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ABSTRACT

Recent legislation requires ground water in the Tucson Basin

to be managed under a safe yield concept which restricts pumpage to

annual recharge. This study develops a knowledge of ephemeral flow

recharge and its implications for management under a safe yield concept.

Analyses of several types of hydrologic data from the Tucson

Basin indicate the following about ephemeral flow recharge: (1) most

recharge along piedmont-draining channels occurs in the summer and most

recharge along mountain-draining channels occurs in winter; (2) the

winter flow regime has the highest recharge rate of 90 percent of flow

into a reach on the Rillito Creek system; the summer flow regime re-

charges 80 percent and the extreme event flow regime only 45 percent;

(3) near-surface ground-water levels lead to low recharge conditions

along the Santa Cruz River until 1950 when water levels began dropping;

and (4) the period of 1930-1960 was characterized by summer flow domi-

nance and lower average annual flow volumes than the period of 1960-

1980, which began an episode of heavy winter flow and higher average

annual flow.

These results are used to recommend: (1) the time period from

which to calculate the highest natural recharge value; (2) well field

locations; and (3) artificial recharge program considerations.

viii



CHAPTER 1

INTRODUCTION

Statement of Problem 

In many regions of the arid-semiarid Western United States,

ground water is the major or only source of water supply. The rapid

population growth and municipal and industrial development of these

regions have given rise to concern over the future availability of this

essentially nonrenewable resource and the potential physical hazards

and economic consequences of continued depletion. Consequently legis-

lation has been promulgated in numerous states requiring the implemen-

tation of some sort of ground-water management. Several of these

states (i.e., Arizona, California and Nevada) have incorporated a safe

yield concept in their management schemes. The prime component of the

safe yield concept is recharge, both natural and artificial.

In Arizona, the Groundwater Management Act of 1980 (Senate Bill

1001) requires management of several areas (called Active Management

Areas) under the concept of safe yield. Safe yield was defined as

". . .a groundwater management goal which attempts to achieve and there-

after maintain a long-term balance between the annual amount of ground-

water withdrawn in an active management area and the annual amount of

natural and artificial groundwater recharge. . ." (ARS 45-561.5).

1



2

In many areas, management under a safe yield concept means

simply calculating the average annual recharge and then restricting

pumping to this value. No attempt is made to understand recharge

sources, patterns or trends. However, because of the economic growth

implications of a limited water supply, it is imperative that manage-

ment under a safe yield concept be based on as thorough an understand-

ing of recharge as is possible. In the absence of this knowledge, for

example, the safe yield value may easily be over- or under-calculated;

programs for the optimal management of surface and ground waters so as

to increase natural recharge and institute artificial recharge cannot

be defined; and, well fields cannot be located so that recharge waters

will be intercepted prior to leaving the basin. All in all, knowledge

of recharge that goes beyond the average annual recharge value is nec-

essary for the definition and attainment of the highest safe yield

value possible.

The thesis of this study is that a descriptive and quantitative

analysis of recharge patterns and trends can yield information useful

to management in defining and attaining the optimal safe yield value.

This thesis will be illustrated by analyzing one specific aspect of

recharge--ephemeral flow recharge--in the Tucson Basin, Arizona, and

then relating the results to specific physical management recommenda-

tions concerned with recharge.

Methodology 

The purposes of this study will be accomplished through a three-

fold process. First, the annual seasonal and event-based stream flow
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characteristics of the major channels in the Tucson area will be de-

scribed. This description will result from a literature review and

an analysis of stream gaging data on a seasonal, geographical, and

historical basis.

Second, flow characteristics will be related to recharge using

three approaches: (1) a literature review, (2) an inflow-loss analysis

of a reach of the Rillito Creek system, and (3) a correlation of

streamflow hydrographs with well hydrographs. The synthesis of these

results will present a descriptive and quantitative picture of recharge

patterns and trends.

Third, the results of the recharge analysis will be related to

ground-water management in the context of a safe yield concept.

Organization 

Chapter 2 provides a description of the pertinent aspects of

the study area. Chapter 3 defines the surface flow characteristics of

the flow regimes and also defines seasonal-spatial flow trends.

Chapter 4 relates flow characteristics to recharge. Chapter 5 discus-

ses the implications of the recharge analysis to ground-water manage-

ment. Chapter 6 summarizes the study.

Previous Work 

Natural ground-water recharge and its implications for ground-

water management have been discussed very generally and only peripher-

ally in a few studies. The essence of these studies has been to

recommend that ground-water levels be kept deep enough so as not to be
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a limitation to recharge. Baker (1950) recommended increasing the

unsaturated storage capacity in an aquifer through increased pumping

during years of low recharge in order to increase recharge during

wetter years. DeWiest (1963) discussed the same principle, on a seas-

onal rather than annual basis, in his study of an aquifer near Princeton,

New Jersey. He noted that the high recharge season of November through

May resulted in a buildup of the ground-water level and increased ef-

fluent discharge to rivers which resulted in a net loss of fresh water

to the ocean. He suggested this loss could be reduced by pumping the

ground-water reservoir to make available more storage space for reten-

tion of a higher percentage of winter-spring recharge or for quick

recharge from the flashy summer runoff. Besbes, Delhomme and DeMarsily

(1978) addressed the topic in an arid lands ephemeral flow context.

They noted that large amounts of recharge can be lost from extreme

ephemeral flow events if the ground-water reservoir has not been suf-

ficiently depleted.

Several studies have been done on ephemeral flow-recharge

characteristics in the Tucson Basin. These are reviewed in the Liter-

ature Review section of Chapter 4. None of these studies, though, are

comprehensive in their approach; most focus solely on infiltration

characteristics. Nor do any of them link the results to water manage-

ment. This study is the first to present a relatively comprehensive

analysis of ephemeral flow recharge patterns and trends. It is also

the first to link specific study conclusions to specific management

recommendations.



CHAPTER 2

THE TUCSON BASIN

Introduction 

The Tucson Basin is part of a large northwest-trending basin

in the Basin and Range Province in southeastern Arizona (Figure 1).

The study area is approximately 1000 square miles, but the actual

watershed area is over 3200 square miles. The study focuses on the

channels upgradient from the junction of the Santa Cruz and the Rillito

drainage systems.

Physiography 

The physiography of the study area consists mainly of piedmont

topography surrounded by mountains of large relief on the northern and

eastern sides and mountains of low relief and area on the western side.

To the north and the northeast, the Santa Catalina-Rincon mountain

complex rises from around 2500 feet to over 9000 feet in altitude, or

a relief of up to 6500 feet. On the south and east, the Santa Rita

Mountains rise from approximately 3000 feet to over 9000 feet in

altitude. Both these mountain ranges are relatively large in areal

extent; however, the Santa Ritas have a much smaller area at high ele-

vations than the Santa Catalina-Rincon complex.
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Figure 1. Location map of the Tucson Basin study area.
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The mountain ranges on the western border, the Sierritas and

the Tucsons, are very small in areal extent and low in relief, rising

from 3000 to 6000 feet in altitude.

The piedmont section of the study area gently slopes from the

south and southeast toward the northwest, from an altitude of about

3000 feet to about 2000 feet. The piedmont section is incised by the

major stream channels and some of the tributaries. The depth of these

channels at bankfull stage ranges from one to thirty feet and bankfull

width ranges from five to five hundred feet (Burkham, 1970). These

channels are not in a state of equilibrium and major width-depth ratio

and meander pattern changes often accompany stream flow events (Pear-

three, 1980, personal communication).

Climate 

The climate of the Tucson region is semiarid. Summers are hot

and winters are mild. Potential evapotranspiration is about 42 inches

per year and potential pan evaporation is more than 80 inches per year

(Laney, 1972). Precipitation is extremely variable in space and time.

Mean annual precipitation in the basin is only about 12 inches but

increases to over 25 inches at high elevations in the Santa Catalina-

Rincon complex. Precipitation is distributed almost equally between

two seasons, a summer season (May through October) and a winter season

(November through April). Most of the summer precipitation occurs

during the months of July through mid-September while most of the

winter precipitation occurs from December through March.
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Summer precipitation is mainly convective, the result of influx

of warm moist air from the Gulf of Mexico. Summer rainfall events tend

to be small in areal extent and extremely localized, very intense and

of short duration. Occasionally a more general, widespread tropical

storm from the southwest will cause a more steady precipitation over

longer time periods, particularly in the late summer season.

Winter precipitation characteristics are notably different from

summer precipitation characteristics. Winter events are frontal in

nature, the result of eastward-traveling cyclonic storms from the

Pacific. Winter precipitation is generally longer-lasting, much more

widespread and of a lower intensity than summer precipitation. In the

higher elevations it often occurs as snow. Winter precipitation is much

more variable than summer precipitation in frequency of occurrence and

in amount produced. Though it occurs less frequently, the fact that it

accounts for close to fifty percent of total average annual precipita-

tion attests to the large amounts that can occur during an event. (See

Sellers and Hill, 1974, for further information on climate.)

Vegetation 

Vegetation reflects climate. In the lower elevations, except

along a few stream channel reaches, vegetation is sparse and xerophytic.

The piedmont is dominated by cactus, creosote, and mesquite and palo

verde trees. Along certain parts of several stream reaches, phreato-

phyte stands of mesquite and cottonwood are supported by a near-surface

ground water level. On the lower slopes of the mountains, oak and

manzanita scrub predominate. The higher elevations support dense stands
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of Ponderosa Pine, fir and some aspen. Arctic tundra vegetation is

found in the highest areas.

Geology 

The Santa Catalina-Rincon mountain complex is composed chiefly

of highly fractured, faulted and folded metamorphic and igneous rocks.

The Santa Rita mountains are primarily igneous and sedimentary. The

Sierritas and Tucsons are mainly volcanic and sedimentary.

The stratigraphy of the basin-fill materials has been divided

into three sedimentary units which comprise the aquifer (Davidson,

1973). These are discussed further in the Hydrology section.

