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ABSTRACT
Plans to transport water into central and southern
Arizona, such as the Central Arizona Project portion of
the Southwest Water Plan, will not satisfy water requirements in the near future.

It is therefore essential that

better use be made of the water falling as precipitation
on the basins tributary to southern Arizona.

The best

water producing area in this region is called the Central
Highlands, and is the area under study in this thesis.

Although previous workers have completed studies for parts
of the Central Highland region, rainfall-runoff relations
for the whole area are not available.

Relations between rainfall and runoff are expressed
in terms of correlation coefficients and runoff ratios.
These factors are also discussed in relation to various
basin characteristics.

A general decline in both correla-

tion coefficients and runoff ratios is noted, and is

believed to be associated with the decline of precipitation
in the Southwest.

It is shown that generally higher correlations are

obtained between runoff in the Verde basin and that in each
of the others, than between runoff and precipitation within
the same basin.
vii

INTRO DUCT ION

In an arid, region, such as Arizona and western

New Mexico, growth and development are very much dependent
on the available water supply.

If continued growth and

development are to take place, as predicted, additional
water supplies must be obtained, because under present
demands, developed surface water supplies are not sufficient.

Therefore, the balance between demand and supply is being
maintained. by ground water, which is being withdrawn at a

rate exceeding recharge.

In an attempt to increase the water supply for
Arizona, considerable emphasis has been given to the
Central Arizona Project", in recent years.

This project,

if approved, would bring Colorado River water to the central
and. southern portions of Arizona by a system of canals,

reservoirs, and pumping stations.

This would reduce the

draft on local supplies; however, this Colorado River
water would. not be sufficient to halt present deficits,

let alone allow for future growth.

Another plan, called the "North American Water
and Power Alliance" (NAWAPA), would bring water from the
northwestern parts of Canada to various portions of the
United States, including Arizona, on a much larger basis
1
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than the

Central Arizona Project".

This plan, if approved,

may increase the water supply of this area by an amount
sufficient to stop present groundwater drafts, and also
allow for future growth.

However, this plan is still in

the preliminary stage, and numerous political, financial,
and engineering problems must be solved before its realization.

This means that at best it would be two or three

decades before any water would be available to Arizona from
the far north.

About the only other possibility for importing
water in sufficient quantities, since most of the other
basins in the western United States have similar shortage
problems, is to transport desalinized ocean water into the
Arizona and western New Mexico area.

At present, the costs

of producing this water are rather high, and when transportation costs are added, irrigation economies can not
afford this high priced water.

Therefore, unless substantial

improvements in production and/or transportation methods,

and thus lower costs, are made in the next few years, it
is doubtful that this source of water will be exploited.

The other alternative for increasing the water
supply in this area, since methods designed to increase
precipitation have not proved too successful, is to make
better use of the water that is available.

This may be

accomplished by alteration of the watersheds to increase

3

runoff, lining of distribution canals, reservoir evapora-

tion reduction, or various other methods.

It was somewhat from this latter point of view
that the present study was instigated.

The purpose was

not actually to develop or test methods to increase runoff, reduce canal losses, or suppress evaporation, but to
determine as accurately as possible the quantities of water
that fall as precipitation on the various basins tributary
to central Arizona.
use.

This water would thus be available for

It was also important to investigate some of the

relationships between available water and runoff on the
various basins in the study area.
The main purposes of' the present study can be

stated in question form as:

What is the relationship between rainfall
and runoff on the basins studied, and what
factors affect these relationships?

What is the relationship between runoff on
the Verde basin and that in nearby basins?

How do results of determinations of average
basin rainfall compare with results of previous studies?

Another question that arose during the study that
may be of interest is:
L.

Are estimates of missing records based on
transformed data more accurate than those derived from non-transformed, non-normal data?
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In addition to attempting to provide answers to
the above questions, it is believed that this study is
of value in that it adds additional data to the literature
in both time and space.

This is because most previous

studies, which are now several years old, have been confined to the Verde, Salt and Tonto watersheds.

CHARACTERISTICS OF STUDY AREA
Location and Extent of Study Area
The six sub-basins of the Gila River basin,

which comprise the area under investigation in this thesis,
lie in central and east central Arizona, and southwestern
New Mexico.
west and i1L

The area is enclosed between longitudes 1O7
west and between latitudes 32

north (See Figure 1, in pocket).

north and 36

This area is generally

referred to as the Central Highlands.

The total areal

extent involved, is 20,089 square miles, with the following
distribution in the six sub-basins (U.S. Geological Survey,
195)4W):

Verde Basin

6185 square miles

Tonto Basin

675 square miles

Salt Basin

LI3O6 square miles

San Carlos Basin

1027 square miles

San Francisco Basin

2766 square miles

Upper Gila Basin

7896 square miles (includes
San Francisco Basin)
Climate

The climate of the Central Highlands of Arizona
and western New Mexico varies considerably with respect
5
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to elevation, and to some extent to direction of prevailing
winds.

The great range in elevation divides the area into

three main climatic zones.

In general the lowlands

feet or less) have a desert climate, the highlands
to

5,500

(3,500
(3,500

feet) have a steppe climate, and the mountains

and plateaus (above

5,500

feet) have a humid climate.

The

type of precipitation that falls is dependent on the elevation and the season of the year.

In the summer most of

the precipitation falls as rain from convective thunderstorms.

In the winter frontal storms are common and snow

falls at higher elevations with rain in the valleys; however, on some rather rare occasions snow will fall in the
valleys also.

The distribution of precipitation throughout

the year depends on the prevailing winds, and thus on the
moisture source.

