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ABSTRACT
The principle aim of this study was to outline a new method for
determining steady state infiltration rates for the Santa Cruz and

Rillito Rivers. A secondary study aim was to apply four alternative
infiltration prediction models to study conditions and compare results.
The procedure entailed constructing a plan-view map of channel
flow conditions from an aerial video, and digitizing the wetted area.
Steady state infiltration conditions were demonstrated to have been
established on both streams during the study period. Combining the
wetted area values with known or estimated inflow/outflow rates, steady
state infiltration rates were computed: 1.35 ft/day, or 18.19 acft/day/mi, for the Santa Cruz River, and 1.65 ft/day, or 40.91 acft/day/mi, on the Rillito River.
Results from the application of the four alternative
methodologies showed that Lane's (1983) predicted rates agreed most
closely with values determined in this study. The Flug et al. (1980)
values differed most dramaticly.
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CHAPTER 1
INTRODUCTION
Statement of Problem
With the rate of groundwater withdrawal consistently in excess
of the rate at which water naturally replenishes the Tucson aquifer
system, and with groundwater being the only currently available supply
source in the basin, the need to maximize existing recharge
potentials and to research available artificial recharge options has
become increasingly important.
In a show of state-wide concern over the problem, the Arizona
Legislature amended the Groundwater Management Act of 1980 (Senate Bill
1001) to give the Department of Water Resources the authority to begin

implementing a groundwater augmentation program in the Tucson Active
Management Area during the first management period, between 1980 and
•
1990 (Department of Water Resources, 1985).

In its study of the

available augmentation options, the Department of Water Resources cited
artificial recharge for immediate implementation.
based on two factors:

This decision was

1) the large percent of the input water

recoverable from artificial recharge operations, and

2)

the

considerable amount of research that has already focussed on groundwater
recharge in the Tucson Basin. In spite of the fact that a substantial
database does exist, concerns over possible water quality degradation,
the effect of recharge operations on flooding and erosion, and the pros
and cons of available recharge sites still remain to be addressed by
continuing research.
1

2
The most important sites for natural infiltration of surface
runoff in the Tucson Basin are the ephemeral stream channels (Fig. 1).
Studies show that these regions are efficient natural infiltration
galleries, where an average of 70% of the annual inflow is depleted by
infiltration (Burkham, 1970). Because of this natural potential, water
management entities at the city, county, and state level have considered
the use of the main channels in the basin as possible sites for
artificial recharge of conserved, recycled, or imported water (CH2M Hill
et al., 1987 ; Lueck et al., 1986).
All available information regarding the properties and
capabilities of the stream/aquifer system should be analyzed before
formulating a management plan that includes stream channel recharge as
a possible groundwater augmentation technique. One parameter of
interest that remains to be clearly defined and evaluated is the
expected steady state infiltration rate for water that is naturally
flowing or artificially ponded in the ephemeral channels for long
periods of time. The principle aim of this study is to outline a new
method for determining this important parameter for the two major
drainages in the Tucson Basin--the Santa Cruz and the Rillito Rivers. In
order to evaluate the infiltration rates obtained by this method, a
secondary study aim is to apply four alternative infiltration prediction
models to the study conditions and compare results.
Procedure
Steady state infiltration rates for the Santa Cruz and
Rillito Rivers are determined in this study using a method based on
Darcy's Law. It is simple to carry out and requires the knowledge of
upstream and a downstream discharge values from a particular flow event
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Fig. 1. Study area map showing stream reaches and monitor well,
Tucson Basin, Southeastern Arizona.

4
and the area of the flow region between the control points. The
procedure entails constructing a plan-view map of channel conditions
from an aerial video taken during a flow event on the streams of
interest.
The streamflow event analyzed here was a long term, low flow
event which began in mid-December 1984 and persisted until the beginning
of April 1985 on both the Santa Cruz and Rillito Rivers. The return
frequency of an event of this duration in the basin is about 1.5%. The
video was filmed on February 11, 1985, at which time all of the
available flow on the Rillito River was infiltrating before it reached
the Santa Cruz River (Cluff, Katz, and Scovill, 1987). It was later
demonstrated that soil moisture conditions were no longer changing with
time and infiltration had reached a steady state on the study streams by
that date. The total available channel area and the area wetted by the
February 11th flow were obtained from the video data of the streams.
Using the known difference in flow rate between upstream and downstream
points on each stream for the study date, and the measured wetted area
between these points, a streamflow loss rate was calculated. By
subtracting off estimated losses due to evaporation from the wetted
surface, an infiltration rate was also computed for each stream. A
comparison between the recharge potentials of the two stream channels
was then made by normalizing these values to stream length.
Though steady state infiltration values are computed here, the
aerial video technique could be used to determine infiltration rates and
volumes for any flow conditions of interest. The steady state data
obtained in this study not only helps to characterize existing
infiltration and recharge processes, but also serves to quantify the

5
probable returns from any in-stream artificial recharge practices that
might be implemented.

Organization
Topics covered in this report on steady state streamflow
infiltration along the Santa Cruz and Rillito Rivers include a
literature review of past infiltration studies, a brief explanation of
the theory behind the study methodology, and an overview of hydrologic
and geologic information pertaining to the study area. A more detailed
description of the procedure and the characteristics of the 1984/1985
streamflow event being studied is followed by a presentation of study
results. As a means of further evaluating the procedure and results, a
comparison with results obtained by applying other available
methodologies to study conditions is also included. A summary and
recommendations section completes the text. Uncertainties and
assumptions are discussed in Appendix A, and Appendix B summarizes
streamflow duration data for the two study streams.

CHAPTER 2
LITERATURE REVIEW
Introduction
Stream channel infiltration, and the associated groundwater
recharge processes, have long been topics of study for researchers
focussing on the hydrology of arid to semi-arid watersheds, where
ephemeral flow is the rule. Studies may be divided into two broad
categories: those that seek to qualify the effects of various factors
that influence infiltration and recharge processes, and those that use
original procedures or mathematical relationships to quantify the amount
of infiltration and groundwater recharge that may be expected to Occur
along a given stream reach. This review will discuss studies that fall
into the first category in order to provide background information on
the major factors affecting rates and volumes of streamflow
infiltration. As the emphasis of this study is to outline a new
procedure, and use it to determine steady state infiltration rates and
volumes for the two major streams in the Tucson Basin, studies that fall
into the second category will be presented as a review of the
methodologies and findings of other researchers.
Factors Affecting Streamflow Losses
A variety of factors affect the volume and rate of infiltration
that may occur along a given stream reach. These factors relate either
to the specific character of the streamflow along the channel, the

6
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properties of the vadose zone and aquifer underlying the channel, or the
geomorphology of the channel region itself.
Properties of the Streamflow
Sediment concentration. The concentration of sediment has been
shown to have a significant effect on the rate at which streamflow
depletion occurs. This effect was addressed by Matlock (1965), who
performed tilted flume experiments on Rillito River sediments, and by
Marsh (1968), who conducted similar experiments using a lysimeter flume
on representative samples from the Santa Cruz River. Both researchers
observed an inverse relationship between suspended sediment
concentration and the rate at which streamflow is depleted by
infiltration.
Velocity. In addition to qualifying the effect of suspended
sediment concentration, the flume studies described above (Matlock,
1965; Marsh, 1968) also considered the effect of streamflow velocity on
infiltration rates. Conclusions drawn from each study with regard to
the effect of this variable are slightly different. Though flume
experiments performed in both study areas demonstrated that infiltration
rates are significantly increased with increasing flow velocity, Marsh
concluded that this resulted from the indirect effect of velocity on
erosion and sedimentation processes. This is supported by earlier
research (Bouwer et al., 1962) which indicated that velocity had no
direct influence on seepage, and only indirectly affected the volume of
streamflow losses through its influence on erosion, sedimentation, and
wetted channel area.
A further observation by Matlock (1965) with regard to the
effect of stream velocity on infiltration is also of interest here.
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Looking at historic streamflow records, Matlock found that though the
maximum absolute streamflow losses occurred in conjunction with high
discharge flows, low discharge events led to higher losses relative to
the initial volume of inflow. In this way, low streamflow rates are
more efficient for recharging a given surface water volume than higher
rates. Where maintanence of an in-stream artificial recharge operation
is concerned, and efficiency is a key consideration, the use of low
application rates would be desireable to maximize input returns.
Stage. The flow head, or stage, is also an important factor
governing rates of stream channel infiltration, as it relates to both
the area of streambed being utilized for infiltration, and the pressure
head driving flow. Model results reported by Wilson et al. (1987)
demonstrated that the effect of this parameter becomes less dramatic
with time, such that head changes produce only minimal changes in
infiltration rate during the later portions of the streamflow
hydro graph.
Duration. The duration of a streamflow event is another
important factor governing the amount and rate of infiltration that
Occurs.

Flug et al. (1980) considered flow duration to be the key

variable in their stochastic event-based model of recharge from
streamflow. They found that the volume of recharge varied linearly with
the duration of a flow event, and that the amount of recharge for a
given flow duration and the threshold duration before which no recharge
occurred were constants for a given stream channel.
Season. An extension of the above conclusions regarding the
effects of the suspended sediment load, velocity, and duration of
streamflow on infiltration processes relates to seasonal variability in
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stream channel recharge. As early as 1910, Smith (1910) analyzed
groundwater level and temperature data from wells along the Rillito
River and postulated that there was a difference in loss rates between
the characteristically high-discharge, short-duration, silty summer
flows and the low-discharge, longer-duration, clean winter flows. The
former Occur in response to summer convective thunderstorms, and the
latter result from winter frontal rainfall and snowmelt. Seasonal
effects were also noted by Schwalen and Shaw (1957), who found that the
winter streamflow was the most effective recharge supply in the Tucson
Basin. They attributed this observation both to low sediment
concentrations and low evapotranspiration rates during the winter
months.
As the isotopic compositions of winter and summer precipitation
varies, Gallaher (1979) was able to use the distribution of stable
isotopes in groundwater to address the issue of seasonal variability in
recharge in the basin. His analysis showed that though winter
precipitation (and/or snow-melt) was the predominant source of recharge
water along the mountains and the Rillito River, most of the Santa Cruz
River recharge was fed by summer precipitation and the associated flows.
Keith (1981) came to a similar conclusion when she found that more than
70% of flow in piedmont-draining streams (Santa Cruz River) occurred
during the summer months, and that mountain-draining streams had the
majority of their flow occurring during the winter months. The Rillito
River was found to have only slightly more winter than summer flow.
Properties of the Vadose Zone and Aquifer
Vadose zone. Characteristics of the unsaturated zone underlying
an ephemeral stream also have a controlling influence on in-stream
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recharge processes. Through an analysis of water content profiles from
neutron borehole logs, taken in conjunction with a winter 1965/1966
streamflow event along the Santa Cruz River, Wilson and DeCook (1968)
demonstrated that a substantial portion of the infiltrating water may be
stored in the vadose zone above the water table. During the 1965/1966
event, only an estimated 33% of the total volumetric change in the
subsurface water content showed up as a water level change in the
observation well. Though the exact magnitude of vadose zone moisture
storage varies from site to site, consideration of this transient effect
makes direct correlation of water table rises and recharge volumes
impossible.
Aquifer.

A

characteristic of the subsurface water regime that

has been shown to relate to stream channel infiltration and recharge is
the depth of the water table below the land surface. Turner et al.
(1943) correlated low infiltration rates during seepage runs along the
Rillito River with regions where the water table was very close to the
surface.
Factors governing the rate at which groundwater, once recharged,
may move away from the water table are the permeability, saturated
thickness, and specific yield of the aquifer underlying the stream
channel. As this rate must be large enough to prevent groundwater
mounding from interfering with infiltration processes, variation in the
magnitude of these aquifer parameters may be expected to greatly affect
infiltration rates.
Channel Characteristics
Geomorphology. Schwalen and Shaw (1957) indicated that wide,
sandy stream reaches were the sites with the most substantial recharge
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potential in the basin.

Geomorphic features, such as stream order and

the volume of channel alluvium, were found by Wallace and Lane (1978) to
correlate with the potential losses from ephemeral stream channels.
Channel sediments. The effect of channel sediment size and
sorting were analyzed by Matlock (1965). Infiltration tests on Rillito
River deposits from 14 points along the length of the stream
demonstrated a decrease in infiltration rates as the mean diameter of
channel deposits decreased and the sorting increased in the downstream
direction.
Estimates of Streamflow Losses
for the Santa Cruz and Rillito Rivers
Infiltration Along the Santa Cruz River
Infiltration and recharge from streamflow along the Santa Cruz
River has been studied by several investigators. The first reference is
found in Todd (1959), who reported an average rate of 3.8 ft/day for the
entire river.
Matlock (1965) used streamflow data from October 1953 to
September 1963 from the Continental, Tucson, and Cortaro stations (Fig.
2) on the Santa Cruz River to compute transmission losses between gaged
points. A range of 3.0 to 6.7 ft/day, or 15 to 80 ac-ft/mi/day, was
calculated for the Continental to Tucson 26.4 mile reach, and a range of
6.4 to 7.4 ft/day, or 52 to 64 ac-ft/mi/day, was calculated for the 12.4
mile stream section between the Tucson and Cortaro gaging stations. On
approximately 60% of the flow days during the study period, infiltration
losses represented more than 50% of the inflow volume to the reaches.
Transmission losses along the Santa Cruz River, and all the
major ephemeral streams in the Tucson Basin, were determined in a study
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by Burkham (1970).

He found that infiltration varied directly with

inflow and used 1936 to 1963 streamflow data from the various gaging
stations (Fig. 2) to determine the proportionality factor (C) for each
of the stream reaches of interest. This enabled him to calculate
infiltration volume per time from the relationship,

0.8
Q
f

C (Q
1 inflow

(la)

0.8
Or,

Q /mile = C (Q
2 inflow

(lb)

in which, Q — infiltration rate; the difference between upstream
inflow and downstream outflow at corresponding time
intervals [cfs]

C — variable coefficient, constant for a reach
1
C = C / total length of reach
1
2
— upstream inflow rate [cfs]
inflow
For the reach of the Santa Cruz River between the Continental
and Tucson gaging stations, an average annual infiltration loss of 320

ac-ft/mi was determined.

For the reach that extends from Tucson to

Cortaro, Burkham's equation yielded a value of 480 ac-ft/mi.

Computed

coefficients for Eqn. la for the two reaches were 1.6 and 1.4
respectively, and those for Eqn. lb were 0.06 and 0.18. Expressed as a
percentage of the total inflow, infiltration losses were seen to deplete

40% of inflow to the upstream reach and 45% of inflow to the downstream
reach.
In order to compare Burkham's average annual rates with daily
rates computed in this and other studies, it would be helpful to have
even a rough estimate of the average number of flow days per year on
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the stream of interest.

Keith (1981) used data from Condes de la Torre

(1970) to determine the average percent of the year in which flow is
present in the various Tucson area streams.
Cruz River is 11%,

This value for the Santa

which translates into about 40 days. The period of

record for which this average was computed was between 1940 and 1965 in

Condes

de la Torre,

and Burkham's average annual

infiltration

relationships were determined from 1936 to 1963 data. Though there is
some uncertainty in comparing the different records of data to each
other, it is assumed here that the correspondence is adequate for rough
estimating purposes. Daily rates for the two Santa Cruz River reaches
--Continental to Tucson and Tucson to Cortaro--may be calculated by
dividing the annual infiltration rates by the average number of flow
days per year. In this way, recharge rates of 8 and 12 ac-ft/mi/day are
obtained for the upstream and downstream reaches respectively.
In a 1987 report by Cluff, Katz and Scovill (1987), Burkham's

(1970) relationships for streamflow losses along the main channels in
the Tucson Basin were used to model the infiltration associated with all
historic flow events above a certain threshold magnitude on the Santa
Cruz and Rillito Rivers. Based on observation of the 1984/1985 low flow
event analyzed in this study, flow below 250 cfs measured at
Continental on the Santa Cruz River and below 240 cfs on the Rillito
River were assumed to completely infiltrate along the channel length.
Average annual infiltration was then computed from the individual
historic events (between 1918 and 1983). For the Santa Cruz River,
average infiltration amounted to 20,851 ac-ft/yr, or 448 ac-ft/mi/yr.