Hydrology 

Stream Flow

The Santa Cruz River and Rillito Creek are the major drainages

in the study area (Figure 2). The minor drainages of concern in this

report are all tributaries to Rillito Creek: Sabino, Bear, Tanque

Verde, and Rincon Creeks, Pantano Wash, and Davidson and Cienega Creeks.

Most streamflow in the study area is ephemeral, in response to runoff-

producing precipitation. Most flow occurs during two precipitation

seasons, the summer season and the winter season. Annual, seasonal

and event-based flow characteristics of the major and minor channels

are discussed further in Chapter 3.
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Figure 2. Major stream channels and United States Geological
Survey (USGS) gaging stations in the Tucson Basin.
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Ground Water

Ground water is the sole source of water utilized in the Tucson

Basin. Davidson (1973) estimated the total amount of recoverable

water between the 1966 water level and a depth of 500 feet to be 30.5

million acre-feet (maf) and that between 500 and 1000 feet to be another

20 maf.

The major ground-water reservoir occurs in the sedimentary rocks

in the basin. Recharge occurs primarily through streamflow infiltration,

averaging 51,000 acre-feet per year (af/yr), and mountain front recharge,

averaging 31,000 af/yr (Davidson, 1973). Other sources of recharge

include underflow from upgradient basins and infiltration and percola-

tion of irrigation, mine tailings pond and sewage waters.

Aquifer discharge occurs through subsurface underflow out of the

basin, evapotranspiration and pumpage. Pumpage is by far the greatest

source of discharge. It is so large in comparison to recharge (approx-

imately three to four times greater) that water levels have steadily

declined since the 1940s.

Depth to water varies greatly in the Tucson Basin. It is least

along some stretches of the stream channels and greatest in the south-

eastern section of the basin. Along the Santa Cruz River and Rillito

Creek, ground water is between 50 and 100 feet beneath the land sur-

face, except in a few areas along the Rillito where it is between 20

and 50 feet. Along Tanque Verde Creek and Sabino Creek ground water

is less than 25 feet below the land surface. Along all these streams,

ground-water levels fluctuate within a one- to two-mile corridor
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paralleling the channel in response to stream flow infiltration. In

such areas water levels may rise tens of feet, depending on the magni-

tude of the stream flow recharge, the proximity of the well to the

channel and the geology of the reach.

Depth to water increases away from the stream channels toward

the center of the basin. Here water levels are commonly between 100

and 300 feet below land surface, and more than 700 feet near the north

end of the Santa Rita Mountains. Water levels in this area do not

respond to recharge events, and exhibit only a steady decline in re-

sponse to pumping.

The sedimentary rocks in the basin form a single aquifer.

Davidson (1973) identified three formations which comprise the aquifer.

The oldest, lowermost unit, the Pantano formation, is a weakly to

strongly cemented silty-gravelly sandstone. Hydraulic conductivities,

derived from aquifer tests, are estimated to range from 0.7 to about 13

feet per day (ft/d), and the long-term specific yield is estimated to

be around 10 percent (Davidson, 1973). Chemical quality is dependent

on the lithology of the facies but generally is good (Laney, 1972).

The Pantano formation is unconformably overlain by the Tinaja

beds which comprise a major part of the aquifer. They are interpreted

(Davidson, 1973) as a sedimentary detrital filling on a subsiding

basin. In much of the down-faulted block, the Tinaja beds are a clayey

silt to mudstone in the lower part and a clayey gravel to clayey silt

in the upper part. Outside the down-faulted block the beds generally

are a gravel or pebbly sand. Hydraulic conductivity varies greatly
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from about 1.4 to 52 ft/d. Transmissivities range from 1340 to 20,000

cubic feet per day per foot (ft 2 /d). Water quality is good except in

some fine-grained facies where fluoride and dissolved solids are high.

The Fort Lowell formation unconformably overlies the Tinaja

beds. It underlies most of the basin surface and is the most produc-

tive part of the aquifer. It is a locally derived, depression-filling

deposit along faults that offset the Tinaja beds. Facies distribution

ranges from fanglomerate at the mountainous margins into a beach gravel-

sand dune delta deposit that probably surrounded a playa or lake

(Davidson, 1973). This formation is the thickest, most highly permeable

unit in the aquifer. Hydraulic conductivity ranges from about 20 to

94 ft/d. Water quality is good.

The Tinaja beds and Fort Lowell formation were deposited in a

basin of interior drainage (Davidson, 1973) that was probably syn-

and/or post-Basin and Range tectonism. The surficial deposits over-

lying these deposits are associated with the more recent development

of a through-going drainage system and include alluvial fan, sheetflow

and principally stream channel deposits. The stream channel deposits,

which parallel the major streams, range from coarse gravel to sandy

silt. The channel deposits of the Santa Cruz River and Pantano Wash

contain more silt than those of Rillito Creek and its mountainous

tributaries. The stream channel deposits in general are unconsoli-

dated, extremely permeable, and unsaturated except in some areas along

Rillito Creek and some of its mountainous tributaries. The hydrologic

importance of these deposits is that they readily receive and temporarily
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store infiltrated stream flow for transmission to the underlying aqui-

fer (Davidson, 1973).



CHAPTER 3

STREAMFLOW

Introduction 

Knowledge of ephemeral flow in arid areas is limited by the

sparsity of flow events in time and space and the paucity of data on

these events when they do occur. During the past decade, regulations

that deal with water quality and quantity and flood plain definition

have given rise to increased interest in, and a necessity to more

quantitatively define and predict various aspects of, ephemeral flow.

Though this need has not generally resulted in a more intensive monit-

oring of flow, it has resulted in a re-evaluation of the basic descrip-

tive approach taken, as mirrored in the trend away from annual flow

statistics to event-based statistics to describe flow.

The purpose of this chapter is to define and characterize

streamflow in the Tucson Basin so as to provide the technical back-

ground for the streamflow-recharge analyses presented in the next

chapter. In so doing, the discussion will proceed from annual flow

statistics, to seasonal-monthly flow patterns and trends, and finally

to event-based characteristics.

The Tucson Basin has been the site of probably the most inten-

sive (in space and time) streamflow monitoring effort in an arid area.

At least twelve sites have been monitored at one time or another for a

15
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period of five years or longer by the United States Geological Survey

(USGS). Some of these records are greater than 60 years in length and

extend back to 1915. All these data have been published by the USGS

on an annual, monthly and mean daily discharge basis.

The flow data used in this study are from the USGS gaging sta-

tions shown in Figure 2. These sites are (using USGS designation) the

Santa Cruz River at Tucson, on the Santa Cruz; and, on the Rillito

Creek system, the Rillito Creek near Tucson, Sabino Creek near Tucson,

Bear Creek near Tucson, Tanque Verde Creek near Tucson, Rincon Creek

near Tucson, Pantano Wash near Vail, Davidson Canyon Wash near Vail,

and Cienega Creek near Pantano. (These stations will hereafter be

referred to by the stream reach name; for example, the Sabino

Creek near Tucson station will be referred to as Sabino, or Sabino

Creek.) Not all of these stations receive equal scrutiny in this

study. Most of the discussion of flow characteristics will focus on

the stream reaches where the various flow regimes are most evident.

Flow data from some of the tributary reaches will be used to verify

trends in flow or to define input into the major drainage.

Flow at all these stations but one has been characterized as

ephemeral (Condes de la Torre, 1970). This means that flow occurs as

discrete events as the result of precipitation-producing runoff. The

exception to this is the Pantano station where near-surface bedrock

forces ground water to the surface as perennial flow. This author

feels that other exceptions may be some of the stations situated at the

mountain front, such as the Sabino and Bear Creek gaging stations.
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There is undoubtedly a large component of ephemeral flow at these

stations, the result of rainfall-runoff and snowmelt. However, the

steady, relatively long-duration discharge that occurs during the

months of April to usually June, during periods of no precipitation and

after snow has melted, suggests a ground-water discharge component. If

this is the case, the term intermittent would better describe the flow.

While it is outside the scope of this study to argue the validity of

this observation, an intermittent flow component model for much of the

discharge out of these stations is suggested here because it will help

explain the winter flow regime characteristics discussed later.

Annual Statistics 

Annual statistics for each gaging station are summarized in

Table 1. It is apparent that flow in the Tucson Basin, as in all arid

areas, is characterized by extreme variability. The standard devia-

tion is close to or exceeds the mean at all stations, and the coeffi-

cient of variation is close to unity in most cases. All this indicates

that the mean is not representative of values that could be expected

each year. The yearly flow volumes for each station are extremely

variable. For example, on the Santa Cruz, total yearly flow has

ranged from 936 to 50,200 af; on the Rillito, from 315 to 53,300 af.

Most stations are highly positively skewed to the right, indicating

a predominance of low flow values with a few high extreme flow years.

A point to be aware of is that the statistics in Table I were

not calculated for a period of record common to all stations. Because
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annual flow statistics are so much influenced by the occurrence of

extreme events, particularly if the record is short, any comparison of

flow statistics between stations must be done for common periods of

record. This practice can eliminate some of the indeterminancy inher-

ent in arid land flow analyses.

Table 1. Statistics on annual means*

Mean Dis-
charge (cfs) Variance

Standard
Deviation

Coefficient
of Variation

Santa Cruz 22.00 398 20.0 0.91

Rillito 13.60 288 17.0 1.25

Sabino 10.50 96.0 9.80 0.93

Bear 4.69 21.7 4.65 0.99

Tanque Verde 8.90 73.1 8.55 0.96

Pantano 6.70 14.2 3.77 0.56

Davidson 0.70 0.28 0.53 0.75

Cienega 2.35 4.16 2.04 0.87

Rincon 5.28 33.20 5.76 1.09

* The period of record varies at each station (from Anderson and
White, 1979).

