.4
11.6

- --

2.365106

NO3

2.1

1.2

- --

- --

0.1

SOy

2.4

1.4

3.2

2.8

1.3

Cl

0.6

0.3

Na
Ca

0.2
5.2

0.1

K

0.3
0.1

0.1

0.4
0.1
4.2
0.1
0.2

0.3
0.1
3.6
0.1
0.1

- --

- --

- --

1.9

Mg
POy
H2O

- --

3.0

0.2

5.575106

- --

8.535105
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- --

4.2

2.225106

4.7
0.7
4.3

A comparison of ion concentration versus rainfall amount yielded envelope curves such as those
These curves indicate a logarithmic decline in ionic concentration with increasing
obtained in Fig. 3.
As the
precipitation amount. In general, the smaller the rainfall amount, the more acidic the rain.
rain continues, it eventually "washes out" the air, with the concentration of the contaminant decreasing
at an exponential rate.

20

25

30

STORM RAINFALL Imo)

Figure. 3.

Sulfate concentration in precipitation samples collected at Tombstone, Arizona, 1975 -1978.

We attempted to verify the expected correlations between the sun of the contaminants Na, Ca, K, and
Mg and the electrical conductivity of the rainwater. The winter storms yielded a strong correlation of
r = 0.92, but the summer correlation of r = 0.70 was much weaker. For the summer rains, we can only say
that the relationship between ion concentrations and EC is in the right direction.

Our data indicate that pH and concentrations of NO,-N, SOS, and Ca in rainwater collected at Tombstone are approaching some of the values reported for Michigan and New York in the early 1970's (Rich ardson,1976).
For Michigan, Richardson (197 0 reported values for SO4 of 18.25 kg /ha /yr; for New York,
in 1970 -71, he reported values for SO4 of 39.49 kg /ha /yr, for NO3 -N of 4.22 kg /ha /yr, and for Ca of 6.48
kg /ha /yr.
Our report indicates yearly SOS averages of 12.3 kg /ha /yr, NO0-N averages of 2.70 kg /ha /yr,
and Ca averages of 6.20 kg /ha /yr.
Again, there is much more precipitation in Michigan, so concentrations from individual samples at Tombstone, generally, must be greater than those collected in Michigan.

DISCUSSION
Studies by Eriksson (1958) indicated that the composition of rainwater contamination might be
Hutton and Leslie (1958) and Aggarwal et al. (1980)
affected by both marine and terrestrial sources.
found that terrestrial, rather than marine, salts predominate at increasing distances from the sea. In
southeastern Arizona, prevailing winds are generally from the west in the winter and the southeast in
the summer; thus, air masses must cross considerable land surfaces before reaching southeastern Arizona.
This suggests that almost all rainwater contamination at Tombstone originates from terrestrial sources,
including the contribution from the copper smelters.

Ammonia may contribute a significant part of the nitrogen in rainwater samples. West (1978) found
Eriksson (1952)
that NH exceeded NO3 at two of the four arid land sites in the western United States.
found, for a site near Salt Lake City, Utah, that NH3 accounted for 90 percent of the total nitrogen in
the rainwater sample.
Ammonia has not been measured at Tombstone, and if the program is to be continThe high incidence of lightning during the summer may contribute appreciably to the
ued, it should be.
nitrogen balance in the area.
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In the summer of 1980, a labor strike closed down all Arizona copper smelters.
Although it was a
very dry summer, seven rainwater samples were collected with pH ranging from 6.2 to 7.35, with an average pH of 6.8.
For the summers of 1975 through 1978, the average summer season pH was 5.6, 5.4, 5.7,
and 5.7, respectively.
Five consecutive rainwater samples, in late August and early September of 1977,
yielded pH readings of 4.0 to 4.6. Even with the dryer summer, the pH readings in 1980 were significantly higher than those for four earlier years, suggesting that the copper smelters may be contributing
to the production of "acid" rain.

However, most of the southeastern Arizona rangeland soils are basic, and the overall effect of
acidic precipitation, in most cases, would be to neutralize the soil. In general, the contaminants are
probably beneficial to soils and vegetation in southeastern Arizona, although the concentrations and
amounts are probably too small to significantly improve rangeland vegetation.
An effort was made to correlate wind direction and smelter location with the quality of rainwater
samples.
Unfortunately, the only dependable wind data were from twice daily radiosonde measurements at
Tucson, 65 miles to the northwest of Tombstone.
Although there appeared to be some correlation for
certain periods or selected events, no significant overall correlations could be found. If an effort to

identify the source and disposition of rainwater contaminants is undertaken, better wind data would be
needed.

CONCLUSIONS

Conclusions were based on one sampling site at Tombstone, Arizona.
Although other sites could
indicate very different values, the samples collected at Tombstone were comparable with those from some
other sampling sites in the United States. The study indicated that:
a.
Apparently, most rainwater contamination in the area results from terrestrial sources, primarily the nearby copper smelters.
b.
In general, the contaminants are probably beneficial to rangeland soils in southeastern Arizona, but amounts are too small to significantly improve the rangelands.
c.
In future studies, NH3 should be measured as well as NO 3 for a quantitative survey of the
effect of rainwater quality on soil nutrients or as back ground for other modeling efforts.
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ORGANIC POLLUTANTS IN GROUND- RECHARGED WATER
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INTRODUCTION

Withdrawal of water from potable aquifers is rapidly approaching the recoverable
streamflow and ground water supply in the United States(Eliassen, 1968).
This trend
is painfully evident in the southwestern states. Many proposals for multiple re -use
of waste waters have been suggested to save the precious water supply.
Tertiary
treatment of effluent has been used in some municipalities, but it is expensive.
Another process which has shown promise is filtration of secondary effluent through
soil: the ground recharging system. (Bower, 1968, 1970; Lance, 1972, 1976; Thomas,
1969; Schmidt, 1978).
A pioneering study (Bower, 1974) of ground recharging was initiated at Flushing
Meadown, Phoenix, Arizona by the U.S.D.A. Water Conservation Laboratory in 1967.
In
this project, secondary sewage effluent was spread onto rapid infiltration basins.
Wells at various depths were used to pump up the renovated water for analysis.
The
results of this renovation are shown below:
1.

Essentially complete removal of suspended solid, biological oxygen demand
and fecal coliform bacteria was effected.

2.

Phosphate removal was at least 50 %.

3.

Boron was not removed and reached levels of about 0.8 mg /liter.

4.

Copper and zinc concentrations were reduced by about 80 %, while cadmium
and lead remained the same.

5.

Mercury levels were reduced from about 2 to 1.3 micrograms /liter.

6.

Total dissolved salt content was less than 1,200 mg /liter. (This was 2%
higher than the effluent due to evaporation.
The pH was 7.)

7.

Nitrogen removal was about 30 %; however, this removal could be nearly
tripled.

8.

The renovated water still contained about 5 mg /1 of total organic carbon.

The cost of renovating the secondary effluent was estimated at $4.30/1,000 m3, much
less than the teritary treatment.
Despite the impressive reclamation statistics, the water was still classified for
use only in restricted irrigation and recreation (Bower, 1974, 1979) although it has
been approved for cooling tower purposes for the Palo Verde Nuclear Plant(Bower, 1979).
Part of the cautious attitude towards its unrestricted use is based on the presence of
5 ppm of organic carbon.
In recent years, numerous reports of the toxicity
of halogenated and other organic compounds in water supplies have been published.
These reports have caused municipal water managers to scrutinize the organic content
of potential drinking water supplies. (Water Pollutants, 1981)
Our interest was attracted to the organic fraction of the ground recharged water,
which had not yet been characterized. A number of questions confronted us. Were
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there any toxic compounds in the water? Where did they come from? What types of
compounds were removed by the soil? Were any compounds added to the recharged water
by the soil? To answer these questions at least in part, we decided to sample the
water supply which entered the Flushing Meadow basin, from its source at the Salt
and Verde Rivers, through the treatment plants and the sewage plant. Limitations of
time and resources required us to limit our analysis to certain specific substances
and to develop the analytical procedures for their detection.
The EPA lists 114 priority pollutants (Van Hall, 1979) that it routinely monitors
There are additional organic compounds that enter secondary
in drinking water.
effluents, besides non -toxic substances which are converted to toxic compounds upon
An analysis of all these substances would be a monumental job. Therechlorination.
fore, we restricted our scope to certain target organic compounds.
THE OBJECTIVES OF THIS STUDY ARE LISTED BELOW:
To determine the haloform concentrations: 1,e., chloroform, bromoform,
1.
dichlorobromomethane, carbon tetrachloride and others.
This
To determine the haloform concentration after treatment with chlorine.
2.
gives an estimate of the trihalomethane precursor (THMP) which still remains in the
water sample.

Phenols may be toxic;
To determine the phenol content of the water samples.
3.
they form odorous chlorinated phenols and some of them may form haloforms.

To determine the humic acid content. Humic acid is the major organic
4.
constituent of most natural waters and is a known haloform producer (THMP).
5.

To develop analytical procedures for the above.

ANALYTICAL PROCEDURES
1.

Determination of Haloforms in Water Samples
a.

Instrumentation

For the purpose of this analysis, we purchased an Electron Capture Detector (ECD)
This instrument was capable of detecting 1 part per
gas chromatograph (Varian 3700).
The most frequently reported
billion (ppb) of less of chloroform and other haloforms.
haloforms in drinking water are chloroform, bromodichloromethane, chlorodibromomethane,
bromoform and carbon tetrachloride.
b.

Head space analysis

The method developed by our Laboratory is somewhat simpler than the published
analytical technique (Oliver, 1976). The water sample (100 ml) was placed in a 125 ml.
Erelenmeyer flask and capped with a rubber septum. It was then placed in a gyrating
Ten microliters of the
water bath at 74 °C and allowed to equilibrate for 20 minutes.
headspace was withdrawn from the sample with a gas tight syringe, compressed to 1
microliter and injected into the gas chromatograph. The gas chromatograph conditions
were established as follows: Column 6' x 1/8" 0.2% Carbowax 1500 on 80/100 Carbopak C.
Injector port temperature: 220 °C

Detector
Column

:

.

300 °C
50 °C

Gas flow: 30 ml min.

The concentration of haloform was determined by comparison of the integrated area
under the curve to a standard curve, which was constructed from standard haloform
solutions prepared in an identical manner to the test samples. Although this
technique was a significant improvement over the Oliver method, it was still time Furthermore, it was destructive to the expensive gas syringes.
consuming.
c.

Direct Aqueous Injection (DAI)

This method ( Hammerstrand, 1976; Nicholson, 1977) is by far the simplest of all
162

the methods used for the detection of trihalomethanes.
A sample of 5 -10 microliters
can be withdrawn from a water solution and directly injected into the port of a GLC
instrument.
No other preliminary treatment is necessary, although certain precautions
may be necessary (Stevens, 1978).
To carry out this analysis, we used the following
condtions:
Column:

Chromosorb 101 80/100 Mesh 4.5' x 1/4"

Injector port temperature: 250 °C
Detector: 300 °C
Column: 150 °C

Gas flow: 60 ml /minute
d.

Chlorination of Water Samples

The concentration of residual trihalomethane precursor (THMP) in aquatic samples
can be estimated by chlorinating the sample and then measuring the amount of chloroFor this analysis, the following procedure was used: to 10 ml. of
form generated.
water sample was added 4 microliters of 5% commercial bleach. This yielded a total
chlorine content of 10 ppm. The mixture was allowed to stand for 30 minutes, then
The chloroform content was determined as in part (c).
quenched with Na2S203.
2.

Total Organic Carbon

Total organic carbon (TOC) values of the test samples were determined by Gladys
Auer, USDA, Water Conservation Laboratory, Phoenix, Arizona and Professor Wallace
Fuller, Department of Soils, Water and Engineering, University of Arizona.
3.

Phenol Content

The determination of phenols in drinking water posed a serious challenge to us.
No one published method is capable of estimating total phenol content. The most
widely -used method to monitor the phenolic content of potable waters is the amino Although this "standard"
antipyrine colorimetric method (Standard Methods, 1974).
assay is required by many local and state jurisdictions, it is sensitive only to steam
Therefore, it measures
volatile phenols which are unsubstituted in the para position.
a very limited group of phenols and is unreliable even for this group (Van Hall, 1979,
p 203).

Simple low- molecular weight phenols and halogenated phenols may also be analyzed
No general method exists for the analysis of
by GLC or GC -MS (Van Hall, 1979).
For the phenolic
flavonoids and pigments, although HPLC would seem to be best -suited.
macromolecules such as tannin, humic acids, fulvic acids and lignins, there exist no
Thurman (1979) however, have developed some elegant
simple screening procedure.
fractionation schemes for these types of compounds.

We decided to develop a spectrophotometric method for total phenol and total
humate content. This analysis is based on the following properties of phenols:
(a)

They are adsorbed on XAD resins in the acid form.

(b)

They are eluted from the resin by base.

(c)

Phenolates (anions of phenols) have maximum extinction coefficients
in the 230 -280 nm region on the ultraviolet spectrum.

(d)

Humates and fulvates can be determined at 460 nm in the visible
spectrum (Kononova, 1961) at which wave -length there is little
interference from other phenols.

The following protocol was developed as a screen for phenols and humates:
Amberlite XAD -8 resin was ground and sieved to 20/40
Preparation of resin:
It was then batch -washed with O.1N NaOH for five days to remove monomers and
The
soluble uncross -linked polymers. The wash was changed with fresh NaOH everyday.
resin was then washed with acid and water until neutral, then Soxhlet extracted
sequentially with distilled water, methanol, acetonitrile, and ethyl ether for 24 hours
a.

mesh.
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each and stored in methanol until ready for use. It was then slurried in a methanol/
water mixture into a 2 cm. x 25 cm. column, washed with 200 ml (approx. 5-6 bed
volumes) of 0.1 N NaOH and then 0.1N N HC1.
The washings were repeated.
b.
Calibration Curves for Humic Acid and Phenol: A series of standard solutions
of Suwanee Aquatic Humic Acid and Phenol were made up.
One thousand milliliters of
each solution (adjusted to pH 1 -2 with concentration HC1) were applied to the XAD -8
column, then eluted with 75 ml. of 0.1 N NaOH. The column was washed with 200 ml of
base and then 200 ml of acid between samples. The absorbance of the eluted materials
were measured at 254 nm and 460 nm.
c.
Determination of Humic Acid and Phenol in Water Samples. The water samples
were analyzed in an identical manner to the standards shown in (b) above.
A blank
of distilled water was carried through the entire procedure and was substracted from
the observed values.
Humic acid concentrations were estimated from the 460 nm
absorbance; total phenol (humate plus phenol) was estimated from the 254 value.

Although the XAD -8 resins theoretically adsorb 100% of the humates, our experiments showed that the percent recovery was 76 %, as determined by ultraviolet
spectrophotometry.
This could be the result of water soluble fractions passing
through the column prior to elution with base (e.g.
carbohydrate, inorganic salts).
4.

Amino- antipyrine Test for Phenols

Although this test for phenols is known to be severely limited in scope of
accuracy (Van Hall, 1979) we used it routinely in our water analysis.
Since so many
governmental agencies use it to monitor water quality, we deemed it necessary to
record amino -antipyrine values for our water samples, to establish data comparable to
published data as well as to our own phenol values.
A number of analyses were carried out on known concentrations of model phenols to
determine the accuracy and scope of the anti -pyrine method.
The experimental details
are in Standard Methods, 1974. The official method requires that the water sample be
distilled; the distillate is collected and treated with the amino -antipyrine reagent
and K3Fe(CN)6.
A color develops in the presence of phenolic compounds; the intensity
of the color is measured at 510 nm, and is directly related to the concentration of
the phenol.
Analyses were also carried out with the distillation step omitted. The
results of the tests of model compounds are shown in Table I.
It can readily be seen from Table I that the colorimetric readings of concentration (based on a calibration curve for phenol itself) are all consistently lower than
the actual concentrations of model phenols, some by a factor of twenty!
Distillation
lowered colorimetric readings of natural water samples by factors of five or more.
Furthermore, the absorption maximum of the antipyrine complexes of the model phenols
all differed from those of phenol itself. Therefore, only phenol and perhaps a few
mono -chlore derivatives of phenol can be estimated with any degree of confidence by
this method.
All other phenols would give falsely low values.
Therefore, we concluded that the amino antipyrine method establishes a lower limit
for phenols in drinking water.
Our analyses of water samples were performed without
the distillation step.

RESULTS AND DISCUSSION
1.

Haloform analysis

The chloroform levels of water samples collected on 2/8/80; 2/14/80 and 12/12/80
are shown in Table II.
Other haloform contents are shown in Table III. Samples were
taken from the Verde and Salt Rivers (about 5 miles upstream from the Granite Reef
Dam), at the Val Vista Treatment plant, at the Deer Valley Treatment plant, at the
35th Avenue Sewage Treatment plant (secondary effluent just before it flows on the
Flushing Meadow recharge basin) and from wells 60 -80 feet deep into the recharge basin.
Samples from Cave Creek (2/8/80) and Sycamore Creek (2/8/80) are included, although
these were atypical runoff samples. The latter two samples are provided by Dr. Quon
Chin, chemist for the City of Phoenix Water Production.
Chloroform levels are also shown for samples which were chlorinated in our
laboratories. Other haloforms are shown in Table III.
The results clearly reveal that no chloroform appears in the raw surface waters
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TABLE I

ASSESSMENT OF AMINOANTIPYRINE PROCEDURE FOR A GROUP OF MODEL PHENOLS
Original
Concentration
Sample

(in ppb)

Catechin

Absorption at
510 nm

Phenol Conc.
(PPb)

475 nm

-

50

100
500
1000
5000
10000
20000

Max.