Rillito River infiltration will be mentioned below. Again, assuming
Keith's (1981) estimate of the average percent of the year in which flow
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occurs on the Santa Cruz River, this amounts to an average of about 11
ac-ft/mi/day. In this case, average daily infiltration rates were also
computed by actually counting the number of flow days per year over the
years of historic record used in the model. For the Santa Cruz River
this value was an average of 51 days. Both methods of determining daily
rates produce results that closely match those computed by Burkham
(1970) from the 1936 to 1963 streamflow data.
A portion of the Santa Cruz River is used on a regular basis as
a drainage channel for secondarily treated municipal wastewater.
Studies addressing the amount and rate of recharge of this artificially
maintained streamflow are another source of information on infiltration
along the Santa Cruz River. Though density, viscosity, temperature and
possible clogging effects make a direct extension of these results to
natural streamflow recharge impossible, the values are still useful for
comparison. Rates, in general, are substantially lower than for natural
streamflow, due to low discharge rates and clogging effects of the
effluent releases.
Matlock (1966) estimated the average infiltration rate in a 6.3
mile test section along the Santa Cruz River, between the City of Tucson
Treatment plant and Cortaro Rd., to be 2.0 ft/day, or 6 ac-ft/mi/day.
Rates along this same reach were measured by Cluff, DeCook and Matlock
in 1972 and Sebenik in 1975, in two separate H-L flume studies.
Infiltration rates of 5.0 and 8.7 ac-ft/mi/day were determined from the
two studies respectively. Another downstream Santa Cruz River reach,
extending from Cortaro Rd. to the Rillito Narrows at Avra Valley Rd.,
was also studied by Cluff, DeCook and Matlock (1972) and Sebenik (1975)
and infiltration rates of 6.0 and 5.2 ac-ft/mi/day were obtained.
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Wilson and Small (1973) estimated infiltration rates of sewage effluent
on the Santa Cruz River near Ina Rd. and report a rate of 7.1

ac-ft/mi/day.
Infiltration Along the Rillito River
Recognition of the Rillito River as an efficient natural
recharge system, and a potential site for artificial recharge, has
prompted a large number of investigators to analyze streamflow
infiltration and recharge along this stream. A wide range of values are
quoted in the literature.
As early as 1943, a group led by Turner (1943) obtained
estimates of infiltration rates from seepage runs on snowmelt runoff
along the Rillito River. The values obtained in this study ranged from

1.1 to 3.7 ft/day. The lower rate was seen to correlate with an area
where near-surface water table conditions prevailed and impeded downward
flow.
Matlock (1965) used a variety of methods to compute infiltration
rates for Rillito River flows. Streamflow data from October 1953 to
September 1963 for the Vail, Rillito Creek and Cortaro gaging stations
(Fig. 2) were used to compute infiltration as the difference in flow
rate between upstream and downstream gaged points. The stretch between
Vail and Rillito Creek, which is composed of 20.7 miles of Pantano Wash
and 7.2 miles of the Rillito River, had computed infiltration rates of
between 3.2 and 4.1 ft/day, or 16 and 33 ac-ft/mi/day. Approximately

70% of the flow days during the study period showed losses that
constituted more than 50% of the inflow volume. The downstream reach
extends from the Rillito Creek to the Cortaro gaging stations and
comprises 4.8 miles of the Rillito River and 4.0 miles of the Santa Cruz
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River.

A wide range of infiltration rates, between 4.3 and 11 ft/day,

or 13 and 110 ac-ft/mi/day, were computed for this stream section.
Expressed as a percentage of the inflow volume, all flow days had losses
of 50% or greater, and most (80%) had losses amounting to nearly 100% of
the upstream inflow.
Unpublished studies on the Rillito River, conducted by Schwalen

(1960 and 1962) and reported on by Matlock (1965), yielded average
infiltration rates for the stream using two different methods. The
first was a one year water budget, calculated for the period from March

1959 to March 1960. Components of the budget included United States
Geological Survey (USGS) gaging station records, estimates of ungaged
flow, net recharge to the groundwater table from well level changes in
the area, estimates of consumptive use by stream bank vegetation, and
water use data from municipal and irrigation wells. Net recharge, after
subtracting off losses due to evaporation, was 2.8 ft/day.

This was

thought to be a conservative estimate of the average rate,

as

measurements were taken during a period when colder temperatures would
cause the viscosity of the water to be higher.
The second study methodology entailed performing seepage runs on
spring 1962 flow along the Rillito River caused by frontal rainfall and

snowmelt. With an average infiltration rate estimate of 3.6 ft/day,
this winter flow period was found to be the most effective for natural
recharge. It was suggested that low steady velocities and a negligible
sediment load could be responsible for the high intake rates.
The Burkham (1970) study,

outlined in the section on

infiltration along the Santa Cruz River above,

also includes a

determination of average annual infiltration losses along the Rillito
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River using data from 1936 to 1963. For a 9.5 mile length of stream
encompassing a small portion of the Tanque Verde Wash (from Sabino
Canyon Rd.) and the Rillito River down to the Rillito Creek gaging
station a proportionality coefficient (C ) of 1.7 was computed from
1
historic data. Use of this coefficient in Burkham's inflow/infiltration
rate relationship (Eqn. la) resulted in a value of 820 ac-ft/mi for the
average annual loss rate. This accounted for almost 56% of the upstream
inflow to the reach. In order to express this average annual loss rate
as a daily recharge rate, an estimate of the average number of days per
year in which streamflow is present must be used. As discussed for the
Santa Cruz River above, such a value is available (Keith, 1981) and will
be used here as a rough means of relating average annual to average
daily infiltration. According to data from 1915 to 1965 (Condes de la
Torre, 1970), flow on the Rillito River is present during an average of
8% of the year, or approximately 29 days. Using this value, a recharge
rate of 28 ac-ft/mi/day is computed. Comparison of these recharge
values with those obtained by Burkham for the Santa Cruz River (about 10
ac-ft/mi/day) demonstrates that the Rillito River, according to his
analysis, is a more efficient recharge system.
Moench and Kisiel (1970) used a mathematical relationship to
calculate recharge for an 80 day period of intermittent winter 1959/1960
flow on the Rillito River. The study proposed to analyze recharge using
a discrete form of the convolution integral, which relates observed
water level responses in wells to a volume of recharge via a series of
impulse response functions. Wells located near the Rillito River at
Campbell Ave.

were used.

In this way, recharge for the 80 day event

was computed to be between 1,770 and 2,840 ac-ft/mi, depending on the
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value of transmissivity and storage coefficient input into the model.
This amounts to an average daily recharge rate of between 22.1 and 35.5
ac-ft/mi/day for the event.
Flug et al. (1980) devised a stochastic event-based model for
looking at streamflow recharge,
exemplify their approach.

and also used the Rillito River to

Flow duration was assumed to be the only

variable input into the system. It was related to recharge according to
the following linear relationship,

where,

V(j) = a [Y(j) - b]

Y(i) >

(2a)

V(j) = 0

Y(j) < b

(2b)

V(j) = volume of recharge along a stream due to the jth
2
streamflow event [L ]
Y(j) = flow duration for the jth streamflow event [T]
a = proportionality factor which converts flow duration into
recharge volume for the particular characteristics of
3
the stream channel [L /T]
b = threshold flow duration below which recharge will not
occur [T]

Historic data on streamflow duration and the number of events per season
is used to compute population parameters--the expected value of recharge
and the variance of recharge--from the above linear relationship.
Sample parameters--the mean recharge and the sample variance of
recharge--are computed by a water budget method and averaged over a ten
year period between 1960 and 1974. Records for four of the years within
the period were incomplete and therefore not incorporated into the
analysis. Using the method of moments to equate population and sample
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means and variances, a unique physical solution for "a" and "b" for the
63
Rillito River was obtained.
These values are 1.57 x 10 m and 1.05
days for "a" and "b" respectively.

The average annual recharge

estimate, obtained as the sample mean over the ten years from annual
water budgets, was 1,822 ac-ft/mi. Assuming, as was done above, that
flow is present in the Rillito River for an average of 8% of the year
(Keith, 1981), this annual average may be expressed on a daily basis as
roughly 62 ac-ft/mi/day.
The 1987 Pima County study discussed above with regard to the
Santa Cruz River (Cluff, Katz and Scovill, 1987) also determined average
annual infiltration for the Rillito River using the daily historic flow
record from 1918 to 1975. A value of 8,318 ac-ft/yr, or 693 acft/mi/yr, was obtained using Burkham's relationships and the knowledge,
from the 1984/1985 streamflow event analyzed in this study, that flows
of approximately 240 cfs or lower would completely infiltrate along the
length of the stream. Expressed on a daily basis, using Keith (1981)
for an estimate of the average percent of the year in which flow is
present on the Rillito River, this amounts to about 24 ac-ft/mi/day.
As mentioned above with regard to the Santa Cruz River, daily rates were
also computed from the annual rates determined in the Cluff, Katz, and
Scovill study by actually counting the number of flow days per year
during the portion of the record used in the model. This value was an
average of approximately 31 days on the Rillito River.

Summary
As a summary of results from the various transmission loss
studies reviewed above, infiltration or recharge rates found in the
literature for both the Santa Cruz and Rillito Rivers are presented in
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Tables 1 and 2.

Rates determined for the infiltration of wastewater

along the Santa Cruz River are also tabulated for comparison in Table 3.
It is difficult to make a general comparison of values obtained
using the different methodologies on the same stream and using the same
methodology on the two different study streams. Matlock's (1965) values
are quoted as fairly broad ranges, such that determination of an
absolute recharge rate representative of each stream, in order to
compare their relative recharge capabilities, is impossible.
ranges

These

simply represent the highest and lowest observed values.

Furthermore, a single median value may not be representative of the
average rate.
Comparing the two rivers with regard to infiltration rates, the
Rillito River infiltrates a larger volume per time than the Santa Cruz
River, according to Burkham's (1970) work. This conclusion is supported
by the infiltration modelling done by Cluff, Katz and Scovill (1987).
Looking at results from the different studies applied to the
same stream, for the Santa Cruz River, Burkham's infiltration estimates
tend to be the most conservative and Matlock's, for the stretch between
Tucson and Cortaro, tend to be the most optimistic. On the Rillito
River, Turner's (1943) infiltration estimates from seepage runs and
Matlock's value determined from groundwater level changes are the lowerend estimates for the stream. Methods presented by Burkham and Moench
and Kisiel (1970) yielded moderate infiltration rates, and a high-end
value was determined by Flug et al. (1980).
In general, all studies show that sewage effluent recharge
rates, computed for wastewater flows on the Santa Cruz River, are lower
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Table 1.

Reference

Infiltration values for the Santa Cruz River
from the literature
Stream Reach

Infiltration Rate

ft/dy ac-ft/mi/dy ac-ft/mi/yr
Todd
(1959)

Entire river

3.8

Matlock
(1965)

Continental to
Tucson

3.0-6.7

15-80

Matlock
(1965)

Tucson to
Cortaro

6.4-7.4

52-64

Burkham
(1970)

Continental to
Tucson

Burkham
(1970)
Cluff,Katz,
Scovill
(1987)

-

8.0*

320

Tucson to
Cortaro

11.6*

480

Continental to
Avra Valley Rd.

11.2*
8.7**

448

* Computed from Burkham using Keith (1981) estimate of percent of year
flow is present; from Condes de la Torre (1970) data.
** Computed by counting the number of flow days per year during the
period of record used in the Cluff et al. (1987) model.
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Table 2.

Infiltration values for the Rillito River from
the literature.

Reference

Stream Reach

Infiltration Rates

ft/dy ac-ft/mi/dy ac-ft/mi/yr
Turner
et al.
(1943)

Entire river

1.1-3.7

Matlock
(1965)

Vail to
Rillito Creek

3.2-4.1

16-33

Matlock
(1965)

Rillito Creek
to Cortaro

4.3-11

13-110

Matlock
(1965)

Entire river
(seepage runs)

2.4-6.5

7.9-13.9

Matlock
(1965)

Entire river
(GW levels)

2.8

14

Burkham
(1970)

Tanque Verde to
Rillito Creek

28*

Moench &
Kisiel
(1970)

Entire river

22.1-35.5

Flug et al.
(1980)

Entire river

62*

1822

Cluff, Katz,
Scovill
(1987)

Entire river

24*
20**

693

820

* Computed from Burkham using Keith (1981) estimate of percent of year
flow is present; from Condes de la Torre (1970) data.
** Computed by counting the number of flow days per year during the
period of record used in the Cluff et al. (1987) model.
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Table 3.

Infiltration values for effluent releases on the Santa Cruz
River from the literature.

Reference

Stream Reach

Infiltration Rates
ft/dy

Matlock
(1966)

Tucson STP to
Cortaro Rd.

Cluff,DeCook,
Matlock
(1972)

Tucson STP to
Cortaro Rd.

Cluff,DeCook,
Matlock
(1972)

Cortaro Rd. to
Avra Valley Rd.

Sebenik
(1975)

Tucson STP to
Cortaro Rd.

Sebenik
(1975)

Cortaro Rd. to
Avra Valley Rd.

Wilson
& Small
(1973)

Near Ina Rd.

2.0

ac-ft/mi/dy
6.0
5.0

-

6.0

-

8.7
5.2

-

7.1

CHAPTER 3
STREAMFLOW INFILTRATION THEORY
The process of streamflow infiltration, along with flow in the
subsurface vadose zone and groundwater, is governed by Darcy's Law and
the equation of continuity. The generalized form of Darcy's Law is,
q = -K (dh/dx, dh/dy, dh/dz)
in which,

(3)

q = darcian velocity, specific flux or flow rate per unit
cross-sectional area of a macroscopic medium [L/T]
K — hydraulic conductivity [L/T]
h = total head [L]

The total head (h) is a summation of the pressure head, or head due to
hydrostatic and adsorptive forces, and the gravity head. It is
described by the equation,
h = P/pg + z
where,

(4)

P = pressure due to hydrostatic and adsorptive forces

2
[W/T ]
3
p= density of water [W/L ]
2
g = gravitational acceleration [L/T ]
The hydraulic conductivity (K) of the flow medium is not always
a constant. Under anisotropie flow conditions, hydraulic conductivity
becomes a function of the flow direction and is described by a tensor.
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In the vadose zone, soil moisture content varies from dry to
saturation.

In unsaturated regimes,

hydraulic conductivity is a

function of the volumetric water content (0) of the flow medium.
one dimensional,

homogeneous,

unsaturated flow,

For

Darcy's Law is

simplified to the following relationship,

q = -K(0) dh/dz
where,

(5)

K(0) = unsaturated hydraulic conductivity of the
soil [L2/T]

The total head equation for unsaturated conditions becomes,
(6)

h — T(0) + z
where,

y(e) = the negative pressure or suction head, a function
of soil water content
Vertical infiltration of streamflow through the unsaturated

channel profile is most easily described using the analogy of a seepage
pond. When an area of the land surface is ponded with water, downward
percolation through the vadose zone towards the groundwater table occurs
under the influence of two driving forces: the suction gradient arising
from moisture content variation downward in the profile, and the
gravitational gradient arising from the change in elevation from a
reference datum as water seeps downward. Mathematically, the effect of
these two forces is seen by replacing "h" in Darcy's Law for unsaturated
flow (Eqn. 5) with the relationship for total head given in Eqn. 6.
q = -K(0) [dT(0)/dz + dz/dz]

= -K(e) [dT(0)/dz + 1]

(7a)
(7b)
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With time, as infiltration and percolation continue through a
uniform soil profile, soil moisture content above the wetting front
approaches a constant value that does not vary with depth. Steady state
infiltration conditions, in which the head gradient due to soil suction
(dT(0)/dz) goes to zero, are achieved. Under these conditions, the only
remaining driving force is the unit gravitational gradient. The
governing flow equation becomes further simplified to,
q

-K(e)

(8)

In words, this mathematical relationship states that in one dimensional
vertical flow, after steady state infiltration conditions have been
achieved, the darcian flow velocity becomes equal in absolute value to
the unsaturated hydraulic conductivity of the media. Its magnitude is a
function of the volumetric water content of the profile at steady state.
For the case of stream channel recharge, this velocity is the streamflow
loss rate (i).
Darcian velocity is defined as the volumetric flow rate (Q)
divided by the cross-sectional area of flow. For vertical infiltration
of streamflow, the flow rate is the difference between upstream and
downstream measured discharges, and the cross-sectional area is the
wetted surface of the stream between the two control points (A ). The
resulting flow equation, from which streamflow loss rates in this study
were computed, is
q =

Q(upstream) - Q(downstream)
(9)
A

In this way, knowledge of two discharge values and the wetted
surface area between them makes it possible to estimate an average loss

27
rate for the flow over any stream interval of interest. By subtracting
off the rate at which flow is being lost due to evaporation, an
estimated infiltration rate may also be obtained.