Flow duration data are summarized in Table 2. Mean annual flow

duration curves for all stations except Davidson and Cienega can be

found in Condes de la Torre (1970). For the most part these curves

have steep slopes which indicate the variability and ephemeral nature

of the flow. Flow on the major channels, the Santa Cruz and the Ril-

lito, is recorded on the average only eleven and eight percent of the



Table 2. Flow duration data

% of Time Flow Equals or
Exceeds Selected Discharge Rates

% of Year
Flow is Present

- -Mean Daily Discharge (cfs)- -

1	 5	 11	 50	 100

Santa Cruz
a

11 11 8 7 4 3

Rillito
a

8 8 6 5 3 2

Sabino
a

75 43 25 27 4 2

Bear
a

32 21 11 7 1 .5

Tanque Verde
a

21 19 15 12 5 2

Rincon
a

35 17 11 7 2 .5

Pantano
a

98 90 7 5 2 1

Davidson
b

21 3.5 1.4 1.1 .4 <.1

Cienega
b 6.2 4.8 3.2 2.6 1.5 .8

a. Data from Condes de la Torre (1970) for years 1936-1963.

b. Data extrapolated from Anderson and White (1979) for years 1968-1975.

19
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time, respectively, or on 40 and 29 days of the year, respectively.

In general, the percentage of time flow is recorded increases as a

station gets nearer the mountains, indicating longer flow duration at

the mountainfront and infiltration of that flow as it travels toward

downstream gaging stations.

Statistics on annual peak discharges are summarized in Table 3.

As can be seen, there is a large range in peak discharge values but the

variability is not as large as in average annual flow volumes (Table 1)

in relation to their means. Condes de la Torre (1970) explained this

by noting that the annual peak discharge usually is the result of a sum-

mer storm and that summer floods occur more frequently than winter

floods. The less frequent occurrence of a large-volume winter flood

increases the variability of the annual flow.

Monthly-Seasonal Statistics 

Because of the nature of ephemeral flow events, annual flow

statistics yield little information on flow characteristics of indivi-

dual events or seasonal regimes. However, if monthly flow statistics

are analyzed, several interesting seasonal flow trends appear.

Anderson and White (1979) present mean monthly flow statistics for

the stations of interest: the mean discharge, variance, standard

deviation, skewness, coefficient of variation and percentage of average

value. When the mean monthly flow values are analyzed by precipitation

seasons (summer being May through September, winter October through

April), two types of streams emerge: the winter-flow-dominated streams
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and the summer-flow-dominated streams. Table 4 lists these streams

and the percent of flow each season contributes to the total average

flow. The summer-flow-dominated streams--the Santa Cruz, Pantano,

Davidson and Cienega--discharge about 70 percent or more of their flow

during summer months; the winter-flow-dominated streams discharge

approximately 70 percent or more of their flow during winter months.

This distribution does not appear to be related to seasonal distribu-

tion of precipitation, which is approximately fifty-fifty in both the

basin and the mountains. Instead, this distribution appears to be

related to the dominant type of topography drained by the stream. A

glance at Figure 2 shows that the summer-dominated streams drain pri-

marily a piedmont topography, while the winter-dominant streams drain

primarily a mountainous topography.

Table 4. Seasonal contribution to total average annual flow

- - - Discharge - - -

USGS Gaging Station % Summer % Winter

Santa Cruz 75 25
Pantano 73 27 Piedmont-Draining

Davidson 89 11 Streams

Cienega 95 5

Sabino 27 73
Bear 17 83 Mountain-Draining

Tanque Verde 24 76 Streams

Rincon 33 67

Rillito 42 58 Both
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Flow Regime Characteristics 

Seasonal differences in precipitation characteristics (see

Climate section in Chapter 2) combined with the seasonal-topographic

trends in flow discussed in the last section suggest that there are

at least two greatly different flow regimes present in the Tucson

Basin. Indeed, most researchers (e.g., Smith, 1910; Schwalen and

Shaw, 1957; and Matlock, 1965) have characterized flow in the basin in

terms of a summer and a winter regime. Summer events are described as

flashy, with a high peak discharge, short duration and high suspended

sediment concentration. Winter events have low peak discharge often

sustained over a relatively long time period, a longer duration and

lower suspended sediment concentration.

This author feels that a third regime is present in the basin:

the extreme event, a regime that combines several of the attributes of

the other two regimes. This event occurs commonly as the result of a

tropical storm during the summer season or as a result of a long,

heavy period of winter precipitation during the winter season. In

this event, peak discharges are high and often sustained over rela-

tively long time periods, total volumes are extremely high, duration

is relative long and suspended sediment is high. Figure 3 depicts

schematic hydrographs of the three regimes.

Following are more quantitative (though not statistically

rigorous) discussions of the three regimes, based on the cited litera-

ture and an examination of flow data published in the USGS series

titled "Water Resources Data for Arizona, Water Year 19."
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Figure 3. Idealized hydrographs of the three flow regimes.



25

Winter Flow

Winter flow is the easiest to characterize from published mean

daily flow data because flow duration often is in terms of weeks or

months, flow discharge is relatively steady, and the published mean

daily value thus is fairly representative of the actual value. The

best examples of winter flow come from the stations nearest the

mountains--Sabino, Bear, Tanque Verde and Rincon--as these are the

reaches that are winter-flow-dominant (see preceding section) and also

because these events commonly dissipate completely prior to reaching

downstream gaging stations. Therefore, the discussion will focus on

data from these stations, and in particular from the Sabino station.

At the Sabino station winter flow commonly discharges at a mean

daily rate under ten cubic feet per second (cfs). Generally, during

the low precipitation months of November and early December and May and

June, this discharge is extremely low, often less than one cfs. During

the winter precipitation months it increases but still may average less

than 100 cfs, except during a storm runoff period. Discharge is usu-

ally continuous from November through late May but eventually goes to

zero in June, probably due to a combination of factors including low

precipitation and an increase in evapotranspiration from the dense

phreatophyte growth supported along the channel.

Volumes of winter flow can be very low or very high depending

on precipitation in the mountains. For example, during the low winter

runoff and precipitation period of 1932 to the late 1950s, there were

numerous winter seasons when total flow was only around 1000 af.
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A period of increased winter discharge began in the late 1960s

(see Figures 4a and b, in pocket). Average winter discharge volumes

for this episode are shown in Table 5. (Heavy winter discharge years

continued to the end of the 1970s; however, data collection at these

stations ended in Water Year 1975.)

Table 5. Average winter flow volumes, water years 1968-1975

Station	 Average Winter Flow Volume (af)

Sabino	 6514

Bear	 2336

Tanque Verde	 4344

Rincon	 2811

Duration of flow is continuous during the winter months at the

Sabino station when winter precipitation is adequate to produce runoff

and recharge in the mountains. Duration of flow decreases in the down-

stream direction.

Suspended sediment concentrations of winter flow have been

observed to be relatively low (Smith, 1910; Matlock, 1965). The meas-

ured suspended sediment concentrations summarized in Table 6 substanti-

ate these observations. Several points are suggested in these data:

(1) suspended sediment concentrations increase with increases in dis-

charge; (2) suspended sediment concentrations increase generally in
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Table 6.	 Discharge and suspended sediment of winter flows
on the Rillito Creek drainage system

Sample Site Date
Discharge

(cfs)

Suspended Sediment
Concentration

(mg/1)

Bear Creek Station 12/10/65 310 110

Tanque Verde Station 12/10/65 555 460

Tanque Verde Creek
at Sabino Canyon Road

2/14/68 300 894

1/15/69 150 914

Rillito Creek Station 2/10/68 215 3,720

2/12/68 4,560 20,800

2/14/68 250 1,440

1/15/69 158 6,240

1/15/69 150 3,620

(Data from Laney, 1972)
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the downstream direction (the sample sites are listed in order of

increasing distance from the mountains): and (3) suspended sediment

concentrations are a function of time and can vary greatly during one

event, as illustrated in the last two values. Data presented by Rillito

Creek Hydrologic Research Committee (1959) confirm the low suspended

sediment concentrations and the increase in the downstream direction.

Summer Events

Summer flow events are the most difficult to characterize from

published mean daily discharge data, first because a mean daily dis-

charge value is not representative of the flashy nature of the flow

event, and second, because these flow events often take place during

time increments shorter than the daily time increment. Although total

seasonal volume of flow can be calculated without knowing the duration

of flow events, the number of events cannot be ascertained and thus

"average" flow volumes per event cannot be calculated unless the

original stage hydrograph data are available. The error associated

with using published daily data to define duration and number of events

instead of original stage (or discharge) hydrographs will be illustrated

later in this section.

Summer ephemeral flow characteristics have been discussed on

an "event" basis by several researchers. Babcock and Cushing (1942)

monitored summer flow in 1940 on Queen Creek, a stream about 80 miles

north of Tucson. Four events were recorded, with total discharge volumes

ranging from 25.6 to 244 af and averaging 120 af/event. Duration of flow

ranged from 12 to 25 hours and averaged 17 hours.
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Kisiel, Duckstein and Fogel (1971) analyzed summer flow for the

period 1945 to 1967 on the Tucson Arroyo, a very small watershed in the

Tucson Basin. They found that a Poisson distribution described the

frequency of these runoff events. This implied independence of events,

which was explained meteorologically in terms of the temporal and spa-

tial independence of summer thunderstorms. Analysis of data indicated

an average of 9.6 events/summer, and an average of 118 hours of flow

per season, or 12 hours of flow/event.

Diskin and Lane (1972), using original stage hydrograph records,

summarized ephemeral flow characteristics on several small watersheds

in the Walnut Gulch drainage system, about 50 miles southeast of Tucson.

The largest watershed examined (57.7 square miles) averaged 13.4 events

per year, three hours duration/event and 49 af/event.

Flug, Abi-Ghanem and Duckstein (1980), from published USGS rec-

ords for the Rillito gaging station, found a Poisson distribution for

the frequency of summer events, with an average of 4.75 events per

season for the years 1934 to 1970.