For example the northwest portion of the

region (including the Verde, Tonto, Salt, and San Carlos

basins) generally receives most of its precipitation from
winter storms, while the southeast portion of the region
of its
(the Upper Gila basin) receives the biggest part

annual precipitation in the summer.
of
The general climate of the region is a result

air from
its latitude (being in the belt of descending

the sub-tropics), its distance from a major moisture
source, and its relation to mountain ranges which lie

between it and the source of moisture.
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The atmospheric conditions which favor and control

precipitation in the Central Highlands region are described
very well by Hiatt (1953) as follows:
In the Arizona-New Mexico area, as in the
Southwestern States generally, the major rainfall
regimes are associated with the seasonal ebb and
surge of two large-scale clockwise (anticyclonic)
circulations, one over the eastern Pacific and the
other over the western Atlantic. These circulations
are part of the semipermanent high-pressure belt
that girdles the globe between latitudes 300 and
North. Both in the Atlantic and the Pacific,
they gradually increase in strength and extent
during the summer months, reaching maximums in
August when their centers are displaced, on the
average, farthest north and west. There follows
a decline to minimum strength and extent by January
when the centers are usually farthest southeast.
They do not influence the Arizona-New Mexico area
during the same season and rarely even in the same
transitional months between seasons.
PACIFIC (WINTER) TYPE

On the Pacific side of the continent the
southeastward retreat of the oceanic anticyclone
after August increases the frequency of cyclonic
storms moving into the United States within the
eastward flow on the north side of the anticyclone.
The first of such storms appears in September in
the extreme Northwest and then farther southward
and eastward as the fall advances. On the cosst
of Southern California these storms end the summer
dry season in October and then edge slowly eastward
into Arizona, so that f*winterft rains do not ordinarily affect all of Arizona until December. The
retreat westward from Arizona is usually definitely
under way in March.
ATLANTIC (SUMMER) TYPE
By March, on the Atlantic side of the continent,
the Bermuda High Is returning northwestward, strengthened
and expanded, and bringing northwestward flow of
tropical maritime air from the Gulf of Mexico farther
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west and north into the United States. While
the month-by-month progression is not as regular,
even in the mean, as in the Pacific type of rainfall, the frequency of summer-type thunderstorm
rainfall increases successively in Texas, New Mexico,
and Arizona through May and June, with July through
September definitely the months of summer-type
precipitation in Arizona, their frequency ebbing
southeastward again in October and November.
Sometimes rather large amounts of rainfall, at least
with respect to this region, are produced in the Central
Highlands from storms originating in the southern Baja
California area.

These storms are usually associated with

a tropical disturbance located southwest of Mexico City.
Circulation around these tropical storms transports warm
moist air northeastward into Arizona, and the increase in

elevation is sufficient to initiate the convective action

necessary to produce the heavy rains.
Topography and_Drathage

In general the Central Highlands region divides
the high Colorado Plateau of northern Arizona and northwestern New Mexico from the lower desert areas of the
southern portions of these states.

Regional topography can

be described as being composed of a series of rather short,
rugged, northeast-southwest oriented mountain ranges.

The

central portion of the northern boundary of these mountains
mountains slope from
is known as the Mogollon Rim, and these
desert regions
this rim, and extensions of it, to the lower
on the south.

Topography and drainage of each basin will
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be discussed separately below in order to explain in more
detail the important aspects of these features.

Features

of each basin that will be discussed are:

Area
Range of elevation
Mean elevation
Orientation of basin
Shape factor

Drainage network
The shape factor was computed from the formula
S.F. = L2/A

;

where L is the length of the main stream

charmel in miles, and A is the area of the drainage basin
in square miles.

Verde River Basin
This basin has an area of 6185 square miles above
the gaging station which is located below Bartlett Dam.
Elevation within the basin ranges from 1600 feet above sea
Humphrey's
level at the gaging station, to 12,670 feet atop
of 5200 feet.
Peak near Flagstaff, with an average elevation
and. the
The trend of the basin is northwest_Southeast,
The shape
length is about three times the average width.

factor is computed to be k.9.
area) of
The northwest portion (about 2/5 of total
Chino Valley,
the Verde basin consists of the rather broad

from which very little runoff is produced.

The southeaste1
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portion of the basin (remaining

3/5

of total) includes a

somewhat narrow valley with a small range of mountains on
the southwest side, and a much larger range on the northeast.

The large number of tributaries rising in the high

mountains of the northeast portion of the basin indicates
that most of the runoff originates in this section.

Part

of the runoff is derived from springs located below the

Mogollon Rim, however, this spring flow can not be separated
from surface runoff from data obtained below Bartlett Dam.
Tonto Basin
This basin is the smallest of those studied, with
station, which
an area of 675 square miles above the gaging
is located above Gun Creek. The elevation within the basin
feet
ranges from 2523 feet at the gaging station to 7915

at Promontory Point, in the northwest part of the basin,
with an average elevation of L.980 feet.

The Tonto basin is

slightly longer than it is wide, and has a northeastsouthwest orientation.

The shape factor is computed to be

Tribu1.8 which indicates good drainage characteristics.
of the basin,
taries enter the main stream from all parts

also indicating a uniform drainage network.
Salt River Basin
east-west, and is
The Salt River basin is oriented
Most of the
bounded on the north by the Mogollon Rim.
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southern boundary is formed by the Natanes Mountains which
are on the average 1500 to 2000 feet lower than those on
the north.

The area of the Salt basin is l4306 square miles.

Elevation ranges from 2177 feet at the gaging station near

Roosevelt, Arizona, to 11,90 feet atop Mt. Baldy in the
northeast portion of the basin.

The average elevation is

6100 feet, and the shape factor is

Ll.0.

Almost all of the

runoff, part of which is derived from spring flow, originates
in the Mogollon Rim area, in the northern part of the basin,
of the
and the White Mountain area, in the eastern portion
basin.

The main stream flows from east to west entering

Roosevelt Lake slightly below the gaging station.
San Carlos Basin
This basin has an area of 1027 square miles.

The

station near
elevation ranges from 2582 feet at the gaging
the
Peridot, Arizona, to 7881 feet atop Signal Peak, on
average elevation
southwest boundary of the basin, with an
somewhat like
The San Carlos basin is shaped

of L.k70 feet.

long portion oriented easta fan or semi-circle, with the
Tributaries
The shape factor was computed to be 1.3.
west.

the northern boundary
originate from east through west along
center, then southward to
of the basin and flow toward the
the gaging station.
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San Francisco Basin
The San Francisco basin has an area of 2766 square
miles.