CHAPTER 4
STUDY REGION--TUCSON BASIN
Geography
The Tucson Basin is a typical lowland Basin and Range region,
located in southeastern Arizona approximately 100 miles from the
international border (see Fig. 1). It is characterized by northwest
trending mountain ranges surrounding an alluvial basin that is drained
by the Santa Cruz River system. Elevations in the lowland piedmont
area range from around 3,000 ft in the south and southeastern sections
to 2,000 ft at the northwest edge of the basin. The high relief Santa
Catalina-Rincon mountain complex to the north and east rises to an
elevation of over 9,000 ft. The Santa Rita mountains to the south and
southeast are slightly lower in relief, rising to an elevation of around
9,000 ft. The Tucson mountains to the west are much lower in elevation
and only rise to a maximum elevation of about 4,200 ft.
The major population center in the area is the city of
Tucson in Pima County, with roughly a half a million people. At present, this growing population is entirely dependent upon groundwater.
In 1991, an annual allotment of 149,530 ac-ft of Colorado River water
will reach Tucson via the Central Arizona Project, providing an alternative source to replace a portion of the diminishing groundwater supply.
Climate
With hot summers and temperate winters, the climate of the
Tucson region is defined as semiarid. Daily maximum temperatures are an
28
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average of 67 degrees in January and 103 degrees in July (Arizona
Department of Water Resources, 1984). Average daily minimums are 32
degrees in January and 70 degrees in July. Average annual precipitation
in the lower elevations of the basin is about 11 inches and increases to
around 27 inches on Mt. Lemmon in the Catalina mountains (Sellers and
Hill, 1974).
Precipitation is divided fairly evenly between two distinct
seasons. The summer rainfall occurs between May and October as the
result of convective-type storms originating in the Gulf of Mexico.
Storms are typically short in duration, localized, and fairly intense.
Runoff associated with summer precipitation produces flows of short
duration but high peak discharge. The winter rainfall, on the other
hand, is generally characterized as being longer in duration, more
widespread, and less intense than the summer storms. It is frontal in
nature and results from cyclonic storms moving inland from the Pacific
coast. During the winter season, rainfall in the basin lowlands is
often associated with snowfall in the surrounding mountain and foothill
regions.
The dry climatic regime in the Tucson Basin results in a high
potential evapotranspiration rate of approximately 42 inches per year.
The potential pan evaporation rate is greater than 80 inches per year
(Laney, 1972),
Vegetation

Due to the semiarid climate in the basin, low water-use
vegetation is predominant in the lower elevations. Groundwater mounding
below the ephemeral streams results in the clustering of vegetation,
including higher water-use phreatophytes, along the stream channels.
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Geology
Mountain Ranges
The Catalina and Rincon mountains bounding the basin on the
north and east are composed of igneous and metamorphic rocks that have
been fractured and folded by the Basin and Range tectonics. The Santa
Rita mountains to the south and southeast are mainly of igneous and
sedimentary origin. Volcanic and sedimentary units predominate in the
Tucson mountains to the west.
Basinfill
The nature of the basinfill has been extensively studied by
Davidson (1973). Unless otherwise indicated, his work is the source of
information on basinfill geology in the following paragraphs. Four
sedimentary units overlie the basement complex, that serves as a
confining layer at the base of the groundwater reservoir These units
are described below, beginning from the oldest and proceeding to the
youngest.
Pantano Formation. The Pantano Formation of Tertiary age

unconformably overlies the effectively impermeable basin complex. It is
comprised of mudstone, sandstone, and conglomerate units that are
cemented to varying degrees with calcium carbonate cement. The
thickness of the formation varies throughout the basin, but one source
reports a maximum thickness of about 95 ft (CH2M Hill et al., 1987).
This thickness is entirely saturated below the central portions of the
basin. Porosity of the sand and gravel units within the formation is
estimated to range from 0.20 to 0.27, and hydraulic conductivity is
reported to vary from between 0.7 and 13.4 ft/day.
of these same units is approximately 0.10.

The specific yield

One transmissivity estimate
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from the northern portion of the basin places an upper limit of 670
2
ft /day on transmissivity (Rogers, 1986).
Lower Tinaja Beds. The Tinaja beds of Tertiary age are generally

classified into a lower, a middle, and an upper section that are fairly
distinct with regard to their composition and water-related properties.
The lower Tinaja beds are made up of clayey silt, mudstone, gravel, and
conglomerate that are more firmly cemented than the middle or upper
sections (CH2M Hill et al., 1987). The thickness is greater than 1,460
ft, all of which is saturated in the central part of the basin.
Middle Tina a Beds. The middle Tinaja beds are dominated by
moderately consolidated clayey silt and mudstone (CH2M Hill et al.,
1987). This unit is estimated to be greater than 2,000 ft thick in
portions of the basin, and is completely saturated. A transmissivity of
2
approximately 2,700 ft /day has been estimated for this unit in the
northern part of the Tucson Basin (Rogers, 1986).
Upper Tinaja Beds.Of the three Tinaja units, the upper Tinaja

beds represent the superior water-bearing strata.
saturated portions

In conjunction with

of the Fort Lowell Formation, they make up the

most important part of the aquifer in the basin (CH2M Hill et al.,
1987).

Interbedded clayey silt, sandy silt, sand, and gravel layers

make up the unit.

They are largely unconsolidated and up to 1,100 ft

thick in the center of the basin.

Groundwater level is generally above

the top of the upper Tinaja beds. Estimates of the porosity of the unit
range from 0.24 to 0.35, and hydraulic conductivities are between 1.4
and 54 ft/day. Rogers (1986) computed transmissivities in the upper
Tinaja beds from the northeastern part of the basin and reported a range
2
from around 270 to 13,400 ft /day.
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Fort Lowell Formation.

Unconformably overlying the Tinaja beds

is the Quaternary age Fort Lowell formation.

As mentioned above, this

unit, together with the upper Tinaja beds, makes up the main aquifer
region in the Tucson Basin (CH2M Hill et al., 1987). The interbedded
clayey silts, sandy silts, sands and gravels that comprise the Fort
Lowell formation are weakly consolidated to unconsolidated and obtain a
maximum thickness of around 430 ft at the center of the basin (CH2M Hill
et al., 1987). Groundwater level is above the base of the Fort Lowell
formation below much of the basin, and saturated thickness at the basin
center may be as much as 215 ft (CH2M Hill et al., 1987). In regions
where this unit is saturated to a substantial degree, it represents the
most productive part of the aquifer. Porosity estimates of between 0.26
and 0.34, and hydraulic conductivity estimates of between 20 and 94
ft/day have been reported. Depending on the saturated thickness of the
unit, Rogers (1986) computed transmissivities in a range from around
2
2,700 to 134,000 ft /day from pump test data.
Recent Alluvium. Stream channel deposits, flood plain deposits,
and alluvial fan materials, overlying the Fort Lowell formation in
specific areas of the basin, are all categorized as recent alluvium.
The stream channel and flood plain deposits, due to their relationship
to the study topic, will be focussed on here. These deposits occur in
conjunction with the major ephemeral streams in the basin (Fig. 1).
The recent alluvium typically consists of unconsolidated coarse
sand and gravel, with a small percent of silt and clay. Stream deposits
along the Santa Cruz River are reported (Davidson, 1973) to contain more
silt than those along the Rillito River and Canada Del Oro. A range in
thickness from 30 to 80 ft along the Santa Cruz River and 40 to 80 ft
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along the Rillito River has been reported (CH2M Hill et al., 1987).
Except during sustained flow events, similar to the 1984/1985 event
addressed in this study, the recent alluvium is unsaturated throughout
the basin. One exception to this is an area along the upper section of
the Rillito River and the Tanque Verde Wash (see Fig. 1) that has an
average saturated thickness of 15 ft in the recent alluvium (CH2M Hill
et al., 1987). At these particular locations, or at particular times
when the alluvium is saturated in response to streamflow, yields from
wells accessing this unit may be very high. Transmissivities computed
for wells along the Rillito River completed within this alluvium are
2
generally between 30,000 and 60,000 ft /day (Anderson, 1972, and
personal communication, 1987).

Specific yield is an average of 0.25

throughout the basin (Davidson, 1973).

Montgomery (1971) reported a

range from 0.11 to 0.41 for the Rillito River. The coarse-grained and
unconsolidated nature of the stream and flood plain deposits makes them
more porous and permeable than any of the other units described in the
basin.
Hydrology
Groundwater
Tucson is one of the largest population centers in the world
to rely solely on groundwater to meet its consumptive needs. Groundwater is found below the basin in all of the sedimentary deposits
described above, but is most readily accessible from the upper Tinaja
beds and the saturated portions of the Fort Lowell formation (CH2M Hill
et al., 1987).
Recharge to the basin is mainly through streamflow losses.
Davidson (1973) attributed 51,000 ac-ft of the average annual recharge

P age Missing
in Original
Volume
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to streamflow infiltration, while 31,000 ac-ft was attributed to
mountain front recharge, and 17,800 ac-ft to subsurface inflow to the
basin. The volume of water in storage in the Tucson Basin aquifer was
estimated to be 30.5 million ac-ft between the 1966 groundwater level
and a depth of 500 ft, and an additional 20 million ac-ft was estimated
to be stored in the aquifer region between 500 and 1,000 ft.
Discharge from the basin occurs mainly through pumpage and
consumptive use, though evaporation and subsurface outflow contribute as
well. Estimates of the total pumpage in the area may be derived from
information gathered by the Department of Water Resources regarding the
use patterns of the Tucson Active Management Area (AMA) (Arizona Department of Water Resources, 1984). The Tucson Basin constitutes about half
of the area of the Tucson AMA, which is made up of both the Upper Santa
Cruz Valley and Avra Valley, and accounts for well over half of the
water use. The Tucson AMA is made up of both the Upper Santa Cruz Valley
and Avra Valley. According to the Arizona Department of Water Resources
(1984), pumpage between 1975 and 1980 averaged 471,000 ac-ft per year in
the AMA. Of the volume pumped, only 92,000 ac-ft found its way back to
the aquifer in the form of return flow. Adding this the 130,000 ac-ft
per year of natural recharge in the AMA results in a total annual
recharge of 222,000 ac-ft. This does not even make up for half of the
aquifer storage depleted through pumping, indicating that over 50% of
the groundwater used in the Tucson AMA is being mined from the aquifer.
Depth to water varies spatially in the Tucson Basin, depending
on such factors as proximity to recharge sources and the intensity of
pumping activity in the area. The highest groundwater levels coincide
with regions below the major stream channels. Depth to groundwater
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ranges from about 84 to 224 ft along the Santa Cruz River, and from
about 34 to 113 ft along the Rillito River (CH2M Hill et al., 1987).
Depth to water continues to drop proceeding away from the channels
towards the center of the basin. In the central region, groundwater
generally occurs at a depth of between 200 and 350 ft. Continuing
south and east away from the stream channels, depth to groundwater
increases to greater than 700 ft near the north end of the Santa Rita
mountains in the southern portion of the basin (Keith, 1981).
Due to the groundwater mining described above, depth to water
has also been seen to vary greatly over time in the Tucson Basin. In
the period between 1947 and 1981, water level declines have generally
ranged from between 75 and 125 ft in the area (CH2M Hill et al., 1987).
A maximum drop of 202 ft was observed in a well near Sahuarita at the
southern end of the basin. In more recent years the trend has not
shifted. Between 1981 and 1985 groundwater levels generally dropped
from between 10 and 25 ft in the central part of the basin. Though a
rise in groundwater level was observed in some wells along the Santa
Cruz River, this was attributed to local phenomena such as a shift in
pumping, natural streamflow recharge, or infiltration of treated
wastewater along the stream channel (CH2M Hill et al., 1987).
Flow of water beneath the basin is generally away from the
surrounding mountains and towards the basin center, where flow lines
bend towards the north and northwest to roughly parallel the major
stream channels. The northern end of the basin is located at a bedrock
high known as the Rillito Narrows. This is the major outflow area for
groundwater in the basin. In this region, the Tortolita mountains to the
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northeast and the Tucson mountains to the southwest converge to create a
narrow zone that serves to restrict groundwater flow out of the basin.
Groundwater quality in the Tucson Basin is for the most part
good. Both the Fort Lowell formation and the coarse-grained units of
the Tinaja beds, which constitute the most productive portions of the
aquifer, yield excellent quality water (Arizona Department of Water
Resources, 1984). High quality water is also found in the lowermost
unit, the Pantano formation. Groundwater in the finer-grained layers
of the Tinaja beds is of a lower quality. The total dissolved solids
(TDS) content of the groundwater is generally less than 500 mg/l. Areas
with high sulfate concentrations (above 250 mg/1) and high nitrate
concentrations (above 45 mg/1) occur in parts of the basin (Laney,
1970). The organic chemical trichloroethylene (TCE) has also been found
in isolated locations (Arizona Department of Water Resources, 1984).
Surface Water
The Santa Cruz and the Rillito Rivers are the major surface
water channels in the basin. Most other streams and washes, including
Canada Del Oro, Sabino Creek, Tanque Verde Wash, Pantano Wash, and
Rincon Creek (see Fig. 1), constitute tributaries to these streams.
USGS gaging stations that provided or continue to provide streamflow
data on these reaches are indicated in Figure 2.
Santa Cruz River. The portion of the Santa Cruz River defined
as Reach 1 in this study begins at the Continental Rd. gaging station,
1.5 miles north of Continental Arizona, and extends dowstream for 30
miles to Camino Del Cerro Rd. (Fig. 1). To facilitate analysis, Reach 1
has been divided into five smaller sub-reaches of arbitrary length.
These sub-reaches are defined in Table 4.
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Table 4.

Sub-reach description.

Sub-reach #

Description

Reach 1 -- Santa Cruz River

1

Continental to Mile 9.34
(0.43 miles S. of Pima Mine Rd.)

2

Mile 9.34 to Mile 16.98
(I-10 bridge)

3

Mile 16.98 to Mile 20.8
(Irvington Rd.)

4

Mile 20.87 to Mile 24.95
(St. Mary's Rd.)

5

Mile 24.95 to Mile 29.95
(El Camino Del Cerro Rd.)

Reach 2 -- Rillito River

1

Craycroft Rd. to Mile 1.6
(between Swan Rd. and Dodge Blvd.)

2

Mile 1.6 to Mile 3.8
(between Dodge Blvd. and Campbell Ave.)

3

Mile 3.8 to Mile 4.2
(just W. of Campbell Ave.)

4

Mile 4.2 to Mile 5.8
(between N. First Ave. and Oracle Rd.)

5

Mile 5.8 to Mile 8.5
(between La Canada and La Cholla Blvd.)

6

Mile 8.5 to Mile 10.4
(just W. of Camino Del Terra)

7

Mile 10.4 to Mile 11.6
(just W. of I-10)

39
The Santa Cruz River is characterized by ephemeral flow that
occurs, on the average, during 11% of the year (Keith, 1981). This
constitutes only 40 days of flow per year. Mean discharge, inclusive
of days when no flow is present, is 22 cfs (Anderson and White, 1979).
The standard deviation around this mean is 20 cfs and the coefficient of
variation is 0.91. With a standard deviation that is close to the mean
and a coefficient of variation that aproaches unity, an extreme
variability in the annual flow pattern on this stream is indicated.
Corresponding to the two rainfall seasons that occur in the
Tucson Basin, there are two distinct seasons of flow on the major drainages in the region.

The Santa Cruz River is dominated by summer flow,

as are most of the piedmont-draining streams (Keith, 1981).

Seventy-

five percent of the total annual flow on this stream is associated with
summer convective storms, and the remaining 25% with winter frontal
precipitation. The summer flows are characterized by high peak
discharge, short duration, and high concentrations of suspended sediment
(Matlock, 1965). The winter flows, on the other hand, have lower peak
discharge, longer duration, and lower sediment loads.
Data from two USGS stations are available for Reach 1 (Fig. 2
The Continental Rd. station, the beginning of the study
2
al.,
reach, has an upstream drainage area of 1,682 mi (CH2M Hill et
and Table 5).

1987).

Maximum and minimum annual flow volumes at this station are

117,600 ac-ft and 1,010 ac-ft, recorded in 1983 and 1956 respectively.
The annual average is 19,800 ac-ft. A peak discharge of 45,000 cfs was
measured at Continental Rd. during the basin-wide flooding event of
October 1983. The Tucson station, though no longer in operation, was
located at the Congress St. bridge in Tucson.

Drainage area upstream
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Tongue Verde Cr.
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Legend

O USGS GAGING STATION
4.0 Channel Length (miles))

O CONTINENTAL
Fig. 2. Map of gaging stations in the Tucson Basin (from Keith, 1980).
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Table 5.