0.003
0.0055
0.0275
0.0735
0.165

37
47 -8

220
575
1200

Resorcinol
8000
8000

(distilled)

0.354
0.022

2700

0.119
0.063

930
493

0.720
0.665

5600
5100

0.015

120

0.074
0.018
0.003

580
140
25

0.189
0.170

1400
1300

0.001 -0.004

0 -35

476 nm

260

Catechol
10000
5000

420 nm

p- chlorophenol
9000
9000 (distilled)
m- nitrophenol

10000

475 nm

Secondary effluent
2/8/80 unfiltered
2/8/80 filtered
2/8/80 distillate
Phenol
1400
1400 (distilled)

Tap water

aminoantipyrine reading

entering the Val Vista treatment plants. After treatment of the water, at either the
Val Vista or Deer Valley plants, the levels of chloroform rise in the finished water,
as would be expected from the chlorination process. The levels between sampling dates
vary markedly, which may be due to a lot of causes. Seasonal variation in chloroform
levels have been reported to vary by a factor of 10 or more (Arguello, 1979).
When these water samples are chlorinated in our laboratory, chloroform is produced.
This indicates that some haloform precursor (THMP) still remains in the water.
Cave
Creek and Sycamore Creek are dramatic examples of this phenomenon, although they are
probably atypical of the Phoenix Water system.
Both Creeks run infrequently and are
high in organic matter.
Probably the most interesting result is found in the data from the ground
recharged water. It is quite evident that these waters contain no chloroform, even
though the source, secondary effluent, does have haloform. Thus the ground recharge
system effectively removes all haloforms.
Further chlorination of ground recharged and secondary effluent produces very
little chloroform, even though both waters have high contents of organic carbon.
Evidently, the organic matter no longer contains haloform precursors.
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TABLE II

CHLOROFORM LEVELS IN DRINKING WATERS OF THE PHOENIX
WATER SYSTEMa

Source

2/14/80 Collection
CH013
After Chlorination

12/12/80 Collect -,on

CHC13

After Chlorination

Salt River

0

202

0 -1

83

Verde River

0

222

0 -1

64

Val Vista
Raw

0

575

19

60

26

69

Val Vista
Finish
Secondary
Effluent

0

48

14

43

Ground
Recharged

0

39

0 -1

20

Deer Valley
Raw
Finish
Sycamore
Creekb
Cave Creekb

0

413

196

461

0

612

230

791

aIn ppb

bCollected 2/8/80

2.

Phenolic Content

The value for total phenol (humates plus phenolics), humates alone and "amino Included in this table are the TOC
antipyrine phenolics" are shown in Table IV.
(Total Organic Carbon) values of the water samples.
A number of conclusions can be
drawn from these data.
1.
Phenolic compounds may constitute up to 50% of natural waters.
humates are only a small fraction of the total phenols.

However,

2.
Treatment of raw water dramatically reduces the phenolic and humic acid
content, but NOT the total organic carbon.
This seems to be an anomolous result.
Perhaps chlorination converts phenols to non -phenolic substances which no longer
adsorb in the ultraviolet range, but which are still detected as total organic carbon.
The conversion of certain phenols to unsaturated acids would be an example of such
a reaction.

It
Ground recharging reduces the total organic matter by a factor of four.
3.
also reduces the phenolic substances and humates by a factor of three, as well as
These compounds are no longer
simple or chlorinated phenols by a factor of three.
able to produce haloforms upon chlorination, although they are still technically
classified as phenols and humates. It would be interesting to determine what
structural changes they have undergone in the dewage treatment; that determination,
however, must await another major research project.
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TABLE III

OTHER HALOFORMS DETECTED IN PHOENIX WATER SYSTEM
Sourcea

Haloforms Detectedb

Salt River

C0l4

Verde River

CC14

Val Vista Raw

CHC13, CC14, CHBrC12, CHBr2C1

Val Vista Finished

CHC13, CC14, CHBrC12, CHBr2C1

Secondary Effluent

CH2C12, CHC13, CCl4, CHBrC12

Ground Recharged

CC14

aSamples collected 12/12/80

bOnly CHC13 was quantitated in the analyses

TABLE IV
PHENOLIC CONTENT OF PHOENIX DRINKING WATERSa

TOC

.Source

Antipyrine
Phenol

Total
Phenol

Salt River

2000

30 -35

1050

50

Verde River

1200

120 -125

1050

50

Val Vista Raw

2000

190

Val Vista
Finish

2500

30 -35

Secondary
Effluent

16,800

730

Ground
Recharged

4000

315

750 -800

350

7500
2700 -2800

Humic Acid as
8 of Phenols

Humic
Acid

9
9

10 -18

50 -75

less than 1 ppb
1600

55

500

43

aln parts per billion (ppb).
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Introduction

The United States Environmental Protection Agency (EPA) has indentified as a
critical element in its recently published draft National Groundwater Protection Strategy
(EPA, 1980) the development of State Groundwater Protection Strategies by the individual
states.
Such a planning document needs to be developed by Arizona to ensure continuity
between the large number of agencies that are involved in managing and protecting the
state's groundwater resource.
However, implementation of the strategy in Arizona is
The purpose of this
expected to encounter institutional barriers within the state.
paper is to discuss the goals and elements in the proposed EPA and State strategies, the
institutional obstacles in implementing the strategy in Arizona, and some possible
solutions for overcoming these obstacles.
Over the last few years, there has been a significant change in the composition of
federal funding to the state's water pollution control programs, a change that is important in Arizona since without federal support of water quality programs there would
be a minimal effort in this regard. Traditionally, the EPA has assigned the highest
priority for its water quality funding to construction grants to communities for centralized sewage treatment projects and to states for the development and monitoring of
surface water standards and for permit programs.
However, since the late 1970's these
programs have been somewhat reduced in scope and replaced by programs aimed at protecting
the nation's groundwater resources.
Concurrently, there has been a similar awareness by State agencies within Arizona
toward the need to conserve the state's groundwater resources, both from a quality and
quantity standpoint.
High priority is currently being given by the Arizona Department
of Health Services the State's designated water quality management agency, to assuming
management of newly -established groundwater protection programs from the EPA so as to
ensure that the state's groundwater protection needs are met.
To complement this effort
from the quantity perspective, Arizona has recently adopted a comprehensive groundwater
management code designed to bring the overdrafted basins of the state back into hydrologic balance within the next 40 years (see Arizona Revised Statutes, Section 45-101 to
45- 2909).

A Proposed National Groundwater Protection Strategy
The EPA released its draft National Groundwater Protection Strategy in November 1980.
This Strategy spells out the national goals of the groundwater protection programs, the
approaches that should be used for attaining these goals, and the respective roles to be
played by the EPA and the states in the area of groundwater quality protection. The
At
Strategy is currently being revised and is expected to be finalized by late 1981.
present, the EPA's draft Groundwater Protection Strategy should be viewed as a document .
that summarizes the agency's current (and not necessarily final) thinking on the means
needed to protect the quality of the nation's groundwater resources.
In the Strategy,
EPA envisions the states taking the lead in developing and implementing their own
groundwater protection programs.
"Much of their (EPA's) commitment to this idea can be
explained by simple economies:
the states can run a program cheaper than the federal
government.
The average of $40,000,while the state's person -year averages $30,000 $35,000.
In addition, EPA realizes it does not have the manpower or local knowledge
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of the area to run the program efficiently" (Bennett and Stephenson, 1980, 3)
The EPA is seen as
playing a supportive technical role to the states and intervening directly only in pollution situations
which have high national priority e.g., Love Canal. In developing its Strategy, the EPA attempted to
make it a national consensus of federal, state, and local interests rather than a uniform federal program.
To arrive at this consensus, the EPA invited numerous representatives of state and local interests to workshops in Washington to participate in drafting the strategy.
The proposed goal in the EPA's Strategy is: "It shall be the national goal to assess, protect,
and enhance the quality of groundwaters to the levels necessary for current and projected future uses
and for the protection of the public health and significant ecological systems" (EPA, 1980, VI -2).
The strategy's goal statement was intentionally made flexible in order to take into account
groundwaters of differing value and quality and to accomodate competing uses. However, the intent was
to make it stringent enough to prevent groundwater contamination before it occurs rather than focus
resources on after -the -fact clean up efforts.

The four major management approaches in the EPA's Strategy for attaining this goal are: (1) state
groundwater protection strategies; (2) groundwater classification; (3) minimum national requirements
for select high priority problems; and (4) EPA administrative action (See Figure 1).
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II.

III,

IV.
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DEVELOPMENT OF STATE GROUNDWATER PROTECTION
STRATEGY

PRESENTLY BEING DEVELOPED; TO BE
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COORDINATION AT THE FEDERAL LEVEL RELATED
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COORDINATION AGREEMENT BETWEEN STATE
AGENCIES AND WITHIN ADHS

FIGURE 1.

THE MAJOR ELEMENTS OF THE EPA'S NATIONAL GROUNDWATER PROTECTION STRATEGY AND CORRESPONDING
STATE EFFORTS.

The development of groundwater protection strategies by and for the states, the focus of this
paper, is considered to be the central element of the EPA's National Groundwater Protection Strategy.
The major components of a state strategy, as viewed by the EPA, are a goal statement, a groundwater
classification system consistent with federal criteria (that are yet to be established), and the state's
approach and procedures for achieving its groundwater protection goal.

Elements of Arizona's Groundwater Quality Protection Strategy
The Arizona Department of Health Services (ADHS), in cooperation with the Arizona Water Quality
Control Council, is the agency presently responsible for the development of the State Strategy; it
anticipates completion of Arizona's groundwater quality protection strategy by the end of 1983. In
October 1980, the Water Quality Control Council adopted the following groundwater protection goal for
Arizona:
"It shall be the state's goal to assess, and protect and manage the quality of groundwaters
to the levels necessary for current and projected future uses, and for the protection of the public
health (Arizona Water Quality Control Council, 1980). At present, this goal provides the basic foundation for developing the State's Strategy.
Another obvious objective that needs to be incorporated into the State Strategy is to ensure consistency between the groundwater quality protection strategy being developed by ADHS and the groundwater quantity protection strategy that the Arizona Department of Water Resources (DWR) is charged to
develop by the 1980 revisions to the State's Groundwater Code (Arizona Revised Statutes, Section 45 -101
to 45- 2909).
Focal points for consistency between these two strategies will be in Tucson and Phoenix
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metropolitan areas where ADHS, in cooperation with respective designated areawide water quality management planning agencies (i.e., the councils of governments), will be developing groundwater quality
management objectives while DWR will be developing "active management area plans at the same time.
The second major element of the EPA's groundwater protection strategy is the development by the
of a groundwater classification system.
The objective of the strategies typology is to delineate groundwater into different classes based upon present and projected uses and the ambient quality
of the groundwater.
states

In Arizona, groundwater quality management objectives will initially be developed for the Upper
Santa Cruz and Salt River Basins.
The process for the specification of management objectives will take
place over the next two years by ADHS in consultation with DWR and local councils of governments
(i.e., Maricopa Association of Governments, Pima Association of Governments, and SouthEastern Arizona
Governments Organization). These objectives will be developed in two phases. Phase One will involve
the development of a framework methodology which will define the step -by -step process and available
options for designing the objectives. The Arizona Department of Health Services, in consultation with
DWR and the areawide planning agencies, is currently developing the framework methodology and anticipates adoption of it by the Water Quality Control Council in October. 1981.
Phase Two will be the
development and local specification of the objectives. The advantages and disadvantages of each option
outlined in the framework methodology will be presented to the Water Quality Control Council for their
consideration and selection. The end product will be a set of proposed groundwater quality management
objectives, i.e., a form of groundwater quality "standards ", for the Upper Santa Cruz and Salt River
Basins for Water Quality Control Council adoption.
This
What form will these groundwater quality management objectives (i.e., standards) take?
question first needs to be addressed before a groundwater protection program in Arizona can proceed.
Standards should not be viewed narrowly as only numerical limits but in a broad sense as constraints
necessary to impose to attain identified management objectives. Maximizing the effectiveness of
Arizona future groundwater pollution control program is dependent on using as broad a definition of
standards as possible in order to enhance the number of options" (Bennett, 1980, 1).

The third element of the EPA's groundwater protection strategy is the adoption of minimum national
The EPA has reserved the right to issue minimum requirements
requirements for high priority problems.
in pollution situations that are so severe or complex in nature that they require national action (e.g.,
a Love Canal type situation or a massive hazardous waste spill). The state is currently working with
EPA in writing management plans for dealing with uncontrolled hazardous waste sites. The objective is
to be prepared for any contigency that might develop if abandoned sites with hazardous waste are discovered.
The fourth element of the EPA's Strategy is administrative action to increase coordination between
sections within its own agency which administer different environmental programs relating to groundwater and to increase coordination and with other Federal agencies "such as the Nuclear Regulatory
Commission, the U.S. Geological Survey, the Water Resources Council, the Council on Environmental
Quality and the Departments of Agriculture, Interior, Transportation and Housing and Urban Development
toward achieving the goals of the strategy" (EPA, 1980, III -12). In addition, the EPA will provide
the states with research data needed in groundwater protection programs.
For its part, the State needs to look at ways of increasing coordination between various State
agencies that manage or protect groundwater (e.g., DWR, ADHS, and the state Land Department) and to
increase coordination within ADHS of its programs that relate to groundwater (e.g., the Bureau of Waste
Control's solid and hazardous waste programs and the Bureau of Water Quality Control's NPDES and Safe
Drinking Water programs).
It is the opinion of the authors that new institutional mechanisms should be investigated as a
means to increase coordination among state agencies. One possibility would be to make all 'state water
quality- related agencies, not just ADHS, staff and subordinate to the Water Quality Control Council in
order to make it a true statewide Council.
Although, several state agencies have representatives on
the Council, only ADHS provides staff to the Council and is responsible for implementing Council decisions.

The above is a summary of the four major elements in the EPA's groundwater protection strategy and
some of the corresponding elements that are to be included in Arizona's groundwater protection strategy.
As currently, forseen, other elements that will be incorporated into the State Strategy include groundwater quality data management, groundwater quality monitoring, and management strategies for regulating
sources of groundwater pollution from facilities (See Figure 2).
The Arizona Department of Health Services recently received a two -year federal grant from the EPA
for completing the respective elements which will be incorporated into the State Groundwater Protection
Strategy.
The first two elements of the strategy, the goal statement and groundwater quality management
objective, have already been discussed.
The third major element of the State strategy is groundwater
quality data management. Currently, groundwater data (both quality and ouantity) is collected, compiled,
and held by a number of agencies (both state and federal) throughout Arizona and is coordinated only
indirectly through two major federal data systems:
the EPA's STORET and the United States Geological
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FIGURE 2.

THE MAJOR ELEMENTS OF THE STATE'S GROUNDWATER PROTECTION STRATEGY.

Survey's WATSTORE.
If the state's groundwater protection program is really to become effective, data
coordination between agencies needs to increase. It is the intention of ADHS to work with the areawide
planning agencies, DWR, and other interested agencies to investigate ways of increasing data coordination within Arizona. To this end, ADHS established and staffs the Statewide Water Quality Data
Coordination Task Force.

A related issue forms the fourth element of the State Strategy: groundwater quality monitoring.
Numerous agencies in the state conduct groundwater quality and quantity monitoring without consulting
each other, a practice which often leads to duplication and waste of resources directed to monitoring.
Resources could be conserved (or coverage expanded) and access to data enhanced if these agencies could
share both proposed groundwater monitoring activities and the results of such monitoring. The Arizona
Department of Health Services is planning to work with DWR and other interested agencies in the state
to assess existing groundwater monitoring activities in Arizona and delineate steps necessary to increase coordination among agencies so as to share monitoring activities and data.
The fifth major element is a set of management strategies for addressing groundwater pollution
from facilities currently regulated by ADHS. Many facilities regulated by AnHS (e.g., sewage treatment
plants, septic tanks, surface impoundments) do not include an explicit groundwater protection component.
An inventory and assessment of these facilities will be made and recommended changes to existing ADHS
regulations and Engineering Bulletins proposed to more adequately protect groundwater quality. These
recommended changes may include incorporating requirements, performance criteria, or best management
practices related to discharges from facilities so that groundwater quality management objectives will
be met.
Also included in this element will be recommendations for how ADHS will or can enforce these
regulatory changes and how coordination can take place with other agencies in these facilities (e.g.,
DWR's interest in injection wells and ADHS's interest in well construction regulations).
The sixth and final element is a set of management strategies for addressing groundwater pollution
from facilities not actively regulated by ADHS.
Certain types of facilities that potentially pollute
groundwater are within ADHS statuatory jurisdiction to regulate but are currently not actively regulated
(e.g., mining surface impoundments and tailing ponds).
Once a legal determination by the Attorney
General's office on ADHS's jurisdictional authority is made regarding these facilities, a set of management strategies that outline mechanisms needed to be incorporated into operational programs for protecting groundwater will be prepared.
Conclusion

The federal support from the EPA for groundwater quality protection program development is anticipated to cease with the completion of the six elements outlined above and their articulation into
the State Strategy.
At that time (in 1983), it will be necessary for the Strategy and accompanying
regulatory program to generate a strong commitment from the State governmental to support the implementation phase of Arizona's Groundwater Quality Protection Strategy.

References Cited
"Arizona Groundwater Management Act," adopted June 1980.
45 -2909.
St. Paul: West Publishing Company, 1980.
172

Arizona Revised Statutes, Sections 45 -101 to

Arizona Water Quality Control Council, State Groundwater Protection Goal Statement, adopted October
1980, Statement 54 -A -80.

Bennett, Marc M. "Factors to Consider in Drafting Standards to Protect Groundwater in Arizona,"
presented to Arizona- Nevada Academy of Sciences, Las Vegas, April 1980.

Paper

Bennett, Marc M. and Larry K. Stephenson. "Highlights of the State's Water Pollution Control Program,"
Paper presented at American Water Resources Association Symposium, Tucson, October 1980, (To be
published in a Proceedings volume, forthcoming).
United States Environmental Protection Agency.

Draft National Groundwater Protection Strategy.

Washington, D.C., November 1980.

173

FEDERAL RESERVED WATER RIGHTS
OF THE
BUREAU OF LAND MANAGEMENT
IN COLORADO
Richard A. Herbert and Anthony L. Martinez
Bureau of Land Management
Room 700, Colorado State Bank Building
1600 Broadway
Denver, Colorado 80202

INTRODUCTION

The United States Bureau of Land Management (BLM) administers about 8.2 million acres of public land in
Colorado (see Figure 1).
The land is used by the public for grazing, mining, oil and gas production,
fishing, hunting and many other purposes.
Until recently, the water being consumed for multiple use management on the public lands had not been
systematically located and quantified.
The policies of the BLM relating to water have been mired in confusion over legality of Federal rights
on public lands. Certainly the administrators of the vast public domain recognized the importance of
water as the common denominator in all resource decisions, but little or no action was taken to protect
Federal water rights interests. The concept of the Federal government as a sovereign entity also tended
Consequently, there has been a
to retard any effort to obtain Federal water rights for public lands.
severe shortage in manpower and money for conducting the necessary water inventories.
The United States declined to participate in state water adjudication proceedings prior to the passage
of the McCarran Amendment in 1952 (43 U.S.C. 666). The amendment stated that the U.S. could be joined
(brought into the proceedings) as a party to general water adjudication proceedings in state courts
(Hill, 1980).
The western states have sparingly utilized the McCarran Amendment to seek a resolution
of reserved water rights. As of mid -1979, the U. S. has been joined as a party in all
Divisions in Colorado.
In response to these court actions, the Federal Government has
obtain recognition of its water rights throughout the State. Many of the water rights
agencies fit precisely into Colorado's system. Other water right claims do not fit as
system and are the subject of intense controversy.

to the question
seven Water
now filed to
sought by Federal
neatly into the

At the core of the controversy lies the basic tenet of reserved rights. Reserved rights have generally
been held to be the date that the reservation was created. Asserting a reserved right is analogous to
cutting into line at a drinking fountain that has a limited supply of water. People toward the end of
the line may not be able to rely on getting the drink they once counted on.
A Federal reserved right is a construction of the U.S. Supreme Court.
696 (1978), it is stated that:

In U.S. v. New Mexico, 438 U.S.