It ranges in elevation from 3L1.36 feet at the gaging

station located at Clifton, Arizona,

to 10,955 feet at the

top of Escud.illa Mountain on the northwest boundary.

Average

elevation is 6800 feet, and the shape factor is 3.5.

The

length of the basin is about twice the width, and the trend
is north_northeast__sOUth_50Utest.

The San Francisco

Mountains divide the basin into eastern and western portions.
area) is drained
The eastern portion (about 2/3 of the total
of tribuby the main stream and a rather uniform pattern
by
The western portion (remaining 1/3) is drained
taries.

and its rather
the major tributary, called Blue River,

uniform pattern of tributaries.
Upper Gila Basin
Gila basin
The watershed designated as the Upper
Francisco basin, and has
in this report, includes the San
The elevation ranges from
an area of 7896 square miles.
Solomon,
3065 feet at the gaging station located near
Mountain on the
Arizona, to 10,955 feet atop Escudilla
The mean elevation of the
northwest boundary of the basin.
The basin
factor is 3.4.
basin is 6210 feet, and the shape
longer sides oriented
is almost square, with the slightly
Mountain ranges within the basin

northeast_Southwest..

divide it into three main sections.

The first is the San
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Francisco basin already discussed.

The second is an area

between the San Francisco basin on the west and the
Continental Divide on the east, and the third is a some-

what smaller area north and northwest of the gaging
station.

The main stream within the Upper Gila basin
originates along the Continental Divide in the northeast
portion of the basin, from whence it flows southwest to
within about ten miles of' the southeast corner.

From the

southeast corner it flows northwestward, parallel to the
southwest boundary, to about the center of' the southwest

boundary where it again turns to the southwest and flows
to the gaging station.

Tributaries are quite uniformly

distributed throughout the basin, the largest one being the
San Francisco River.

Vegetation

Vegetation of the Central Highlands region varies
from spruce or fir timber on the highest mountains to
desert scrub on the lowest areas.

From maps (Little, 1950;

University of Arizona, 1963) showing natural vegetation
vegetation
of the area, the percentage of each variety of

was determined, and is presented in table 1 on the
following page.

1k

Table 1.

Type & Distribution of Vegetation
Percent of Total
Area Covered

2fYsatign
Spruce or Fir Timber

0.5

Ponderosa Pine--Douglas Fir Timber

27.0

Juniper--Pinyon or Oak Woodland

35.0

Chaparral

10.0

Grassland

17.0

Southern Desert Scrub

9.0

Cropland

1.5
Total

100.0

The above data give only a general idea of the

distribution and types of vegetation in the study region,
however, further refinements are beyond the scope of this
thesis.

Geology

The Central Highlands area of this study, lies in
the Mexican Highlands section of the Basin and Range Province,
adjacent to the southern boundary of the Colorado Plateaus.

The area consists of short, essentially parallel mountain
ranges of mostly igneous rocks, separated by rather deep
valleys which have been partially filled with alluvial
materials.

15

The distribution of rock types by percentage
(Wilson and others, 1957-1960; Darton, 1928) for the study
area is as follows:

Igneous rocks
Basalt, Rhyolite, Andesite
Metamorphic rocks
Schist, Gniess, Quartzite

51%

5%

Sedimentary rocks
Sandstone, Limestone Conglomerate,
Gravel, Sand, Alluvium
Total

100%

REVIEW OF LITERATURE
A great amount of material has been published under
the broad heading of rainfall and runoff relationships.

Upon further investigation of this material, one may note
that various approaches (such as hydrograph techniques,

correlation analysis and descriptive methods), have been
The literature con-

used to determine the relationships.

cerned with correlation methods to determine rainfallrunoff relationships is of most interest in this thesis,
and will be discussed in this section.
Correlation analysis applied to the rainfall-runoff

problem can be separated into two main categories, as
follows:
1.

Studies concerned with forecasting spring or

annual runoff from some earlier period of precipitation. and other factors, such as temperature,

antecedent conditions, etc.

These studies are of

interest to irrigation companies, municipal water

works, etc. This type of study will not be discussed, but a few are listed (Barnes,

19614W;

duff,

1961; Bernard, 1949; Kohler and Linsley, 19k9) for

general interest.
16

17
2.

Studi.es concerned with determining water supply

or water balance.

This type of study would be of

interest to the engineer desiring to design reservoir
and spiliway capacity, and other engineering
structures.

These studies are also important parts

of investigations concerning feasibility of proposed projects.

Some of the more pertinent

literature of this type will be discussed below,

as well as studies concerned with water supply of
the study area, but not employing correlation
methods.

Some studies of the water supply of parts of the
present study area were undoubtedly conducted by government
agencies before the construction of the several dams in the
area.

However, because of lack of data at this early period,

these studies were not considered to be important to the
present study.
Cooperrider and Sykes (1938) made a water supply
and
study based on all records prior to 1936 for the Tonto
Salt watersheds.

They selected several precipitation stations,

within or near the two watersheds, and used the precipitation
values recorded at these stations to represent the average
precipitation over the basins.

When missing records were

encountered, data from substitute stations in the area
were used.

The only apparent criteria for selection of

in the same
substitute stations was that they be located
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type of vegetation as the original,
station.

Runoff as

recorded or computed by the Salt River Valley Water Users
Association was used. There were no
adjustments made on
the precipitation or runoff data, because of
station moves,
etc.

Using the data mentioned above, a correlation co-

efficient (r) was computed for the period

1902--1936,

and

accumulated deviations from the mean were plotted to show
graphically the relationship between rainfall and runoff.

A water supply study on the upper part of the Salt
River watershed by Girand (19L14) was based on the relationship between runoff, sunspot activity and tree ring width.

He noted the rather uniform cycle in sunspot activity and
forecast future runoff based on this cycle.

This predicted

runoff was used to indicate feasibility of another dam on
the Salt River system.