Summary of data from pertinent gaging stations on the
Santa Cruz and Rillito Rivers (CH2M Hill et al., 1987).

1) Santa Cruz River at Continental
Location -- 1.5 miles north of Contintal Az.
2
Upstream drainage area -- 1,682 mi
Average annual flow -- 19,800 ac-ft
Maximum annual flow -- 117,600 ac-ft in 1983
Minimum annual flow -- 1,010 ac-ft in 1956
Peak flow -- 45,000 cfs in October 1983
Period of record -- 1940 to present
2) Santa Cruz River at Tucson
Location -- Congress St. bridge
2
Upstream drainage area -- 2,222 mi
Average annual flow -- 16,450 ac-ft
Maximum annual flow -- 58,840 ac-ft in 1978
Minimum annual flow -- 976 ac-ft in 1924
Peak flow -- 23,700 cfs in October 1977
Period of record -- 1906 to 1981
3) Rillito Creek near Tucson
Location -- 4.8 miles upstream from Santa Cruz confluence
2
Upstream drainage area -- 918 mi
Average annual flow -- 11,660 ac-ft
Maximum annual flow -- 70,660 ac-ft in 1914
Minimum annual flow -- 297 ac-ft in 1956
Peak flow -- 24,000 cfs in September 1929
Period of record -- 1909 to 1975
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2
from this station is 2,222 mi .

The recorded annual flow volume

totalled a maximum of 58,840 ac-ft in 1978, and a minimum of 976 ac-ft
in 1924. In October of 1977, a peak of 23,700 cfs was measured at the
Tucson station.
Data on the maximum annual flow duration, derived from the
records at the Tucson gaging station at Congress St., are summarized in
Appendix Bl. From these data it can be seen that even the longer
duration events on the Santa Cruz River only represent a few days of
continuous flow. The mean annual maximum flow duration, computed from
these data, is approximately 20 days. As will be mentioned below, this
mean exceeds that computed for the Rillito River.

Rillito River. The entire 12 mile length of the Rillito River,
from Craycroft Rd. to the confluence with the Santa Cruz River, is
defined as Reach 2. As with the Santa Cruz River, smaller sub-reaches
have also been defined within Reach 2 to enable a more detailed
analysis. Table 4 describes the upstream and downstream limits of the
seven Reach 2 sub-reaches.
With flow being present for an average of only 8% of the year,
or 29 days, the Rillito River is defined as ephemeral (Keith, 1981).
The mean discharge is 13.6 cfs and lower than the 22 cfs computed for
the Santa Cruz River (Anderson and White, 1979). Variability about this
mean is large for the Rillito River. This is indicated by a standard
deviation of 17.0 cfs that is greater than the mean, and a coefficient
of variation of 1.25 that is greater than one. Based on the variable
flow patterns found on both the Santa Cruz and the Rillito Rivers, it
is questionable whether or not mean values are actually representative
of the average flow conditions.
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Winter flow, that corresponds roughly with the winter rainfall
season discussed in the climate section of the previous chapter,
accounts for 58% of the streamflow along the Rillito River (Keith,
1981). Summmer precipitation contributes the remaining 42%. According
to a categorization done by Keith (1981), the Rillito River is defined
as both a mountain- and a piedmont-draining stream. This is based on the
fact that the annual flow volume is divided approximately evenly between
the winter and summer months. In this way, high peak discharge, shortterm, sediment-laden summer flows are almost as important to the total
discharge on this stream as the winter flows, with low peak discharge,
longer duration, and lower concentrations of suspended sediment.
A single USGS gaging station, maintained near First Ave. until
1975, contributes historic streamflow information on the Rillito River
2
(Fig. 2 and Table 5). There is a 918 mi drainage area upstream of this
station (CH2M Hill et al., 1987).

Average annual flow volume passing

the Rillito Creek station is 11,660 ac-ft, and maximum and minimum
volumes of 70,660 ac-ft and 297 ac-ft were measured in 1914 and 1956
respectively. A peak discharge of 24,000 cfs was recorded in September
of 1929.
Appendix B2 is a tabulation of data on the longest period of
continuous flow that occurred for each year of record at the Rillito
Creek gaging station. The mean of these annual maximums is
approximately 10 days. This suggests that the longest duration events
on the Rillito River are generally not as sustained as those on the
Santa Cruz River (10 vs. 20 days). As will be described in the
following chapter, the duration of flow during the 1984/1985 event was
approximately equivalent for the two streams.

CHAPTER 5
PROCEDURE

Introduction

The methodology used in this study is a simple application of
Darcy's Law in which the infiltration rate is determined by taking the
difference between upstream and downstream flow volume per time and
dividing by the wetted channel area. The necessary upstream and
downstream discharge measurements may be either obtained from flow
records at existing gaging stations or, where no such stations are
established, by actually gaging the stream at the appropriate locations
during the flow event. A variety of methods are available for obtaining
the area of flow. The method presented in this text, which entails
taking an aerial video during a streamflow event, presents certain
attractive advantages. Not only is it simple and rapid to carry out,
but video imagery represents an almost instantaneous record of flow
along the length of the reach of interest. In this way, possible errors
due to a time lag in measurement between upstream and downstream reaches
are avoided.
Description of Method

In order to compute steady state infiltration rates for the
Santa Cruz and Rillito Rivers during the 1984/1985 flow event, an
innovative procedure, which entailed taking a vertical aerial video of
flow conditions, was employed. The criteria used in deciding to use
imagery taken on February 11, 1985 as the database for the analysis was
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based on the observation that by this date flow had almost completely
infiltrated at the downstream end of both reaches, such that flow at El
Camino Del Cerro Rd. on the Santa Cruz River and at confluence with the
Santa Cruz on the Rillito River could be assumed to be zero. In this
way, infiltration rates were computed without the need for downstream
discharge values. As discussed in the following chapter, streamflow
infiltration conditions were demonstrated to have reached a steady state
at this point in the flow season. This insured that infiltration rates
determined on this date would be representative of the rates at which
long-term flow losses would occur on the two streams.
The imagery of flow conditions on February 11, 1985 was obtained
by installing a video camera in a small aircraft and photographing the
flow event on the streams of interest. During the video filming, an
effort was made to maintain a constant vertical distance between camera
and stream and to orient the camera perpendicular to the ground, to
preserve image scale. To prepare a map from the resulting video, still
photographs were taken at overlapping intervals from a camera mounted a
fixed distance in front of the video screen. Slides produced from these
stills were subsequently projected on a mapping surface, and the regions
of interest were directly traced from the projection. The maximum
stream width, the 1984/1985 active flow region, and any in-stream sand
bars where wetting had not occurred were all delineated. To verify any
boundaries or features that were unclear on the video image, a field
survey of the study channels was subsequently carried out. Reductions
of the maps of channel conditions appear in a report by Cluff, Katz and

Scovill (1987). An example map of sub-reaches 1 and 2 on Reach 2, the
Rillito River, is provided in this text (Figure 3).
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In order to obtain a map scale, river crossing bridges and large
streamside features that were clearly distinguishable on the video were
measured in the field. An average of the scaling factors obtained from
the various features along each stream was used as a composite scale for
the reach. Though scaling factors obtained from the different features
along a single reach were similar, a difference in the final scale
established for the two rivers suggests that there was an increase in
flying elevation as the aircraft proceeded from the Santa Cruz upstream
to the Rillito River, presumably in response to higher land elevations
as the aircraft neared the basin's edge.
After maps of channel conditions along the two streams were
prepared and scales were established, the next step was to measure the
area wetted by the flow event and total available channel area on each
of the streams. Sub-reaches, as described in Table 4, were defined in
order to facilitate measurement and reveal anomolous regions along each
of the streams. A Numonics digitizer, with built in area measurement
capabilities, was used to insure accurate results. The wetted area was
measured as the flow region occupied by the February 11, 1985 event,
minus any unwetted sand bars within the channel boundaries. The total
area was measured as the entire floodable region between the outermost
stream banks, as they existed on February 11, 1985. Flow area and total
channel area for each reach were simply computed as the sum of the area
values measured for the smaller sub-reaches defined within them.
Calculations

Calculations carried out using the wetted and total channel area
digitizer measurements obtained for each stream are shown below. The
percent wetting was simply computed as the fraction of the available
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channel region that was occupied by the February 11, 1985 flow.

Streamflow losses were calculated from upstream and downstream points
of known discharge and the measured flow region between them. Under the
circumstances defined by this study, where downstream discharges are
assumed to be zero, the volume of streamflow depleted per day is equal
to the upstream discharge. In other words, the entire inflow volume
per time measured upstream is being lost to infiltration or evaporation
by the downstream ends of both reaches.
Evaporation from the wetted surface was determined using the pan
evaporation data for February 11, 1985 measured at the Water Resources
Research Facility. The value for this day was 0.19 inches of
evaporation. Since the flow in the stream channels of interest was
generally less than the 10 inch depth of the evaporation pan, the pan
data was used directly without a coefficient (Cluff, Katz, and Scovill,
1987).
When evaporation losses are subtracted from the total streamflow
losses, what remains represents the volume of water infiltrating into
the stream channel per day. This infiltration rate is the key parameter
of interest in this study. For comparative purposes, infiltration
losses were also normalized to the respective length of each stream.
Definition of Terms and Equations
Wetted Channel Area

2
[L ]

-A
A =A
W
flow
sand bars
2
[L ]
Total Channel Area
A — A
entire channel
T

(10)

(11)
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Percent Wetting

[%]

W — (A / A ) x 100
W
T

(12)

3
Streamflow Loss Volume per Time [L /T]
L = Q(upstream) - Q(downstream)
(13a)

for Q(downstream) > 0
L — Q(upstream)
(13b)

for Q(downstream) — 0
Streamflow Loss Rate [L/T]
9, = L / A

(14)

W
3
Evaporation Loss Volume per Time [L /T]
E = depth of pan evaporation / day x A

(15)
W

Infiltration Volume Per Time

3
[L /T]

I = L - E

Infiltration Rate

(16)
[L/T]

i= I / A
W
Infiltration Volume Per Time Per Stream Length
I — I / stream reach length
L

(17)
3
[L /T/L]
(18)

CHAPTER 6
1984/1985 STREAMFLOW EVENT

Rainfall
The long duration, low discharge streamflow event analyzed in

this study was triggered by unusually heavy rainfall associated with
winter frontal storms in and around the Tucson Basin. The record of
rainfall measured at pertinent stations during the study period,
between December 1984 and March 1985, appears as Table 6. Measurements
taken at the Water Resources Reseach Center field laboratory are
indicative of the rainfall patterns existing within the lower areas of
the Tucson basin. Records from Santa Rita, in the Santa Rita Mountains

southwest of the city of Tucson, represent the mountain front and higher
elevation rainfall that eventually drains into the Santa Cruz and
Rillito Rivers.
Mountain front rainfall during the 1984/1985 season was, in
general, heavier than that measured in the piedmont region. Rainfall
at both stations was greatest in December 1984, and tended to decrease
steadily until March 1985. With an average basin-wide annual rainfall of
approximately 11 inches in the valley and 27 inches in the highest
mountain regions, the totals over only four months at the two stations
of 7.19 and 11.95 inches, for the Water Resources Research Center and
Santa Rita stations, represent substantial volumes of rainfall.

Not only was the absolute quantity of rainfall during the four
month period relatively high for the semi-arid Tucson environment,
the continuous nature of the rainfall was also anomalous.
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In December
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Table 6.
Date

Rainfall during 1984/1985 streamflow event [inches]
WRRC Field Lab

Santa Rita

0.00
0.86
0.04
0.07
0.00
0.31
0.17
0.38
0.30
0.01
0.02
0.09
0.00
0.04
0.77
0.25

1.11
0.12
0.00
0.00
0.69
0.51
0.46
0.21
0.00
0.21
0.00
0.21
0.46
2.38
0.59
0.06

0.00
0.22
0.15
0.06
0.00
0.00
0.05
0.00
0.79
0.00
0.11
0.38
0.00
0.00
0.04
0.00

0.10
0.48
0.00
0.15
0.11
0.60
0.00
0.00
0.34
0.05
0.77
0.01
0.00
0.12
0.05
0.00

0.00
0,26
0.37
0.25
0.00
0.00
0.00
0.25
0.00
0.00
0.68

0.03
0.09
0.77
0.00
0.00
0.05
0.60
0.04
0.00
0.17
0.00

DEC 1984
12-3
12-4
12-5
12-8
12-10
12-11
12-12
12-13
12-14
12-15
12-19
12-20
12-26
12-27
12-28
12-29

JAN 1985
1-7
1-8
1-9
1-13
1-14
1-15
1-16
1-23
1-24
1-25
1-26
1-27
1-28
1-29
1-30
1-31

FEB 1985
2-2
2-3
2-4
2-5
2-10
2-20
2-21
2-22
2-23
2-27
2-28
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Table 6 -- Continued

Date

WRRC

Field Lab

Santa Rita

MAR 1985
3-2
3-3
3-12
3-14
3-15
3-18
3-19
3-28
3-29

TOTALS

0.00
0.00
0.01
0.00
0.11
0.00
0.00
0.00
0.15
---7.19

0.03
0.00
0.00
0.05
0.00
0.02
0.00
0.31
0.00
---11.95
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1984, rainfall was recorded either in the foothills or the basin itself
on about half of the days in the month. It is the long duration of the
1984/1985 winter rainfall that is largely responsible for the fact that
streamflow along the Santa Cruz and Rillito Rivers was able to persist
for such a long period, allowing infiltration conditions to reach a
steady state. Spring snowmelt is probably also responsible for late
season pulses in the flow, at least along the Rillito River.
Runoff on the Santa Cruz River
The winter 1984/1985 storms described above produced flow on the
Santa Cruz River at Continental Rd. gaging station (see Fig. 2) that
began on December 18, 1984. The record of daily streamflow averages
during the study period appears as Table 7. Continuous flow actually
persisted at this station until April 1, 1985 -- a total of 105 days or
almost 4 months. Unfortunately, a comparable continuous record of flow
at downstream points on the Santa Cruz River is not available. Two
observations of downstream flow conditions do provide some information.
First, observations made in conjunction with this study indicate that on
February 11, 1985 flow had all but completely infiltrated by the
downstream termination of the study reach at El Camino Del Cerro Rd.
(Cluff, Katz, Scovill, 1987). This is supported by a second observation
by the USGS, who attempted to gage the Santa Cruz River on February
14th upstream from Camino Del Cerro at Congress St. They discovered
that no flow remained at Congress St. by that date. These observations
indicate that downstream flow on the Santa Cruz River persisted for
approximately 55 days both at Congress St. and El Camino Del Cerro Rd.
An analysis of the historic flow duration data on the Santa Cruz
River serves to demonstrate the anomalous nature of the 1984/1985 event.