The court has previously concluded that Congress in giving
the President the power to reserve portions of the Federal
domain for specific Federal purposes, impliedly authorizes
him to reserve "appurtenant water then unappropriated to
the extent needed to accomplish the purpose of the reserCongress reserved "only that amount of water
vation."
necessary to fulfill the purpose of the reservation, no
rand finally] without the water the purposes
more."
of the reservation would be entirely defeated.
.

.

.

.

FEDERAL RESERVED WATER RIGHTS ADMINISTERED BY THE BLM
In Colorado the BLM administers five types of reserved water rights:
1.

Public Water Reserves (PWR 107)

2.

Mineral Hot Springs
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Figure 1. Colorado Water Divisions and BLM administered lands (Public Lands)
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3.

Livestock Driveways

4.

Oil and Gas Well Conversions

5.

Oil Shale Development

PUBLIC WATER RESERVES (PWR 107)

The most important water reserve administered by BLM is PWR 107. The Executive Order of April 17, 1926
reserved public lands containing springs or waterholes for use by the public for watering purposes.
The withdrawal was designed to prevent individuals from controlling vast amounts of public domain through
the control of water sources. The Executive Order states:
Every smallest legal subdivision of the public land
surveys which is vacant, unappropriated, unreserved
public land and contains a spring or waterhole
and all lands within one quarter of a mile of every
spring or waterhole, located on unsurveyed public
land, be, and the same is hereby withdrawn from
settlement, location, sale or entry, and reserved
for public use
.

.

.

All unappropriated springs and waterholes were reserved that existed at the time of the Executive Order
or that came into existence before October 21, 1976 (the passage of the Federal Land Policy and Management Act (FLPMA) 43 U.S.C. 5 1701). All of the water in each source is reserved regardless of whether
the water source has been the subject of an official finding as to its existence and location.
The total number of springs and waterholes administered by the BLM in Colorado is not known. However,
a comprehensive inventory has begun and it is estimated that there are from 4,000 to 8,000 sources.
Based on existing data, the average amount of water per source is estimated to be less than 1 -1/2 gpm.
In Water Division 2, see Figure 1, there are about 170 water sources being claimed as public water
reserves with a total combined flow of .51 cfs which is 0.02% of the water being diverted from all
sources within the Arkansas River Basin in Colorado.
The extent of Federal Reserved Water Rights is frequently characterized as a vast body of claims with
the potential to dewater many major western rivers. However, reserved water rights associated with
public lands administered by the BLM are proving to be extremely small.
Even though most PWR 107s produce very little water on a regional or river basin scale, they are extremely important for the management of the public lands because they may be the only water source
In Water Division 2 there is an average of only one spring for every five and a
within several miles.
half square miles.
MINERAL HOT SPRINGS
On March 3, 1925 (43 U.S.C. 971) Congress withdrew mineral, medicinal or other hot springs located on
public lands to protect them for public use. There are a total of four known mineral hot springs for
which BLM has made or is contemplating making claims on in Colorado.
LIVESTOCK DRIVEWAYS ACT

The withdrawal of public lands for driveways of livestock or in connection with waterholes was authorized by Section 10 of the Livestock Driveways Act of December 29, 1916 (43 U.S.C. 5 300 (1970)). The
purpose of these withdrawals was to allow the unhampered passage of livestock across public lands to
non -contiguous tracts of private and public lands for grazing and to provide access to springs and
waterholes reserved for livestock watering. The Solicitor's opinion M -36914 of June 25, 1979 states
"water sources located within stock driveways are reserved to the extent necessary to prothat
vide for stock watering during the process of moving livestock through these reserved access corridors."
Since there are only 200 acres in the two reserved livestock driveways still in use in Colorado, and
since there is no water in either driveway, there are no reserved water rights associated with livestock driveways in Colorado.
.

OIL AND GAS WELL CONVERSION ACT
The Oil and Gas Well Conversion Act of June 16, 1934, (30 U.S.C. 5 229a (1976)) provides that all oil
and gas prospecting wells which do not produce oil and gas that are found to be capable of producing
water "of such quality and quantity as to be valuable and usable at a reasonable cost for agricultural,
domestic or other purposes ", may be purchased by the Secretary of Interior for use "on the public
The Solicitor has concluded
"
lands or disposing of such water for beneficial use on other lands
that the priority date for water uses from these wells is the date the well is drilled. Therefore,
the only difference from Colorado's water well permitting system is that the necessary water well permits are obtained after the well is drilled rather than before.
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There is one oil and gas well conversion in Water Division 2 for which a claim is being filed. It
produces 4 cfs or 0.16% of the water diverted from the Arkansas River basin which is a substantial
amount of water fur one well. However, it is the only oil and gas exploration well that BLM has successfully converted to a water well in Colorado and is used almost entirely to supply water for a local
municipality. After the passage of FLPMA, converted oil and gas wells are no longer automatically
reserved.
To assert a Federal reserved water right now, the BLM must request the Secretary of the
Interior to withdraw the lands for public water resource purposes under the provisions of Section 204
(FLPMA) and the applicable regulations contained in 43 CFR 2300.
However, in the interest of furthering State /Federal comity, the BLM in Colorado intends to obtain its future water rights to abandoned
oil and gas wells through the State system rather than through an attempt to create a Federal reserved
water right.
OIL SHALE DEVELOPMENT

The oil shale lands withdrawn by Executive Order 5327 (April 15, 1930) may also, according to the
Solicitor's opinion, have withdrawn enough water for the purpose of investigation, examination and
classification. The Solicitor went further to express his opinion that no water was reserved for
actual oil shale development.
Some water is occasionally used for core drilling activities during oil
shale investigations; however, most water being used is trucked in from sources outside the oil shale
investigation, examination and classification," specifically limits this
reserves. The language ".
reservation which in effect eliminates any significant claim to water.
.

WATER USES

As discussed above, the most important reserved water right administered by the BLM is PWR 107, the
The purposes for which water is reserved
Solicitor's Opinion (M- 36914, June 25, 1979) states that,
under the 1926 Order are (a) stockwatering, (b) human consumption, (c) agriculture and irrigation,
including sustaining fish, wildlife and plants as a food and forage sources, and (d) flood, soil, fire
and erosion control." The major consumptive uses for most springs and waterholes are stockwatering,
wildlife, and transpiration. Most of the water sources are in remote areas surrounded entirely by
public land and rarely generate sufficient quantities of water to produce flow beyond BLM boundaries.
Water produced by nearly ail sources on public land is used in some way for the management of public
lands. Livestock permittees water their cattle and sheep, recreationists drink from the springs, wildlife rely on the water, well drillers use the water in their drilling operations, and in some cases
communities depend on the public lands to produce a dependable water supply. If individuals were to
obtain exclusive water rights to sources of water on public land, they could effectively control the
Consequently, BLM is strivuse of the surrounding land and eliminate uses by the rest of the public.
ing to perfect the Water Rights of the United States on public land to protect the interests of the
public.

INVENTORY PROCEDURES

When the United States was brought into the general adjudication in Water Divisions 4, 5 and 6 in 1972,
and in 1 and 7 shortly thereafter, a broad brush survey of developed and some undeveloped water sources
was made.
In most cases existing records were relied upon to provide information required by the state
In the
courts. Since then an interlocutory decree has been made by the Water Judge in WDs 4, 5 and 6.
decree BLM has been given four years to more specifically quantify the water being used in most of the
In addition, the President's Task Force Report on non water claimed during the general adjudication.
Indian Federal Water Rights (June 1980) recommended that "all consumptive uses of water being made by
Federal agencies (or by their permittees, or licensees in carrying out agency purposes and programs)
not heretofore quantified should be quantified within five years." As a result, BLM has begun a comprehensive inventory of all water sources on public lands.
The first step was to review all existing information.
It was found that many of the old records that
The most common problem was in
were relied upon for the original claims were outdated and inaccurate.
the location of water developments. In the early 1900's when many water sources were developed, the
maps that were available to plot locations from were fairly gross and not completely accurate.
With
today's modern technology, it is relatively easy to determine an exact location on the ground so the
As a
locations derived from the old maps do not always coincide with the locations on today's maps.
A plan has been developed
result, BLM has found it necessary to reinventory most of its water sources.
to obtain low level IR photography during the period when all the vegetation except that which immediately surrounds the water sources has "browned off."
Since most public land is rangeland, springs
The photos will be
and waterholes should show up fairly readily due to the contrasting vegetation.
interpreted and locations of all potential water sources will be plotted on U.S.G.S. quadrangle maps
Any
that show BLM boundaries. The information on the maps will be compared with existing records.
discrepancies will be noted and local people will be interviewed to determine what is known about each
potential source. Wherever necessary, each location will be visited to determine the quantity and
quality of water, and the exact location. An estimate of the amount and periods of use, and future
needs will be made for each source. Finally, the necessary water rights will be sought from the water
court.
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STATUS OF OUR KNOWLEDGE IN COLORADO
As pointed out in the previous section, a broad brush inventory was completed for most of the public
land in the State in the early 1970's. In 1979 the United States was brought into a general adjudication in Water Divisons 2 and 3.
An intensive inventory has been completed in Water Division 2 and is
nearing completion in Water Division 3.
A total of 4.5 cfs or 0.18% of the total diversions in the
Arkansas River Basin in Colorado is being claimed as reserved water rights by BLM.
A review of existing data is in various stages of completion in the remaining Water Division. Based
upon the completed inventories and data reviews, it is estimated that BLM administers less than 35
cfs in all of the sources of reserved water in Colorado. This amounts to about one -tenth of one
percent of the water being diverted in the State.
CONCLUSIONS

Federal Reserved Water Rights adminstered by the BLM in Colorado are proving to be infinitesimal when
compared to the water being consumed in the remainder of the State. Although Federal Reserved Water
Rights are extremely important to the management of the public lands, the quantities are so small
that it would appear that the historic concerns as to the amount of Federal claims expressed at times
by the public or State water right administrators have been vastly overestimated.
More important than the quantities involved are the purposes for which these waters are used. The
water is not hermetically sealed for some future, unspoken purpose. Instead it is currently used by
the public for any of a number of purposes. The primary uses are stockwatering and wildlife consumption.

Without the protection that a reserved right affords, these waters could be monopolized for a
single purpose or diverted from the public lands entirely. The cattle industry, already hard pressed
in Colorado, would suffer a considerable set back with the loss of these springs and waterholes which
dot public allotments.
From the standpoint of maintaining the existing multiple use doctrine, it is
essential that water resources on public lands be properly managed and protected to the extent possible
under the law.
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INDIAN WATER RIGHTS:
THE BUREAUCRATIC RESPONSE
Daniel C. McCool
Department of Political Science, University of Arizona 85721

INTRODUCTION: THE WINTERS DOCTRINE

The legal development of Indian water rights can be trace through a complicated
73 year history of court cases beginning with Winters v. U. S.
In that landmark case
the U. S. Supreme Court established the doctrine of federal reserved water rights, also
known as the Winters Doctrine.
The court ruled that the U. S. government had "implied ly" reserved water rights for the Indians when they created the Ft. Belknap Reservation.
They reasoned that although water rights were not specifically mentioned in the treaty
that established the reservation, it would be unreasonable to assume that the Indians
or the federal government intended to alienate the water from the land. Thus the
government, in fulfillment of its fiduciary duty as trustee of Indian property, had
reserved sufficient water for the Indians to fulfill the purposes for which the reservation was created.
There have been numerous water rights cases in the years since the Winters
decision, most of which have expanded the scope of federal reserved water rights. In
U. S. v. Powers (1939) the Supreme Court applied Winters Doctrine rights to allotted
lands.z In that same year the 9th Circuit Court of Appeals ruled that Winters Doctrine
rights were applicable to all reservations, not just those established through treaty,
as was the case in Winters v. U. S.3 The Doctrine was further expanded to include
future requirements of Indians in two important circuit court decisions.4
In 1963 the Supreme Court attempted to clarify the mounting body of case law that
dealt with Indian water rights.
In Arizona v. California the Court held that the
priority date for establishing Indian reserved water rights is the date the reservation
was created, and does not require actual use of the water; in other words, the right is
not lost because the Indians are not using the water. More recently, the High Court
has extended federal reserved rights to groundwater in the case of Cappaert v. U. S.5
In a state such as Arizona, where 60% of the water supply comes from groundwater, the
Cappaert decision assumes an important role in future water resources development.6
To accurately assess the ramifications of the Winters Doctrine it is necessary to
understand two basic facts. First, this doctrine is based on case law or judge -made
law, not statutory law.
In the absence of specific Congressional action, the courts
have had to interpret the general intent of Congress' Indian policy, and apply it to
water rights controversies. As a result, the decision -making process is fragmented
into specific cases without the benefit of an explicitly stated long -range Congressional policy.
However, Congress has lent its implied approval of the expansion of the
Winters Doctrine by refusing to pass legislation which would repudiate or curtail
federal reserved water rights. Over fifty bills have been introduced into the Congress
that would specify the extent of federal reserved rights. Nearly all of these bills
were attempts to curtail federal rights and emphasized state control over water allocation.
All of these bills have failed.?
A second important point concerns the inherent conflict between the doctrine of
federal reserved rights, and the Prior Appropriation Doctrine recognized by most
western states.
The latter doctrine is based upon "beneficial use " --to establish a
priority, the water must be in use, and the right is lost through non -use. Also, the
senior appropriator always has a superior right over subsequent appropriators. In
contrast to Prior Appropriation is the doctrine of federal reserved rights, which
establishes a priority merely by establishing a federal reservation of land with a
potential for future water use.
Thus the state doctrine is oriented towards actual
past usage while the federal doctrine is future oriented and is not dependent upon use.
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The fragmented development of water rights case law, the inaction of Congress,
and the conflict between state water law and federal reserved rights have exacerbated
the difficulties associated with the implementation of Indian water rights.
The
remainder of the paper will discuss these difficulties of implementation, and how
federal agencies have dealt with them.

THE BUREAUCRATIC RESPONSE

The Department of Justice:

Through a series of Supreme Court decisions the federal government has been
declared the "guardian" or trustee of Indian people and their property.8 The responsibility of litigating Indian water rights for the Indians has fallen on the Department
of Justice which fulfills this role by suing on behalf of various Indian tribes.
The
Department is required by law to file all claims in which the U. S. is a party.9
There
have been many cases where the Department of Justice has competently, and at times
zealously, fought for Indian rights to water. Nearly all of the most important Indian
water rights cases have been brought to court, not by the tribes themselves, but by the
Department acting as trustee.
While the Department of Justice has undoubtedly accomplished much in his area,
its effectiveness is limited by its multiple loyalties; the Department also represents
other federal interests which are in conflict with Indian claims to water.
An example
of this is the Department's responsibility to represent the United States in hearings
before the Indian Claims Commission.10 This conflict -of- interest forces the Justice
Department to protect the interests of the federal government when Indian claims appear
to be to the detriment of that government.-11
One of the best examples of the Justice Department's failure to vigorously protect
Indian interests was in the case of Arizona v. California, where twelve tribes from the
Lower Basin of the Colorado River claimed that the government was inadequately protecting their interests.
They based their claim on the fact that the initial United States
petition of November, 1953, made a strong claim for Indian water rights as being "prior
and superior to the use of water claimed by the parties of this cause in the Colorado
River... "12
This language so angered representatives from Arizona that the U. S.
Attorney General withdrew the petition without consulting tribal attorneys, and removed
the language claiming a prior and superior right for Indian reservations.
The tribes
protested but the Special Master in charge of the case dismissed the motion.13
Again
in 1961 the Navajo Tribe filed a motion to intervene, claiming inadequate representation, and again the motion was denied.14
Another example of alleged inadequate representation concerns the claims of the
Five Central Arizona Tribes to CAP water. They are requesting water from that project
to compensate for past failures of the federal government to actively litigate on
behalf of their water interests. An important factor in these cases is groundwater
depletion, and its subsequent effects on both wells and surface water sources.
For
example, the Papago Tribe is suing the State of Arizona, the City of Tucson, nearby
mines, and local non -Indian irrigators in an effort to win new sources of water to
compensate for traditional sources. The tribe points out that these traditional
sources were lost without any effort by the Justice Department to protect them.15
It is clear that the tribes have been disappointed in their "guardians" at the
Department of Justice. As a result, they have increasingly relied on their own private
counsel to litigate their water rights cases. For example the Papago Tribe has hired
the Native American Rights Fund, as well as private attorneys, to press their claims
for more water.
Federal funding for outside water rights attorneys has been available
over the past few years, and this will undoubtedly aid the tribes in the future in
their drive to become less dependent on the Department of Justice.

The Bureau of Reclamation:
There is an important distinction to be made between what is sometimes called
"wet" water and "paper" water.
Thus far this paper has discussed the latter, which
refers to water rights as expressed by the courts.
But you cannot drink water rights,
hence the former term refers to usable water; in other words water that can de deliver 182

It is at this point in the process that the Bureau of Reed to where it is needed.
clamation becomes an important factor in Indian water rights. The Bureau's original
mission was to "reclaim" the desert in 17 western states. After an initial era of
flourishing activity, prime irrigation projects began to grow scarce, the best sites
The Bureau gradually shifted to other activities and became the
already developed.
Water and Power Resources Service. While the Bureau had built many giant projects over
the years that primarily benefit non -Indian irrigators, they have constructed very few
projects that exclusively serve Indian reservations.16 As a result, Indian tribes have
had a difficult time converting their water rights into usable, deliverable water.
The Indian tribes have never been perceived as a part of the Bureau of ReclamaIndian reservations, with their reliance on federal reserved rights,
tion's clientele.
are in direct conflict with non -Indians who establish water rights under the prior
appropriation doctrine and comprize the bulk of the Bureau of Reclamation's constituCongress has appropriated millions of dollars for Bureau projects based on state
ency.
recognized water rights. For Congress to proceed now with authorization and appropriation of Indian projects would require the re- allocation of water, which would deprive
previously built non- Indian projects of water.17 Of course it is highly unlikely that
Congress would do this. Thus, as the number of non -Indian projects increase, the less
likely it is that Congress will fund Indian projects that compete for the same water.
As a result there is a conspicuous gap between court -mandated rights (paper water), and
actual water usage.