Realizing that existing supplies were not going to
be sufficient in the future, a program to investigate the
possibilities of increasing watershed yield by various
watershed management techniques was instigated (Barr and
others,

1956).

One part of this report is an analysis of

the water supply of the Salt River System above Granite
Reef Dam (Anderson,

1956).

This includes the Verde, Tonto

and Salt watersheds of the present study, plus some lower
elevation area below Roosevelt and Bartlett Dams.

Anderson

(1956) computed average precipitation for the Salt River
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System by planimetering an isohyetal map prepared by the
U. S. Weather Bureau (Hiatt, 1953) from data for the
period 1915-1951.

However, for rainfall-runoff relations,

five precipitation stations located in the upper reaches
of the basins were selected, and data recorded at these
stations was assumed to represent the basin average.

No

correction was made on these records to adjust them to
values obtained from the map.

Stream flow data were

obtained from U. S. Geological Survey Water Supply Papers,
and no adjustments were made due to moves, etc.

Using

these data, rainfall-runoff relations are presented in
terms of tables showing the percentage of rainfall occuring
as runoff for the years concerned.

A plot of the departures

from the mean for both precipitation and. runoff shows the
general relationship between the two, as well as indicating
a general decline in both, starting about 1930.

McDonald (1956) published a rather extensive study
of the variability of precipitation in Arizona.

He also

makes mention of rainfall-runoff relations for this area,
but gives only a brief discUSSiOfl and refers to a later
report.

The later report (McDonald, 1960a) contains a
runoff remore detailed description of the rainfall and
lations.

McDonald (1960a) uses six precipitation stations,

represent
located in the Verde and Salt watersheds, to
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average rainfall over the area, and runoff as recorded in
U. S. Geological Survey Water Supply Papers.

A plot of

the six station average precipitation and the combined

Verde, Tonto and Salt basin runoff for the study period
shows that the general trends of both are similar.

Compu-

tation of coefficients of variation for the individual
runoff records and the combined precipitation stations,

show that runoff is considerably more variable than is precipitation.

He next computes correlation coefficients

between the runoff from various combinations of basins in
the area, and annual correlations are found to give the
highest coefficients.

In relation to the question about the use of
transformed data, McDonald (1960b) shows that rather minor

differences are involved when computing correlation coefficients (r) by linear or transformation methods.

He

cites results obtained on five Arizona precipitation
stations and concludes that (r) can be calculated without
transformation of data and still be within practical limits.
This is especially true when one considers the errors involved in measuring the data.

METHODS OF ANALYSIS

Analysis of Precipitation Data
Precipitation data recorded in the literature
(Green and Sellers, 1961.1.; Reynolds,
1956) on a calendar

year basis, for the period from 1898 to 1964, were used in
this thesis.

Periods of missing data were encountered at

almost all stations, especially during the early years of
record.

These periods of missing data were estimated by

the normal ratio method
McDonald,

1957),

(Paulhus and Kohler,

1952;

and a complete 67 year record was thus

obtained for each of the fourteen precipitation stations
used in the study.

The precipitation data were checked for consistency
by the double-mass method (Searey and Hardjson, 1960).

A

base or pattern of six stations was chosen in order to com-

pare the records at individual stations against a standard
for the area.

These stations, namely Fort Bayard, Lordsburg,

Tucson, Pinal Ranch, Phoenix Post Office, and Natural Bridge,
were chosen on the basis of completeness of record and minor,
if any, location changes.

Each station was checked to de-

termine if' changes in slope occured at the same time location

changes were recorded (See Figures 2 thru
21

5).

If so, then
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adjustments were made so that all records would be consistent
with present conditions.

The next step in the analysis of precipitation data
was to determine the average depth of precipitation over
each basin, for each year of record.

In order to arrive

at this annual depth of precipitation, isohyetal maps of
average annual precipitation for the period 1931-1960 were
obtained (U. S. Weather Bureau, Undated; Reynolds,

1956).

Each basin was outlined on these maps, and the individual
basins were divided into n sections (n depending on the
number and location of precipitation stations in the area).
The average annual precipitation for each section was
determined by planimeter analysis, and a precipitation

station was chosen to represent each section (Green, 1959).
The ratio of the average annual section precipitation to
the average annual representative station precipitation was
computed.

This ratio was then multiplied by the yearly

precipitation data for the representative station to obtain
the average depth of precipitation for the section for
each year.

Each section was next assigned a weight factor

(ratio of section area to total basin area).

The average

precipitation for the basin for each year was determined
for each
by multiplying the average section precipitation
accumulating for all sections
year by the weight factor, and
precipitation on each basin
in the basin. The average annual
for each year of record is presented in Table 2.

1948
1949
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964

19)47

19146

1945

194/4

1904
1905
1906
1907
1908
1909
1910
1911
1912
1913
1914
1915
1916
1917
1918
1919
1920
1921
1922
1923
1924
1925
1926
1927
1928
1929
1930
1931
1932
1933
1934
1935
1936
1937
1938
1939
1940
1941
1942
1943

1.903

1902

1901.

1898
1899
1900

Year

Basin
Rain- Runfall off'
15.02 0.69
11.814 0.66
10.26 0.35
13.57 0.91
15.37 0.67
1L.33 1.27
13.00 0.82
38.50 5.52
21.95 2.143
21.09 2.27
23.97 1.82
19.51 1.77
14.15 1.45
214.68 2.20
19.17 1.26
17.35 1.08
20.23 1.27
23.55 2.56
23.92 3.98
19.16 2.59
19.71 1.56
26.64 2.53
119.03 2.96
19.23 1.15
20.34 2.29
20.58 2.19
13.27 0.9/4
19.59 0.91
20.26 1.44
26.60 2.50
14.00 0.92
13.61 1.14
22.27 0.95
23.94 1.35
17.95 2.35
15.05 0.65
14.58 0.51
20.69 1.54
19.61 0.88
17.86 2.46
19.63 1.36
15.71 0.82
25.91 0.76
30.11 3.36
10.81 0.88
17.146 0.86
18.80 1.35
17.21 1.19
18.614 0.59
13.79 0.64
14.50 0.63
22.05 1.58
10.63 0.72
19.15 0.65
21.10 1.85
12.38 0.57
19.142 0.85
19.72 0.56
8.56 0.54
24.30 0.92
20.25 1.29
18.86 0.6)4
16.44 1.49
17.47 0.38
15.38 1.06
17.28 0.58
17.21 0.68