54

Table 7.
Day

1984/1985 streamflow record at Continental Rd. [cfs]
DEC 84

JAN 85

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

.00
.00
.00
158
4.0
1.0
.00
.00
.00
.00
.00
.00
190
280
6.8
.14
.00
22*
30
507
837
386
293
212
160
83
171
5220
2000
831
501

382
317
272
210
191
171
102
73
62
54
45
43
48
33
34
31
18
24
32
22
23
19
24
132
624
583
3040
896
702
504
355

270
211
188
198
632
806
603
428
284
284
278
100
93
96
90
85
80
80
75
75
118
119
107
109
100
90
80
70

60
50
45
45
24
12
10
10
10
9
9
9
8
8
8
8
7
7
7
7.1
5.7
4.3
2.1
2.9
3.0
1.5
2.1
1.8
.01
4.5
2.6*

Total
Mean

11892.94
384.00

9066.00
292.00

5747.00
205.25

383.61
12.40

FEB 85

MAR 85

*Continuous flow on the Santa Cruz from Dec 18, 1984 to Apr 1, 1985
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As the record at the Continental Rd. gaging station only dates back to
1940, data from the station upstream at Congress St., which has a
continuous record dating from 1915, was used for this analysis (Appendix
Bl). As described above, during the 1984/1985 event, flow at Congress
St. persisted for approximately 55 days. The last time a comparable
event was observed at this station on the Santa Cruz River was in 1920,
when measurable flow was recorded for 65 days between November 24th and
January 26th. In this way, only one event in the 65 years between 1920
and 1985 equalled or exceeded the duration of the 1984/1985 event on the
Santa Cruz River. The observed frequency of an event of this duration
is therefore 1 in 65, or 1.54%.
In order to compute an infiltration rate for the Santa Cruz
River using flow area data obtained from the February 11, 1985 video of
streamflow conditions, upstream and downstream discharge had to be
measured or closely approximated for this same date. The study reach on
the Santa Cruz River was defined to begin at Continental Rd. due to the
fact that a USGS gaging station is established and discharge data is
continuously being recorded there. The mean daily discharge on
February 11, 1985 was 278 cfs, and may be read from the Continental Rd.
record reproduced as Table 7. In the absence of a downstream gaging
station, the point at which flow was observed to completely infiltrate
was defined as the downstream end of the study reach, such that
downstream discharge could be set at zero. Field observations mentioned
above (Cluff, Katz, and Scovill, 1987) indicate that flow measured at
Continental Rd. had almost completely infiltrated by the time it reached
the sewage treatment facility near El Camino Del Cerro Rd. Though maps
of the February 11, 1985 video still show some wetted channel area at
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this point along the channel, a decrease in the width of flow is
definitely apparent proceeding downstream towards El Camino Del Cerro
Rd. on the Santa Cruz River. As imagery of this kind does not make it
possible to distinguish between a substantial or a negligible depth of
flow, the assumption of downstream discharge being closely approximated
by zero will be based here on field observation.
The simplified flow equations presented in the theory section of
this report (see Eqns. 7 and 8) can only be used to compute infiltration
from the 1984/1985 event if steady state infiltration conditions are
demonstrated to have been established on both the Santa Cruz and Rillito
Rivers by February 11, 1985, when the streamflow video was taken. In
the absence of supporting evidence from a streamside monitor well,
fitted with continuous recording equipment, steady state infiltration
conditions on the Santa Cruz River may only be conjectured from
streamflow records. As discharge data presented in Table 7
indicates, flow on the Santa Cruz River which began at Continental Rd.
on December 18, 1984 persisted for 55 days prior to the study date.
With such a long period of continuous flow, it is likely that steady
state infiltration conditions were established at this stage in the
recharge season. For the purpose of this study, such conditions will be
assumed.
Runoff on the Rillito River
Permanent gaging stations are no longer maintained along the
Rillito River. Due to this limitation, the beginning of flow on this
stream was estimated from the approximate arrival time of pulses
recorded at a flood warning gage on Sabino Creek, an upstream tributary
(Table 8). From this data, flow was estimated to have begun around
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Table 8.
Day

1984/1985 streamflow record at Sabino Creek [cfs]

DEC 84

JAN 85

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

22
21
20
24
23
27
28
29
36
31
144
170
192
119
89
73
73
88
96
513
188
117
89
75
68
67
846
632
354
219
154

116
93
77
69
57
51
46
118
175
116
95
192
80
71
68
66
61
**
59
62
61
60
65
116
137
232
235
164
**
**
**

TOTAL
MEAN

4627
146

**
**

** No data available

FEB 85

MAR 85

**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**
**

**
**
**
**
**
**
**
**
**
**
**
**
**
83
73
67
62
55
52
53
49
47
46
46
45
43
43
41
38
39
38

**
**

**
**
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December 12, 1984. Observations recorded as streamflow advanced and
receded along the Rillito River during the event (Table 9) indicate that
flow did not recede above Craycroft Rd. until after April 8th. This
amounts to a total of at least 119 days of flow at this point on the
stream. The duration of flow at downstream locations varied according
to the time frame indicated by the record of the terminal position of
flow (Table 9). According to this table, flow downstream at First Ave.,
where historic streamflow data was recorded, persisted for at least 51
days in 1984/1985.
Based on an examination of historic streamflow data on the
Rillito River, similar to that discussed above for the Santa Cruz River,
the frequency of the duration of the 1984/1985 flow event on this stream
was also estimated. Historic streamflow recorded at the Rillito Creek
gaging station (Fig. 2) between January 1918 and September 1975, plus
partial records dating back to 1911 (Appendix B2), reveal that the
longest duration of flow on the Rillito River was 50 days in 1916. No
flows of the duration observed in 1984/1985 were ever recorded on this
stream. The 65 year gaging record was extended to the present based on
visual observation that no runoff events with durations exceeding that
of the 1984/1985 flow have occurred since September 1975 (Cluff, Katz,
and Scovill, 1987). Using historic data to 1975 and visual observation
information between 1975 and 1985, a frequency of no greater than 1 in
75, or 1.33% was estimated for the duration of the 1984/1985 event on
the Rillito River.
In the absence of permanent gaging stations on the Rillito
River, measurements of both upstream and downstream flow necessary for
computing infiltration rates were obtained by gaging the stream at
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Table 9. 1984/1985 record of terminal position of flow on the
Rillito River.
Date

Location of Flow Termination

Retreat
2-28
3-1
3-4
3-5

400 yds east of Oracle Rd.
450 yds east of Oracle Rd.
Country Club Rd.
50 yds east of Country Club Rd.

Brief Advance
3-8
3-12
3-13

Country Club Rd.
Tucson Blvd.
300 yds east of 1st Ave.

Retreat
3-14
3-15
3-18
3-20
3-22
3-24
3-26
3-27
3-28
3-30
4-1
4-3
4-5
4-8

400 yds west of Campbell Ave.
25 yds east of Tucson Blvd.
200 yds west of Dodge Blvd.
1000 yds east of Alvernon Way
450 yds west of Columbus Blvd.
300 yds east of Columbus Blvd.
800 yds east of Columbus Blvd.
300 yds west of Swan Rd.
100 yds west of Swan Rd.
50 yds east of Swan Rd.
300 yds east of Swan Rd.
700 yds east of Swan Rd.
1000 yds east of Swan Rd.
800 yds west of Craycroft Rd.
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appropriate locations. Though no upstream gaging was done on
February
11, 1985, when the video of streamflow conditions was taken,
a
streamflow measurement obtained on February 12th was used
as a close
approximation of the February 11th value. The discharge at Craycroft Rd.
on this date was 242 cfs. On special request, the USGS gaged
the Rillito
River at Craycroft Rd. on February 14th in order to verify the accuracy
of the February 12th results. A measurement of 207 cfs was obtained by
the USGS team. In order to conclude that this value is indeed
consistent with the discharge obtained two days earlier, it must be

demonstrated that flows on the Rillito River were undergoing a gradual
decline at this point in the season. Two lines of evidence suggest that
this was the case: 1) visual observation of streamflow and, 2) upstream
gaging at Sabino Canyon Bridge on the Tanque Verde Wash.
The first evidence of streamflow recession is that flow volumes

between February 12th and February 14th, 1985 were observed to have
visibly decreased (Cluff, Katz, and Scovill, 1987). This decline is
also suggested by the record of the terminal position of flow during the
1984/1985 event, shown in Table 8. Though the tracking of the position
of the advancing and receding flow front was not initiated until later
in February, a general decline in flow volume from the end of February
on is indicated. Gaging conducted at Sabino Canyon Bridge, upstream

from Craycroft Rd. on Tanque Verde Wash, provides a second source of
evidence. Discharge at this location demonstrated a substantial decline
between February 15th and February 19th, 1985, decreasing from 182 to
119 cfs over the four day period. Though none of the evidence presented
above is in itself conclusive, in combination the information suggests
that streamflow volumes were indeed declining in mid-February, 1985, and
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that the February 12th flow measurement of 242 cfs is consistent with
the measurement of 207 cfs gaged by the USGS two days later.
Downstream discharge information for February 11, 1985 was
obtained from gaging conducted at Camino Del Terra, upstream from I-10
on the Rillito River. A volume of 56 cfs was measured at this point on
the stream. On this same day, further downstream at the Rillito River's
confluence with the Santa Cruz River, discharge was observed to be
effectively zero (Cluff, Katz, and Scovill, 1987). In fact, the study
date was decided upon based on the fact that almost the entire volume of
inflow was being recharged prior to reaching the Santa Cruz River on
February 11th, making it possible to approximate downstream discharge by
a value of zero.
Evidence for steady state infiltration conditions along the
Rillito River during the 1984/1985 streamflow event is based on the
groundwater level hydrograph from a near-stream monitor well. Figure 4
is the continuous water level record from Tucson Water recording well C91. It is located on the north bank approximately 625 ft from the
center of the Rillito River near Columbus Blvd. (see Fig. 1). From this
record it is clear that steady state infiltration conditions were indeed
achieved on the Rillito River during the 1984/1985 flow event. A
plateau of almost constant high groundwater levels, more than 20 feet
above the early December 1984 measurements, continues for close to three
months. This indicates that the hydraulic conditions governing flow
through the profile were no longer changing appreciably with time, which
is, by definition, steady state.
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CHAPTER 7
RESULTS AND DISCUSSION
Study Methodology Applied to 1984/1985 Event
Channel and Flow Area Values
The wetted area, total channel area, and percent wetting were
determined for both Reach 1 on the Santa Cruz River and Reach 2 on the

Rillito River. In order to facilitate measurement, and to allow for a
better understanding of variation in the recharge capabilities of
different regions along each reach, these area values were also
determined for a number of sub-reaches at smaller increments of
distance. These sub-reaches are described, and their channel and flow
areas listed, in Table 10. Reductions of the maps of channel
conditions, delineating flow and channel areas along Reaches 1 and 2,
appear in Cluff, Katz and Scovill (1987). A single map is given in this
text (see Fig. 3) as an example of the mapping process. As the length
of reaches and sub-reaches varies, a comparison of wetted area and total
channel area values between them is not very instructive. Referring to
Table 10, it can be seen that, in general, longer reaches or sub-reaches
have larger wetted and total stream areas.
Percent Wetting Values
Percent wetting is a better parameter for comparison between
reaches or sub-reaches of varying length.
presented in Table 10.

These values are also

Given that flow is decreasing downstream along

all reaches due to infiltration, a channel of uniform width should show
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Table 10.

Channel area data -- sub-reach by sub-reach.

Reach/Sub-reach Description

Wetted Area
[acres]

Total Area
[acres]

% Wet

Reach 1 -- Santa Cruz River
1) Continental to Mile 9.34
(.43 mi S.of Pima Mine Rd.)

116.95

312.85

37.38

2) Mile 9.34 to Mile 16.98
(I-10 bridge)

123.17

228.88

53.81

3) Mile 16.98 to Mile 20.8
(Irvington)

74.11

182.52

40.60

4) Mile 20.87 to Mile 24.95
(St. Mary's Rd.)

40.89

106.99

38.21

5) Mile 24.95 to Mile 29.95
(Camino Del Cerro)

47.42

117.35

40.41

402.53

948.59

42.43

1) Craycroft to Mile 1.6
(between Swan and Dodge)

57.94

110.38

52.60

2) Mile 1.6 to Mile 3.8
(between Dodge and Campbell)

46.37

99.75

46.48

3) Mile 3.8 to Mile 4.2
(just W. of Campbell)

26.26

52.49

50.04

4) Mile 4.2 to Mile 5.8
(between N.First and Oracle)

41.18

75.42

4.60

5) Mile 5.8 to Mile 8.5
(between La Canada and
La Cholla)

53.86

90.79

59.32

6) Mile 8.5 to Mile 10.4
(just W.of Camino Del Terra)

36.09

100.04

36.07

7) Mile 10.4 to Mile 11.6
(just W. of I-10)

25.33

55.04

46.02

287.03

583.92

TOTAL

or

AVERAGE

Reach 2 -- Rillito River

TOTAL or AVERAGE

49.20
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a monotonic decrease in percent wetting in the downstream direction.
Channels are, of course, not of uniform width. However, an analysis of
the variation in percent wetting values along a stream can indicate
areas of stream width variation or intervals where streambed morphology
allows for spreading or containment of flow. A high percent wetting
value for a stream reach suggests either a narrower channel width or
increased spreading of flow. Likewise, a low percent wetting value may
result from a wider stretch of channel or decreased spreading of flow.
As variations in the available channel area or in the amount of flow
spreading are both important indicators of the recharge capabilities of
a channel region, variation in percent wetting can be used as a means of
assessing the relative recharge potential between stream reaches.
A variety of channel characteristics might control percent
wetting on a given reach. If channel deposits along a stretch of stream
have proportionately finer-grained sediments than the remainder of the
stream, low infiltration rates, causing increased spreading of flow and
higher percent wetting, would result. The geologic make-up of the
channel bank materials could also be a contributing factor. A zone of
channel narrowing might be the result of resistant bank materials
whereas a wide zone could be due to less consolidated and more easily
erodible banks. Similarly, the morphology of the channel bottom could
be an important factor controlling spreading. Topographic features, such
as braided channels and low-flow channels would inhibit flow spreading
and percent wetting values would vary accordingly.
The overall percent wetting value for Reach 1, the Santa Cruz
River between Continental and Camino Del Cerro Rd., was 42.43. For the
five sub-reaches, a range of between 37.38% and 53.81% was determined.
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Referring to Table 10, it can be seen that percent wetting was very
close for four of the five sub-reaches on Reach 1. The high end value
occurred on sub-reach 2, and is attributed to an anomolous one mile
interval, centered on Pima Mine Rd. that was effectively 100% wetted by
the February 11, 1985 flow. When studied in more detail in the field,
geologic and hydrologic explanations for this anomoly became evident.
The region displays a deeply incised, narrow, meandering channel, which
is bounded laterally by fine-grained, strongly cohesive sediments.
This material is both resistant to erosion and of a low infiltration
capacity. Entrenchment and limited recharge in channel regions
bounded by this sediment have resulted.
Percent wetting computed for the entire Rillito River, Reach 2,
was higher than that determined for the Santa Cruz River. The overall
value was 49.20%. The range in percent wetting among the seven subreaches was also greater, varying from between 36.07 and 59.32. As
discussed above, variations probably reflect differences in channel
morphology or streambed properties along the stream. Some of the
installation of soil cement embankment protection along the Rillito
River, which involves a certain amount of channel widening or narrowing,
had occurred by February 11, 1985 (Cluff, Katz, and Scovill, 1987).
Other types of embankment protection had also been installed to a
limited degree by that date. The effect of these changes to the channel
morphology could be responsible for some of the variation in percent
wetting along the stream.
Streamflow Loss and Infiltration Values
Streamflow losses and infiltration rates calculated for the
Santa Cruz and the Rillito Rivers are given in the results summary Table
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11.

They are of special interest both in determining how the

individual

streams react to long-term natural or artificial flow and

in assessing the relative recharge capabilities of the two streams. As
mentioned in Chapter 6, indications that steady state infiltration
conditions had been reached on both streams may be found in the
sustained flow record for the Santa Cruz River (Table 7), and the high
water level plateau in the continuous recording well record for the
Rillito River (Fig. 4). Based on these observations, it is assumed that
the loss rates computed here are representative of long-term flows and
steady state infiltration conditions.
The computed streamflow losses are 551.27 ac-ft/day and 479.09
ac-ft/day for the Santa Cruz and Rillito Rivers, respectively. Loss
rates determined by dividing these values by the wetted channel area of
each stream are 1.37 ft/day for the Santa Cruz River and 1.67 ft/day for
the Rillito River.
In order to compute the volume of water actually infiltrating
into the two channel reaches, surface flow lost to evaporation was
determined and subtracted from the streamflow loss volumes given above.
For Reach 1, the Santa Cruz River, evaporation expected to occur over
the wetted area was determined to be 6.44 ac-ft/day, resulting in a
final infiltration volume of 544.83 ac-ft/day. With an estimated 4.58
ac-ft/day lost to evaporation on the Rillito River,

Reach 2, a final

infiltration volume of 474.51 ac-ft/day was calculated.

Infiltration

rates computed from these volumes were 1.35 ft/day and 1.65 ft/day for
the Santa Cruz and Rillito Rivers respectively.
When infiltration volumes per time along the two streams are
compared (see Table 11), it is clear that the Santa Cruz River was
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Table 11.