The Bureau of Indian Affairs:

The Bureau of Indian Affairs (BIA) was created in 1824 to aid the federal government in accomplishing two contradictory goals; to subdue the Indian (by force if
necessary), and to protect the Indian. These conflicting duties have never ceased to
Part of their trust responsibility is the
trouble the BIA in the ensuing 150 years.
protection of real property, under which water rights is subsumed.
Although the BIA considers itself a trustee for Indian water rights, there are
The
several factors which limit its ability to function effectively in that capacity.
BIA is in the Department of Interior along with the Bureau of Reclamation and several
Many
other agencies whose needs often conflict with the needs of the Indian tribes.
important decisions, such as Departmental budgeting, overall policy, and western
natural resource development, are in the hands of the Secretary of Interior, who must
The BIA is
balance all of the conflicting demands in a politically acceptable manner.
often forced to compromise or abondon its goals when they conflict with powerful
agencies like the Bureau of Reclamation.18
Another factor working against the BIA is the fact that it is not primarily a
water development agency. While the BIA can lend support to tribes litigating for
rights in court, it does not have the expertise, personnel, and experience to create
large irrigation projects and push them through Congress. The BIA is sometimes placed
in the awkward position of relying on the Bureau of Reclamation for technical assisThis creates some unusual problems. For example, the two agencies have very
tance.
different definitions of "irrigable acreage," which is an important variable in water
The Bureau of Reclamation considers the amount of "economically
allocation decisions.
available" water an important aspect of potentially irrigable acreage, but the BIA
prefers to emphasize other variables that are primarily concerned with agricultural
In a project that is sponsored by the BIA, but engineered by the Bureau of
factors.
Reclamation, the Secretary of Interior must often decide which definition to use, which
often determines whether the project will be built.
A final factor that the BIA must overcome is the hostility that some tribal members feel for the agency. Many Native Americans still remember the BIA's involvement
in the enormously unpopular programs of the past such as allotment and termination.
Also, there is a feeling among some tribal members that any form of reliance on the
BIA impedes the movement toward self- determination, and results in continued dependence
on the federal govenment. Even the best intentions of the BIA may be viewed with
suspicion.

183

CONCLUSION

In the past, Indian tribes often lacked the organization and political resources
necessary to effectively influence water allocation decisions. The tribes relied upon
the federal government to protect Indian resources as a part of the government's
trustee responsibility. But in recent years tribes have developed into a politically
viable force. With increasing sophistication they have demonstrated their ability to
compete in the policy -making process.
Although Indians are not numerically strong
(140,628 live on reservations in Arizona), reservation lands hold approximately a
third of the nation's recoverable low sulfer coal, half of the country's uranium
deposits,18 and last but not least, substantial claims to water resources (at present
they control about 30% of the watér in Arizonal9). There are several potential developments that could result from the increased political power of the tribes which would
impact upon the three agencies that deal with Indian water rights. Each agency will
be discussed below.
The Department of Justice.
Indian tribes will undoubtedly continue to hire their
own attorneys, but this does not necessarily relegate the Justice Department to a
position of secondary importance.
Increased tribal activism in the courtroom may
serve as an incentive to the Justice Department and ultimately open up many new
channels of litigation.
Also, by remaining involved in Indian water rights litigation,
the Justice Department can maintain at least some influence over tribal decisions in
this area.

Another important factor is the result of recent court decisions which allow for
concur -ent federal and state court jurisdiction in basin -wide water rights controvercies.
Since state courts have traditionally been hostile to Indian rights --and
therefore federal rights --the federal government, acting through the Department of
Justice, will undoubtedly want to maintain an active part in Indian water rights
decisions which could ultimately have an impact on federal reserved rights on other
forms of federal reservations such as national forests and parks, and military installations.
The Bureau of Reclamation. In the future, Indian tribes may become an important
constituency of the Bureau of Reclamation.
If Indian water rights become sufficiently
legitimized through either congressional legislation or continued court action, the
possibility of large Indian irrigation projects might become more attractive to Bureau
planners looking for new potential project sites.
One stumbling block to Bureau of Reclamation participation in all- Indian projects
in the past has been the Bureau's methods of cost -benefit analysis. All projects must
produce a positive cost -benefit ratio to be considered acceptable. But this criteria
often works against the possibility of a reservation project. First, reservations were
usually carved out of the least desirable land and thus require a greater capital
investment to make them productive.
Second, many of the benefits that would accrue
from an on- reservation project -- increased tribal independence and other cultural and
social variables --cannot be measured by traditional concepts of cost- benefit analysis.

However, future projects may be intended as a compensatory mechanism (to right
past injustices) rather than economic profitability.
With appropriate congressional
authorization, this could free the Bureau of Reclamation from the requirement for a
positive cost -benefit ratio.
The Ak Chin Settlement Act is, in many respects, an
example of this type of project.
The Bureau of Indian Affairs. It is difficult to predict the ultimate impact the
self- determination policy will have on the Bureau of Indian Affairs. The agency will
probably continue to fund studies that the tribes can use in water rights litigation,
but beyond that the BIA may be hesitant to try to "control" important water allocation
decisions by the tribes, even if they conflict with other priorities in the BIA's
parent Department, Interior. Much of the BIA's future work will be to help the tribes
implement their decisions after the tribes have made up their own minds concerning
tribal priorities. This could create a positive healthy working relationship between
Indian peoples and its federal "guardian," the BIA.
In sum, the present situation --and the potential for future developments --in
Indian water rights is probably best explained by the following statement from the 1977
Report from the Arizona Academy; "All other water conflicts and disputes pale into
insignificance compared to the potential effects Indian demands could have. "21
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THE PRICE OF WATER IN WESTERN AGRICULTURE

David L. Wilson and Harry W. Ayer
Natural Resource Economics Division, ERS, USDA
Salt Lake City, Utah and Tucson, Arizona

Introduction

Here, and for the first time we believe, data on the distribution of prices of irrigation water
in the Western states are assembled, showing prices with the corresponding irrigated acreages, water
source (ground and /or surface water), type of application method and lift depths.
Data on the price
of irrigation water (or cost per acre foot for delivery and application) are necessary to determine
the effectiveness of various government water conservation policies. The farm price of water helps
determine farmer response to and social benefits derived from:
(1) extension efforts to cut application rates, (2) cost -share and tax -benefit programs to adopt water saving technologies, (3) changes
in government regulated water prices, and (4) changes in government or physically dictated water quantities available. Although a thorough analysis of these water saving policies, utilizing the water
price data, is beyond the scope of this study, a few policy implications are drawn. First, the data
indicate that one -fourth or more of the water is priced at $15.00 per acre -foot or less. In many, but
not all areas. this price is too low to induce the use of technologies which cut per -acre water applications.
Second, most water supplied by the Water and Power Resources Service (WPRS) costs $15.00 per
acre -foot or less.
Since the price structure for the WPRS water was established years in the past,
other water often costs several times as much, and economic conditions have changed over time, a reexamination of the WPRS price structure may be in order.

Before presenting the data on water prices and implications, the procedures used to determine
prices and associated factors are discussed.

Procedures

Data on the price of irrigation water (variable cost per acre foot, including fees for surface
water, and the variable costs of energy, labor, and maintenance for on -farm delivery and application),
plus corresponding data on area irrigated, water applied by source, system of application, and pump
(1) Firm Enterprise Data Systems (FEDS) budgets developed by the
lift are taken from three sources:
USDA, (2) USDA data developed in a special study of federal reservoir projects for the Water and Power
Resources Service (WPRS) Acreage Limitation Study, and (3) planning budgets developed by the Soil
Data are representative of 36 subregions, 18 federal reservoir projects,
Conservation Service (SCS).
and three states for the FEDS, WPRS, and SCS studies respectively. All budgets are for the 1978 crop
Data
year.
There are some 168 budgets, each representative of a different crop -location situation.
Of the 25 million acres of
are from 15 of the 17 western states --all except North and South Dakota.
irrigated land represented by the data, most --some 21 million acres --are from the FEDS budgets.
Approximately 14 of the 25 million acres in the sample are irrigated by groundwater.
The acreage represented by the above sources is only part of all irrigated acreage in the West.
Other sources (Sloggett; U.S. Department of Agriculture, Soil Conservation Service; Murray, et al.;
U.S. Department of Commerce, Bureau of Census; and Irrigation Journal) were used to obtain estimates
of the entire irrigated acreage in the 15 western states. Although the estimates vary somewhat depending on the reference, our judgement is that in 1978 there were approximately 50 million acres of
irrigated land of which 26 million acres received groundwater, 22 million acres received surface water,
and 2 million acres were in areas using a combination of surface and groundwater.
The above two sets of statistics, those for the budget data and those for total irrigated acreage
in the 15 western states, indicate that the budget data cover approximately 50 percent of the entire
irrigated area.
Budget data coverage is highest for groundwater areas --60 percent of the total groundwater acreage is represented by the budget data --and lowest for surface water areas --21 percent of
the total surface water acreage is represented by the budget data. Although there are no statistical
tests by which to judge how representative the budget data are, we believe it is usually quite representative of the aggregate situation in the West.
A rather large share of the total acreage is represented, and the intent of those conducting the surveys upon which the budgets are based was to choose
"typical" or "representative" farming situations.
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Results

The data (Table 1) indicate several important things about the price of irrigation water in the
(1) Nearly one -fourth of all water applications and about 16 percent of all irrigated acreage
Since the budget data
use water which costs less than $13.00 per acre -foot to deliver and apply.
underrepresents surface water, and since surface water is usually lower priced than groundwater, it
(2) Nearly
is likely that more than 25 percent of all water used costs $15.00 or less per acre -foot.
(3) Nearly 80 percent of all
all water costing less than $15.00 per acre -foot is surface water.
surface water supplied by the Water and Power Resources Service (former Bureau of Reclamation)
(4) Flood and siphon systems predominate in areas of inexpensive
costs $20.00 per acre -foot or less.
Sprinkler
water --$15 per acre -foot or less- -and are used very little in areas of high priced water.
systems are used very little in areas of inexpensive water, but predominate in high priced water
areas.
(5) Pump lifts are, in general, noticeably higher for water priced over $20.00 than for water
priced below $20.00 per acre -foot.
West:

Cost of Irrigation Water by Acreage, Water Applied, Water Source, Irrigation System, and Pump
Lift, 15 Western States, 1978.

Table 1.

Cost - Dollars /Ac -Ft.
:40.01
:

Item

:

Observations
Area

Unit
Number
1,000 Acres
% all Acres

:

0.005.01 -:10.01 -:15.01 -:20.01- :25.01- :30.01- :35.01 -: and
5.00 :10.00 :15.00 :20.00 :25.00 :30.00 :35.00 :40.00
over :Total
:

:

:

13

272
1

25

38

1,326

2,418

5

10

32

25

14

15

2

4

168

24,658
100

7,104

3,323

1,986

29

14

8

45
0

438

9,842 15,163

4,309

3,178

32

405

7,746
31

2

44,950

1,379

4,572

6,070

% all Water
Applied

3

10

13

22

34

10

7

0

% of Water in
Price Range

0

8

8

73

76

77

71

0

96

57

% of Water in
Price Range

75

27

49

16

8

12

9

0

0

19

% of Water in
Price Range

25

65

43

11

12

11

20

100

4

24

% of Water in
Price Range

0

0

4

69

34

53

9

0

0

33

% of Water in
Price Range

0

0

0

12

4

47

63

100

100

14

Flood

% of Water in
Price Range

94

90

76

18

18

0

28

0

0

34

Siphons

% of Water in
Price Range

6

10

20

1

44

0

0

0

0

19

Average Feet

0

64

26

244

232

194

20

137

204

Water Applied

1,000 Ac -Ft.

1

100

Water Source

Groundwater

SurfaceProject-'

NonProject
Irrigation
System

Gated Pipe

Sprinkler

Pump Lift

148

Source:
See text.
Notes:
1/Project water refers to that provided by the Water and Power Resources Service (WPRS).

NonProject water is not supplied by the WPRS.
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Implications
Inexpensive Water in Part of West

The data indicate that at least 25 percent of all irrigation water costs $15.00 or less per acre
In many, but not all cases, $15.00 must be considered inexpensive water in that the price is
not high enough to economically justify the adoption of water saving practices or technologies (defined
here as those which reduce per acre applications).
Three examples may be given. First, the data
developed in Table 1 indicate that at $15.00 or less,farmers do not tend to use water -saving technologies; rather flood and siphon systems predominate.
Only at higher water prices do gated pipe and
sprinkler systems become common. Although field and delivery efficiencies vary according to soil texture, slope, climate, and other factors, flood and siphon systems are usually less technically efficient than sprinklers and gated pipe. Rough estimates of the irrigation field -delivery efficiencies
for the four systems are approximately 50 -55 percent for flood, 60 -65 percent for siphon, 60 -85 percent
for gated pipe depending on the availability of a water reuse system, and 60 -90 percent for sprinkler
systems (Eisenhauer and Fishbach; Keller; Kruse and Heerman; and Soil Conservation Service, January
1979). The implication is, then, that farmers are not inclined to use water conserving technologies
at prices below $15.00, but do use such technologies at higher water prices.
foot.

Second,
recent estimates of crop -water production functions (Ayer and Hoyt) suggest that the
elasticity of the demand for water by some of Arizona's most important crops -- cotton, wheat and
alfalfa --is extremely inelastic for water priced at $15.00 per acre -foot (given delivery and application
efficiencies).
In general, these elasticities are less than -.4 for a wide range of product prices and
soil conditions. A -.4 elasticity indicates that if the price of water were to increase 10 percent,
the amount of water reaching the crop would be cut by only 4 percent -- usually less than 2 acre -inches
per acre.
Preliminary estimates of these elasticities of demand for irrigation water in Texas for corn,
sorghum and wheat (Hoyt), and in California for corn and cotton (Kelley and Ayer) are also highly inelastic for irrigation water priced at $15.00 or less for a wide range of crop prices.

Third, estimates from another study currently underway (Ayer and Daubert) suggest that given a
10 acre -inch per acre water savings and under a wide range of product prices, investment costs, energy
price changes and other conditions, water priced at $15.00 per acre foot is not high enough to make
laser (basin) leveling --the water -saving technology which is spreading rapidly through Arizona and
parts of other states -- profitable. Since a 10 acre -inch per acre water savings is more than one -third
of total per acre applications on most irrigated land of the West, the adoption of at least this technology appears doubtful in many areas of $15.00 water.
There are, of course, conditions under which a water price of $15.00 per acre foot, or at least
First, in some parts of the
$20.00 per acre foot, is sufficient to reduce per acre water application.
West the elasticity of demand for irrigation water may be high at $15.00- $20.00 per acre -foot.
Anderson, for example, suggests that in parts of Utah water priced at $20.00 per acre -foot
drives the quantity demanded to 0.
Second, if the water saving technology is relatively inexpensive, adoption may be profitable.
An example appears to be the case of laser (basin) leveling in the Newlands area of Nevada where the
cost of this alternative with very low original grades and reusable ditching, is apparently only one fourth the cost in Arizona.

In short, a sizeable portion of irrigation water in the West is priced at $15.00 per acre foot
In many areas, a price of $15.00 may be considered inexpensive in that the price is too low
to induce water conservation (cut per acre applications).
In other areas, some evidence suggests that
at $15.00- $20.00 per acre -foot water conservation will be profitable.
or less.

Pricing Surface Water

Most water costing $15.00 per acre foot or less is surface water and nearly 80 percent of the
water provided by the Water and Resources Service is within this
price range.
A price of $15.00 contrasts sharply with other water prices.
For at least some agencies
which administer surface water, the basic pricing schedules were established many years ago - -at a time
when the competition among sectors and regions for a given quantity of water was not intense. Under
today's conditions a restructuring of water prices administered by federal or other agencies may need
to be reexamined.
Restructuring may require a change in water law, and equitable changes may well
involve the development of legal -economic mechanisms to compensate water losers.
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RANKING ALTERNATIVE PLANS FOR THE SANTA CRUZ RIVER BASIN
BY Q- ANALYSIS

by

Ronald T. Pfaff and Lucien Duckstein
University of Arizona

ABSTRACT
This paper introduces an intuitive, multicriterion decision making aid utilizing Q- analysis, a
technique based in algebraic topology and set theory. This aid ranks twenty -five alternative plans for
These twenty -five plans
the water resource management and flood control of the Santa Cruz River Basin.
Q- analysis is used to investigate a series
have been described in terms of thirteen weighted criteria.
of binary matrices formed over a range of threshold levels (TLs), indicating different levels at which
A computer package performs both Q- analysis and slicing over the TL
the plans satisfy the criteria.
A short discussion concerning additional information that can be drawn from the multicriterion
range.
Q- analysis has also been included.

INTRODUCTION

The purpose of this paper is (1) to rank alternative development plans for the Santa Cruz River
Basin via multicriterion polyhedral dynamics (MCPD), and (2) to assess whether or not results from MCPD
and other multicriterion decision making (MCDM) aids are comparable.
The Santa Cruz River Basin encompasses the semi -arid region in which Tucson is located. This area
is subject to a growing population that levies heavier and heavier demands on flood protection,
A single objective approach has been the standard means
recreational opportunities, and water supply.
The main disadvantage of such an approach is that each
of solving this type of problem in the past.
A "cost- effectiveness" formulaobjective is treated separately from the others (McAniff et al., 1980).
tion places the problem into an MCDM perspective and facilitates an assessment of impacts of the alternatives with respect to all the objectives (Popovich et al., 1973; David and Duckstein, 1976; Gershon
et al., 1980). A version of this approach is presented in the methodology section with emphasis on use
of MCPD as a ranking technique.
MCPD is an application of polyhedral dynamics, also known as Q- analysis, a method based on algeAn interactive computer package, named the Polyhedral Pack (Pfaff et al., 1981), which
braic topology.
has been designed for general applications of polyhedral dynamics, is utilized for this analysis.
Q- analysis has previously been proposed as an MCDM aid (Kempf et al., 1979; Armijo et al., 1979; Armijo
Just a few of the
and Pfaff, 1980; Shea, 1981), and is only one of many tools that can be applied.
multi- attribute utility theory (MAUT)
other techniques include the surrogate worth trade -off method,
(Keeney and Raiffa, 1976), multi- objective simplex (Benayoun et al., 1972), ELECTRE I and II
( Benayoun et al., 1966; Roy, 1971; Gershon et al., 1980, 1981), and compromise programming.