Verde

Tonto
Basin

San Carlos

Basin
Basin
Rain- Run- Rain- Run- Rain- Runfall off' fall off fall off'
19.911.
15.8)4
21.15
18.06
13.19
19.12
18.05
12.03
13.32
21.45
12.37
15.77
17.LI.8
11.90
19.29
15.78
16.08
11.23
10.64
16.141
17.00
54.41
38.95
43.66
21.61
30.65
27.98
31.47
214.05
17.78
35.914
22.61
19.20
114.84
1.79
26.98
11.214
16.80
16.75
22.40
30.142
314.29
18.11
25.30
22.99
11.87 1.48 25.52 1.63 15.43
14.22 2.78 27.54 2.48 214.60
24.45 6.23 31.72 4.60 23.148
33.90 10.57 314.08 6.28 21.145
18.83 2.69 27.15 2.95 11.96
30.66 1.52 26.25 1.43 17.05
32.79 5.55 33.26 14.91 24.23
23.67 5.44 25.58 5.62 18.13
1.09 17.37
1.i1 2.16 22.63 14.49
14.51
20.00 2.31 27.18
25.79 3.15 30.22 5.27 20.144
17.72 2.27 16.51 1.57 8.39
20.38 1.36 19.56 1.16 15.89
22.70 2.72 30.63 4.140 20.99
23.94 3.40 37.78 4.29 17.40
18.43 1.25 18.58 1.04 11.37
19.85 1.81 22.47 1.65 13.46
25.09 1.99 34.47 1.36 22.28 0.68
33.48 2.96 36.55 3.58 22.18 0.86
0.76
25.51 /4.54 23.58 5.11 17.76
22.99 1.93 18.33 1.25 114.04 0.31
14.01 0.92 16.08 0.149 10.65 0.24
29.09 3.28 27.9/4 2.58 27.17 1.60
25.12 2.82 26.13 1.58 23.73 0.81
19.24 3.76 20.87 4.75 15.72 0.84
19.82 1.52 23.38 1.30 17.76 0.28
17.32 1.53 20.42 0.93 16.95 0.3/4
27.56 2.18 31.88 2.07 22.65 0.9/4
32.80 7.83 39.58 8.14 30.30 3.14
17.17 2.13 16.78 1.30 13.414 0.39
19.97 2.26 20.95 1.77 15.78 0.52
20.42 1.46 26.28 2.22 18.40 0.24
16.95 2.11 25.61 2.04 14.47 0.29
23.140 1.147 24.37 1.62 17.67 0.29
21.20 1.23 18.62 0.81 11.10 0.21
9.06 0.18
17.149 1.89 16.62 0.83
0.39
3.05
13.02
22.25 3.07 28.36
14.30 0.79 13.75 0.65 9.81 0.11
2)4.49 1.10 31.61 3.21 20.81 0.31
26.55 14.98 29.26 5.59 20.140 1.34
9.90 0.15
14.63 1.00 11.04 1.09
25.58 1.53 23.95 1.10 20.53 0.78
19.26 0.97 26.99 1.81 17.36 0.50
15.10 0.85 10.45 0.39 9.19 0.21
26.67 1.65 3/4.23 3.14 18.43 0.21
211.69 3.23 21.92 2.68 20.32 0,86
22.26 1.95 26.30 3.37 25.34 0.68
17.67 2.70 18.94 3.27 12.01 0.61
23.90 0.84 21.61 0.52 18.42 0.35
18.53 3.05 18.01 1.82 20.06 0.41
20.25 1.69 25.98 1.64 18.76 0.58
18.59 1.16 18.24 0.71 14.q6 0.20

Salt

14.70
20.85
12.30
17.62
18.02
10.67
19.25
17.88
13.48
14.19
14.85
9.92
26.71
214.66
21.14
16.81
20.15
19.89
17.12
21.97

18.41
16.26

114.06

15.77
16.55
26.95
32.07

16.2/4

17.05
19.68
27.06
21.90
24.97
13.69
22.70
22.42
19.59
1i.214
14.88
26.85
16.26
20.78
26.05
24.13
19.61
19.48
17.35
25.85
19.33
19.67
15.91
22.03
21.28

23.149

21.91
15.04
18.10
14.53
14.05
17.58
10.76
32.30
24.28
22.78
20.16
15.02
14.08

fl1

1.73
0.23
0.24
1.25
0.27
0.52
0.50
0.17
0.72
1.76
0.63
0.97
0.67
1.38
0.94
0.45

0.35
0.28
0.47

0.41
0.57
0.67
1.23
0.48
0.47
0.91
2.59
0.68
0.39
0.38
0.61

0.55
0.62
0.59
1.00
1.65
0.77

off

Rain- Run-

Ba sin

Franci sco

San

RUNOFF AND AVERAGE AREAL PRECIPITATION FOR STUDY BASINS

TABLE 2

0.314

2.70
3.61
0.86

off

1.32
1.06
0.71
13.144 0.31
23.19 1.02
11.50 0.68
20.02 0.57
23.87 0.80
21.68 0.66
19.89 0.42
19.95 0.58
20.05 0.56
24.54 0.90
17.67 1.12
17.73 o.64
15.04 0.40
20.26 0.52
17.31 0.52
17.41 0.99
15.56 0.39
15.38 0.141
214.07 0.72
28.68 2.18
15.89 0.53
17.20 0.36
18.69 0.36
13.91 0.52
17.00 0.28
9.95 0.24
15.43 0.35
17.23 1.35
9.42 0.21
14.64 0.19
15.95 0.77
12.31 0.20
14.81 0.45
13.05 0.141
9.14 0.12
23.35 0.56
24.06 1.11
17.62 0.43
15.38 0.68
19.58 0.38
18.72 0.97
16.39 0.65
16.83 0.34

33.66
21.57
19.77
17.67
13.62
10.96
21.90
17.47
18.59
27.57
21.11
21.44
10.99
19.92
21.87
16.60
13.10

1.57

1L4.53

18.72
12.63
15.08
12.37

fell

Upper Gila
Basin
Rain- Run-
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Analysis of Runoff Data

All runoff records on a calendar
year basis were
obtained from U. S. Geological Survey Water

Supply Papers

(u.s. Geological Survey,

195L, 1960,

period of record, available between

1961-196l4) for the

1898-196L.