Results using study methodology on 1984/1985 event.
Reach 1
Santa Cruz

Reach 2
Rillito

29.95

11.60

Wetted Area
[acres]

402.53

287.03

Total Area
[acres]

948.59

583.92

% Wetting
[percent]

42.43

49.20

551.27

479.09

Streamflow Loss Rate
[ft/day]

1.37

1.67

Evaporation Loss Volume
per Time [acre-ft/day]

6.44

4.58

544.83

474.51

1.35

1.65

18.19

40.91

Reach Length
[miles]

Streamflow Loss Volume
per Time
[acre-ft/day]

Infiltration Volume
per Time [acre-ft/day]
Infiltration Rate
[ft/day]
Infiltration Volume
per Time per
Stream Length
[acre-ft/day/mile]
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recharging a larger total volume of water than the Rillito River during
the 1985 flow event. But when these volumes are normalized by stream
length, the Rillito River is actually shown to have the better relative
recharge potential: 40.91 ac-ft/day/mi, compared with 18.19 ac-ft/day/mi
for the Santa Cruz River. These figures are perhaps the most valuable in
terms of evaluating recharge on a basin-wide scale. It should be noted
that since these latter calculations incorporate the wetted flow area,
they are only directly applicable to flows of roughly the same magnitude
(approximately 240 and 280 cfs for the Rillito and Santa Cruz Rivers
respectively).
Conclusions
Based on these results, it may be concluded that while the Santa
Cruz River has a larger available flow region and is capable of
infiltrating larger volumes of water, the Rillito River is the stream
with the higher recharge potential per unit area. The steady state
infiltration rate and the volume of infiltration per mile of stream are
both higher along the Rillito River, indicating a more efficient natural
recharge system.
Alternative Methodologies
Applied to 1984/1985 Event
Introduction
Methods for streamflow infiltration estimation that have been
applied to the Santa Cruz and Rillito Rivers, and their respective
results, were presented in an earlier literature review chapter. Values
of interest are summarized in Tables 1 and 2. This material was given
in order to acquaint the reader with the range of infiltration rate
values quoted in the literature. A difficulty arises when these values
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are used as a comparative check on figures determined in this study. In
general, they are rates specific to a particular flow event, or are
annual averages that do not necessarily represent the rate of intake
that would result when flows were maintained for long periods of time,
either through natural runoff or artificial recharge operations.
Certain computational methods are particularly suited for
application to the steady state conditions existing during the event
analyzed here, allowing for a better comparative mechanism. Given the
available data on discharge, wetted area, flow duration and water level
response during the 1984/1985 streamflow event, steady state rates
predicted by these various models may be computed. In this way, the
applicability and limitations of this and the alternative methodologies
may be considered.
Burkham (1970)
Burkham's (1970) infiltration model, presented more completely
in Chapter 2, allows for the computation of infiltration from a specific
event on any of the major streams in the Tucson Basin. The single input
is the inflow volume per time. Using this known value, and
incorporating the correct coefficient determined by Burkham through an
analysis of historic streamflow trends, an infiltration volume per time
may be computed.
In order to obtain infiltration predicted by Burkham's
equations for the streamflow and infiltration conditions existing on
February 11, 1985, the study date, the measured volume per time flowing
into each stream was input into his relationship. For the Santa Cruz
River, the February 11th discharge, recorded by the USGS at their
Continental gaging station, was 278 cfs. In the absence of a February

71
11th measurement on the Rillito River, a February 12th discharge, gaged
at Craycroft Rd. was used. This value was 242 cfs. These upstream flow
rates were input for Q

in Eqns. la and lb in Chapter 2 to compute
inflow
infiltration volume per time and volume per time per stream length for

the two rivers.

Infiltration rates are computed by dividing these

solutions by the respective wetted areas of the stream reaches, as
defined by Burkham.

For the Santa Cruz River, the computed infiltration volume per
time is 286 ac-ft/day and the infiltration rate determined from this

volume is 0.81 ft/day. Values computed for the Rillito River are 272
ac-ft/day and 1.35 ft-day for the infiltration volume per time and
infiltration rate respectively. The computed infiltration volume per
time per stream length is 11 ac-ft/mi/day for the Santa Cruz River and

29 ac-ft/mi/day for the Rillito River.
Comparison of the infiltration estimates arrived at using

Burkham's computational method for the steady state infiltration
conditions existing on February 11, 1985 with those determined in this
study reveals the Burkham values to be somewhat lower for both streams
(see Table 13). The infiltration rate for the Santa Cruz River is 40%
lower and the rate for the Rillito River is 18% lower than that
determined here. A possible explanation for this difference may be
found in the fact that Burkham's equations for the relationship between
inflow and infiltration on the various stream reaches were determined by
curve-fitting to events in the historic record. In this way, they

represent average properties of the streams between 1936 and 1963, and
do not account for channel characteristics that may have changed since

72
1963. Infiltration rates computed in this study are representative of
channel conditions as they existed in 1984/1985.
Flug, Abi-Ghanem, and Duckstein (1980)
The stochastic, event-based recharge model presented by Flug et
al. (1980) may also be used to predict recharge rates from the 1984/1985
event.

This approach is outlined in more detail in the literature

review chapter (see Chapter 2).

Briefly, it relates the volume of

recharge (V(j)) from a particular streamflow event (j) to flow duration
(Y(j)) through a simple linear equation (see Eqns. 2a and 2b). The
coefficient "a", the proportionality factor converting flow duration to
recharge volume, and "b",
will not occur,

the threshold duration below which recharge

were determined for the Rillito River by Flug et al.

The
through a statistical analysis of historic streamflow data.
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proportionality factor (a) was found to be 1.57 x 10 m /day and the
threshold flow duration (b) equals 1.05 days.

As the coefficients

particular to the Santa Cruz River are unknown, recharge predicted by
this methodology for the 1984/1985 flow on this stream could not be
determined.
The volume of recharge resulting from the 1984/1985 flow on the
Rillito River may be computed from Eqns. 2a and 2b in Chapter 2 by
inputting the appropriate coefficients and the observed duration of the
event. During the winter 1984/1985 season, flow persisted on the
Rillito River from around December 12th to April 8th, or for a total of
119 days (see Table 9). According to the relationship presented by Flug
et al., an event of this duration on the Rillito River should result in
83
1.85 x 10 m , or 150,129 ac-ft of recharge to the groundwater table
below the stream. In order to compute the average recharge per time for
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the event, this volume is divided by the number of flow days to obtain
1,262 ac-ft/day, or 108 ac-ft/mi/day. Dividing again by the wetted
area, measured from the February 11,1985 video, leads to an average
recharge rate for the event of 4.4 ft/day.
Comparison of recharge values obtained for the 1984/1985 flow
using the Flug et al. equation with those determined in this study
(Table 13) suggests that there are important differences between the two
methodologies that warrant consideration. The Flug et al. model
predicts that loss rates would be 62% higher than those computed here.
One possible explanation for this difference lies in the fact that by
dividing the recharge volume estimate from Flug et al. by the number of
days of observed streamflow, an average daily rate is computed. Rates
determined in this study reflect only the steady state infiltration

conditions as they existed on February 11, 1985, and do not account for
increased rates of infiltration that are known to result from low soil
moisture content at the beginning of a flow event. A rate of

infiltration averaged over the duration of an event would necessarily be
higher than a steady state rate, computed after soil moisture had become

constant with depth.
Another consideration in attempting to explain differences
between infiltration values predicted by the Flug et al. model and those
computed in this study relates to the basic assumption behind the Flug

et al. model. In the stochastic event-based approach, streamflow
duration is assumed to be the only variable input into the system. This
simplified model does not account for the influence of important factors

such as flow volume or wetted area, whereas these variables are
incorporated into results reported in this text.

74
Yet another possible cause for the difference in rate computed
from the Flug et al. recharge model may be related to the manner in
which the coefficients
determined.

flat?

and "b" for the Rillito River

were

Streamflow data from 1934 to 1970 for the Rillito Creek

gaging station (see Fig. 2) were used to estimate a probability density
function for flow duration and a probability mass function for the
number of flow events per season. These functions were used to
determine the population parameters--the expected value of recharge and
the variance of recharge. An analysis of the Rillito Creek streamflow
records (Appendix B2) reveals that between 1934 and 1970 the longest
period of continuous flow was only 26 days, with the majority of years
having flow events of far shorter duration. As mentioned above,
streamflow in 1984/1985 lasted for approximately 119 days on the Rillito
River. This suggests that coefficients "a" and "b", determined from a
statistical analysis of the 1934 to 1970 data, may not reflect the
relationship between flow duration and recharge volume particular to a
long-term flow event. Use of Eqn. 2a and these coefficients to compute
recharge from a long duration flow on the Rillito River, such as that
observed in 1984/1985, may not be entirely reliable.
Lane (1983)
An alternative procedure for estimating transmission losses in
ephemeral stream channels was described by Lane, Ferreira, and Shirley
in 1980, and in more detail later by Lane (1983) for a chapter in the
National Engineering Handbook. In this model, a two-parameter linear
regression equation is used to relate outflow volume to inflow volume

for a given channel reach. The prediction equation is of the form,
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for P

P (x,w)

(19)

o

a(x,w) + b(x,w) P

for P > P (x,w)
o

where the threshold volume is,

P (x,w)

- a(x,w) / b(x,w)

(20)

o

and,

Q(x,w) = outflow volume [ac-ft]
P — inflow volume [ac-ft]
a(x,w) = regression intercept for a channel reach of a given
length (x) and width (w) [ac-ft]

b(x,w) = regression intercept for a channel reach of a given
length (x) and width (w)
The volume lost due to inriltration is simply the difference between the
known inflow and the outflow computed from Eqn. 19.
When observed inflow-outflow data (P and Q ) are available, the
two regression parameters may be computed from the mean inflow and
outflow volumes ( and Q) using the equations,

b(x,w)

,=1 (Q

- Q) (Pi - P)
(21)
2
(1 )•

a(x,w)

- b(x,w)17'

- T3-)
(22)

In cases where a sequence of inflow-outflow information is not
available, estimates of the average infiltration rate (K ), the average

streamflow duration (D ), and the average inflow volume (P ) for the
particular stream are necessary in order to compute the regression slope
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and intercept values.

Once estimates of these averages are determined,

the procedure entails first deriving parameters for a unit channel of
length x = 1 mile and width w = 1 foot.

The equations used for this

are,

* *
a(D) = -0.00465 K D

(23)

-k
b=e

(24)

where the decay factor (k) is,

* *
* * *
k(D ,P ) — -1.09 ln (1 - 0.00545 K D /P )

(25)

The actual channel parameters are then computed from,
-kxw
b(x,w) = e

(26)

a(x,w) = a/l-b [1-b(x,w)]

(27)

These estimated parameters are then used in the prediction Eqns. 21 and
22, as outlined above for channels with known inflow-outflow
relationships, to compute outflow for a particular inflow volume of
interest.
In order to compare predicted infiltration by applying the Lane
methodology to the streamflow event of 1984/1985, the procedure for
estimating regression parameters in the absence of a sequence of inflowoutflow values was followed. For the Santa Cruz River, inflow data was
available, but no downstream gage has been maintained since 1981 to
monitor outflow. The Rillito River station near First Ave. has not been
operational since 1975. No inflow or outflow data was available for this
stream. In accordance with suggestions by Lane (personal communication,
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1987), two separate variations on the procedure were tried in order to
obtain results that compared most accurately with those determined in
this study.

12.

These variations are described below and compared in Table

Values in Table 12 are reported in the units necessary for Lane's

computations, as well as those used in this text.
First, a straightforward application of the methodology outlined
in the Lane (1983) text was carried out. Infiltration rates determined
in this study from the February 11, 1985 video of the Santa Cruz and

Rillito Rivers were assumed to be fair estimates of the average rates
*
Upstream inflow values measured on February 11, 1985 for the
(K ).
Santa Cruz River and February 12, 1985 for the Rillito River were used

*
as the average inflow volumes (P ) necessary to compute the unit channel
parameters, as well as the actual inflow used to compute final outflow

*
volumes. The duration (D ) was set at 24 hours.

*

*

*

As the values K , P and D used to compute unit channel
parameters are meant to represent the average properties of the stream
channel during the event, and not the conditions on a certain day when
measurement was done, a second variation on the procedure was devised
that incorporated independent estimates of these average values. By

*
*
*
and
D
in Eqns. 23 and 24, unit channel parameters
inputting K , P ,
were computed that were thought to be more representative of the entire
channel and the entire duration of the event.

The actual regression

parameters were then computed from these unit parameters.

Finally,

outflow, given the measured inflow (P), was determined using regression

* *
Eqn. 19. The manner in which the necessary average values (K , P , and
*
D ) were arrived at is presented below.
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Table 12.

Variations of Lane (1983) methodology applied to
1984/1985 event.

Method

Parameters

Results

*
#1
Santa Cruz

#1
Rillito

K — .675 in/hr
= 1.35 ft/dy

Outflow = 114 ac-ft/dy
= 58 cfs

P* = 551 ac-ft/dy
— 278 cfs
*
D = 24 hrs

Infiltration = 437 ac-ft/dy
— 220 cfs

*
K — .825 in/hr
— 1.65 ft/dy
*
P — 479 ac-ft/dy
= 242 cfs

Outflow — 99 ac-ft/dy
— 50 cfs
Infiltration — 380 ac-ft/dy
= 192 cfs

D* = 24 hrs
#2
Santa Cruz

#2
Rillito

*
K = 2.95 in/hr
= 5.90 ft/dy
*
P — 1006 ac-ft
— 507 cfs
*
D = 11.1 hr
*
K =
—
*
P =
=
*
D =

Outflow = -84 = 0 ac-ft/dy
= -42 — 0 cfs
Infiltration — 551 ac-ft/dy
— 278 cfs

2.85 in/hr
5.70 ft/ay

Outflow — 25 ac-ft/day
= 13 cfs

611 ac-ft/dy
308 cfs

Infiltration = 454 ac-ft/dy
= 229 cfs

9.8 hr
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Matlock's (1965) infiltration values, discussed in the
literature section of this text (Tables 1 and 2), were chosen as the
best average infiltration rate estimates for the basin. As his rates
are quoted as ranges, the mid-points of the ranges were assumed to
represent the average properties of each stream. Infiltration rates
were determined by Matlock for two reaches on each stream such that
averages of the two mid-point values were used as follows:
Santa Cruz River:
K

[K(Continental to Tucson) + R (Tucson to Cortaro)] / 2
[(3.0 + 6.7)/2 + (6.4 + 7.4)/2] / 2

(30)

= 5.90 ft/day
= 2.95 in/hr
Rillito River:
K = [R (Vail to Rillito) + k(Rillito to Cortaro)] / 2
-

= [(3.2 + 4.1)/2 + (4.3 + 11.0)/2] / 2

(31)

= 5.90 ft/day
— 2.85 in/hr
In this way, average infiltration rate estimates of 5.90 ft/day (2.95
in/hr) for the Santa Cruz River and 5.70 ft/day (2.85 in/hr) for the
Rillito River were computed.
The inflow volume and flow duration averages were obtained using
relationships derived for Walnut Gulch watershed, southeast of the
2
Tucson Basin, by Murphy, Wallace and Lane (1977). This 56 mi watershed
is an ephemeral tributary to the San Pedro River and shares many
hydrological and climatological characteristics in common with the
system comprising the Santa Cruz and Rillito Rivers. According to the
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*
Walnut Gulch study (1977), mean flow duration (D ) and mean runoff
*
volume per event (P ) are related to watershed area (A) according to the
following relationships,
*
0.2
D — 2.53 A

(31)

*
-0.2
P — 0.05 A

(32)

Use of Eqn. 31 yields mean flow duration estimates of 11.1 hr and 9.84
hr for the Santa Cruz and Rillito Rivers respectively. Estimates of the
mean volume of runoff from Eqn. 32 are 611 ac-ft and 1006 ac-ft for the
two streams.
With infiltration rate, flow duration, and flow volume averages
estimated according to the above outlined methods, the second variation
on the Lane (1983) procedure resulted in the outflow and infiltration
values shown in Table 12.
Based on observations of the streamflow during the 1984/1985
event, the flow volume at the downstream ends of both stream reaches
(see Fig. 1) was assumed to be zero on February 11, 1985, the day for
which steady state infiltration rates were determined. From this
assumption it follows that the infiltration volume was equal to the
entire upstream flow volume, minus any evaporation from the water
surface. As Table 12 demonstrates, both methods of applying Lane's
equations predicted a certain amount of outflow remaining downstream on
the Rillito River, as did variation #1 on the Santa Cruz River. This
indicates that in these cases the Lane predicts a slightly smaller
volume of infiltration per time than that determined in this study. By
contrast, variation #2 actually resulted in a negative outflow volume
for the Santa Cruz River. Though outflow in this case is assumed to be
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zero for the purpose of analysis (Lane, personal communication, 1987),
the negative outflow suggests that estimated average parameters for the
*
*
*
Santa Cruz River (K , P , D ) may not as closely reflect actual
conditions as those for the Rillito River.
A comparison of values obtained using the two variations on
Lane's method for computing infiltration from the 1984/1985 flow event
shows that the second produces values more closely matched with those
determined in this study. Variation one predicts infiltration volumes
per time on both streams that are approximately 20% lower than those
computed here. Those predicted from variation two are only 0.7 % and 4%
lower for the Santa Cruz and Rillito River, respectively. The 0.7%
difference on the Santa Cruz simply results from the fact that
evaporation losses are not separated from infiltration in the Lane
model. This close match between results suggests that the use of
average values for infiltration rate, flow duration, and flow volume in
the calculation of unit channel parameters (Eqns. 23 and 24) is perhaps
a better means of carrying out Lane's procedure. By incorporating these
averages, the regression equations obtained to predict outflow for a
given inflow are more representative of the average properties of each
channel, rather than properties specific to a point in space and time.
Glover (1984)
An analytical solution for the variation in mound height over
time below a rectangular recharge basin was presented by Glover in 1960.
His solution is of the form,

H = RT/4S fol (erf u AT
2
x (erf u AT
4

-

-

erf u /TT )
1
erf u /y-T) dT
3

(33)
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where,

u — (X - W/2) / (4T/St)
1
u = (X + W/2) / (4T/St)
2
u = (Y - L/2) / (4T/St)
3
U 4 = (Y + L/2) / (4T/St)

and the remainder of the variables are defined in the body of the text.
In the Glover model, the recharge rate (R), storage coefficient

(S), transmissivity (T), and basin dimensions (W and L) are assumed to
be constant over time (t and T). In addition, the aquifer is assumed to
be infinite, homogeneous, isotropic, and unconfined. The water table is
assumed to be horizontal, with the mound rise being small compared with
the initial saturated thickness. In order to obtain the groundwater
level rise or decline at a particular point (X,Y) located with respect
to the center of the recharge basin (0,0) at a particular time period
after recharge has begun, the complex integral shown above is solved.
Though various techniques of integration have been applied to Glover's
solution (Abramowitz and Stegun, 1972; Hantush, 1967), they are still
difficult to implement, possibly explaining why this method had not been
extensively used.
To facilitate the use of Glover's analytical solution, Molden et
al. (1984) presented a microcomputer-adapted BASIC program designed to
model and graphically display the growth and decline of a groundwater
mound during a constant rate recharge operation. All assumptions
applying to the Glover (1960) solution described above hold for the
surface/groundwater system modelled by this program. Mound growth over
time at a particular monitoring point is computed from Eqn. 33 above.
In order to obtain solutions for mound decline after recharge is
discontinued, the principle of superposition in time is used. At the
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end of the recharge period, a negative recharge, or discharge, basin is
imaged in the same location as the real recharge basin.