A stepwise presentation of the methodology is followed by a description of the case study and an
Then a brief discussion is given and conclusions are drawn.
analysis of the results.

METHODOLOGY

A detailed explanation of the methodology is available in Armijo and Pfaff (1980), so that only a
summary of the application steps is given below:
1.

2.
3.

Define the problem in terms of a decision impact matrix
Transform the decision impact matrix (data preparation)
Perform Q- analysis on the transformed decision matrix, D'
Slice D' into a series of binary incidence matrices using the set of slicing parameters
a.
Define the slicing parameter increment
i.
Define the maximum slicing parameter (the maximum slicing parameter can either be
ii.
defined by the decision maker (DM) or automatically set to the maximum value of D')
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4.

iii.
Define the set of slicing parameters using the above increment and maximum value
b. Analyze each binary incidence matrix as a separate complex
i.
Investigate the primal simplicial complex
ii.
Investigate the conjugate simplicial complex
c. Perform a global-analysis of all the complexes
Consult the DM and perform sensitivity analyses if desired

Steps 2 and 3, which correspond to the analysis stage of the cost effectiveness approach, can be
performed by the Polyhedral Pack.
In the next section, these steps are applied to the Santa Cruz River Basin example.

CASE STUDY OF THE SANTA CRUZ RIVER BASIN
OVERVIEW
As in many semi -arid communities, water supplied by imports and natural recharge fall short of
demand, while flooding remains an impending threat.
In 1975, the depletion-supply ratio was 3.3 to 1,
the three primary users being agriculture (41 %), municipalities (29 %), and mining (27 %).
A projected
decline in agricultural use over the next 30 years will be overshadowed by urban and mining sectors,
especially since population in the greater Tucson area is growing rapidly.
The water resources
manager must therefore grapple with the conflicting goals of providing sufficient water to competing
users and controlling floods (Gershon et al., 1980).
The problem has been formulated through interaction with Tucson Urban Study - Corps of Engineers
group (Corps of Engineers, 1978). Twenty -five alternative plans have been generated by pairing five
flood -control actions with each of five water supply actions.
These alternatives have been evaluated
against thirteen qualitative and quantitative criteria and then ranked by the multicriterion technique
ELECTRE in Gershon et al., (1980).
Solutions have also been offered via compromise programming and
MAUT (McAniff et al., 1980; Duckstein et al., 1981). This problem, with solutions obtained by
applying established MCDM techniques is now taken as an example for testing MCPD.
It should be
stressed, however, that the purpose of this paper is only to present briefly the methodology and highlight comparability of MCPD's results with those of other MCDM techniques. Other related aspects,
such as model choice, are handled in McAniff et al. (1980), Duckstein et al. (1981), Gershon et al.
(1981), and are beyond the scope of this paper.
Next, after defining the problem and discussing data preparation, MCPD is applied and the results
are compared to those obtained from other MCDM techniques.
PROBLEM DEFINITION
In this section, alternative plans, criteria, and weights are briefly defined, leading to an
impact matrix D (Gershon et al., 1980).
Alternative plans or systems as generated through consultation with the Tucson Urban Study - Corps
of Engineers group (Corps of Engineers, 1978), five actions for flood control and five actions for
water supply have been defined.
Table 1 gives the agreed -upon combinations yielding the 25 alternative
plans used in this analysis.
Table 1.

ALTERNATIVES

LEVEE
CONSTRUCTION

Alternative Plans

FLOOD CONTROL
CHANNELIZATION

RESERVOIRS
AND DAMS

FLOOD PLAIN
MANAGEMENT

ACTION

NO

Waste water
reclamation

1

2

3

4

5

Groundwater
development

6

7

8

9

10

11

12

13

14

15

Central
Arizona
Project

Conservation
and

education

16

17

18

19

20

No action

21

22

23

24

25
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CRITERIA
Denoting by (Q) the quantified criteria, thirteen criteria used herein are: aquifer level (Q),
urban water quality, agricultural water quality, expected flood losses (Q), expected flood frequency
(Q), preservation of designated areas, effect on wildlife and vegetation, implementation costs (CO,
operation and maintenance costs (Q), natural resources, preservation of existing facilities, and
creation of new opportunity.

WEIGHTS

Two sets of weights are used in the analysis:
{W1} = fall 101 on (0,10)
{W2} = {9,3,3,4,5,5,5,2,2,2,2,1.5, 1.51 on (0,10)
The weights in {W2} correspond respectively to the previously defined criteria.

DECISION IMPACT MATRIX
The decision impact matrix D is found in Table 2, and is defined such that each entry represents
the rating of project j with respect to criterion i.

Table 2.

CRITERIA

W

1

2

3

4

Impact Matrix D
5

6

7

8

9

10

11

12

1.6

2.0

2.4

3.5

2.7

1.6

9

2.7

1.6

2.0

2.4

3.5

2.7

Water
Quality
Urban

3

e

a

d

a

b

e

a

d

a

b

e

a

Water
Quality

3

a

b

b

b

b

a

b

b

b

b

a

b

0

19.45

26.33

7.72

7.72

0

19.45

26.33

7.72

7.72

Aquifer
Level ft /yr

Agric.

7.72

7.72

5

.01

.01

.003

.02

.04

.01

.01

.003

.02

.04

.01

.01

5

d

d

c

a

a

d

d

c

a

a

d

d

5

c

b

d

a

a

d

c

e

c

c

c

c

Expect.
Flood
Losses

4

Expect.

Freq. per yr
Pres.
Desig.

Areas

Effect
on Wild.
Veg.

32.2

2

12.7

16.8

12.3

1.9

0.2

32.5

36.6

32.1

21.8

0 & M
Costs $M

2

37.6

37.8

38.2

37.2

37.0

2.6

2.8

3.2

2.2

2.0

2.2

2.4

Indirect
Costs

2

c

c

b

d

d

d

d

e

e

b

b

Natural

2

C

C

c

b

a

d

d

d

c

c

e

e

1.5

c

b

c

b

b

c

b

a

a

c

b

b

a

a

c

d

d

e

d

d

b

c

. 5

Implem.

20.

28.1

Costs $M

Resource

Pres. of
Exist. Fac.
Creation
New Oppr.

1
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b

Table 2

13

14

15

16

2.0

2.4

3.5

d

a

b

(Continued)

17

18

19

20

21

22

23

24

2.7

1.6

2.0

2.4

3.5

2.7

1.6

2.0

2.4

2.5

e

a

d

a

b

e

a

d

a

b

b

b

b

b

a

b

b

b

b

0

19.45

26.33

7.72

0

.

b

b

b

a

0

19.45

26.33

7.72

7.72

19.45

26.33

.003

.02

.04

.01

.01

.003

.02

.04

.01

.01

.003

.02

.04

c

a

a

d

d

c

a

a

d

d

c

a

a

d

d

b

c

c

d

b

b

c

c

d

b

b

27.6

17.3

15.6

12.6

16.7

12.2

1.8

.01

2.8

1.8

1.6

1.1

1.3

1.7

.6

.5

a

c

b

c

c

b

d

d

e

d

c

b

e

a

c

b

b

c

b

c

a

b

c

e

d

d

b

c

7.72

16.6

12.1

1.8

0

.6

.8

1.2

.2

0

c

c

c

e

d

a

c

b

c

b

a

a

c

b

c

b

b

e

d

d

b

c

e

12.5

DATA PREPARATION AND ANALYSIS
The Polyhedral Pack transforms matrix D into D' whose values represent the degree to which each
alternative plan satisfies the thirteen criteria. Using the set of slicing parameters defined below, a
separate analysis for each D' is made.
Using a slicing parameter increment of 5 let the set of slicing parameters be
{5,10,15,...,100} for equal weights, {W1}, and
{5,10,15,...,90} for unequal weights, {W2}.
The structure of the problem, that is, the relationship between alternatives and criteria, could
be inferred from an internal analysis of each slice; however, no systematic means for condensing
information obtained from a series of separate complexes has been developed.
Thus, the alternatives
are ranked in terms of their expected "centricality" index, which chooses the most desirable alternative
as the one satisfying the greatest proportion of criteria.

RANKING ALTERNATIVE PLANS AND COMPARING RESULTS
Comparison of the results of MCPD, ELECTRE, compromise programming, and MAUT are presented in
All methods lead to a grouping of the alternatives according to flood control actions.
In
the last three rows in Table 3, that is, ranking by compromise programming, MAUT, and ELECTRE II, the
three dominant flood control actions are characterized by dam and reservoir alternatives, flood plain
management alternatives, and channelization alternatives. MCPD agrees with this analysis, which
Gershon et al. (1981) discuss in greater detail. The approach with equal weights yields top ranking
for the alternatives with flood plain management and channelization.
In the non -equal weight case,
channelization alternatives constitute the dominant group while the alternatives that use dams and
reservoirs form the next preferred group.
This comparability of results seems to indicate that MCPD
may be as acceptable as the more established MCDM techniques.
Table 3.

In addition to this comparability, the two MCPD applications with different weight sets lead to
differing results. The method, in this instance, appears to be sensitive to such a substantial change
in weights.
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Results of MCPD and Comparison with Three Other Techniques

Table 3.

MCPD
with
Equal
Weights

MCPD
with
Unequal
Weights

Multi attribute

0®44113 OL000000

Electre
Original
Weights

AL

CD

18

3® 0 0 0

13

0®00®©000800

Utility
Theory

Compromise
Programming

®Ati

AL

®mQ

23

18

4S ©Ai®®

3

18

23

.1311:141

11 0 00000
3

m

8

0000

Ati 0 A e 0CD 0

0m ®m0000000

KEY,
Chonnelizotion olternotives
Reservoir alternatives
AFloodplain management alternatives
OAll other

alternatives

DISCUSSION AND CONCLUSIONS

An advantage of MCPD over other MCDM techniques is that it opens the possibility for investigating the problem structure. All other ranking techniques give relatively little rationale to explain
those rankings.
The structure of a problem, that is, the relationship between alternatives and
criteria, in turn, could provide a perspective on the reason behind the rankings.
This insight can
lead to a systematic elimination of superfluous plans and criteria.
In addition, a study of the
structure can aid in confirming the correctness of the problem formulation.
For instance, if two plans
are drastically different from one another with respect to descriptive criteria, then they satisfy
almost disjoint subsets of criteria. This condition can easily be detected through a structural
analysis.
The
It should be stressed that the above type of analysis requires further development.
theoretical relationships are well defined, but a systematic approach to a complete interpretation of
the results is not yet available.
For example, noncomparability between alternatives may be analyzed
by counting and identifying which criteria are not satisfied in common.
It would seem appropriate to
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include such a measure of discordance in the ranking procedure. This predicament leaves room for
further research in the application and extension of MCPD to new and more complex MCDM problems.
The concluding remarks may be summarized as follows: (1) MCPD is a reasonable MCDM aid; (2)
MCPD's results are comparable to those of MAUT, ELECTRE, and compromise programming; and (3) MCPD
offers the possibility of augmenting rankings with an in -depth investigation of the structural relationship between alternatives and criteria.
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THE ALTERNATIVES AND IMPACTS ASSOCIATED WITH A
FUTURE WATER SOURCE TRANSITION FOR TUCSON WATER

Thomas M. McLean, P.E.
Stephen E. Davis, P.E.
Tucson Water
P.O. Box 27210
Tucson, Arizona 85726

Abstract

Anticipating a surge in the future growth of the Tucson urban area accompanied by a need for the
preservation of the local groundwater resource, Tucson Water is planning for a major transition in its
source of supply during the next fifty years.
The completion of the Central Arizona Project to the Tucson area represents the primary ingredient
Tucson, which presently relies toto the formulation of a future water supply plan for the community.
tally upon groundwater for its potable water supply, is diligently preparing to accept its first surThe task of planning for this event is extremely complex and is further hampered by
face water source.
the fact that many critical factors relating to the Tucson Division of the Central Arizona Project are
yet undefined. Tucson Water engineers utilize contemporary computerized hydraulic models as tools to
define an array of technical solutions to the problem of accomplishing a major conversion from a multi Elements such as construction, operapoint system source to a predominantly single source of supply.
tion, and maintenance costs associated with water treatment and delivery systems are addressed.

Introduction

Eastern Pima County, Arizona contains a diversity of water -using economies, each solely dependent
upon groundwater for its water needs. Major water pumpers include the City of Tucson, four mining companies south of the City, Farmers Investment Company (F.I.C.O.), Cortaro -Marana Irrigation District,
Avra Valley Irrigation District, private water companies, and private well owners. In 1980, approximately 391,000 acre -feet of groundwater was pumped by these combined users in the Upper Santa Cruz and
Table 1 indicates that agricultural users pumped 57.6 perAvra Valley groundwater basins (WRCC, 1980).
cent, the City and private water companies pumped 21.1 percent, mines pumped 20.5 percent, and recreaPumpage exceeds natural retional activities (primarily golf courses and parks) pumped 0.8 percent.
Consumption is defined as pumpage minus water
charge by a factor of four to one in Eastern Pima County.
returned to the water table. Water is returned by agriculture through overapplication and by the City
through discharge of wastewater effluent to the highly recharge- efficient Santa Cruz riverbed. A groundwater overdraft condition exists whereby total consumptive use exceeds natural recharge by over 200,000
The large imbalance between groundwater supply and demand has resulted in long -term
acre -feet per year.
declines in the local groundwater levels.

Historical water level data has been continuously obtained since 1947 for the Tucson Basin and
since 1952 for the Avra Valley. The Avra Valley has been subjected to extensive agricultural groundwater development resulting in declines in the water table of over 175 feet since 1952. The Avra Valley
wellfield operated by Tucson Water since 1969 lies within an area which has experienced less than 80
feet of water table decline, and our pumping activities there have had minimal impact on the total declines in Avra Valley.
Declines in the water table beneath the Tucson metropolitan area have not been as severe or expansive as those in the Avra Valley. The majority of the Tucson area has experienced declines ranging from
In the extreme southern portion of Pima County along the Santa Cruz River
40 to 80 feet since 1947.
These declines represent
total declines have ranged from 120 feet to a maximum of 172 feet since 1947.
Annual decline rates
the impact of concentrated pumping for agricultural, mining, and domestic uses.
are two to six feet per year in northern Avra Valley and in the Tucson Area but continue to exceed six
feet per year south of the City along the Santa Cruz River.
There are four major impacts of groundwater table declines including increased cost for pumping,
decreased well capacity due to higher consolidation of aquifer sands and gravels, reduced water quality,
For these reasons all pumpers must cooperate in developing a
and potential land surface subsidence.
basinwide groundwater management plan which will ultimately balance withdrawals with available natural
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recharge.

Tucson Water is a municipally -owned and operated water utility providing domestic water service
Water is provided to a service area of over
both inside and outside the corporate limits of Tucson.
Presently, Tucson Water serves
300 square miles having an elevation difference of over 1500 feet.
This
represents
86 percent of the Pima County popula460,000 people through 125,000 metered services.
In 1979 -80 Tucson Water actively pumped 187
tion and 93 percent of the metropolitan Tucson population.
wells in four wellfields serving the central metropolitan system and 30 wells serving fifteen isolated
Table 2 indicates the average daily pumpage distribution by wellfield for 1979 -80. More than
systems.
half of the total system demand is met from the central wellfield within the metropolitan Tucson area.
Figure 1 indicates the seasonal variation in metered water use for the five major customer classes.
Water usage is highly seasonal with the average summer day usage more than twice the average winter day.
Seventy -five percent of total annual usage is residential and the remaining twenty -five percent is comDue to increasing peak summer usage caused by customer growth, Tucson Water initiamercial /industrial.
ted the "Beat- the -Peak" program in the summer of 1977 to preclude the expenditure of $40 million for a
Results of the voluntary outdoor water management program innew wellfield and transmission system.
clude a reduction of the peak day demand from 151.5 million gallons per day in 1976 to 114 million galIn addition, per capita daily water use has been reduced from 205 gallons in
lons per day in 1980.
It is anticipated that these lower usage levels can be maintained
in 1973 -74 to 146 gallons in 1979 -80.
through a cost -of- service increasing block rate water fee structure and a continuing public information

program.

Future Supply Alternatives

Population and Water Demand Projections

Tucson Water uses population projections officially adopted by the Pima Association of Governments
(PAG) for all of Pima County. These projections have been defined according to township to the year
2000 by PAG and for Pima County to the year 2020 by the Arizona Department of Economic Security. Tucson
Water staff have extrapolated projections to 2030 since major water facilities have a projected service
Official projections and adopted community land use plans were used as a guide to
life of fifty years.
spatially distribute population to subareas.
In order to estimate future water demands, historical per unit water information has been multiplied by population and commercial /industrial development projections. The average daily per capita
residential water use has been projected to be 105 gallons, and commercial /industrial /institutional
average daily water use is projected to be 1300 gallons per acre per day (approximately 33 percent of
residential water usage). Based on this criteria, the following factors have been used to project various water demand conditions:
Condition
Minimum Day
Average Day
Peak Month
Peak Day
Peak Hour

Factor
0.5

Gallons Per Capita Per Day
70

140

1.0
1.5
2.0
3.5

210
280
490

Table 3 indicates projections of Pima County population from 1980 to 2030 in five -year increments.
Assumptions have been indicated with respect to that portion of Pima County population projected to be
served by Tucson Water. By the year 2030 the total service population is projected to be 1,206,405,
This represents a
and the corresponding average daily demand is projected to be 170.9 million gallons.
fifty -year growth in demand of 163 percent above the current level.

Source Alternatives

To meet the projected water demands of existing and future customers, Tucson Water has two primary
supplies. Groundwater will continue to be used to meet peak requirements and as a blending source to
Central Arizona Project water will be remitigate the quality impacts of an imported surface water.

quired to meet growth needs and enable the area to achieve a balance between groundwater withdrawals and
natural recharge.
On June 19, 1980, the Arizona State Legislature adopted Senate Bill 1001 entitled the Groundwater
The bill's passage culminated two years of work for the Arizona Groundwater Management
Management Act.
Study Commission and long negotiating sessions between the Governor and representatives of the state's
Major provisions of the Act are as follows:
major water users.
1.

State groundwater management by the Department of Water Resources.
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2.

Establishment of four initial active management areas including Prescott, Phoenix,
Pinal, and Tucson.

3.

Establishment of defined groundwater rights and permitted uses.

4.

Methods to reduce groundwater withdrawals such as conservation, supply augmentation, and
agricultural land purchase and retirement.

5.

Establishment of well construction and metering regulations.

6.

Identification of financing mechanisms.