This author compiled the flow statistics from the original stage

hydrographs for water years 1977 through 1979 for the Santa Cruz at

Tucson USGS gaging station. The compilation from the original stage

hydrographs revealed very little variation in number of flow events per

season (21 to 25), in average duration (18 to 19 hours), and in average

flow volume (199 to 225 af). If these characteristics are calculated

from the published mean daily data, the number of flow events identified
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for the year 1979 decreases from the actual number of 21 to 13, the

average volume of flow thus increases from the actual 225 to 362 af,

and the average duration increases from the actual 18 to 53 hours/

event. Thus in terms of accurately quantifying summer flow events,

original stage hydrograph data are necessary.

All of the data reported above are summarized in Table 7 in

order of increasing watershed size. Although the averages listed were

compiled from different data sources (i.e., published daily records

versus original stage hydrographs), for different watersheds, and for

different time periods, the data suggest that the average number of

events, the average volume and the average duration in general increase

with increasing watershed area. The validity of this observation can-

not be established without many more data analyses. It is the opinion

of this author that this observation may be true only up to a certain

watershed size, and that this point varies from watershed to watershed

depending upon local conditions. The observation is offered mainly to

contrast summer flow with the winter flow regime in which the average

duration and average volume in general decreases with increasing water-

shed size (or distance from the mountain).

Peak discharge of summer flow is generally high, but not sus-

tained over any appreciable time interval. Most annual peak discharges

above a selected base discharge occur during summer flows (Table 8),

even on stream systems that are winter-flow dominant, because of the

nature of summer precipitation.
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Suspended sediment concentrations have been observed to be

much higher during summer flow events than for winter flow (Smith,

1910; Schwalen and Shaw, 1957; Matlock, 1965). A comparison of winter

flow suspended sediment concentrations on the Rillito (Table 6) with

summer flow suspended sediment concentrations on the Santa Cruz (Table

9) supports these observations. Suspended sediment concentrations on

the Santa Cruz are extremely high, ranging from 4,300 to 46,600 milli-

grams per liter ( ng/1), or almost five percent particulate solids.

Table 9. Discharge and suspended sediment concentration
of summer flow on the Santa Cruz River

Suspended Sediment
Sampling
	

Time	 Discharge	 Concentration
Site
	

Date
	

(24-hour)	 (cfs)	 (mg/1)

Santa Cruz	 7 1 16/65	 1920	 543	 13,200
River at	 7/16/65	 2150	 135	 7,180
Tucson station 8/2/65	 1315	 20	 4,300

8/18/66	 1145	 1,200	 39,000
8/19/66	 0915	 1,900	 44,300
8/19/66	 1100	 1,700	 46,600
8/22/66	 1445	 160	 28,600
9/13/66	 1035	 120	 18,800
9/15/66	 1200	 41	 15,100
10/3/67	 1650	 203	 21,800
8/20/68	 1500	 59	 12,400
8/8/69	 1530	 76	 25,600
9/5/69	 1300	 78	 11,800

(from Laney, 1972)

Extreme Events

Extreme events are most often the result of widespread, perhaps

intense precipitation over relatively long time periods and can occur
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during the summer or winter season. While the unusually high flow

extreme events are easy to recognize either visually or in the printed

record, the lower boundary separating an "extreme" event from a "normal"

flow is not easy to define. The term "extreme" event is inherently a

relative term, and the key factors used in identifying one are the high

flow volume (with respect to "average" flow volume), the relative dura-

tion of flow (generally longer than "normal" summer flows, shorter than

"normal" winter flows as measured at the mountain front), and the low

frequency of occurrence. Exactly what constitutes an extreme event

varies with different stream reaches. Identification of those extreme

events that are not immediately obvious requires a knowledge of the

historical record of flow. While extreme events are identified quan-

titatively for a reach on the Rillito Creek drainage system in the

next chapter, no attempt will be made here to do so for the remaining

Tucson streams because of the problems mentioned above and the fact

that it is not necessary in terms of the purpose of this chapter or

the goals of the thesis. What is important, though, is to document

the existence of the extreme event as a third flow regime present in

the Tucson Basin and to provide some examples of its quantitative

characteristics. The following discussion does so with examples of

values from some very high extreme events.

Flow volumes of extreme events are very large, often many times

larger than the average annual flow volume. Duration is long relative

to summer flow durations. Some examples of flow volumes and durations

of extreme events on the Santa Cruz are shown below:
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Time Period Duration (days) Volume (af)

12/78-1/79 26 38,146
1/79-2/79 27 29,104

10/77 9 40,350
12/67 14 35,200

As an example of an extreme event on the Rillito, a flow of more than

100,000 af was recorded during December 1914.

Peak discharges are often extremely high. For example, during

the December 1967 extreme event on the Santa Cruz, peak discharge was

16,100 cfs. On the Rillito, the highest peak discharge recorded was

17,000 cfs during the extreme event of the winter season, 1914-1915.

Data on suspended sediment concentrations of extreme events are

not available. Field observations suggest they are very high.

Discussion 

To summarize, annual statistics are useful only in that they

illustrate the variability of flow in an arid area and, perhaps, the

potential average volume available for recharge. A more accurate pro-

file of ephemeral flow can be developed from a consideration of seasonal-

monthly flow statistics and event-based, or regime, characteristics.

An analysis of seasonal-monthly flow statistics indicates two

types of streams--those that are dominated by summer flow, and those

dominated by winter flow. Summer flow is prevalent in channels drain-

ing primarily a piedmont topography; winter flow is prevalent in

channels draining primarily a mountainous topography.
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Three flow regimes are present in the Tucson Basin: the summer

regime, a flashy, short-lived, high suspended sediment concentration

flow; the winter regime, a low-discharge, long-duration, relatively

clear flow; and the extreme event, a high-discharge, intermediate-

duration, high suspended sediment concentration event, which occurs

during either season.

Winter flow events generally last months at stations near the

mountains but decrease in volume and duration in the downstream direc-

tion. This is in contrast to summer flow events which usually last

less than one day and in which both duration and volume appear to in-

crease in the downstream direction. Extreme events can last for

several days to several weeks. Flow volumes are very large, often many

times greater than average annual flow volumes.

It should be noted that seasonal precipitation differences are

not the only cause of seasonal flow differences; the characteristics

of the contributing watershed probably also influence flow character-

istics. What has been described in this chapter are the regimes of

the "type" locality, i.e., winter flow in channels draining mountainous

topography and summer flow in channels draining piedmont topography.

Thus, for example, winter flow in a piedmont channel, while displaying

the general characteristics of winter flow, will probably differ some-

what from winter flow out of a mountainous topography. Because the

regime flow characteristics were developed in their type localities,

the reader should be careful in extrapolating these characteristics

strictly to other types of channels.
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The purpose of this chapter has been to define as precisely as

possible the differences in the three flow regimes in the Tucson Basin.

This was done in the absence of a statistically rigorous analysis of

event-based data, with a consideration of seasonal-monthly data, point

data and the author's subjective observations. Thus, confirmation of

some of the points made and further clarification of the differences

in the three regimes awaits a more rigorous statistical analysis of

event-based data.



CHAPTER 4

STREAMFLOW RECHARGE

Introduction 

Streamflow is considered the major source of recharge in the

Tucson Basin (Matlock and Davis, 1972; Davidson, 1973). Indeed, eph-

emeral flow has been postulated to be the major source of recharge in

. . limited rainfall areas" (Renard, 1970). Most recharge research

has either been very general, directed toward calculating average

annual recharge (e.g., Burkham, 1970; Flug et al., 1980), or extremely

specific (e.g., Marsh, 1968; Wilson and DeCook, 1968). In this chapter

a qualitative and quantitative analysis of recharge patterns and trends

in the Tucson Basin is made through a synthesis of the results of a

literature review, an inflow-loss analysis on a reach in the Rillito

Creek drainage system, and a visual correlation of streamflow with

ground-water hydrographs.

The literature review summarizes other studies on the relation-

ship between seasonal flow, flow characteristics and recharge. The

inflow-loss analysis on the Rillito computes monthly inflow to the

system and monthly flow losses (recharge) to define inflow-loss rela-

tionships on a seasonal and regime basis. The correlation of streamflow

and ground-water hydrographs provides evidence that flow losses do become

recharge in addition to substantiating some points suggested by the

38
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inflow-loss analysis. The Discussion section summarizes and synthe-

sizes the results of the above three methods used to provide insight

into the relationship between ephemeral flow and recharge in the Tucson

Basin.

In this and the following chapters, two words are used inter-

changeably: streamflow loss and recharge. Streamflow loss is the dif-

ference between inflow into a stream reach and outflow from the reach.

Recharge is that amount of flow loss that reaches the regional aquifer.

In many areas streamflow losses may not equal recharge because of

factors such as evapotranspiration of flow losses prior to percolation

to the aquifer or the presence of perching layers that may inhibit the

downward movement of infiltrated waters. Though several studies have

addressed various aspects of the problem (Wilson and DeCook, 1968;

Sorey and Matlock, 1969), no study has addressed the problem as a whole

in terms of the amount of streamflow lost and the amount recharged;

indeed, it may be impossible to do so because of the indeterminancy

involved in calculating recharge from subsurface data. In the absence

of such studies, Davidson (1973) has stated that the amount of recharge

along the major streams in the Tucson Basin is equivalent to at least

90 percent of the streamflow loss and approaches 100 percent in areas

where the water level is deep. For ease of presentation of ideas, the

terms streamflow loss and recharge are used interchangeably in this

study with the knowledge that at best the streamflow loss value provides

an upper limit on the estimate of recharge from streamflow.
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Literature Review 

Streamflow recharge has been addressed from a number of dif-

ferent perspectives (for example see Keith and Rasmussen 1980). This

review will focus specifically on the literature that deals with flow

characteristics and flow losses, particularly from a seasonal perspec-

tive, in the Tucson Basin.