It discharges

at a rate equal to the rate at which the real basin recharges.

By

adding mound growth due to the real recharge basin and drawdown due to
the image basin, the actual mound height is determined for all times
after the designated recharge period.
The approach taken in order to use Glover's model as a
comparative check on results obtained in this study was to input the
infiltration rate determined for the 1984/1985 streamflow event on the
Rillito River and then vary transmissivity (T) and specific yield (S)
until the mound rise over time matched that measured in a continuous
recording well as it responded to the flow event. Data from the Tucson
Water monitor well C-91 (Fig. 4), mentioned earlier in this report in
conjunction with the evidence for steady state infiltration conditions
during the 1984/1985 event, were used. It is located approximately 625
ft from the center of the channel north of the Rillito River near
Columbus Blvd. (see Fig. 1). As no near-stream monitor well data was
available for the Santa Cruz River,

the recharge model was not run for

this stream.
Certain parameters

required by the model remained fixed

throughout the recharge period and the various model runs. As mentioned
above, the recharge rate was fixed at the value of 1.65 ft/day obtained
in this study. The beginning of streamflow was designated as time t = O.
The end of the recharge period occurred at time t = 101 days, as flow
receded above the limits of the recharge basin 101 days after the
streamflow event began (see Table 9). The final time was set at 200
days, so that recovery of the system after the termination of streamflow
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could be studied.

Depth to water prior to recharge (36.45 ft) was

obtained from the level recorded at C-91 before streamflow began.
In order to define the dimensions of the recharge basin as
required by the model,

the Rillito River had to be approximated by a

long and narrow rectangular basin of constant length and width.
definition sketch of the system is shown in Fig. 5.

The

Using an X-Y

coordinate grid, with the origin located at the center of the rectangle,
points and boundaries were defined by declaring their distance and angle
from the basin center.

The x-axis runs parallel to the width of the

basin and the y-axis runs parallel to the length.

For the sake of

simplicity, the location of the monitor well was set on the x-axis, such
that the angle from the axis to this point would be zero and only the
known distance of the well from the center of the recharge basin had to
be input into the model. The width of the recharge basin was defined as
200 ft., roughly corresponding to the average width of flow measured
from the aerial video of February 11, 1985. In order to define a
reasonable basin length, the distance from the x-axis to the beginning
of the Rillito River at Craycroft Rd. was measured. The recharge basin
was designated to extend this distance (approximately 5,000 ft.) in each
direction from the origin, resulting in a final basin length of 10,000
ft. Trial model runs, using still larger values for the recharge basin
length, showed that 10,000 ft did not constitute an infinitely long
Mound height no longer varied with increased basin length only
6
was
extended
to
10
ft.
dimension
y-axis
the
after

basin.

As mentioned above, the two variable model parameters were
transmissivity (T) and specific yield (S). An estimated range within
which to vary these parameters was decided upon based on a review of the
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Fig. 5. Glover model definition sketch
(after Molden et al., 1984).

r)
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literature.

The initial water level reading at the monitor well prior

to 1984/1985 flow was 36.45 ft.

According to estimates in the

literature (CH2M Hill et al., 1987) and a personal communication from
Scott Rogers of the Tucson Water (1987), the permeable recent channel
alluvium described by Davidson (1973) extends at least to 36 ft in this
region along the channel. Transmissivities in the recent alluvium from
an electric analog study of the Rillito River (Anderson, 1972) are
2
roughly in the range of 25,000 to 60,000 ft /day. The specific yield of
this material has been found to vary from between around 0.1 and 0.4
(CH2M Hill et al., 1987).
Model runs using values at the high end of the ranges quoted
for both of these parameters quickly ruled out the possibility that T
and S in the study region were of this magnitude. Working downward from
2
T — 40,000 ft /day and S — 0.1, groundwater hydrographs predicted by the
Glover model are plotted along with the actual well level record at C-91
in Figs. 6-9.
A close look at Figs. 6-9 reveals that late time data is best
described by the trial plotted in Figure 9, where T was set at 36,000
2
None of the trials were able to match the
ft /day and S at 0.085.
early-time rapid response of the system to streamflow.

This is perhaps

due to the fact that a constant infiltration rate is assumed for the
duration of the recharge period in the Glover model. Infiltration rates
deviate most markedly at early times from the constant steady state
rate, as soil moisture content is at its lowest and both gravitational
and suction gradients are actively driving flow.
The leveling off of the groundwater mound that was observed in
1984/1985 between 50 and 100 days after flow began was also not
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Fig. 6. Glover model simulation of 1984/1985 groundwater level
hydrograph, recording well C-91; run #1.
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Fig. 7. Glover model simulation of 1984/1985 groundwater level
hydrograph, recording well C-91; run #2.
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Fig. 9. Glover model simulation of 1984/1985 groundwater level
hydrograph, recording well C-91; run #4.
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reproduced by any of the runs of the Glover model. This model continues
to predict a groundwater level rise in response to recharge until the
mound intersects the land surface. For long-term flows or artificial
recharge operations, groundwater mounds may be expected to ultimately
reach a steady state, as soil moisture becomes constant with depth and
water moves away from the water table at the same rate as it is added.
Results from this model would not accurately predict recharge under
these circumstances.
After the best-fit shown in Figure 9 was obtained,

runs were

made in which the infiltration rate was varied and T and S were kept
2
constant at 36,000 ft /day and 0.085 respectively. In this way, it was
possible to come up with an estimate of what the initial infiltration
rate may have been. Response during the first 20 days of recharge was
best described by an infiltration rate of between 3.0 and 7.0 ft/day.
This represents an infiltration rate greater than twice as high as
the steady state rate determined for the later stages of the flow event.
A plot of this early-time rate matching run is shown as Fig. 10. A
possible means of taking into consideration both the early-time higher
rate and the late-time lower rate would be the superposition in time of
runs using different infiltration rates. This would more completely
describe the process of recharge from a recharge basin or a streamflow
event over time.
Other analytical solutions have been suggested for modelling the
relationship between recharge rate and water level rise for a particular
set of aquifer and recharge basin characteristics (Moench and Kisiel,
1970; Hunt, 1971; Besbes and Delhomme, 1978; Rao and Sarma, 1981). Like
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Glover's solution, they involve complex integrals that would be more
practical if adapted to a computer model.
In conclusion,

simulation of recharge from the 1984/1985

streamflow event using the Glover model provides another mechanism for
testing the steady state infiltration rates determined in this study.
Though the complete record of groundwater rise and fall at the monitor
well C-91 could not be reproduced by the model, late-time data, which
occur on the portion of the hydrograph in which rates are most steady,
are fairly closely matched by the simulated data points. The values for
2
T and S that produced the best-fit run were 36,000 ft /day and 0.085
respectively.

As these values are within the expected range for the

recent alluvium underlying the Rillito River (Anderson, 1972; CH2MHi11
et.al., 1987) the infiltration rate of 1.65 ft/day used in the model is
demonstrated to be at least a reasonable estimate of the true rate.
Conclusions
Application of four different infiltration prediction models to
the streamflow and infiltration conditions of the 1984/1985 flow event
has been outlined above. Results are summarized in Table 13. The
Burkham, Glover and Lane methodologies all produced results that
support, to a greater or lesser degree,

the infiltration values

determined for the 1984/1985 event in this study.

The Flug et.al.

equation predicted a substantially higher infiltration rate for the
Rillito River.

Deviations, both large and small, from the results

reported in this text have been satisfactorily explained.
this comparative analysis,

Based on

it may be concluded that steady state

infiltration rates for the Santa Cruz and Rillito Rivers proposed in
this text are indeed reasonable.
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Table 13.

Reference

Results from application of alternative
methodologies to 1984/1985 event.
Infiltration Results
Santa Cruz

Rillito

This Study
(1987)

474.51 ac-ft/dy
1.35 ft/dy

544.83 ac-ft/dy
1.65 ft/dy

Burkham
(1970)

286 ac-ft/dy
0.81 ft/dy

272 ac-ft/dy
1.35 ft/dy

Flug et al.
(1980)

-

% Differential

Sc

R

-

-40

1,262 ac-ft/dy
4.4 ft/dy

-18

+62

Lane (1983)
#1

437 ac-ft/dy
1.09 ft/dy

380 ac-ft/dy
1.32 ft/dy

-19

-20

#2

551 ac-ft/dy
1.36 ft/dy

454 ac-ft/dy
1.58 ft/dy

-.7

-4

Glover
(1984)

No infiltration
rate computed.
Results support
those from this
study.

CHAPTER 8
SUMMARY AND RECOMMENDATIONS
Summary of Study Results

An appreciable number of studies have focussed on infiltration
processes along the ephemeral stream channels in the Tucson Basin.
Studies pertaining to the factors affecting streamflow infiltration and
those concerned with the rate at which this infiltration occurs all
represent important contributions to a growing store of knowledge on
stream/aquifer interactions in the basin (see Chapter 2). But
infiltration rates determined in these studies are, for the most part,
either averages taken over events of all magnitudes and durations, or
represent the infiltration conditions during an event of a particular
magnitude and duration on the stream. They do not directly reflect the
infiltration capabilities of the channel when surface flow is maintained
for long periods of time, and infiltration conditions reach a steady
state.
The major emphasis of this study is to determine steady state
infiltration rates for the Santa Cruz and Rillito Rivers in the Tucson
Basin.

These values are of general interest with regard to long term

natural streamflow events,

but they are especially important in

conjunction with returns from possible in-stream artificial recharge
operations.
The method of determining steady state infiltration rates for
the Santa Cruz and Rillito Rivers used in this study consisted of:
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1) taping a vertical aerial video of the streams during a
long-term 1984/1985 flow event,
2) measuring the wetted channel area from this record of
the flow,
3) acquiring measurements or estimates of upstream and
downstream discharge along the stream reaches for the
study date, and
4) computing streamflow loss rates from the difference
between upstream and downstream flow volumes per time,
divided by the intervening wetted area.
Evidence

that steady state infiltration conditions were

established by the study date on the two streams was from:
1) the long period of continuous flow prior to the study
date on both the Santa Cruz (Table 7) and the Rillito
(Table 8) Rivers, and
2) the almost three month long plateau in the record from
a monitor well situated near the banks of the Rillito
River (Fig. 4).
The steady state infiltration values determined using the study
methodology on the Santa Cruz and Rillito Rivers are summarized in
Table 11. The most important values for the two streams are the
following:

1) Infiltration Rates
a. Santa Cruz River — 1.35 ft/day

b. Rillito River — 1.65 ft/day
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2) Infiltration Volume per Time
a. Santa Cruz River — 544.83 ac-ft/day
b. Rillito River = 474.51 ac-ft/day
3) Infiltration Volume per Time per Stream Length
a. Santa Cruz River = 18.19 ac-ft/day/mile
b. Rillito River = 40.91 ac-ft/day/mile
As a means of evaluating these results, and comparing them with
values predicted by other available methodologies, infiltration from the
1984/1985 event was analyzed using techniques presented by four other
researchers. Infiltration results are summarized in Table 13. The most
important values and comments about this comparative study are outlined
below.
1) Burkham (1970)
a. Infiltration Rates
1. Santa Cruz River = 0.81 ft/day
2. Rillito River = 1.35 ft/day
b. Percent difference from this study
1. Santa Cruz River = -40%
2. Rillito River = -18%
c. Proposed explanation for differences
1. Burkham's equation coefficients are representative of a
portion of the historic record (1936 to 1963), and do
not account for channel changes since 1963. Rates
computed in this study are representative of channel
conditions existing in 1984/1985.
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d. Comments

1. This method of infiltration rate determination compared
reasonably well with results determined in this study.

2) Flug et al. (1980)
a. Infiltration rate

1. Rillito River — 4.4 ft/day
b. Percent difference from this study

1. +62%
c. Proposed explanations for difference
1. This method computes the volume of recharge from an
event. By dividing this volume by the number of flow
days, an average loss daily loss rate is estimated.
Rates in the initial stages of infiltration are known
to be higher than the steady state rates such that an
average computed for the entire event would necessarily
be higher than a rate determined after steady state
conditions were achieved.
2. The underlying assumption in the Flug et al. model is
that flow duration is the only variable input into the
system.

Factors such as flow volume and wetted area,

considered in this study, were neglected.

3. The equation coefficient for the Rillito River was
determined from a portion of the historic record (1934
to 1970) during which the longest event only lasted 26
days (see Appendix B2). The 1984/1985 event persisted
for about 119 days on the Rillito.

99
d. Comments
1. Results from the Flug et al. methodology differed
most substantially from findings of this study.
2. Considering only flow duration in modelling infiltration may be an over-simplification of actual processes.
3. The equation coefficient determined by Flug et al. for
the Rillito River may not apply to long-term flow
events.
3) Lane (1983)
a. Infiltration rates
1. Santa Cruz River
a) Variation #1 = 1.09 ft/day
b) Variation #2 = 1.36 ft/day
2. Rillito River
a) Variation #1 — 1.32 ft/day
b) Variation #2 = 1.58 ft/day
b. Percent difference from this study
1. Santa Cruz River
a) Variation #1 — -19%
b) Variation #2 — +0.7%
2. Rillito River
a) Variation #1 — -20%
b) Variation #2 — -4%
c. Proposed explanation for differences
1. Variation #1 is different because there was no attempt
to use average values for infiltration rate, inflow
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volume, and flow duration in the unit channel equations
(23 & 24).
2. Variation #2 produced results almost identical to those
determined in this study.
d. Comments
1. Variation #2 of Lane's methodology compared most
closely with results determined in this study.
2. The fact that outflow volume on the Santa Cruz River,
computed using variation #2, was negative suggests that
* *
*
the estimates of the average values--K , P , and D -may not be completely representative of actual
conditions.
4) Glover (1984)
a. Best-fit model runs on the Rillito River
2
1. Best-fit transmissivity = 36,000 ft /day
2. Best-fit specific yield = 0.085
3. Early-time deviation between model and actual mound
height when infiltration rate of 1.65 ft/dy,
determined in this study, was used.
4. Early-time match, but late-time deviation, at rate of
between 3.0 and 7.0 ft/day.
5. No runs could match steady state portion of groundwater
level hydrograph.
b. Explanation for differences
1. Early-time deviation due to high initial intake rates
into dry soil.
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2. Model continues to predict mound growth until the land
surface is intersected, such that steady state
conditions do not have the opportunity to develop.
c. Comments
1. Model results at least suggest that infiltration rate
of 1.65 ft/day is a resonable estimate. Values for
transmissivity and specific yield for the best-fit run
are within the expected range (Anderson, 1973;
CH2M Hill et al., 1987).