7.

Enforcement of legislative provisions.

The four Active Management Area directors have been selected and are jointly developing a set of Departmental rules and regulations. Many provisions of the Groundwater Management Act will affect the
Tucson Water Department including quantification of groundwater rights, extensions to the city service
The forthcoming Tucson Active Management
area, water data reporting, and reductions in withdrawals.
Area Plan will dictate the magnitude and timing of the City's reduction in groundwater pumping consistent with the goal of eliminating water table declines by 2025.
In addition to the Groundwater Management Act physical, jurisdictional, and other legal constraints will affect the City's ability to develop new groundwater sources within the Tucson Active
Management Area. Essentially all of the highly productive privately -owned groundwater areas have been
Remaining areas include federal and state land precluding City access or non -productive
developed.
Water rights claims of the Papago Indian Tribe also will affect future
regions such as mountain ranges.
groundwater development by the City.
The completion of the Central Arizona Project (CAP) to the Tucson area represents the primary ingredient to the formulation of a future water supply plan for the community. This project is a water
delivery system which will furnish municipal, industrial, and irrigation water to urban and agricultural
areas within Maricopa, Pinal and Pima counties. The overall CAP plan calls for construction of a
series of pumping plants and aqueducts to lift Colorado River water from Lake Havasu and carry it across the three central Arizona counties to the Phoenix and Tucson areas. Of Arizona's 2.8 million
acre -feet annual Colorado River water allotment, the Project will deliver an average of 1.2 million
Three major components of the delivery system can be identified as the Granite
acre -feet per year.
Reef Aqueduct, the Salt -Gila Aqueduct and the Tucson Aqueduct. The Granite Reef Aqueduct will carry
water in an open canal from Lake Havasu approximately 180 miles to the Salt River, just below the
Granite Reef Dam. The concrete -lined canal will continue from the south side of the Salt River as the
Salt -Gila Aqueduct for approximately 60 miles through agricultural areas of eastern Maricopa County and
This segment of the Project will terminate east of the Picacho Reservoir in
central Pinal County.
The Tucson Aqueduct will begin at the terminus of the Salt -Gila Aqueduct
south -central Pinal County.
and proceed in a southeasterly direction toward Tucson. Recently the Tucson division of the CAP has
been further segmented into Phase A and Phase B with Phase A terminating at the town of Rillito, northwest of the metropolitan Tucson area. Phase B will extend southerly to a yet -undefined terminus in
southern Pima County.
At this point in time the Water and Power Resources Service of the Department of the Interior has
As a result, many questions
not completed its planning efforts with regard to the Tucson Aqueduct.
Primary unknowns
that are critical to the planning of Tucson's future water supply remain unanswered.
with respect to the Tucson Aqueduct include:
1.

Allocations of CAP water - The City of Tucson does not know what its allotment of CAP water
will be. Tentative allocations were made by the Arizona Water Commission in the spring of
1977, however, recent discussions regarding allocations to the Indian tribes and their ability
to have a priority use over available CAP water have further clouded the issue of municipal
The most recent proposals of the Arizona Department of Water Reand industrial allocations.
sources indicate an allocation of 175,000 acre -feet to Tucson in the year 2034.

2.

Aqueduct Size - The size of the Tucson Aqueduct is directly related to the allocations of CAP
Since these allowater over the fifty -year project repayment period to users in Pima County.
cations are not finalized Federal design engineers are unable to accurately size the Tucson
Aqueduct at this time.

3.

Aqueduct Location - Alternative alignments are still being studied by the Arizona Projects
Office and are sensitive to allocations of water in Pima County.

4.

Terminus - The determination of how far south Phase B of the Tucson Aqueduct will extend has
Former Secretary Andrus' allocation to the Papago Indian Tribe at the San
not been made.
Xavier Reservation indicate Federal obligation to continue the CAP south of Tucson.
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5.

Regulatory Storage - The inclusion of large regulatory storage in the last segment of the
CAP delivery facility is an item that is yet undecided. Although city staff have studied
various locations and have developed a position on location and volume, alternatives are still
being evaluated by the Water and Power Resources Service.

6.

CAP Water Costs - Overall Project completion to Pima County is being delayed due to the many
remaining unresolved issues. As a result, inflation will continually cause the Project cost
to increase making it extremely difficult to predict the impact on future water utility rates.
Elements of CAP water costs to a Tucson Water customer will include capital costs for Project
repayment, operational and maintenance costs of the Project, capital costs for rebuilding the
City's transmission system, capital costs to build a water treatment plant, and operational
costs associated with the treatment plant.
Whereas today's cost of pumping groundwater approximates $40 per acre -foot it is anticipated that capital and operational payments for CAP
water will exceed $75 per acre -foot excluding local transmission and treatment costs.

7.

Schedule - Delivery of CAP water through Phase A of the Tucson Aqueduct is scheduled to begin
in 1987 and through Phase B (Tucson area) in 1989.
This is a two -year postponement of water
delivery to Tucson from previous projections.

8.

CAP Water Quality - The incorporation of CAP water supplies into the municipal system will require Tucson Water to construct and operate its first water treatment plant. Existing groundwater supplies display excellent quality characteristics and do not need to undergo any conventional surface water treatment process.

All of the unknowns surrounding CAP as a future water supply alternative for Tucson represent
major obstacles for Tucson Water planning engineers.
It becomes extremely difficult, if not impossible,
to address several key elements of the utility's Capital Improvement Program:
1.

The successful management of the local groundwater resources.

2.

Planning additional major water system components.

3.

Determining the location, elevation, capacity and operating characteristics of a water treatment plant.

4.

Determining the water rate impacts of utilizing Central Arizona Project water.

Planning the Transition

Tucson Water has formulated both short and long range plans for the construction of water facilities in order to eliminate existing deficiencies, accommodate urban growth and prepare for the future
delivery of a major imported water source.
The primary objective of the utility's Capital Improvement
Program is to provide long -term, reliable, high quality water service for both existing and future
water customers at least cost. Average and peak demands must be met by furnishing adequate supplies of
water from groundwater and surface water sources as well as from system storage.
Essential to the formulation of a long -range capital improvement program are a number of basic assumptions such as:
1.

First, and foremost, Tucson Water anticipates receiving an allocation of Central Arizona Project (CAP) water which will be utilized to meet the demands of urban growth while the volume
of groundwater to be pumped will be held at a constant level that will not exceed the natural
recharge for the Upper Santa Cruz and Avra Valley Basins. This represents an eventual, major
shift in source location, and water system improvements must be constructed to facilitate this
change from numerous small water source points to a few major points of supply.

2.

A fifty -year planning horizon is utilized to properly size water facilties. This time frame
is appropriately adopted since it is compatible with the estimated useful service life of most
major water system facilities.

3.

Additional system storage will be constructed in an effort to achieve a reduction in the total
source requirement. This will allow for reduced pumping costs during peak demand periods and
allow for the downsizing of transmission facilities from the major source points to the storage locations.

4.

The "Beat- the -Peak" program conducted each year by Tucson Water will continue to be an effective demand management program, and customer water usage characteristics will not significantly
change.

Having established these basic assumptions, Tucson Water planning engineers have conducted numer200

ous water system analyses utilizing computerized hydraulic models to identify specific water system
components that will be required in the future.
The computerized hydraulic model is a very efficient and effective planning tool.
Davis (1980)
discussed the utilization of the Epp -Fowler Model by Tucson Water for capital improvements planning.
The computer model provided the capability for solving steady state flows in water networks to assist
in the analysis of deficiencies in Tucson's complex water system.
Subsequently, Tucson Water has acquired another computer program from the University of Kentucky which provides additional and improved
analysis capabilities.
This program also analyzes steady state pressure and flow in pipe distribution
systems but its significant characteristic is in its ability to carry out extended period simulation
The
which models the operation of the water system or a portion thereof over a certain period of time.
computer program is a sixth generation version and can be applied to all normal pipe systems with
minimum chance of user error, and gives rapid, accurate solutions.
Some of the notable features of this
program as identified by Wood (1980) are:
1.

Any type of pipe system configuration can be handled.

2.

The system can contain any number of storage tanks, pumps, valves, meters, fittings, etc.

3.

Complete output is provided including pressures, elevations and grade lines at all junctions,
head losses in lines and at all valves, pump heads, flow rates and flow velocities, and a
summary of system in- flows, out -flows and demands. Limited output can be selected which
provides output for specified results.

4.

Extended period simulations can be made which adjust liquid levels in tanks over the simulaLines can be opened and closed and pump service levels changed during the simution period.
lation.

5.

The procedure is relatively fast. Typical computer times (CPU) for the IBM 370 -165 located at
second,
the University of Kentucky are as follows: systems under 100 pipes takes less than
a system of 200 pipes takes about 1 -2 seconds and a system of 400 pipes takes about 6 -10
seconds to analyze one situation.
1

6.

The analytical procedure used in the program has excellent convergence characteristics which
is a significant advantage over most procedures which will not converge to a solution for certain conditions.

As can be expected, large amounts of input data are needed to perform an analysis of the integrated water distribution system, and the Tucson Water Planning staff have assembled the required data
bases which include population and water usage projections as previously discussed and various supply
Tucson Water must rely upon its groundwater sources until such a time that an alternative
scenarios.
source such as CAP is available, The Santa Cruz and Southside wellfield areas represent a relatively
inexpensive source of supply for the water utility primarily due to the fact that they are both topoThese sources, therefore, will continue to be
graphically and hydrologically upgradient from the City.
Pumpage from the Avra Valley will be gradually increased over time to
pumped at their maximum levels.
This rate of delivery is approximately
meet growth - related demand up to a maximum of about 25 MGD.
The Tucson Basin pumpage
equivalent to the capacity of the transmission system from the Avra Valley.
in the Tucson metropolitan area is planned to be maintained until the delivery of CAP water which is
estimated to be 1989. Once this surface water source can be supplied to Tucson Water customers, pumpage
will be gradually reduced in accordance with the water management plan for the Tucson Active Management
Area.

Once the necessary assumptions have been established and the associated data bases assembled, the
Essentihydraulic modeling process can proceed. The process is initiated with a calibration model.
ally, the modeling process involves the balancing of different reservoirs (highwater levels) in each
pressure zone so that their operation during peak demand periods is consistent with Tucson Water design criteria and proper system pressures are maintained. The headloss rates in the interconnecting
pipelines are monitored to identify deficient areas where new construction would improve the hydraulic
The existing water system network is subjected to a previous demand
characteristics of the system.
condition. Usually the preceeding summer's peak demand and flows and pressures are analyzed to deterThe network
mine their similarity with those pressures actually experienced during that period of time.
model is evaluated using a fifty -year projected demand condition to achieve a long -range perspective of
At this point specific projects can be identified as well as their refuture facility requirements.
After the completion of the long -range analysis, intermediate models were
spective sizing requirements.
run for the years 1990 and 2000 (and additional years as needed) to determine at what point in time
certain projects should be constructed.
Due to the previously discussed uncertainty of the delivery point of CAP water in the Tucson area,
All major source points are
it was necessary to investigate all feasible alternatives in this regard.
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proposed to b located along an approximately north -south axis near the Santa Cruz River from the San
Xavier Indian Reservation in the south to Ina Road in the north. Four basic alternatives listed below
were studied based upon three possible CAP delivery points:
1.
2.
3.

4.

All delivery to Cat Mountain Area
All delivery to Northwest Area
Split delivery to Cat Mountain and Northwest
Split delivery to Northwest and a point south of Tucson

Since each alternative is considered to be a viable future supply configuration, it is important
to evaluate long -term impacts of each as a prerequisite to the formulation of any future Capital ImThus, four independent hydraulic models were developed to analyze a fifty -year deprovement Program.
All major water system components required to transport water throughout the integramand condition.
ted water system under each scenario were identified.
In reviewing the modeling results of the four alternatives, one alternative was presented as being
the most desirable long -term supply solution particularly from the operation and maintenance (O&M) cost
standpoint. At the request of the Arizona Projects Office of the Water and Power Resources Service,
Tucson Water formalized this selection by issuing a statement defining the desired location, elevation, and storage volume for Tucson's water delivery. Tucson Water recommended that all of its CAP
allocation be delivered to a site at Cat Mountain for subsequent treatment and utilization by the City.
The elevation advantage this site provides would permit delivery, without additional pumping costs, to
65 percent of Tucson Water's projected services. The current ten -year Capital Improvement Program of
the utility is predicated on this assumption.
It is important to note that Tucson Water is cognizant of the nebulous aspects surrounding the
proposed delivery of CAP water and, as such, must design flexibility into its future water system expansion.
Consequently, the hydraulic analysis conducted on the four primary alternatives were synthesized, and it was found that many projects could be identified as being common to all alternatives.
It was concluded, therefore, that wherever practicable the utility's improvement program should include the construction of the "common projects" in an effort to solve existing system deficiencies.
The construction of those projects that are sensitive to the delivery of CAP water hopefully could be
planning information is available.
forestalled until more substantive
Additionally, Tucson Water has placed increased emphasis on storage facility construction in preparation for the future transition in source of supply. Advantages of larger amounts of gravity storage include the ability of the water utility to reduce water supply capacity requirements from peak
day to peak month capability, the ability to downsize transmission and major pumping facilities, the provision of supply by gravity during peak water demand and power demand periods, and the security and reliability required to meet fire fighting conditions. This policy will yield resultant savings in both
construction costs and operational costs for pumping.

Conclusions

The completion of the Central Arizona Project to the Tucson area represents the primary ingredient
in the formulation of a future water supply plan for the community. Unfortunately, there still exist
Tucson
many unresolved issues associated with the Tucson Aqueduct that preclude accurate planning.
Water staff have employed state -of- the -art technical tools in the assessment of alternative CAP supply
Results of modeling efforts reduce the risk of unnecessary water facility construction.
scenarios.
Consideration of the potential future water rate impacts dictates immediate action by the water utility
to accomplish a major conversion from a multi -point system source to a predominantly single source of
supply.
As unknown design parameters become better defined utility planners and engineers can easily
incorporate them into existing evaluation methodologies to assure that water needs of existing and
future customers are met with reliability and cost efficiency.
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TABLE i

1980 WATER USE IN EASTERN PIMA COUNTY
USE CATEGORY

PUMPAGE

Agricultural

CONSUMPTION

Quantity
(Acre-Feet)

Percent
of Total

224,953 AF

57.6

Quantity
(Acre-Feet)
151,857 AF

Percent
of Total
56.7

Municipal

82,328

21.1

32,841

12.2

Industrial

80,144

20.5

80,144

29.9

Recreational /Other
TOTAL

3,282

0.8

390,707 AF

100.0

3.282

268,124 AF

From WRCC Report to Cecil D. Andrus,
Secretary of the Interior, April 14, 1980

TABLE 2
DISTRIBUTION OF WELLFIELD PUMPAGE 1979 -80

Wellfield
Central

Active Wells

Pumpage

135

35.5 MGD

54

Percent

Avra Valley

16

13.4

20

Santa Cruz

25

12.6

19

Southside

11

1.5

2

Isolated

30

3.1

5

TOTAL

217

66.2 MGD
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100

1.2

100.0

TABLE 3

TUCSON WATER SERVICE AREA PROJECTIONS
(1980 -2030)
(1)

(2)

(3)

(4)

(5)

(6)

TOTAL

AVERAGE
DAILY
DEMAND

END
OF
YEAR

PIMA
COUNTY
POPULATION

TOTAL
SERVICE
POPULATION

RETAIL
SERVICE
POPULATION

ACTIVE
SERVICES

ACREAGE

1980
1985
1990
1995
2000
2005

539,800
606,300
655,500
727,100
818,600
907,700
991,400
1,066,600
1,130,200
1,198,000
1,269,900

458,830
515,355
622,725
690,745
777,670
862,315
941,830
1,013,270
1,073,690
1,138,100
1,206,405

458,830
515,355
557,175
618,035
695,810
771,545
842,690
906,610
960,670
1,018,300
1,079,415

124,008
139,285
150,588
167,036
188,057
208,526
227,754
245,030
259,641
275,216
291,734

12,925
14,517
17,542
19,458
21,907
24,291
26,530
28,543
30,245
32,059
33,983

2010.

2015
2020
2025
2030

CII

65.0 MGD
73.0
88.2
97.8
110.1
122.1
133.4
143.5
152.1
161.2
170.9

(1) From Arizona Department of Economic Security 5/79.
Adopted by PAG 9/27/79 through
year 2000. Six percent 5 -year growth rate after 2020.
(2) Assumed to be 85 percent of County population until 1990.
assumed to be 95 percent.

For 1990 and beyond

(3) Assumed to be 85 percent of County population.
(4) Assumed to be 3.7 persons per active retail service.
(5) Assumed to be 35.5 persons per CII acre.
(6) SUM OF 105 gpcpd x TOTAL SERVICE POPULATION PLUS 1300 gpapd x TOTAL CII ACREAGE.
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MICROTRAC:

A RAPID PARTICLE -SIZE ANALYSER OF SEDIMENTS AND SOILS

R. L. Haverland and L. R. Cooper
Soils, Water and Engineering Dept., University of Arizona, and
Southwest Rangeland Watershed Research Center, USDA -SEA -AR, Tucson, AZ

INTRODUCTION

Particle -size analysis is basic to laboratory and field studies of soil and fluvial sediment. An
improved method of making these measurements is desirable. Weiss and Frock (1976) reported results from
an instrument employing the principle of laser light scattering to measure particle -size distribution.
The instrument, a Microtrac* particle -size analyser, manufactured by Leeds and Northrup, was reported to
be of high precision and yielded reproducible results. We have used such an analyser for soil studies
over a two -year period.

Particle -size analysis of soils and fluvial sediment has previously been conducted principally by
The specific surface of a soil
sieving and sedimentation methods which are tedious and time consuming.
is largely dependent on particle size. Conventionally, specific surface of soils is estimated by measuring the retention of a uniform layer of molecules, such as glycerol, over the surface to be measured
(Kinter and Diamond, 1958).
The Microtrac particle -size analyser estimates specific surface by calculations based on particle size. Our purpose is to report on its performance as an alternative to the conventional pipette and hydrometer methods of soil particle -size analysis and glycerol method of specific
surface area.