Smith (1910) suggested that there may be a difference in loss

rates between the flashy, silt-laden summer flows and the low-discharge,

long-duration clean snowmelt runoff in the Tucson Basin. With respect

to Rillito Creek, he stated that ". . . so far as observations go, the

winter floods appear to have by far the greater influence in maintaining

the water supply of the valley. Muddy waters, particularly those of

the Pantano Wash, contribute comparatively little seepage." These

observations were based partly upon well hydrographs and water temper-

ature data. Of the hydrographs, Smith stated that ". . . the crests

are due mainly to river flows in the winter, though minor crests were

caused by the summer floods of 1907 and 1908." Ground-water temperature

data suggested this also to Smith. Summer flows raised the normal

water temperature of 72.5 0 E
u
  only one or two degrees while winter flows

lowered the temperature from two to five degrees.

Matlock (1965) stated that the most effective source of recharge

in the Tucson Basin was the winter flow regime of snowmelt runoff at the

base of the mountains. He suggested that the winter flow regime was

more effective than the summer flow regime because of differences in

infiltration between the two regimes. He hypothesized that the summer



41

flow infiltration rates would be lower due to silt settling out and

sealing the bed as discharge decreased.

To test this hypothesis, Matlock analyzed experimental and

field data. A tilting flume with Rillito Creek bed sediments was used

to generate experimental data on velocity-suspended sediment-infiltration

rate relationships. These experimental data indicated that infiltration

rates increased with increasing discharge and decreased with increasing

concentrations of suspended sediment (Figures 5 and 6).
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Figure 5. Infiltration versus velocity (from Matlock, 1965).

These experimental results were compared to field data. Using

stream gaging records for the 10-year period October 1953 to September



42

2 FPS 3 FPS

•

•
•

• •

4 FPS

60

40

20

0

5.2 FPS

0
cs,C
0
-cc.)

a)
—

o
e..)

(./)

C.
—0
z

0

40

0

40

7.•
0 30

• -e 20

o

0.2 	04	 0.60	 02
	

04
	

0.6

Suspended Sediment Index

Figure 6. Infiltration rate versus suspended sediment
index (from Matlock, 1965).



43

1963, Matlock calculated infiltration rates for reaches between two

stations on days when the published mean daily discharge value at the

upstream station was larger than the mean daily discharge value at the

' lower station. Two types of infiltration rates were calculated: the

maximum relative loss (i.e., when the loss-to-inflow percentage was

the highest) and the maximum absolute loss (i.e., when the loss volume

was the greatest). The locations of the stations are shown in Figure

7, and the results in Figure 8. The maximum relative loss occurred

during low discharge and, hence, low velocities; the maximum absolute

loss occurred during high discharges with high velocities. Thus, the

field data supported the suggestion of the experimental data that infil-

tration rates increase with increasing discharge in spite of the con-

comitant increase in suspended sediment.

Matlock also reported on a study conducted on the Rillito in

the spring of 1962. For a four-month period of almost continuous flow,

observations were made of wetted channel area, and discharge measure-

ments were made with a current meter and by the float-area method.

Infiltration rates ranged from 2.4 to 6.5 ft/d and averaged 3.6 ft/d.

Matlock noted ". . . the infiltration rates appear to be somewhat low

for the relatively clear water in comparison with the results of the

flume studies [see Figures 5 and 6], but for the period studied velo-

cities were usually less than 2 feet per second. In addition water

temperatures were low."

Matlock had initially hypothesized that summer flows were not

as effective as winter flows on the Rillito in recharging the aquifer
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Figure 7. Stream reaches in the Tucson Basin (from Matlock, 1965).
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Figure 8. Infiltration rate versus discharge, Tucson
streams (from Matlock, 1965).
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because of lower summer infiltration rates due to high suspended sedi-

ment concentrations. His experimental and field data indicated that

infiltration rates increased with increasing discharge rates, which

implied that summer flow regime infiltration rates were higher than

winter flow infiltration rates; consequently, the differences in infil-

tration rates could not explain the presumed differences in flow losses

between the two regimes. Matlock concluded that the greater flow losses

of the winter flow regime must be caused by the longer duration of flow.

Marsh (1968) conducted a study in the Tucson Basin similar to

Matlock's (1965) with slightly different instrumentation, on Santa Cruz

River bed sediments. Experimental runs were made over a lysimeter-

flume at three flow rates--300, 450 and 600 gallons per minute (gpm)--

and three sediment concentrations--10,000, 20,000 and 30,000 parts per

million (ppm). The nine possible treatment conditions were replicated

twice. Figure 9 presents the results in terms of the mean ratio of the

infiltration rate for turbid water to that for clear water. Absolute

values for infiltration rates ranged on an average from 4.2 to 5.0 ft/d.

It is apparent from Figure 9 that, in general, the infiltration ratio

is decreased by an increase in the concentration of suspended sediment

and increased with increasing discharge rate at the 10,000-ppm level.

The results at the 20,000- and 30,000-ppm level are a bit ambiguous.

Statistical analysis indicated that suspended sediment was the

primary source of variation. Marsh felt this was due to the increased

deposition of fines on the soil surface as sediment concentration was
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increased. Discharge rate also had a significant effect on infiltra-

tion rate, but it appeared that the effect was not due to an increase

in discharge per se but rather to an indirect effect by increasing

erosion and sedimentation.

Gallaher (1979) investigated the distribution of stable isotopes

in the Tucson Basin. Because the winter and summer precipitation sea-

sons have different isotopic signatures, the distribution of isotopes

in ground water can be used to identify areas where the different

seasons were more effective in contributing to recharge. His analysis

indicated that summer percipitation was the major source of recharge

along the Santa Cruz River and that winter precipitation was the major

source of recharge along the Santa Catalina-Rincon mountain front.

Inflow-Loss Analysis on the Rillito Creek Drainage 

The Rillito Creek drainage system encompasses the mountainous

tributaries of Sabino, Bear, Tanque Verde and Rincon Creeks and the

piedmont tributary of Pantano Wash which drains Davidson and Cienega

Creeks (Figure 2). Thus, the mainstream of the Rillito receives both

summer season flow (from the piedmont and mountain tributaries) and

winter season flow (from the mountain tributaries). During the period

1961-1974 flow was monitored at these tributaries and at the Rillito

station. For this period, then, it is possible to appraise seasonal

and regime differences in inflow-loss relationships by summing flow at

the Sabino, Bear, Tanque Verde, Rincon and Pantano stations as inflow

and subtracting flow at the Rillito station. The difference between

the two values is an approximation of flow loss or recharge. This was



49

done on a monthly time increment. Such an increment was used because

it was small enough to allow for the distinction between extreme events

and the normal winter and summer flows, but not so small as to involve

an inordinate number of calculations. (A daily time increment would

have involved working with potentially more than 28,000 data sets and

more than 9,000 calculations.)

Seasonal Inflow-Loss Analysis

Table 10 presents seasonal inflow, loss and percent loss, and

total annual loss (recharge) data by year. Figure 10 is a plot of the

seasonal inflow and loss percent data. Apparent from these data are

the relatively low percent losses of the summer season. In every year

but two the percent of summer inflow lost is lower than the percent of

winter inflow lost, though in many cases the amount of winter inflow

is greater. The two exceptions, the periods of 1965-66 and 1967-68,

were years of high volume winter extreme event flows, which explain

the low loss percentage (as discussed in the next section). Data in

Table 10 also illustrate the large variation in total annual loss,

ranging from about 4,600 af in 1973-74 to more than 37,000 af in

1967-68. For the period of record examined, annual recharge averaged

approximately 19,000 af over the 50 miles of channel in the study area.

Regime Inflow-Loss Analysis

While a seasonal inflow-loss analysis illustrates some very

interesting trends, it yields little information on regime inflow-loss

trends because the extreme events of each season were not treated



50

Table 10. Seasonal inflow, loss, percent loss and total annual loss
(recharge) in acre feet on the Rillito Creek and tributary
system above the Rillito Creek gaging station for the
period May 1961-April 1974.

Year
(May-April)

1
Summer l
Inflow .' Loss

4
%

2
Winter3
Inflow

4
Loss %

Total Loss
(Recharge)

1961-1962 8,760 6,044 69 27,959 24,476 88 30,520

1962-1963 1,848 977 53 10,388 8,262 80 9,239

1963-1964 12,597 9,959 79 1,239 1,236 100 11,195

1964-1965 22,269 12,760 57 14,294 13,579 95 26,339

1965-1966 2,106 1,808 86 79,050 30,705 39 32,513

1966-1967 18,164 13,249 73 2,683 2,683 100 15,932

1967-1968 8,302 6,320 76 46,766 31,054 66 37,374

1968-1969 5,254 4,579 87 9,352 8,912 93 13,491

1969-1970 2,258 1,990 88 7,332 7,174 98 9,164

1970-1971 14,112 6,890 49 583 583 100 7,473

1971-1972 21,682 9,645 44 8,642 8,152 94 17,797

1972-1973 13,227 5,351 40 48,925 .27,972 57 33,323

1973-1974 3,132 3,053 97 1,556 1,556 100 4,609

(Data compiled from USGS series Water Resources Data for Arizona)

1. May through October.

2. November through April.

3. Inflow = the sum of flow at Sabino, Bear, Tanque Verde, Rincon

and Pantano USGS gaging stations (Figure 2).

4. Loss = the difference between inflow from the above stations and

outflow recorded at the Rillito gaging station (Figure 2).
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separately from the normal winter and summer flow regimes. When the

inflow-loss data are analyzed by regime some interesting patterns

appear. Figure 11 shows a plot of monthly inflow-loss values by season

of flow. The circles represent summer months (May through October),

and the crosses represent winter months (November through April). One

hundred and fifty-six data points are plotted. Eighty-seven points

fall on the 100 percent loss line, most of them under the 2000 af/month

inflow point, and thus are not differentiated individually.

To analyze the loss (recharge) characteristics of the three

regimes, the extreme event flows must be differentiated from the normal

summer and winter regime flows. In this study the extreme event was

defined as an inflow volume of 8500 af/month oi%more. Several factors

were considered in defining this boundary.