After con-

verting runoff data in acre-feet to Inches of depth
over
the basin, double-mass plots were constructed according
to procedures outlined by Searey' and Hardison (1960).

The

pattern for comparison consisted of accumulated average
runoff on the Salt, Verde and Gila Rivers.

Inspection of

the double-mass plots (Figures 6 and 7) reveals that although variations about the trend. line exist, no definite
breaks have occured.

Therefore, no adjustments were re-

quired on the runoff data.

Runoff data are presented in

Table 2 for each basin.
Statistical Analysis of Data
From previous observations of frequency distri-.

butio

ft was noted that annual precipitation and runoff

data generally exhibit a positively skewed distribution.
There is no simple method of determining which of the
various transformations will transform the data to a
linear relationship.

However, when the data are bounded

by zero such as hydrologic data is, it has been found
(Beard, 1962) that a logarithmic transformation will
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usually produce the desired results.

All runoff and pre-

cipitation data were therefore transformed into logarithms,

and Chi-square tests were performed to check results.
example of Chi-square test see Dixon and Massey
Results of Chi-square tests are given in Table

For

(1957).
3.

Statistical characteristics of precipitation and
runoff on each basin, as well as correlation coefficients

between precipitation and runoff on each basin were computed from the following formulas (Dixon and Massey, 1957;
Ezekiel and Fox,

Mean

1959):

M

=

/x2

-

Standard deviation

=j

a = M

-

N
x

N

- bN

Correlation Coefficient

Regression Equation

N-i

b

Regression Coefficient

Intercept

-

s

r = b

Sx

Y = a + bX

precipitatiOfl
Where X equals the logarithm of

and Y equals

the logarithm of runoff.
other questions
In order to answer some of the
few other relationships were
listed in the introductiOn, a
relationships needed was the correnecessary. One of the
river runoff and runoff
lation coefficient between Verde

from each of the other basins.

For example calculation see Dixon and Massey

(1957) page 227.

0.39

3.84
50

0.55

5.99

50

Upper Gila

1.27

3.84
37

2.24

.5.99

37

San Francisco

0.51
35

3.66

5.99

35

San Carlos

3.84

52

0.21

.5.99

52

Salt

0.25

5.99

0.79

52

1.51

5.99

52

Tonto

3.41

X

5.99

Coinpted

X

(95)

Runoff

Alowable

5.99

52

3.06

X2(95)

5.99

X

N
(years)

67

N
(Years)

Compted

Verde

Basin

Rainfall
Allowable

RESULTS OF CHI-SQUARE TESTS ON RAINFALL AND RUNOFF

TABLE

33
Multiple regression equations were computed, using
both transformed and non-transformed data, for the Salt
and Tonto watersheds, in order to get an idea of the effect
of transformation of non-normally distributed data.

In

these computations Salt River runoff was correlated with
Verde River runoff and Salt basin precipitation, and Tonto
Creek runoff was correlated with Verde River runoff and
Tonto basin precipitation.

The multiple regression equations

were then added, according to area ratios, to obtain
estimates of the total runoff for the Salt River plus

Tonto Creek for the period from 1898 to

1913.

Actual records on the Salt River, at the gaging
station below Roosevelt Dam, were obtained from the
literature (U.S. Geological Survey, 195Ll) for the periods

1898-1907 and 1910-1913.

Records from Cooperrider and Sykes

(1938) were used for 1908

and 1909.

The records pertain to

a different area than those mentioned in the preceding paragraph, and some adjustments were therefore necessary before
comparisons could be made.

Records at all three gaging

station sites were available for the year 1913, and from
these records the addition to runoff below the upper two
stations was determined to be

2.5

percent.

All records at

the lower station, below Roosevelt Dam, were reduced by 2.5

percent, and converted to inches of depth over the basin.
These records were then compared to those estimated by
regression methods.

RESULTS AND DISCUSSION
Results of this study will be presented and dis-

cussed in terms of' the questions stated in the Introduction
section of this paper.
Question 1.

What is the relationship between
rainfall and runoff on the basins
studied, and what factors affect
this relationship?

Correlation coefficients between rainfall and run-

off have been computed for each of the study basins.

These

characteristics along with various other basin characteristics
are presented in Table k.

The coefficients of correlation

vary from a high of 0.77 on the San Carlos basin, to a low
of 0.56, on the neighboring Salt basin.

Correlation co-

efficients from previous studies are compared, with those

of the present study, and discussed below.
Cooperrider and Sykes (1938) computed a correlation

coefficient of 0.79 for the Salt River basin above Roosevelt
Reservoir, using data for the period 1902-1936.

The present

study, based on a longer period (1913_196L), indicates a
value of only 0.56, for the same area.

The difference

could be due to the fact different periods were used, since
it is known that the earlier period was rather wet compared
34
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to later years.

Other factors that could account for the

difference are the method of determining areal precipitation values, and also the method of computing the
coefficient of correlation, since a logarithmic trans-

formation of data was used in the present study, but not
by Cooperrider and Sykes.

McDonald (1960a) computed a correlation coefficient
of 0.77 between rainfall and runoff on the Verde basin,
based on non-transformed data for the period 1898-195k.

The present study, based on a slightly longer period of
record (189819614), indicates a coefficient of correlation
of 0.67, for the same area.

Again the value derived in

the present study is somewhat lower, and the difference
could be due to the longer period being slightly drier, or
to different computational methods, as a logarithmic transformation was again used,

Runoff ratios have been computed by previous
investigators for some portions of the study area.