METHODS AND MATERIALS

General Description and Operation of the Microtrac
The Microtrac measures particle size by low angle forward- scattering of laser light which has passed through a sample cell (Wertheimer et al., 1978). The laser light is produced by a helium neon source
of 0.6 microns wavelength (Fig. 1).
The nature of scattering is dependent upon the ratio of particle
The relationship of particle size to the intensity and
diameter to the wavelength of the laser light.
angle of scatter of the laser light, after light -particle interaction, is of prime importance in Micro Light intensity is directly proportional to the particle diameter squared, the angle of
trac theory.
light scatter is inversely proportional to the diameter of the particle (Jenkins and White, 1975).
STIRRING ROD
OPTIONAL 2SOP,1 CELL
SMALL
FRAUNHOFER PLANE
ROTATING

OPTICAL FILTER
PHOTO- DETECTOR
FIRED
SECTOR
DISE

SAMPLE

LENS I
SAMPLE CELL
2 FOCUSING
LENSES

LASER
NELIUM NEON SOURCE

O.EN, 3.35M*
TO

FOUR LITER
CM AMRER

DIGITAL PROCESSOR

Figure 1. -- Exploded view,of Microtrac system.

*Trade names are included for information of the reader and do not constitute endorsement by the United
States Department of Agriculture.
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Following the interaction of light and particle in the sample cell, the light passes through a
rotating Fraunhoffer plane opt'cal filter which has openings designed to accomodate light fluxes proportional to respective powers (d', d3, and d4) of the particle diameter. A photodetector and microcompuThe concenter convert the scattered light into numerical data describing particle -size distribution.
tration is displayed visually on an LED readout, and data is recorded by a digital printer.
Samples are put in aqueous suspension, if not already in that form, with two sample cells available
A 4 -liter chamber is used for an approximate range of
for use depending upon sample concentration.
2,000 -40 mg /1, and a smaller 250 ml chamber can be used for an approximate range of 400 -40 mg /l. Sampling error and background interference increases with lower concentrations, while very high concentrations introduce error due to increasing attenuation and multiple scattering. Thus, the Microtrac method
is particularly well suited to particle -size analysis of suspended sediment samples having low concentrations or where sample quantity is limited, since soil or fluvial sediment quantities of 0.01 g may be
Using the 4 -liter chamber, the sample is continuously
routinely analysed with the small sample chamber.
The 250
pumped from the cell between parallel glass lenses where the laser light beam is intercepted.
ml chamber is filled manually and mixed by a mechanical stirring rod.

Data is provided on 13 channels (size fractions) between 1.9 and 176 microns (um) yielding both
These size
channel percent and cumulative percent less than (or cumulative percent greater than).
ranges correspond to one -half phi intervals of the Udden -Wentworth scale as expressed by Krumbein (1934)
where phi = -10g2 (diam.) (mm).

This notation is widely used in sediment analysis.

Output includes a cumulative graph, a relative volume graph, cumulative and histogram data, and
Summary data consists of the values, in microns, at the 10th, 50th, and 90th
summary data (Fig. 2).
percentile points, the mean diameter of the volume distribution, the calculated mean specific surface
area, and a value (dv) representative of sample concentration (Fig. 2). Different combinations of these
Particle scanning time
outputs are switch -selectable and obtainable in % smaller and % larger modes.
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Figure 2.-- Typical data printout with selector switch at position 6, sizes % smaller.

Our work has shown 100 seconds to be ample measurement time
can be selected between 3 to 800 seconds.
for good analysis, although a 50- second analysis produces roughly similar results. The extremes of measurement time are provided to allow for a wide range of applications for industry and research. Samples
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may be repeatedly analysed to reflect particle swelling and aggregate breakdown processes. Tap water is
commonly used for circulation of the sample with the 4 -liter chamber by using a "Set Zero" switch before
introduction of the sample.
The unit thus provides background compensation for particles in the tap
water or stray minute dust particles on the lens system.
Deionized water, which has passed through a
0.45 um millipore filter, is used in conjunction with the 250 ml small sample chamber to insure minimal
background interference.
If desired, other solvents may be used as a carrier for the sample.
Following background compensation, the sample is put into the chamber for a short period (at least
30 seconds) to insure adequate mixing.
Between measurements, the chamber is drained and rinsed, with a
total time between samples of approximately one minute.
Using our techniques, approximately ten prepared samples may be analysed per hour.
Other Microtrac units are available which are capable of analyses in the ranges as follows:
7991 -1, 3.3 -300 um, Model 7991 -2, 16 -1000 um, and

Model

Model 7991 -3, 0.12 -20.50 um.

Design of Experiments

In our experiments, tests were conducted using the 4 -liter sample chamber.
Our experiments were
designed to provide insight on the relationship of the printout parameters to changes in concentration,
soil texture, and dispersive techniques.
In addition, Microtrac specific surface area data is compared
with data obtained by Post (1977) who used the glycerol method (Kinter and Diamond, 1958) on subsamples
of the same ten soils.
Soils for all experiments were selected so as to provide a wide range within
which the vast majority of sediments could be texturally classified.

Sample Preparation

Sample preparation and dispersion remain important factors for satisfactory analysis. Our sample
dispersion was accomplished by a combination of two treatments, a chemical dispersant, and the subsequent application of ultrasonics immediately prior to analysis.
The chemical dispersant consists of
53.52 g Na2P07 and 4.24 g Na2CO3, in one liter of distilled water (C.L. Lameris, 1964), which is added
to the soil at a ratio of 1 ml dispersant /1 gram soil.
A 350 watt, 20 KHz ultrasonic probe with a 1/2inch disruptor horn was submerged
into the soil solution, and ultrasonics were applied for 30 seconds.
Following this dispersion, each sample was wet- sieved with an ASTME No. 80, 180 um sieve, 176 um being
the upper size limit of this Microtrac model.

RESULTS AND DISCUSSION

The effects on specific surface area of chemical and ultrasonic energy pretreatments for dispersion
are shown in Fig. 3.
The dispersed soil consistently has a higher specific surface area (CS) indicating
the destruction of aggregates.
This phenomenon is more dramatic with finer textured soils such as the
Guest clay.
1.2

VISTOS LOAMY SANO, DISPERSED

-- VINTON LOANY SANO, NONDISPERSYO

- COMORO SANDS LOAN, DISPERSED
- - CONGRO SANDY LOAN, NONOI
-+- GUIST CLAY, DI
SLIEST CLAY, NONDISPERSCD

S

á0
9

0.4

\
00

2

4

6

GRAMS OF AIR DRY SOIL

Figure 3. - -The effects on measured specific surface

area of chemical and ultrasonic energy
pretreatments for dispersion.
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The sample concentration parameter is a system volume response number (dv) obtained by sensing the
light which has passed through an opening in a solid disc. The opening is designed for the transmission
The relationship of dv to sample
function to have a (d3) third power response to the particle diameter.
weight and soil texture is shown in Fig. 4. There is a definite influence of the textural (relative %
This
sand, silt, clay) characteristics of the sample upon the dv response to increased sample weight.
The coarser
influence can be avoided by removal of the clay fraction prior to Microtrac measurement.
The finer clay rich
textures produce much larger dv's at heavy concentrations such as 6 or 8 grams.

samples never produce very high dv's such, as 1.0, and peak at lower concentration values and then
The decrease in slope can be viewed as an "overloading" on the optical analyser; therefore, we
decline.
generally recommend 3 grams as optimum for the 4 -liter chamber regardless of sample texture.
- COIIOAO SANDY LOAM

I.

YINION LOAMY SANO
NONALL SANDY CLAY LOAM
LOAN
ONSST CLAY
HOUSTON CLAY
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Figure 4. --The relationship of sample concentration (dv) to soil weight and texture.

As long as sample loading is within the suitable range, the dv is directly proportional to the
total volume. Variations in particle density (but to a much lesser extent than optical considerations)
If particle density can
affect the relationship between Microtrac dv and grams of material in the unit.
Clays may have densities as low
be approximated, the dv number can be used to indicate sample weight.
as 1.2 g /cc, while sands may be approximately 1.6 g /cc.
Figure 5 is a comparison of the glycerol method of specific surface area (Post, 1977), with the
Microtrac particle -size determinations
Microtrac optical determination of specific surface area (CS).
basis of a volume distribution; the surface is then calculated from the
are initially computed on the
thirteen segments of the volume histogram and expressed as me /cc. Glycerol specific surface area is in
Glycerol values are for laboratory analyses for the less than 2.0 millimeter fraction,
units of m2 /g.
The linear regression yielded
whereas Microtrac data is for a range of 1.9 -176 microns.
Y = 166.7X - 23.2

r2 = 0.93

The correlation is viewed to be in excellent agreement,
where X = Microtrac data and Y = pipette data.
especially when the differences in measurement range and methodology are considered.

SUMMARY
soil
and fluvial sediment
a valuable instrument for
Our study has shown the Microtrac to
The Microtrac is capable of showing the results of aggregate destruction, and therefore may
be used to infer the relative degree of aggregation of various soils and fluvial sediments. Instrument
parameters of concentration and specific surface area operate in a useful and accurate manner. Another
major advantage of the Microtrac method is the speed and ease by which the measurement is performed.
The same number of samples would require
Approximately ten prepared samples can be processed per hour.
be

research.
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approximately 3 1/2 hours by X- ray -sedimentation analysis (Welch, 1979). Electronic analysis by the
Coulter counter is approximately twice as fast as the pipette method (Pennington, 1979), and 10 samples
by pipette would require a full 8 -hour day. We believe the Microtrac represents an attractive method for
rapid particle -size analysis.

0.2

0.4
O6
0.8
1.0
SPECIFW SURFACE AREA lm' /cc) MICROTRAC METHOD

Figure 5. - -A comparison of specific surface area values for 10 Arizona
soils obtained by glycerol and Microtrac methods.
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HYDRAULIC EFFECTS OF VEGETATION CHANGES ALONG THE SANTA CRUZ RIVER CHANNEL NEAR TUMACACORI, ARIZONA

Lee H. Applegate
U.S. Geological Survey, FB 44, 301 W. Congress Street, Tucson, Arizona 85701

ABSTRACT

In December 1967, the main channel of the Santa Cruz River between the mouth of Potrero Creek
Since then, a rising water table, augmented by sewage effluent,
and Tubac was clear of vegetation.
has supported a vigorous riparian growth that has dynamically altered the hydraulic characteristics
of the channel. A detailed series of aerial photographs, taken at 2 -year intervals, records the
Changes in boundaries of flood -prone areas along a
development of this vegetation through 1980.
1 -mile reach near Tumacacori were calculated by applying roughness coefficients and other channel
characteristics obtained from field measurements to vegetation distributions shown in the photoThe resulting ranges of 100 -year
graphs and by performing step- backwater analyses of the data.
flood profiles and boundaries in the reach were shown.
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INTRODUCTION

Since appearance of the Hohokam Indian irrigation canals in the Salt and Gila
river valleys, Arizona has been confronted with problems of water management. In more
recent times with an increased dependence on ground -water supplies, effective water
management has been a principal source of political conflict in Arizona. The purpose
of this paper is to identify and describe the major political forces and consequences
Historical developments
of change involved with Arizona ground -water reform.
surrounding evolution of ground -water policy are examined to interpret these forces
and consequences of change.
One of the greatest failings common to Western water law doctrines has been their
inability to control ground -water overdraft (Johnson, 1980).
Western ground -water law
is typically, but with minor exceptions, a patchwork of legal precedent which evolved
Technical knowledge of ground -water
in the absence of coherent statutory code.
resources was at best incomplete and unreliable during early formative states of
Western ground -water law. As a result, the traditional notions of property rights in
concert with the political power of entrenched users have in some areas of the
Southwest impeded legislative development of effective ground -water management
(Chalmers, 1974).
When Western states have addressed ground -water management they have followed
Changes in water law tend to occur
relatively predictable patterns (Johnson, 1980).
Most efforts at ground -water reform are not perceived by existwhen crises develop.
ing users as being beneficial to them, instead they frequently view such action as an
effort to extinguish or reduce their source of supply rather than to prolong it. As a
consequence, such reform is reached primarily as a matter of agreement among competing
water uses such as recently occurred in development of ground -water legislation in
Arizona.
Arizona shares in acute form most of the ground -water management problems and
historial development of legal doctrine experienced by other Western states. The main
body of Arizona ground -water law has developed piecemeal through the courts and like
other case law it developed as a result of conflicts among individual users over their
Prior to 1980, most of the ground -water law had been
immediate and specific needs.
created either by judicial opinion or enacted in response to judicial decision
(Goodman, 1978).

Historically, the need for ground -water control was generally recognized in
Arizona, but devising a lay; to accomplish the purposes of management without damaging
or interfering in special interests involved with a strong agricultural enterprise
seemed practically impossible (Johnson, 1977).
Thus, reluctance to part with the past
loomed large in shaping the future of Arizona ground -water law (Goodman, 1978).

Past politics of water policy development in Arizona reveals a political style in
which federal, private, and local interests have dominated, while the state's fragmented
and decentralized administrative organizations have played a limited and subordinate
role (Cortner, 1977).
Consequently, rather than initiate policy reform, the state's
principal role has been to support policy initiatives of other interests. Likewise,
in the past the Legislature has been more willing to take policy action which will not
alter the existing water arrangements than affirmative action, such as revision of the
ground -water code, which would require change and jeopardize the political equilibrium
which has been so carefully achieved and cultivated (Thomas, 1972). Convinced that a
subordinate role was in the state's best interests, the state neglected to build the
administrative structure in which long -term comprehensive water management and policy
development could occur.
As a consequence, legislative action has in the past been
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generally initiated in a crisis environment.

Water politics in Arizona can be characterized by several recurring themes
A second major theme
dominated by a strong influence of distributive politics.
involves the dominance of major water users who have maximized their influence through
a process of cooperation and coalition building among themselves and a network of cooperation with agencies and representation within the state legislature.
In brief, Arizona ground -water policy has shifted from the classic distributive
policy mode resulting from case law and a reluctant legislative process to a redistributive policy by virtue of recent comprehensive and deliberate legislation.

FORCES AND CONSEQUENCES OF CHANGE
A theoretical framework identifying the most important variables and describing
political relationships involved in policy development is useful at the outset. Two
such frameworks useful in analyzing the forces and subsequent consequences of recent
Arizona ground -water policy reform are proposed by Lowi, and Salisbury and Heinz.
Lowi's (1964) diagrammatic typology of political relationships and arenas suggests a
descriptive model and provides a distinction among different types of policy and their
characteristic elements without suggesting any sequence of policy evolution. In turn,
the framework proposed by Salisbury and Heinz (1970) suggests a prescriptive model and
develops a sequence of policy evolution based on the interaction of key political
variables.

Elements from the two frameworks can be adapted and then employed conjunctively
to define and analyze the forces driving the recent ground -water policy reform in
Although this conjunctive framework is useful, it should be noted that a
Arizona.
case study of Arizona ground -water policy does not in all instances fit neatly and
precisely into these frameworks.
In the Lowi paradigm, policies tend to be classified in terms of their general
characteristics within one of the following three fundamental policy arenas: distribuThe distributive arena charactertive, redistributive, and regulative (Mann, 1975).
ized by diffuse costs and widely distributed benefits exhibits political relationships
Distributive policies
which approximate mutual non - interference and accommodation.
are best understood as cooperation and consensus rather than conflict and compromise
(Lowi, 1964). In Arizona's experience with recent ground -water reform these disaggregated decisions were initially made in the private sector based on the market economy.
Indeed, Arizona ground -water policy prior to the 1980 reform legislation approximated
the classic case of distributive politics.

According to Lowi, redistributive policies cut across broad classes of interests
and result in a high level of conflict in the reallocation of benefits. A controversial and far reaching 1976 court decision precipitated the attempt to redistribute
A Groundwater Management Study Commission was created to
ground -water resources.
Therefore, the redistributive arena brought
reallocate this diminishing resource.
together "water elites" to formulate a redistributive policy.

The regulative arena suggested by Lowi also seems applicable to reform of Arizona
This policy arena is characterized by conflict and confrontation
among interest groups in an unstable environment as the balance of power shifts. A
regulatory policy is distinguished from a distributive type in that in the short run
the regulatory decision involves a direct choice as to who will be indulged and who
In the Arizona case, the regulatory policy promoted by the
deprived (Lowi, 1964).
Groundwater Management Act deprived agriculture of its stranglehold on this resource
The ground -water policy ultiand indulged the other primary state water interests.
mately formulated tended to be the residue of the interplay of group conflict (Lowi,
ground -water policy.

1964).

Salisbury and Heinz (1970) propose a theoretical framework useful in predicting
This
a sequence of evolution through the fundamental policy types described by Lowi.
framework is based on the interaction of key variables consisting of the decision process and decision costs arranged in a matrix with the demand pattern variable in
Adaptation of this
relation to their relative degree of fragmentation- integration.
framework to a case study of Arizona ground -water policy reform has utility in
Policy
types
resulting
from
the application
analyzing the evolution of such policy.
of this framework to both the decision process and associated decision costs relative
to the demand pattern variable are characterized by Salisbury and Heinz in a four
component matrix as distributive, self -regulative, redistributive and regulative. This
matrix and the interaction of relevant variables is depicted in figures 1 and 2 at
the end of the paper.
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In an application of this analytical framework, Salisbury and Heinz hypothesize
that if decision costs to policy makers exceed a certain level, structural decisions
establishing guidelines and structures of authority to allocate policy consequences
are preferred to allocative decisions which confer policy consequences directly.
Accordingly, where the costs of allocative decisions are high, state legislatures are
likely to make structural decisions; that is, they are inclined to delegate
decision -making responsibilities to the interest groups involved or to defer to some
other decision -making process such as the courts (Ingram, 1979B).
In the case of previous initiatives for Arizona ground -water reform, decision
costs consisting of both information and negotiation costs were relatively high
These decisions in turn resulted
resulting in a preference for structural decisions.
in either legislative or administrative delegation of responsibility to three special
study commissions or a preference to defer resolution of ground -water conflicts to the
It becomes apparent that any legislature would have
courts for an allocative decision.
great difficulty with such delicate issues as ground -water reform had they attempted to
initiate and develop legislation themselves. Therefore, in the case of Arizona the
the structural decision to delegate responsibility and ratify allocative policy proposals
Ingram et. al. (1979B) also conclude that if
was a great deal less costly to achieve.
interest groups negotiate agreement, as in the case of the 1980 Arizona ground -water
reform legislation, the risks of offending important interests are lessened and legislators are willing to ratify decisions made outside the legislature. In some instances,
as was the case of legislative initiatives for Arizona ground -water reform preceding
the 1930 legislation, the demand pattern can become so intense and diffuse that the
decision -making body throws up its hands in despair enacting only symbolic legislation.