A major factor is the difference in the inflow-loss relationship

above the 8,500 af/month inflow point as compared to that below this

point. If the premise is accepted that the different flow character-

istics of the three regimes give rise to different inflow-loss relation-

ships, then a plot of inflow-loss data can be used to help define the

boundary between normal and extreme event flows. It is apparent from

Figure 11 that at least two inflow-loss relationships are exhibited

by the data: the relatively high inflow-loss relationship that exists

between the 0 and 8500 af/month inflow point; and the low, highly

variable inflow-loss relationship that occurs above the 8500 af/month

inflow paint. (This change does not occur abruptly at the 8500 af/month

inflow point but over a range of values starting around the8000af/month
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inflow point and ending around the 9000 af/month inflow point. For

convenience, the 8500 af/month inflow point was used in this study.)

This difference then can be used to define the boundary between the

normal regime flows and the extreme events.

Two other factors were considered in defining the extreme event

flows: the frequency of occurrence of these flows, and the flow at the

Rillito station (the outflow from the study area) as compared to average

annual flow.

Using 8500 af/month inflow as the lower boundary of extreme

event flows is justifiable considering the high volume of these flows

(relative to the rest of the data) and the low frequency of occurrence.

During the 156-month period of the study, flow equalled or exceeded

8500 af/month only 14 times.

A final consideration is the high discharge (outflow from the

study area) recorded at the Rillito station during these events. During

the period of record examined, discharge at the Rillito station averaged

around 10,000 af/yr. Discharge (inflow minus loss) during the months of

the extreme events at a minimum was at least 50 percent of average

annual flow and in some cases around 300 percent of average annual flow.

Thus the three regimes are differentiated: the summer and winter

flow regimes have inflow values up to 8500 af/month; the extreme event

has an inflow value of 8500 af/month or more. (This definition of an

extreme event is valid only for the area under study. Other stream

reaches will have different values.)
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Table 11 summarizes the inflow-loss relationship by regime.

The winter flow regime has the highest loss percentage, 91 percent of

inflow. Summer flow is next with 79 percent of inflow lost. Extreme

events have the lowest loss percentage, averaging 44 percent, and

ranging from 47 percent of summer extreme events to 42 percent for

winter extreme events.

Table 11.	 Inflow-loss, by regime, on the Rillito Creek,
May 1961-April 1974

Regime Inflow (af) Loss	 (af) Percent of Inflow Lost

Summer 62,364 49,326 79

Winter 118,235 107,252 91

Extreme Events

Summer 68,816 32,212 47

Winter 142,433 60,136 42

Total 211,249 92,348 44

The difference in the loss percentages between the normal regime

flows (up to 8500 af/month) and the extreme event flows (8500 af/month

and up) is very apparent. However, the difference between the loss

percent of the winter regime flow (91 percent) and the summer regime

flow (79 percent) is small enough to give rise to the question of

whether there is a real difference in regime loss rates. To eliminate

this uncertainty, regression analysis was performed on the inflow and

loss data of the summer and winter regimes (Appendix A) and a student's
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t test was used to test the null hypothesis that the regression slopes

of the summer and winter regimes were equal. As the results of the

test gave a t value five orders of magnitude greater than the upper

limit of the null hypothesis acceptance range at the .001 level of

significance, the alternative hypothesis that the summer and winter

regime slopes are not equal, was accepted. Thus, the difference be-

tween the summer and winter regime inflow-loss relationship is real

and not due to factors such as chance or sampling error.

In total, for the period of record examined, inflow was 392,480

af and loss was 247,992 af. Of the total loss, the sulluner regime ac-

counted for 20 percent, the winter regime 43 percent, and the extreme

event, 37 percent (Table 12).

Table 12. Contribution to total flow and recharge, by regime,
on the Rillito Creek, May 1961-April 1974

Regime
	

Percent of Total Flow	 Percent of Total Loss

Summer
	

17	 20

Winter
	 30	 43

Extreme Events

Summer
	

17	 13

Winter
	

36	 24

Total
	

53	 37

Several factors should be taken into consideration regarding

the inflow-loss data and their implications:
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1. The loss volume (or percentage) is a minimum value as flow

may enter the system from ungaged tributaries. This would make

the actual inflow greater than the measured inflow, and the

actual loss greater than the computed loss. The gaged tribu-

taries represent 66 percent of the total watershed area drained

at the Rillito station. Because these are the major tributaries

it is reasonable to infer that the total flow from these tribu-

taries accounts for more than 66 percent of the actual flow,

and that in many cases measured inflow equals actual inflow.

This would be most likely to be true for summer-generated run-

off because storm size in most cases would be smaller than

tributary watershed area. Winter storms are often basin-wide

in areal coverage which leads to a higher probability that flow

is occurring in ungaged channels. Thus, while calculated loss

values are a minimum estimate of actual loss, they are a closer

estimate in the case of summer flow than in the case of winter

flow. (Remember that the actual flow loss estimate is a maximum

estimate of actual recharge.)

2. In terms of inflow volumes, there is probably a greater dis-

parity between actual and calculated losses at the higher end

of the inflow range (i.e., above 8500 af/month) than there is

at the lower end. Inflow volumes above this point are the

result of heavy precipitation events which would increase the

probability that flow was entering the system from ungaged
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channels. Thus, losses from extreme events are probably higher

than calculated.

3. Some of the variation in the summer and the extreme event

inflow-loss relationship can be explained by flow measurement

error. Scour and sedimentation during high flow rates can

change the channel depth substantially during a flow event,

leading to uncertainty over the actual flow depth through time

and thus uncertainty over the flow rate and volume calculations.

While these limitations place some constraints on the accuracy

of the calculated numbers, they do not undermine the basic trends

established between flow regimes and recharge.

Streamflow and Ground Water Hydrograph Analysis 

One problem with using streamflow and stream losses as indices

of recharge is the uncertainty over whether the loss actually percolates

to the regional aquifer and becomes recharge. One way to confirm that

losses in fact become recharge is through visual correlation of stream-

flow and ground water hydrographs. This was done on the Santa Cruz

(Figure 4a) and the Rillito (Figure 4b) [in pocket]. (Where artesian

conditions are present, this correlation may lead to ambiguous results,

particularly concerning the magnitude of the recharge event. In the

Tucson Basin, the semi- to unconfined nature of the aquifer allows one

to interpret a water-level rise as the result of a recharge event,

rather than as a pressure response.)
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Visual correlations of streamflow and ground-water hydrographs

are useful in several other ways. They can provide information on the

relative importance of a particular season or regime flow to ground-

water recharge along the channel. Additionally, these hydrographs can

be used to develop methods to quantify recharge (e.g., Besbes et al.,

1979); however, this is not attempted in this study.

The Santa Cruz River

Figure 4a [in pocket] shows total monthly discharge (af) at the

Santa Cruz at Tucson USGS gaging station and the hydrograph of a well

15-13-2cca in Township 15 South, Range 13 East, Section 2, which is

within 100 yards of the east bank of the channel about five miles south

of the gaging station. Points to note about the streamflow hydrograph

are: (1) the predominance of summer flows; and (2) the almost total

lack of winter flows of significance until 1960, which marks the beg-

inning of a period during which winter flows, particularly extreme

events (i.e -., 1965, 1967, 1978 and 1979), became more common.

Visual correlation of water level response with streamflow is

complicated by several factors. First, this well is in the City of

Tucson's Southside Well Field which has been extant since at least the

early 1900s. This means that water level responses reflect not only

recharge but also variations in pumping. Historically the well field

has been heavily pumped during the summer and lightly pumped during the

winter. More recent seasonal variations in pumping are shown in Figure

4a. The seasonality of pumping explains the winter water-level rise
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that occurs even in the absence of winter flow as water-level recovery.

The general trend in water level between 1966 and 1974 can be partially

explained by the trend in pumpage during the same period and just prior

to it.

Another complicating factor has been the widening of the stream

channel at the site of the well. A 1957 topographic map of the area

photorevised in 1971 and 1975 records a migration of the east channel

bank toward the well. Presently the well is within 10 yards of the bank.

The bank migration that occurred between 1957 and 1975 probably did not

involve more than 100 yards of lateral erosion. The heavy winter floods

of 1978 and 1979 may have caused even further widening. The effect of

the shortening of distance between the well and the channel on the

water-level response is unknown, but it does add an element of uncer-

tainty in interpreting water-level responses after 1957, or the earliest

time that the widening could have occurred.

With this background "noise" in well 15-13-2cca identified,

what can be said about water-level response to streamflow events?

Two trends become apparent upon visual inspection of the well

and stream hydrographs: (1) there was very little water-level response

(and hence, by inference, recharge) to streamflow events until July

1950 when water levels rose 15 feet in response to a very high discharge

of over 26,000 af; and (2) the greatest water-level response occurred in

the summer until the winter of 1965-1966; then the first large response

to winter flow is recorded as a result of the greatest winter flow
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recorded during the time period of analysis, followed by another month

of heavy winter flow.

The first trend is explained by the relatively high ground-

water level during the period of the 1930s and 1940s. Water levels

during this period were close to 30 feet below land surface. Currently

the channel is entrenched about 30 feet at the site of the well. Be-

cause entrenchment began in the late 1880s this was probably more or

less the case in the 1930s and 1940s. Consequently the assumption can

be made that water levels were close to the bottom of the channel.

Because of this high ground-water level, there was very little storage

space beneath the channel to accept flow losses. The hydrograph of a

well, within 300 yards of the channel, several miles south of well

15-13-2cca also shows a high ground-water level until the late 1940s,

indicating that in the area along the channel water levels were in

general high.

The second trend, the predominance of summer water-level re-

sponse (and thus recharge), particularly until 1965-1966 is explained

by the predominance of summer flow events until this period. In fact,

during the period of 1931 to 1959, 96 percent of the flow recorded at

this station was summer flow.

To summarize, the hydrograph of well 15-13-2cca can be divided

into three periods. The first period, which ends in 1950, is a period

during which relatively little recharge occurred due to near-channel

surface-water levels. Water-level rises are in the range of only a

few feet and are in response to lowered winter pumpage and summer
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streamflow. The second period, 1950-1967, is characterized by large

water-level responses (some in excess of 50 feet) to flow events that

occur during the summer. The third period, 1967-1977, is a period

during which too many factors were influencing water-level response to

be able to identify specific streamflow-recharge events. These factors

include fluctuations in pumpage, an increase in winter flow, possibly

a shortening of the distance between the channel and the well (though

this could have occurred between 1957 and 1967), and a change in the

schedule of water-level measurements from monthly (to 1975) to yearly.