Their

values will be compared with those presented in Table 4.
The ttrunoff ratios is computed by dividing the average

runoff by the average precipitation, and expressing the
results as a percentage.

The

runoff ratiofl represents

the percentage of the total precipitation falling on the
basin, that is not lost to evapotranspiration or consumptive
use, before reaching the gaging station.

The term

runoff

37
ratio' was first used by McDonald (1960a), although pre-

vious authors had made the same computations.
Cooperrider and Sykes (1938) found that on the
Salt basin, 16.3 percent of the precipitation was measured
as runoff, for the period 1902-1936.

For the same time

period, and the same area, but using methods of the present
study, a runoff ratio of 14.1 percent was computed.

This

indicates that the different methods of analysis do affect
the results.

As noted in Table 4, the runoff ratio for the

same area, but a longer time period (1913-1964), is 10.1
percent.

This reduction in the runoff ratio, indicates

that either the general decline in annual precipitation
(as noted by Sellers, 1960), has caused a corresponding
decline in the percent of runoff, or that man's activities
have affected the runoff characteristics of the basin.
Cooper (1959), using data from the report by

Anderson (1956), computes a runoff ratio of 10.3 percent
on the Salt River basin above Granite Reef Dam, for the
period 1914-1953.

This value is identical with that corn-

puted by present study methods for the combined Salt,
Tonto and Verde watersheds, and the same time period.

By

extending the period to include data through 1964 the runoff ratio is reduced to 8.0 percent for the same area.
This shows again that the percent of runoff has decreased
in recent years.
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Comparing the runoff ratios and mean precipitation
presented in Table 14. for the various basins, it is noted,

that in general the larger the mean precipitation over the
basin, the larger the runoff ratio, regardless of the size
of the basin.

This result suggests that there are more

periods on the wet basins when evapotranspiration is satisfled, and excess water can runoff.

The only exception to

the above relationship is on the salt basin where mean
precipitation is less than that on the Tonto basin, but
the runoff ratio is higher.

Springs located south of the

Mogollon Rim which are believed to obtain their supply of
water from north of the basin boundary, may explain this
variation.

This would mean that the percentage of pre-

cipitation measured as runoff would be higher than would
be expected for the amount of precipitation falling on the
basin.

However, the runoff derived from the springs cannot

be separated from surface runoff at the gaging station above
Roosevelt Reservoir, and no definite check can be made.
A review of all the factors presented in Table Lij,
may indicate that large and small basins can not be compared on the same basis.

In other words factors that are

important on small basins may not be important on large
basins.

For example, coefficients of correlation are

highest on the two smallest basins.

On the other hand,

such factors as mean elevation, elevation range, and shape
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factor, are the lowest on these small basins.

The per-

centage of the basin covered by forest is lower, and that
How-

covered by chaparral is higher, on the small basins.
ever, this is probably due mainly to the lower mean

For the purposes of this section

elevation of these basins.

varieties of vegetation, as presented in Table 1, have
been grouped as follows.

Spruce, pine, fir, juniper,
Chaparral

pinyon and oak have been classified as forest.

and desert scrub have been classified as chaparral.

Grass-

land and cropland have been classified as grassland.

Storage, or carry over effects, may be much more important
on the large basins, than on the small ones.

This could

explain why correlations are lower on the large basins.
Several of the factors listed in Table LJ do not
appear to be of any value.

Therefore, in order to gain a

better understanding of rainfall-runoff relations, it would
appear to be necessary to derive new descriptive factors or
redefine present ones in more detail.

In either case it is

doubtful if relations based on annual data will be useful
for other than general descriptions and trends.

The

magnitude of the effect of evapotranspiration, as compared
to other factors, may also make it very difficult to isolate
other important factors on such general studies as those
involving only annual data.
The prediction equation, presented at the bottom

of Table 4, can be used to obtain an estimate of the annual
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runoff from any basin, if the annual precipitation over
the basin, for the same year is known.
Question 2.

What is the relationship between
runoff on the Verde basin and that
on the other study basins?

Results of the correlation of Verde basin runoff,

with runoff from each of the other basins, are presented
in Table 5.

The only previous publication in the liter-

ature, with this type of data for the study area, was that
of McDonald (1960a).

McDonald's results that apply to

this study are presented in Table 6 for comparison purposes.
Considering the different methods, and the different

periods of record used, these results agree quite well.
The Verde-Tonto correlations show the greatest difference

and this is only slightly more than twelve percent.
From the values of correlation coefficients presented in Table 5 for this study, it appears that size of

basins and distance between basins, are two major factors
that influence runoff relations.

For example two basins of

approximately the same size, such as the Verde and Salt,
correlate better than a large and a small basin such as the

Verde and Tonto, even though the small Tonto basin is closer
to the large Verde basin than the large Salt basin.

This re-

lation also applies to the Verde-Upper Gila and the Verde-San
Carlos basins.

That the distance between basins is important

can be shown by comparing the Verde-Salt coefficient, and then
the Verde-Upper Gila coefficient.

Another example would
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42
In

be the Verde-Tonto and Verde-San Carlos coefficients.

both of these cases, basins of approximately the same size

were compared to the Verde basin, and the closer basin had
the higher correlation coefficient.

Results of the study by McDonald (1960a), seem to
indicate that distance is the more important of the two
factors mentioned above (Table 6).

Since both studies

contain such a small number of samples, it would be rather
difficult to draw any definite conclusions.

However, as

both the rainfall-runoff correlations of the previous
section, and the runoff-runoff correlations of this section
suggest that size of basins is an important consideration
in comparing correlation coefficients, it is felt that
future investigators should use this information.

It is interesting to note that in each case, except
that of the San Carlos basin, the correlation between runoff on the Verde Basin, arid runoff on each of the other

basins, is greater than the correlation between rainfall
and runoff on the individual basins (see Tables 4 and

5).

This observation would indicate that unless better ways of
determining average areal precipitation are developed, the

accuracy of estimating missing records, or extending records,
would be increased by using both rainfall-runoff correlations
and runoff-runoff correlations.