In addition to structural decisions, the preceding framework also predicts that
regulatory policy will ultimately result when demand is fragmented or diffuse and the
costs of making allocative policy decisions are too high (Salisbury and Heinz, 1970).
Applying two variations of this framework involving the demand pattern variable relative to the decision process and decision costs, the regulative policy resulting in
Arizona ground -water reform can be explained and is achieved indirectly as the demand
pattern and associated decision process undergo a transition from a fragmented to an
Initially, the diverse ground -water interests were in a fragintegrated character.
mented demand pattern and likewise the decision process was itself fragmented, both
As both the demand pattern and decision process
with overriding high decision costs.
moved from the distributive portion of the matrix toward integration through activities
of the Groundwater Management Study Commission, the result was redistributive policy
represented by the compromise proposal for legislative reform. Once legislative
reform was ratified by the Legislature and particularly as the resulting 1980 Groundwater Management Act is implemented the decision process was and could become more
institutionalized resulting in regulatory policy as prescribed by intent of the 1980
Therefore, through combined political and administrative forces the policy
Act.
type has shifted from distributive policy through an interim redistributive policy and
possibly to regulative policy as implementation is realized.
In the analysis of policy formulation, Mann (1975) suggests that in the important
policy arena of water politics there are characteristic patterns of interaction among
distributive, regulative and in some instances even redistributive policy. That is,
policy arenas frequently have a tendency to be diffused among one another. Further,
policy may not be hammered out in either a distributive or a regulatory mode, but in
the interaction between these modes. According to Mann (1975), policy making often
does not reflect one pure -type of policy but rather reflects the very complexity of
In fact, the evidence with regard to water policy suggests that the
the policy itself.
distributive mode tends to persist as a residual throughout the process of evolution.
Such a notion of mixed- policy types could be applied to recent development of Arizona
ground -water policy.

In short, the sequential transition of policy types from distributive to redistriIn the case of Arizona ground -water
butive to regulatory is at best problematic.
reform, it is this latter policy evolution, from redistributive to regulatory, which is
This is likely since the impacts caused by state regulation of ground -water
tentative.
This disruption of the
use will not come about for some time but will occur gradually.
policy sequence as the primary interests attempt to change the policy to accommodate
Thus, the actual evolutheir respective ground -water use patterns is then possible.
tion may not be dramatic and the ultimate impact of the regulatory policy could be
minimal.
HISTORIAL OVERVIEW
A historical account of the development of ground -water policy in Arizona provides
a useful perspective from which to examine the principal forces of change driving the
evolution of such policy.
Political conflict among and within diverse interest groups
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is interspersed throughout this exotic history. Changing social attitudes and political challenges continued to alter the existing institutional framework of the water
policy -making process in Arizona ultimately shifting the process from a judicial arena
to the legislative arena.
Due to legislative reluctance, development of much of Arizona's previous
As a result,many early judicial decisions
ground -water law has been left to the courts.
demonstrated the inability of courts to deal with the complex issue of ground -water
conflicts with which they had little technical expertise or scientific information.
This body of case law frequently did not recognize the physical realities of
ground -water use and was not sufficiently flexible to meet the changing needs and
Consequently, the judicial arena has proven inadepriorities (Final Report, 1980).
quate to resolve the complex ground -water conflicts in Arizona.
Serious efforts at ground -water legislation began in Arizona during the 1930's as
increased development created concern about adequacy of the state's ground -water
In 1937 an ad hoc study committee appointed by the governor agreed that some
supplies.
change was desirable but could not concur on any proposed legislation. In 1945 two
bills to regulate the use of ground water were introduced with the support of the
During the spring of 1945, following the legislative session, proponents of
governor.
ground -water reform gained an unexpected ally (Dunbar, 1977). The U.S. Bureau of
Reclamation noted that it would not support approval of a proposed Central Arizona
Project (CAP) unless and until the state took steps to restrict agricultural consumpThat is, it was the CAP proposal that finally tilted the scales
tion of ground water.
in favor of legislative action in the mid 1940's (Mann, 1960). Immediate result of
this federal pressure was passage of the Groundwater Act of 1945, Arizona's first
ground -water legislation which provided for information on existing wells and acquisition of ground -water data, but no effective management program.

Between 1945 and 1948 in the midst of an economic boom and prolonged drought
placing increased demands on the ground -water supplies, several attempts were made to
Unable to obtain passage of a
draft and enact a more restrictive ground -water code.
code in the 1947 legislative session, the governor called the Legislature into special
session three successive times before a more elaborate code was enacted. The final
special session in which three bills were introduced was successful with enactment of
the Groundwater Code of 1948 which provided for the designation of critical
ground -water areas to restrict new agricultural development in areas of severe overObviously, this legislative action was more in desperation than true conviction
draft.
to serious ground -water management, yet it remained as Arizona's basic ground -water law
relatively unchanged for thirty -two years, until the more recent 1980 legislation was
enacted.

Soon after passage of the 1948 Code another legal challenge was made on the theory
of private ownership of percolating ground water in the original case of Bristor vs.
Also late in 1951, the Secretary of Interior
Cheatam, 1952 (referred to as Bristor I).
again rather pointedly raised the issue that Arizona needed a more effective
ground -water code.

Meanwhile, the Arizona Supreme Court was wrestling with what proved to be a far
reaching and controversial ground -water issue in Bristor I. Before the Court reached
a decision, the governor had established the second study committee to reinforce the
While this commission was still struggling with the principals
1948 Groundwater Code.
of public ownership of percolating ground water, the Supreme Court reached a narrowly
split decision in Bristor I declaring ground water to be public property subject to
appropriation, supporting the apparent direction of the Commission's recommendations
Advocates of strong ground -water code took heart from this decision
(Johnson, 1977).
and felt this cleared the way for positive action in the 1952 legislative session
Under
tremendous political pressure, the Court granted a re- hearing
(Mann, 1960).
formally announcing that it would re- consider the original Bristor I decision and in
essence indicating an impending reversal of that decision. Such action culminated in
Bristor II restoring the notion of private property and the doctrine of reasonable use.
In response to the Bristor I decision and the pending legislative reform, opponents
had projected irreversible harm to Arizona agriculture and economic doom. In fact,
threats and prophecy of economic doom have historically been the hallmark of Arizona
It would have been a break with tradition to ignore
ground -water law (Goodman, 1973).
Effectiveness of the opposition in bringing about the
these threats and prophecies.
reversal of Bristor I and thwarting the pending reform legislation is evidence that
their political positions had been long entrenched. For years, agricultural interests
have held an apparent hammerlock on Arizona ground -water policy and have steadfastly
resisted even the most moderate change. Legislative history of the state since 1912
indicated an inadequacy to break the power of this economic interest group.
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Until the most recent legislative activity, interest in ground -water legislation
During the intervening period of twenty -six
in Arizona virtually ceased in 1954.
years prior to enactment of the 1980 ground -water code, the state courts again stepped
into the breach with additional decisions which further weakened the 1948 Groundwater
Code.
In the meantime, when Arizona found itself involved in a U.S. Supreme Court suit
to prove its right to divert Colorado River water and the Central Arizona Project (CAP)
issue was shelved until 1963, the driving force for ground -water law reform was lost
(News Bulletin, 1980). When the court battle over allocation of Colorado River water
was decided in Arizona vs. California (1963), the CAP proposal was resurrected in
Congress and the issue FE ground -water regulation was also revived.
Then in 1976 the Arizona Supreme Court handed down the Farmers Investment Company
vs. Bettwy decision (FICO), a highly controversial case which severely restricted the
transportation of ground water from an existing critical ground -water area by municipal
and industrial users in favor of an agricultural use. The resulting impact was clear
producing an imminent and serious threat to the City of Tucson's water supply and
ground -water use by five area mines. This decision created a new atmosphere of crisis
In fact, the FICO decision sent enough
among ground -water users throughout Arizona.
shock waves through the economic and political leadership/of the state to bring about
comprehensive re- examination of Arizona's archaic ground -water laws (Pontius, 1980).
Responding to this impending crisis, in 1977 the Legislature amended the 1948 Critical
Groundwater Area Code to permit, or more accurately legitimize due to the FICO decision,
the selective transportation of ground water as an interim solution.
This legislative action, referred to as the Groundwater Management Act of 1977,
also established a specially structured Groundwater Management Study Commission to
prepare comprehensive legislative recommendations. This, the third such study commission in Arizona's history, had a unique composition and mandate involving more authority and political clout than any of the previous commissions by virtue of including a
combination of legislators and representatives of the major water -using interests.
The membership of this commission recognized the historic political nature of Arizona
ground -water problems in an obvious attempt to assure ultimate acceptance of the recommendations by the Arizona Legislature.
This newly established Groundwater Management Study Commission met initially in
November 1977, to begin its arduous task of developing a comprehensive ground -water
management code. Following intensive debate, a strong coalition developed between
urban and industrial interests commanding a majority of the members. The Commission then
completed its draft recommendations in June 1979 with the agricultural interests
dissenting and issuing their own minority report. Significantly, for the first time in
Arizona's history urban, mining, and other industrial interests had been able to impose
their will in the proposed draft of a new ground -water law.
After a series of state -wide hearings to receive public comment, the original
legislative proposal was judged to be too damaging to agricultural interests thus
dooming its chance of enactment as law. Using the draft recommendations as a framework
for intelligent debate, further negotiations among agricultural, municipal and mining
interests continued within the Commission membership resulting in tentative agreement
in a working document referred to as "Concepts for Agreement ". This document provided
for centralized state management, allowed increased sales of ground -water rights,
eliminated the option of pro rate reduction and set forth a more specific management
program (Final Report, 1980).
In November 1979, when further progress at compromise broke down, Governor Bruce
At this point in a repeat of history, Interior Secretary Andrus
Babbitt intervened.
Through the
again used the CAP as federal leverage to expedite ground -water reform.
Governor's persistent, skillful and dedicated leadership in a six -month series of
private, informal negotiating sessions by a seven member self- appointed delegation
representing the three principal interests of the Commission, referred to as the "Rump
Group ", a successful but delicate compromise of substantive issues was negotiated.
Legislation was drafted by the Commission staff, introduced in a special legislative
session convened by the Governor and passed with limited debate. This legislative
The 1930 Groundwater
action took place in a record seven hours on June 11, 1980.
ilanagement Act was signed into law by a victorious Governor Babbitt on June 12, 1980.
After nearly half a century of political conflict, judicial decision and legislative inaction, Arizona had enacted a ground -water code, heralded as the most progressive
in the Western states, with which to initiate "after the fact" management of the
state's dwindling ground -water supplies.
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IMPLICATIONS AND IMPLEMENTATION
Future implications of the 1980 Arizona Groundwater Management Act are potentially
tremendous but remain untested as implementation proceeds. This legislation, which
repeals and otherwise supplants all previous legislation in Arizona, provides for the
designation of ground -water basins as active management areas (AMA's). Ground -water
withdrawals within designated AMA's will be managed pursuant to the statutorily prescribed goal of safe yield through implementation of management programs developed by a
highly centralized and authoritative state Department of Water Resources with broad
powers over water management and policy issues. Mandatory conservation by all
Other
ground -water users provides the cornerstone for achieving management goals.
principal methods of management include permanent retirement of irrigated lands, imposition of a pump tax on all ground -water withdrawals, prohibition of development of
subdivided property without an assured water supply and augmentation programs to balance
supply and uses in ground -water basins.
The Act establishes several classes of grandfathered rights protecting extant
ground -water uses within active management areas and permits the market of such rights
when relinquished to other uses. In addition to grandfathered rights, the legislation
provides for six types of special permits for establishing new ground -water uses which
Thus, the Act is clearly premised on the exercise of the
are otherwise prohibited.
police power to regulate the withdrawal and use of ground water.
If interpreted literally the intent of the 1980 Groundwater Management Act is
it
clearly regulatory. In the declaration of policy, the Act states in part that, ".
is necessary to conserve, protect, and allocate the use of groundwater resources of the
state and to provide a framework for the comprehensive management and regulation of the
withdrawal, transfer, use, conservation and conveyance of rights to use the groundwater
Still, the
in this state." (Arizona Revised Statutes Annotated, Section 45 -401).
intent of the Code and its effective implementation are hampered by a number of potenFor the state of Arizona to move from ground -water policy of previous
tial obstacles.
nonmanagement to one of strict regulation and ultimately mandatory conservation presents
intriguing problems of political and economic feasibility.
.

To regulate the allocation and use of ground water, the Act created a powerful
Investing
director and a centralized state agency, the Department of Water Resources.
a new director and Department of Water Resources (DWR) with significant power has
presented an array of potential political problems. The governor's power to appoint
key personnel such as the director and local Active Management Area (AMA) Advisory
Council members makes these selections both politically and economically sensitive.
Related to the sensitive nature of the director's selection is the vast discretionary authority vested in him by way of enforcing the Code. This authority enables
the director to determine the maximum water duties used by agriculture in AMA's, set
permissible conservation goals for cities and industry, approve management plans to
conserve and reduce withdrawals in critically overdrafted areas, and file for civil and
criminal penalties for violations of regulations. The lack of specific goals for the
reduction of ground -water overdrafts, the ability to designate AMA's where ground -water
overdrafts require it, the issuance of permits to drill wells, and approve land develThis discretionary
opers' water supplies all contribute to a powerful director's role.
It emerged as a
power was not the original intent of the Study Commission members.
result of the Commission's attempts to avoid dealing with certain fundamental differences between the competitive agriculture, mining, and urban interests for which there
was little hope of resolution.
Another institutional problem which could hinder implementation is one of local
application and enforcement of the Code. The centralization of power at the state level
and a relatively weak local agency portends of an institutional gap. AMA directors,
with the recommendations of an Advisory Council, are responsible for implementation of
the Code within their managed areas;but may lack sufficient authority or coercive
An operational agency existing between the
capability to ensure local compliance.
state and local level or the extension of greater authority to the local AMA director
appears necessary for effective implementation.
A final institutional impediment to effective implementation is the need for
The Code is only as effective as its implementation and
adequately funding the DWR.
Departmental staffing appears to be crucial
the department which administers it.
to fill gaps in the Act through extensive administrative effort. Should the state
legislature become niggardly in its appropriations for staffing and operations of the
DWR the Code's regulatory impact may be minimal in reducing ground -water overdrafts.
Beyond the limited desire to make sound public policy for the allocation of a
threatened and diminishing resource there are few economic incentives to comply with
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the Code.

To finance
Statewide agriculture currently uses 89% of the ground water.
implementation of the Code, a pump tax will be imposed on all ground water withdrawn.
Thus, agricultural use of ground water will be the primary source of funding for the
DWR in addition to its legislative appropriations.
There are limits on the amount of
the pump tax, but it is ironic that agriculture will at least in part pay for its own
demise as the director begins using those revenues to purchase agricultural land to
retire its ground -water rights to achieve the safe yield goal.

The Code is data intensive with high information costs.
Details of record
keeping could become a constraint to implementation. The director's power to determine
water duties for irrigated agriculture, will depend on accurate information from
irrigators.
Such record keeping and determination of water duties is an enormous task
which will add a significant amount to the administrative costs of implementation.
The success of the ground -water code is ultimately dependent on the principal
ground -water users who formulated it.
The compliance of agriculture, the mines, and
cities revolves around their perceptions of economic and political feasibility and,
more importantly, the compliance of their competitors for this limited ground -water
supply.
Each interest sees problems in the Code which they hope to rectify through
legislative amendments. Such problems and jealousies could further erode the DWR 's
ability to implement the Code.

As mentioned earlier, several contentious problems were not addressed or resolved
by the Commission.
The Commission failed to address such issues as water quality,
Indian rights to ground water, other questions of federal versus state jurisdictions
over ground -water rights attached to federal lands, and conjunctive use.
As suggested the intent of the Code is to regulate and conserve ground -water
resources.
Implementation is a cumulative, sequential management process over
forty -five years achieving the safe yield goal in 2025.
Initial requirements beyond
well registration and water -use reporting are minimal, allowing sufficient time for
agriculture to comply.
The conservation requirements become more stringent over time,

however, so that the real tests of support for and compliance with the Code will not
come until at least 1990 and more importantly, 2006, when the director may begin
purchasing and retiring agricultural lands to obtain ground -water rights.
While there
seems to be ample time to reduce ground -water use there is also time to amend the Code
or challenge its constitutionality as the political and economic winds shift in favor
of the vote -laden urban areas and high employment mining industry.
Although the 1980 Act is a product of the process of agreement and has met the
initial test of political compromise, a great potential for constitutional challenges
and extensive amendment remains.
The regulatory policy promoted by the Groundwater
The
Management Code is, therefore, subject to significant implementation problems.
predicted policy sequence in the next phase involving redistribution of ground -water
supplies from agriculture to the municipal and industrial interests to one of stringent
The policy shift will likely not be
regulation is, at best, uncertain and problematic.
dramatic occurring gradually over forty -five years. Potential difficulties with
implementation may disrupt an effective transition from the predicted redistributive
Thus, the ultimate destiny of this fragile legislative
to regulative policy sequence.
compromise remains to be seen.
The 1980 Groundwater Management Act has vast implications in Arizona, because it
will likely dictate the state's economic mix, growth patterns and demographics for the
foreseeable future.
The success or failure of this historic legislation will depend
on implementation of the complex management process it prescribes and the inevitable
legal challenges over the next several decades.
CONCLUSIONS

Based upon Arizona's tumultuous history of ground -water policy it is indeed
remarkable that a law which so revolutionizes the management of ground water in Arizona
was enacted. Out of political and economic necessity, this legislation is the product
of a delicate compromise negotiated among competing ground -water users achieved through
the process of agreement.
Political forces of change have shifted Arizona ground -water policy from the
classic distributive policy to redistributive policy.
The predicted shift from the
redistributive mode to regulatory policy is tentative, replete with potential problems
of implementation and subject to disruption as the implementation process proceeds.
The forces driving this phased policy sequence are characterized by repeated federal
threats affecting a major reclamation project and special interest group pressures
combined with the physical realities of ground -water overdrafts.
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If change is to come to distributive water politics, it will not come from the
public and their elected state representatives, since there appears to be minimal
political incentive for legislators to initiate action on water issues (Ingram, 1979A).
As an example, the recent initiative producing extensive ground -water reform in Arizona
came from a strong coalition of major interests, dedicated leadership of the governor
and federal coercion. After the primary decision costs had been incurred, the initiative was then ratified by the Legislature in subsequent legislation absent the tremendous political costs otherwise inevitable to the legislative process.
In the broader context of water resources planning, the Arizona experience
suggests a changing role for the planning process at all levels of government.
Meanwhile, recent Arizona ground -water reform has introduced a new management tool to
the statewide planning process which moves far beyond other states with similar
ground -water overdrafts.
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FIGURES
Figure 1.

Interaction of demand pattern and decision process variables.
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Interaction of demand pattern and decision costs variables.
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