Rillito Creek

Analysis of water-level response to streamflow events is less

complicated on the Rillito because pumping is not as great and the

well (in Township 13, Range 14, Section 19) is further away from the

channel and is thus less affected by channel bank changes. Figure 4b

[in pocket] depicts streamflow at the Rillito Creek near Tucson USGS

gaging station and water level in the well, which is within 450 yards

of the south bank of the Rillito and two and one-half miles upstream

from the gaging station. The most obvious trend between streamflow

in the Rillito and water-level response is that all significant water-

level rises (i.e., those five feet or greater) occur in response to

winter flow. There are no significant water-level rises in response

to summer flow, even though summer flow accounted for 56 percent of the

flow volume measured for the period of 1931 to 1959 at the Rillito

station. This suggests that the winter flows have greater losses than

summer flows.
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Streamflow Hydrographs

An additional observation regarding the streamflow hydrographs

of the Santa Cruz and the Rillito is that the 1960s began an episode

of increased winter runoff which continued through the 1970s. This

shows up in the seasonal flow percentages and in the total mean flow

(Table 13). The winter flow percent on the Santa Cruz jumped from four

percent during the period 1931 to 1959 to 37 percent for the period

1960 to 1975 while the mean flow went from 19.3 cfs to 20.5 cfs. The

same trends are mirrored on the Rillito.

Table 13. Selected flow statistics for two periods of record

Summer Flow Winter Flow Total Mean
Station Water Year Percent of Total Percent of Total (cfs)

Santa Cruz 1931-1959 96 4 19.3

1960-1975 63 37 20.5

. Rillito 1931-1959 56 44 9.2

1960-1975 26 74 12.9

Though these data document the trend of heavy winter flow only to

Water Year 1975, it continued through the 1970s with the winter seasons

of 1977-78 and 1978-79 experiencing extremely heavy flow.



64

Discussion 

Literature Review

The focal point of most of the discussions in the literature

about the relationship between ephemeral flow and recharge has been

upon the infiltration rate. Initially, researchers (e.g., Smith, 1910;

Matlock, 1965) hypothesized that the winter flow regime was more effec-

tive in recharging the aquifer than the summer regime because of high

infiltration rates due to low suspended sediment concentrations.

Subsequent experimental and field data indicated that the higher infil-

tration rates were associated with higher discharge rates (and, by

inference, the summer and extreme event regimes) even with high suspended

sediment concentrations. Thus, while these data do not explain the

greater losses of the winter flow regime they do suggest two other

things: that infiltration rates are a function of flow characteristics;

and that flow characteristics other than those that affect infiltration

rates are an important influence on the amount of recharge that occurs

from a streamflow event.

Gallaher's (1979) isotope investigation showed that winter pre-

cipitation was the major source of recharge along the Rillito Creek and

its mountainous tributaries and that summer precipitation was the major

source of recharge along the Santa Cruz. This substantiated the

impression of earlier researchers (Smith, 1910; Schwalen and Shaw, 1957;

and Matlock, 1965) that winter flow on the Rillito was the major source

of recharge.
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Inflow-Loss Analysis

Despite the limitations of the data, the inflow-loss analysis on

a stretch of the Rillito illustrated the differences in recharge of the

three flow regimes and also approximated an average annual recharge

figure. Winter flows were found to have the greatest losses, around 90

percent of inflow; summer flows were next, losing about 80 percent;

extreme events had the lowest loss of only about 45 percent. For the

time period studied (1961-1974), winter flows contributed 43 percent of

the total recharge, extreme events contributed 37 percent, and summer

flows contributed 20 percent. Annual recharge for the reach varied

from about 4600 af to more than 37,000 af and averaged about 19,000 af.

Streamflow and Ground Water Hydrograph Analysis

A visual correlation of streamflow hydrographs with well hydro-

graphs showed that streamflow losses do become recharge. Along the

Santa Cruz, a high ground-water level kept ground-water (and hence,

recharge) response to streamf low minimal until water levels were low-

ered in the late 1940s. Until complicated by several factors, well

hydrographs on the Santa Cruz showed that most recharge between 1950

and the late 1960s occurred as a result of summer flow. On the Rillito

the greatest water-level response was to winter flow events, even though

the majority of the flow during the period examined occurred during the

summer. The streamflow hydrographs of both streams showed an episode

of heavy winter flow that began in the 1960s.

A synthesis of these results suggests the following pertinent

points about ephemeral flow recharge in the Tucson Basin:
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Historical Aspects of Recharge.

1. Along the Santa Cruz a high ground-water level prevented much

recharge from occurring until the late 1940s when water levels

began dropping. Since then, most recharge has occurred as a

result of summer flow, as indicated by seasonal flow analysis,

well hydrographs and isotope (Gallaher, 1979) data.

2. Along the Rillito, most recharge has occurred from winter flow,

as indicated by temperature data (Smith, 1910), isotope data

(Gallaher, 1979), well hydrographs and inflow-loss analysis.

3. Recharge is extremely variable on a yearly basis, as shown by

the inflow-loss analysis on the Rillito.

4. The 1960s began an episode of greater average annual recharge

which continued through the 1970s due to the presence of heavy

winter flows during this period.

Seasonal-Spatial Recharge Trends.

5. Seasonal flow analyses, isotope data (Gallaher, 1979) and well

hydrographs indicate that most recharge along channels draining

primarily a piedmot topography (i.e., the Santa Cruz) occurs

during the summer; most recharge along channels draining pri-

marily a mountainous topography (i.e., Sabino, Bear, Tanque

Verde and Rincon Creeks) occurs during the winter.

Flow Characteristics and Recharge.

6. Recharge is a function of flow characteristics. The flow

characteristics of the three regimes are sufficiently different

enough to cause different loss (recharge) rates. The winter
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flow regime has the greatest recharge percentage of around 90

percent of inflow; the summer flow regime is next with 80

percent; and the extreme event is lowest with 45 percent of

inflow recharging the aquifer.



CHAPTER 5

IMPLICATIONS FOR GROUND-WATER MANAGEMENT

The previous chapter developed a technical quantitative and

descriptive understanding of recharge patterns and trends in the Tucson

Basin that goes beyond simply the calculation of an average annual re-

charge value. Three lines of understanding were developed: historical

aspects of recharge; seasonal-spatial recharge trends; and the rela-

tionship between flow characteristics and recharge. In this chapter

an analysis is made of the implications of this information to ground-

water management under a safe yield concept.

Historical Aspects of Recharge 

The historical aspects of recharge illustrated in the previous

chapter were briefly as follows:

1. In some areas along the Santa Cruz River a near-surface ground

water level limited the amount of recharge that could occur

until water levels began dropping in the 1950s.

2. Most recharge along the Santa Cruz occurred during the summer

and most recharge along the Rillito occurred during the winter.

3. Recharge was extremely variable from year to year.

4. The 1960s began an episode of greater average annual recharge.

68
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The first and fourth points have two implications for manage-

ment under a safe yield concept. First, they mean that in terms of

calculating the greatest safe yield value possible, post-1950 hydrologic

data should be used in the calculation of ephemeral flow recharge.

Post-1950 data will yield higher average annual ephemeral flow recharge

values because of the lower ground water levels (and thus greater re-

charge conditions) than in the pre-1950 period and also because of the

presence of the heavy winter flow seasons beginning in the 1960s which

have resulted in an episode of higher average annual flow.

The first point also confirms the general point that other

researchers (Baker, 1950; DeWiest, 1963; and Besbes et al., 1978) have

recommended: water levels should be kept low enough in the area of

recharge to ensure that no recharge is rejected because of lack of

storage space. Along the recharge sites in the Tucson area ground-

water levels are probably low enough not to be a factor limiting

recharge. However, in other basins, where ground water is nearer the

surface, well fields should be located along recharge sites to maintain

adequate storage space for recharge.

There are other reasons for siting well fields along stream

channel recharge sites. Depths to ground water are often shallowest

in the basin along the major recharge sites; thus pumping lifts and

costs would be least here. More importantly, well fields along re-

charge sites would ensure that recharge waters are captured prior to

leaving the basin. (This is in the case of an open basin. In a closed

basin this would not be a problem as no ground water could leave the
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basin except through evapotranspiration.) Sometimes well fields are

sited upgradient from use areas to take advantage of gravity drainage

of waters to the users. If these well fields are also upgradient from

recharge areas, recharge water will not be captured and will flow into

down-gradient basins. Thus, if a basin is limited to pumping a safe

yield value of 50,000 af/yr and the well fields are upgradient from

where 40,000 af/yr of the recharge is occurring, the goals of the safe

yield concept will not be attained. Pumping lifts will not stabilize

as 40,000 af/yr of ground-water overdraft will still be occurring,

and 40,000 af/yr of recharge will be leaving the basin. To ensure

that no overdraft will occur and that pumping lifts will stabilize,

safe yield values should be calculated for the area upgradient from

pumping centers. To calculate the greatest safe yield value, pumping

centers should be located either along recharge sites or at the very

down-gradient end of the basin.

The second point of the historical aspects of recharge concerned

the seasonality of flow and recharge. The implications of this fact

will be discussed under the section on seasonal-spatial recharge trends.

The third point, the yearly variability of recharge, has impli-

cations in terms of the time increment used to define a safe yield

value. In Arizona the legislation did not define a time increment over

which a safe yield value was to be determined. Because of the extreme

annual variability of recharge this time increment should be large, and

not on a year-to-year basis which would result in very erratic yearly
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pumping volumes. For reasons mentioned earlier, post-1950 data should

be used on the Santa Cruz in calculating average annual recharge.

However, the safe-yield value should be evaluated periodically to ensure

that it does not under- nor over-estimate recharge and thus, pumping.