A prediction equation is

presented at the bottom of Table 5 for this purpose.

Be-

cause of the long continuous record, the Verde River runoff,
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as measured below Bartlett Dam, was used. as a base for all

regression equations.

Question

3.

How do results of determinations
of average basin rainfall compare
with results of previous studies?

Previous investigators have computed values of average
rainfall over various parts of the study area.

These values

vary as to period and area, and will therefore be discussed
separately.

An early estimate made by Cooperrider and Sykes
(1938) of 20.26 inches per year on the combined Salt and

Tonto watersheds was based on data for the period 19021936.

The value computed for the same area and period in

the present study was 23.66 inches per year.

The increase

in information concerning precipitation at higher elevations
and the subsequent revision of precipitation maps may explain
this difference.

The change in method of computation also

makes some difference in results as noted in the discussion
of question 1 of this section.

Anderson
by Hiatt

(1953),

(1956),

using the isohyetal map derived

computed average basin precipitation for

several basins in the study area.

His values for the Salt

and Verde basins, above the confluence of these two rivers,
were

21.9

inches per year and 18.3 inches per year, re-

spectively.

The values computed for the same period (191L_

1953) in the present study are 22.50 inches per year, and

4,4

19.00 inches per year.

In both cases Anderson's basins

are larger than those of the present study, and include
some lower elevation land below the gaging stations of
this report.

The extra area of low land, and thus lower

precipitation, would be sufficient to make the small dif ference noted above.

Anderson also computed the average

annual precipitation over the entire Salt River watershed
above Granite Reef Dam to be 20.4 inches.

The value com-

puted for the combined Salt, Tonto and. Verde watersheds in

the present study was

20.73

inches.

Again the small diff-

erence is due to the slightly different areas involved.
Smith

(1956) estimates that the average annual

precipitation on the Salt River watershed above Roosevelt
Dam is between 15 and 20 inches.

This value seems to be

conservative compared to other results computed both prior
to and subsequent to his report.

All estimates, except possibly that made by Smith,
are in rather close agreement ( ± 15%), especially since

areal averages are based on very small samples of data,
and. leave much to be desired.

Of all the methods used to

determine areal averages, the one employed in this study

appears to be more flexible and logical.

The accuracy of

results is not known, but should be as good, or better,
than the other methods employed.

45
Question 4.

Are estimates of missing records
based on transformed data more
accurate than those derived from
non-transformed, non-normal data?

Although statistical texts warn against the use of
non-normal data when computing correlation coefficients,
McDonald (1960b) noted that the errors involved, due to
skewness, were insignificant in most geophysical computations.

This is especially true when the inaccuracies in

data are considered.
In the present study, it was desired to test the

results obtained from regression equations when standard
data were used, and when the data were transformed to
logarithms before computations were made.

In the first

case the data are not normally distributed, and the relationship is not truly linear, especially for the extreme
events.

In the second case, chi-square tests indicate that

the data are very close to normal (within 95% confidence

limits), and a log-log plot showed a linear relationship.
Results of the two methods of analysis are presented in Table 7, and are compared with recorded data

(the recorded data were modified slightly as noted in

Methods of Analysis section).

Both methods of comparison

(t-test, and correlation coefficient) indicate that the
differences are insignificant.

These results, and those of

Li6

McDonald (1960b), suggest that the time involved to transform data in an effort to increase accuracy, is hardly
worth while in hydrologic studies.

This is especially true

when only general relationships or trends are being studied.
Since data from semi-arid regions generally exhibit
more skewness than data from humid regions, these results
can be considered a limiting case.

In other words, unless

it is known that data are extremely skewed, there would
generally be no need to make transformations before under-

taking standard statistical computations.
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TABLE 7
INCHES OF RUNOFF FOR COMBINED SALT AND TONTO :BASINS
Sources as noted

Values Computed
From LogTransformed Data

Values Computed
From NonTransformed Data

1.07
0.96

1.42

1.27

1.37
1.10

0. 6

0.l5

0.51

;901

1.

1.

1.

1902

0.77
0.93

1.

1.1

Year

Modified Values
From U.S.G.S.
Records*

99_
1900

1903
1q04

_i!93_

1.99

0.88

1.42

1.28

1905

11.78

11.67

53

1906

5.65
4.02

4.57
4.04

4.40
.36

10
1908
1909

3.60*

3.13

4.02*

2.8

1910

1.42

2.21

211

10

1912
1'13

Total

Mean
t-test

3.15
._35

4.4

4.

1.89

2.43

1.4

1. 7

2.53
1.48

43.89

2.7LL_

46.79
92

47.62

t12=0.07

t13=0.09

2.98

Correlat I on

Coeffio lent
(r)

30.98

*Data for 1908-1909 were obtained from Cooperrider and
Sykes (1938).

CONCLUSIONS

Conclusions based on the results of this study can
be stated as follows:

Rainfall-runoff correlations computed in this
study are lower than those reported by previous investigators.

The use of a longer and drier period in this

study may account for part of the difference; however, the

use of a logarithmic transformation of data in the present
study probably has a greater influence on the results.

Runoff ratios have definitely declined during
the past 30 years.

This decline is probably associated

with the decline of precipitation in the area, but man's
activities may have altered the relationship also.
Except for the San Carlos basin, the correlation
coefficients for rainfall and runoff on the individual

basins are lower than are the correlation coefficients between Verde basin runoff and runoff from the other basins.
These findings suggest that areal precipitation values are
not completely representative of actual conditions over
the basins.

The importance of storage or carry-over is

also suggested in these findings, especially in the larger
basins.

The use of' water year data may reduce the carry-

over effect, and thus increase the correlation coefficient
between rainfall and runoff.
L8
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All methods of determining average areal precipitation agree quite well considering the small samples
involved.

Errors of measurement are generally greater
than the errors produced by using non-transformed data in
standard statistical computations involving hydrologic
data.

The effect of non-linearity is also rather minor

except possibly in extreme cases.
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