This should be carried out in conjunction with an analysis of ground-

water levels. If well fields are cited properly (i.e., in an area

where the cone of depression will intercept recharge), water levels

should stabilize when pumpage approximates recharge. Water levels that

are either declining or rising on the average, would indicate that the

safe-yield value being pumped is either too large or too low, respec-

tively.

Seasonal-Spatial Recharge Trends 

The seasonal-spatial analysis of flow and recharge showed that

most flow in channels draining primarily a piedmont area occurred

during summer and most flow in channels draining primarily a mountain-

ous topography occurred during winter. In basins where water levels

are near the surface, if well fields are located along stream channels,

and if enhancement of natural recharge is desired, pumping should be

scheduled so that the well fields along piedmont channels are pumped

during the summer and the well fields along mountainous-drained chan-

nels are pumped during winter. This would ensure that water levels

would be kept low so as not to limit potential recharge through lack

of available storage space beneath the channel.
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Flow Characteristics and Recharge 

Inflow-loss analysis on the Rillito indicated that the winter

flow regime had the greatest loss percentage of 90 percent of inflow,

the summer flow regime was next with 80 percent and the extreme event

was last, with only 45 percent lost. This has two implications in

terms of enhancement of recharge and development of artificial re-

charge programs.

First, most of the potential for enhancement of natural recharge

or in the procurement of surface flow waters for artificial recharge

lies in the extreme event flow because of its low loss percentage and

high volumes of potential recharge waters. For example, if 100 percent

of recharge of all natural flows were possible -(either through enhance-

ment or artificial recharge) the increase gained from the summer and

winter flow regimes would be small but for the extreme event would be

substantial. Table 14 illustrates what these increases would be for

the reach of the Rillito examined in the inflow-loss analysis (Chapter

4) for the period 1961-1974. Increases of recharge to 100 percent of

flow would increase the total recharge for the summer and winter regimes

during the 13-year time period by only 22,000 af while for the extreme

event 100 percent recharge would result in an additional 120,000 af.

Obviously, 100 percent of recharge for the extreme event may be impos-

sible but flow losses could be increased through enhancement of recharge

programs which would involve heavy pumping in the vicinity of the

extreme event to keep water levels low. Increases in recharge for the

extreme event could more likely result from diversion and detention of
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flow waters for a controlled release to dry channels for artificial

recharge.

Table 14. Increases in recharge by regime, if 100 percent recharge
were possible, for the period 1961-1974, on a reach on
the Rillito drainage

Regime Total Increase in Recharge, 1961-1974 (af)

Winter 10,000

Summer 12,000

Extreme event 120,000

Second, any artificial recharge program which consists of con-

trolled releases of water to dry channels should simulate the flow

characteristics of the winter regime which has the greatest losses.

These flow characteristics would include low discharge rates, long

duration and low suspended sediment concentrations.

Discussion 

All of the above ground-water management recommendations were

made with only one factor in mind: recharge. Ground-water management,

however, involves consideration of other, perhaps equally or more

important factors, such as technical, geological, socio-economical and

legal aspects. Indeed, legal constraints may make several of these

recommendations infeasible. In particular, the question of who owns

surface flow must be addressed before any natural recharge enhancement

program or diversion of surface flow for artificial recharge program
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can be implemented. (These legal considerations, in addition to the

technical, environmental, institutional, economic  and engineering con-

siderations of artificial recharge are addressed in Water Resources

Research Center and School of Renewable Natural Resources, 1979.)

Thus, the management recommendations made in this study should be viewed

with the perspective that they were made simply to increase ephemeral

flow recharge as the prime component of safe yield, and that other, un-

accounted for, factors must also be considered.

In summary, let us return to the initial question: what do the

results of the quantitative and descriptive ephemeral flow-recharge

analysis mean in terms of ground water management under a safe yield

concept? Generally, what this information allows for is: (1) the

calculation of the largest possible safe yield value; and (2) the

physical management means by which this value can be attained.

More specifically, with respect to these two points, the eph-

emeral flow recharge analysis has:

1. Suggested that the time increment for defining a recharge value

not be on a year-to-year basis (because of the extreme variabil-

ity) but on the average annual basis encompassing many years.

2. Defined a beginning time period from which to calculate an

average annual recharge value so as to obtain the largest safe

yield value.

3. Recommended locations for well fields that would ensure that

recharge waters are captured prior to leaving the basin.
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4. Suggested a seasonal pumping schedule that could enhance re-

charge along parts of the channel where a near-surface water

level may restrict the amount of recharge.

5. Defined the regime which ought to be targeted for artificial

recharge through diversion and detention of flow.

6. Defined the regime which ought to be simulated in any artificial

recharge program which involves controlled releases to dry

channels.



CHAPTER 6

SUMMARY AND CONCLUSIONS

In several states in the arid West a safe yield concept has

been adopted as a management goal, where safe yield has been generally

defined as annual recharge. Oftentimes management by the safe yield

concept does not go beyond limiting pumping to a calculated average

annual recharge value. The hypothesis of this study is that quantita-

tive and descriptive analysis of recharge patterns and trends can

result in much more specific management recommendations than would

result simply from the calculation of an average annual recharge value;

and, that these recommendations can be used to define and attain the

largest safe yield value possible and to increase natural recharge and

develop artificial recharge programs. A case study of streamflow

recharge in the Tucson, Arizona area was undertaken to demonstrate

this hypothesis. The study resulted in a definition of flow character-

istics, a correlation of flow characteristics to recharge patterns and

trends, and then a discussion of the implications for ground water

management.

The flow analysis yielded the following information:

1. Most flow in channels draining primarily a piedmont topography

occurs during summer; most flow in channels draining primarily

a mountainous topography occurs during winter.

76
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2. Three flow regimes are present in the Tucson Basin: the flashy,

short-lived, high suspended sediment concentration summer flow;

the low-peak discharge, long duration, low suspended sediment

concentration winter flow; and the extreme event, a high peak

discharge, relatively long duration and high suspended sediment

concentration flow that occurs in summer or winter.

Season and regime flow characteristics and patterns were re-

lated to recharge through a literature review, an inflow-loss analysis

on a reach of the Rillito Creek system, and a correlation of streamflow

hydrographs with well hydrographs. Synthesis of the results of the

three methods indicated the following:

1. A near-surface ground-water level prohibited much recharge from

occurring along parts of the Santa Cruz River until the 1950s,

when water levels declined.

2. Most recharge on the Santa Cruz has occurred during the summer;

most recharge along the Rillito and its mountainous tributaries

occurred during the winter;

3. Recharge is extremely variable from year to year.

4. An episode of greater average annual recharge began in the

1960s and continued through the 1970s.

5. Most recharge along piedmont-draining streams occurs during

summer; most recharge along mountain-draining streams occurs

during winter.

6. Recharge is a function of flow characteristics. The winter

flow regime has the highest recharge of 90 percent of inflow,



78

the summer regime recharges 75 percent of its flow, and the

extreme event recharges only 45 percent. In the study area,

winter flow recharge accounted for 43 percent of the total

recharge, the extreme event flows accounted for 37 percent of

total recharge, and the summer flow accounted for only 20

percent.

These findings had the following implications for ground-water

management under a safe yield concept:

1. Calculation of the safe yield value for the Tucson area should

not be on a year-to-year basis, but should encompass a large

number of years beginning with 1950 data, and should be period-

ically re-evaluated.

2. Well fields should be located along the major stream channel

recharge sites.

3. An optimal pumping schedule would be to pump heaviest from well

fields along piedmont streams during summer and to pump heaviest

from well fields along mountainous streams during winter.

4. Most of the potential for enhancement of natural recharge or

for artificial recharge of natural flows is in the extreme flow

event.

5. Ephemeral flow recharge is a function of flow characteristics;

thus the winter flow regime, because it has the highest re-

charge percentage, should be simulated in any artificial

recharge program which involves controlled releases to dry

channels.
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Most of the management recommendatious could be applied, with

local modifications, to other basins in limited rainfall areas where a

substantial amount of recharge occurs as unregulated flow in normally

dry alluvial channels, and where more than one flow season occurs. A

recharge pattern and trend analysis similar to the one presented here

would be necessary to define the local modifications.

With the increased concern over ground-water resources in the

arid West, the trend in management undoubtedly will be from the laissez-

faire attitude of the past to a much more controlled development of the

resource. Because ground water is essentially a non-renewable resource

in this area, and because the future economic development of these

basins will increasingly be predicated upon a dependable supply of

water, management schemes will have to focus on that one component of

the ground-water system that is relatively dependable and renewable:

recharge. Simply calculating an average annual recharge value and then

limiting pumping to that value will shortchange the inhabitants of that

area in addition to possibly not even mitigating the rate of water-

level decline or ground-water overdraft. Instead, management under

safe yield should be predicated upon the results of a quantitative and

descriptive analysis of recharge patterns and trends. Such a study can

yield much in the way of defining the greatest possible safe yield

value, in enhancing natural recharge, and in developing programs for

artificial recharge.



APPENDIX A

REGRESSION ANALYSIS, INFLOW VERSUS LOSS,
SUMMER AND WINTER REGIMES, RILLITO CREEK

80



81

REGRESSION ANALYSIS,
SUMMER AND WINTER REGIMES,

INFLOW VERSUS LOSS,
RILLITO CREEK

Summer Regime Winter Regime

Correlation (R) .97571 .98713

R squared .95201 .97442

Significance of R .00001 .00001

Standard error of estimate 243.43525 301.28825

Intercept (A) 15.86813 106.59826

Standard error of A 35.87285 43.93057

Significance of A .32985 .00889

Slope	 (B) .77389 .84129

Standard error of B .02155 .01618

Significance of B .00001 .00001
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Figure 4. Streamflow and ground-water hydrographs for the Sant Cruz River
and Rillito Creek, 1930-1975. -- (a) Streamflow, ground-water
levels and pumpage along the Santa Cruz River; (b) Streamf low
and ground-water levels along Rillito Creek.
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