Recommendations for Further Work
There

is

a need to more fully characterize

in-stream

infiltration and recharge processes, whether the aim is to evaluate
recharge from natural flows or to assess the feasibility of artificial
recharge. Towards this end, the following areas of research require
further attention:
1) Infiltration models that account for both vadose zone and
water table conditions, and both the transient and steady
state stages of infiltration need to be applied to Santa Cruz
and Rillito River infiltration conditions.
2) The movement of infiltrating water into the aquifer system is
not clearly understood. Estimation of rates and volumes of
sub-surface movement, through neutron logging of soil
moisture variation and near-stream well level response to
flow, is suggested.
3) Water quality changes, occurring as recharge water
infiltrates through the channel bed and encounters natural
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soils and human-induced pollutants, must be characterized and
any associated health effects assessed.
4) Institutional issues surrounding artificial recharge need to
be clearly defined and addressed.
Conclusions drawn from existing studies, from this text, and from
continuing research into in-stream recharge processes are all
contributing to a more complete understanding of the complex
relationship between streamflow, infiltration, and recharge in the
Tucson Basin. It is hoped that this growing database will provide the
information necessary to devise management plans in the Tucson Basin
that will maximize existing natural recharge potentials and wisely
consider available artificial recharge options.

APPENDIX A
UNCERTAINTIES AND ASSUMPTIONS
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APPENDIX A
UNCERTAINTIES AND ASSUMPTIONS
Uncertainty in Video Filming
Though the method of obtaining channel flow areas from an aerial
video of a streamflow event is generally straightforward, errors may be
introduced if care is not taken during the video flight.
Problems include the inability to maintain a constant flying
elevation or to continuously orient the camera perpendicular to the
ground surface during the filming of the streamflow video. Deviations
of this kind would produce apparent dimensional differences between
objects on the video that were actually the same size in the field.
Scales determined from these objects would vary from image to image,
introducing an error in the determination of the scale for the entire
reach. By measuring a large number of features along the length of each
stream reach, it is assumed that any important variations of this kind
would have been detected, while the effect of smaller variations would
have been minimized in the averaging process.
Uncertainty in Determination of Scale
Scaling of maps produced from the aerial video was done by
measuring objects in the field that were distinguishable on the slides
in
made from the streamflow video. There was little uncertainty involved
the field measurement of stream-crossing and stream-side features, but
the measurement of the corresponding length on the projected slide was
more difficult. Some error, due to inaccurate measurement of small and
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sometimes indistinct features on the video slide could have entered into

the scaling calculations. To minimize the effects of any single faulty
measurement, either on the high or the low side, a composite scale was
used for each reach. This composite represents an average of the values

obtained from measuring several features along the channel. It is
assumed that this averaging process has resulted in a better
approximation of the true scale for each reach.
Uncertainty in Determination of Channel Areas
The principle source of uncertainty in the mapping process was
the delineation of flow and total channel area boundaries. The wetted
area was quite easily determined, as this region appeared darker and
more prominent than the surrounding channel on the colored slides of the
aerial video. Determination of the total channel area was not always as
straightforward. Though a clear bank most often delineated the maximum
channel width, there were several regions in which, even after a field
survey, some personal judgement had to be exercised. It is hoped that
such judgements were for the most part correct, and that any errors
would not be substantial in comparison with the large areas in question.
Where no distinct bank limit existed, boundaries were defined as the
expected lateral extent of the high flow channel.
It should be noted here that one of the limitations of video
mapping process is that it is close to impossible to distinguish
between channel areas that are flowing and those that are simply wet
from previous flow. Because of this difficulty, no effort was made to
make such a distinction. The wetted area measured here comprises all of

the channel region that appears wetted by flow.
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As Eqn. 17 in Chapter 7 demonstrates, infiltration rate varies
inversely with wetted channel area. An increase in the value used for
the wetted area results in a greater infiltration rate, and a decrease
in the wetted area has the opposite effect. As a means of quantitatively
analyzing the effect of possible errors in the wetted area value, the
variation in infiltration rate produced by a 25% change in the wetted
area was calculated as follows:

i = Q(upstream) - Q(downstream)
(Al)
A + .25 A

A% — 1 1 -

(A2)

/ i)1

where, i = infiltration rate resulting from 25% measurement
error [L/T]

i — infiltration rate computed in this study [L]
A% — percent change in infiltration rate [%]
Results of this sensitivity analysis show that

if the difference

between upstream and downstream discharge remains constant, a 25%
increase in the wetted area decreases the calculated infiltration rate
by 20%. On the other hand, decreasing the wetted area by 25% produces a
proportionate 25% increase in the infiltration rate.
In this way, the importance of accuracy in the measurement of
the wetted area is illustrated. As was mentioned above, there is little
reason to question the accuracy of this aspect of the procedure here.
The mapping of the wetted flow region was straightforward, and the
method of measuring this area, using a very sensitive digitizer, was
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particularly chosen for this study based on the low probability of error
involved.
Uncertainty in Determination of Discharge
Uncertainty involved in the determination of values for the
upstream and downstream flow volume per time for the study date comes
from two possible sources. First, errors resulting from measurement
techniques may have entered into the determination of discharge. The
assumption here is that such errors would be relatively small, and they
will not be addressed here. The second source of error results from
discharge estimation where gaging at the appropriate location and
appropriate time was unavailable. As discussed below, such estimation
was made in as educated a manner as possible.
The discharge value used for the upstream control point on the
Santa Cruz River was that recorded for February 11, 1985 at the
Continental Rd. USGS gaging station. Upstream gaging on the Rillito
River was conducted on February 12, 1985, and this value was used as an
approximation in the absence of a February 11th measurement. As the
record of the location of the wetting front (Table 9) and the hydrograph
of groundwater levels in the near-stream monitoring well (Fig. 4)
suggest, flow volume on the Rillito River was not changing at a very
dramatic rate at this point in the recharge season. Flow at Craycroft
Rd., measured on February 14th by the USGS, was only seen to drop to 207
cfs over the two day period. In addition, there was a complete absence
February (Table
of rainfall in the basin between the 5th and 22nd of
it is assumed that discharge on these
6). Because of these conditions,
two days would not have differed substantially.
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Field observations of flow conditions on February 11, 1985
confirm that flow had almost entirely infiltrated by the time it reached
the downstream control points on both the Santa Cruz and the Rillito
Rivers. Based on these observations, flow at the downstream ends of
both reaches was assumed to be negligible and discharge was estimated to
be zero without introducing any significant error.
The effect of a 25% change in the difference between upstream
and downstream flow is examined, as described above for the Santa Cruz
River, in order to analyze the sensitivity of the method of computing
infiltration rates used in this study to possible errors in the values
for upstream and downstream discharge. The equations used are:
i —AQ + .25 AQ
(A3)

A

A% H1 - (i /

(A4)

where, i — infiltration rate resulting from 25% measurement
error [L/T]
i — infiltration rate computed in this study [L]
AQ Q(upstream) - Q(downstream)
A% — percent change in infiltration rate
If the change in discharge along the stream length is increased
by 25%, a 20% increase in infiltration rate results. If, on the other
hand, this discharge value is decreased by 25%, the effect is a directly
proportionate 25% decrease in the infiltration rate.
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In spite of the fact that some uncertainty was involved in the
process by which upstream and downstream discharge values on the two
streams were determined, there is good reason to believe that this
magnitude of error was not involved.
Steady State Assumption

The term steady state, as outlined in Chapter 6, refers to
infiltration conditions that approach steady state with time in a soil
profile through which surface water is percolating. In a homogeneous
soil, moisture content ultimately becomes uniform with depth above the
wetting front and the soil suction gradient approaches zero. Under
these conditions, downward flow continues to occur only under the
influence of a unit gravitational gradient, and the governing flow
equations are greatly simplified (see Eqns. 7 and 8). In order to
utilize this simplified relationship between discharge and infiltration,
steady state infiltration conditions must be demonstrated to have been
established on both the Santa Cruz and Rillito Rivers by February 11,
1985, the day for which infiltration rates are being computed.
Indications that the runoff event produced steady state
infiltration conditions on the Santa Cruz River is found in the
sustained flow prior to infiltration measurement on that stream (Table
7). Evidence on the Rillito River is from the almost three month long
plateau in the well level record at C-91 (see Fig. 4).
Two-Dimensional Channel Assumption

The determination of the wetted channel area and the entire
channel area from aerial photography has an inherent limitation that
could be important under certain circumstances. An aerial view of a
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stream channel during a flow event results in a flat image and therefore
does not account for the surface area available for infiltration
contributed by stream banks. This area, though not as extensive as the
channel bottom, is also a surface available for infiltration and
recharge. To account for the stream bank infiltration, bank area wetted
by flow could be estimated by measuring the average flow head on the
study date and multiplying it by two times the length of the stream
reach. This area could then be added to the channel bottom area
determined from aerial imagery.
In the case of the 1984/1985 event, flow was very shallow and
confined to an inner channel. Therefore, any bank area wetted by the
flow was assumed to be insignificant in comparison with channel width
and length.

APPENDIX B
FLOW DURATION ON THE SANTA CRUZ RIVER
AT THE TUCSON GAGING STATION
AND
FLOW DURATION ON THE RILLITO RIVER
AT THE RILLITO CREEK STATION
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Appendix Bi.

Year
---1906
1907
1908
1909
1910
1911
1912
1913
1914
1915
1916
1917
1918
1919
1920
1921
1922
1923
1924
1925
1926
1927
1928
1929
1930
1931
1932
1933
1934
1935
1936
1937
1938
1939
1940
1941
1942
1943
1944
1945
1946
1947
1948
1949
1950
1951
1952

Flow duration on the Santa Cruz River at the
Tucson gaging station.

Maximum Flow Duration [days]

76
Not available
Fragmented Data
Fragmented Data
11
67
92
88
Not available
108
14
Not available
4
13
65
39
31
29
49
7
14
32
4
32
5
22
7
4
22
15
18
21
6
15
6
7
21
12
6
7
21
12
13
12
25
8
11

Dates of Flow

Nov.17 - Jan.31
--Dec.21 - Dec.31
Dec.21 - Feb.24
Oct.1 - Dec.31
Jan.1 - Mar.29
Dec.20 - Apr.6
Jan.20 - Feb.2
-Aug.6 - Aug.9
Jul.1 - Jul.13
Nov.24 - Jan.26
Jul.27 - Sep.3
Jan.1 - Jan.31
Aug.6 - Sep.3
Nov.25 - Jan.12
Aug.6 - Aug.12
Nov.25 - Dec.8
Dec.4 - Jan.4
Jul.31 - Aug.3
Jul.17 - Aug.17
Mar.16 - Mar.20
Aug.3 - Aug.24
Jan.14 - Jan.20
Sep.8 - Sep.11
Aug.3 - Aug.24
Feb.5 - Feb.19
Dec.20 - Jan.6
Aug.6 - Aug.26
Aug.3 - Aug.8
Aug.1 - Aug.15
Aug.2 - Aug.7
Feb.7 - Feb.13
Dec.31 - Jan.20
Jun.29 - Jul.10
Aug.15 - Aug.20
Aug.5 - Aug.11
Jul.26 - Aug.15
Aug.8 - Aug.19
Aug.2 - Aug.19
Jul.31 - Aug.11
Jul.4 - Jul.28
Jul.23 - Jul.30
Jul.23 - Aug.2
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Appendix B1--Continued
Year
---1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981

Maximum Flow Duration [days]

Dates of Flow

13
30
34
3
13
13
12
9
6
6
22
10
4
17
12
18
5
7
7
4
10
25
6
9
9
18
27
6
10

Jul.7 - Jul.19
Jul.30 - Aug.28
Jul.29 - Aug.31
Jul.29 - Jul.31
Aug.15 - Aug.27
Aug.5 - Aug.17
Aug.20 - Aug.31
Jan.11 - Jan.19
Aug.14 - Aug.19
Dec.14 - Dec.19
Jul.20 - Aug.10
Sep.6 - Sep.15
Jul.14 - Jul.17
Aug.17 - Sep.2
Aug.4 - Aug.15
Dec.13 - Dec.30
Aug.5 - Aug.9
Feb.27 - Mar.5
Aug.8 - Aug.14
Jul.15 - Jul.18
Mar.12 - Mar.21
Feb.14 - Mar.10
Jul.16 - Jul.21
Jul.22 - Jul.30
Aug.9 - Aug.17
Feb.28 - Mar.17
Jan.17 - Feb.12
Aug.10 - Aug.15
Jul.24 - Aug.2
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Appendix B2.

Year
---1912
1913
1914
1915
1916
1917
1918
1919
1920
1921
1922
1923
1924
1925
1926
1927
1928
1929
1930
1931
1932
1933
1934
1935
1936
1937
1938
1939
1940
1941
1942
1943
1944
1945
1946
1947
1948
1949
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959

Flow duration on the Rillito River at the
Rillito Creek gaging station.

Maximum Flow Duration [days]

Dates of Flow

7
Data Fragmented
3
Data Fragmented
50
3
7
25
25
11
4
15
16
4
8
14
4
8
12
18
35
13
4
12
8
5
4
6
2
16
8
6
4
8
3
4
5
4
8
5
7
8
7
12
2
3
23
11

Mar.4 - Mar.20
Feb.23 - Feb.25
--Jan.17 - Mar.7
Feb.27 - Mar.1
Feb.28 - Mar.6
Feb.2 - Feb.26
Jan.5 - Jan.29
Jul.27 - Aug.6
Aug.16 - Aug.19
Aug.6 - Aug.20
Dec.20 - Jan.4
Jul.26 - Jul.29
Apr.9 - Apr.16
Feb.15 - Feb.28
Jul.31 - Aug.3
Jul.30 - Aug.4
Mar.16 - Mar.27
Jul.3 - Aug.16
Feb.9 - Mar.14
Jan.31 - Feb.12
Aug.26 - Aug.29
Feb.6 - Feb.17
Feb.16 - Feb.23
Feb.6 - Feb.10
Mar.3 - Mar.6
Aug.2 - Aug.7
Feb.23 - Feb.24
Feb.23 - Mar.10
Jan.8 - Jan.15
Aug.1 - Aug.6
Aug.7 - Aug.10
Mar.9 - Mar.16
Aug.3 - Aug.5
Aug.12 - Aug.15
Aug.3 - Aug.7
Jan.13 - Jan.16
Jul.18 - Jul.25
Jul.24 - Jul.31
Mar.17 - Mar.23
Jul.24 - Jul.31
Aug.3 - Aug.9
Aug.10 - Aug.21
Jul.18 - Jul.19
Jan.9 - Jan.11
Mar.7 - Mar.29
Aug.12 - Aug.20
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Appendix B2--Continued
Year
---1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975

Maximum Flow Duration [days]
21
6
13
6
9
8
26
2
12
4
8
6
4
34
4
2

Dates of Flow
Jan.11 - Jan.30
Jul.22 - Jul.27
Jan.24 - Feb.5
Aug.22 - Aug.27
Sep.8 - Sep.16
Mar.11 - Mar.18
Dec.9 - Jan.3
Sep.8 - Sep.16
Mar.9 - Mar.20
Aug.5 - Aug.8
Mar.11 - Mar.18
Aug.17 - Aug.22
Dec.26 - Dec.29
Mar.12 - Apr.14
Aug.2 - Aug.5
Jul.24 - Jul.25

116

LIST OF REFERENCES
Abramowitz, M., I.A. Stegun, 1972, Handbook of Mathematical Functions
with Formulas, Graphs and Mathematical Tables, 8th ed., Dover
Publications, Inc., New York, N.Y., 1046 p.
Anderson, T.W., 1972, Electrical-analog analysis of the hydrologic
system, Tucson basin, Southeastern Arizona, U.S Geological Survey
Water-Supply Paper 1939-C.
Anderson, T.W., N.D. White, 1979, Statistical summaries of Arizona's
streamflow data, U.S. Geological Survey Water Resources
Investigations.
Anderson, T.W., 1987, U.S Geological Survey, personal communication.
Arizona Department of Water Resources--Tucson Active Management Area,
1984, Management Plan for the First Management Period: 1980-1990.
Arizona Department of Water Resources--Tucson Active Management Area,
1985, Management Plan for the First Management Period: 1980-1990,
Special Supplement: Chapter IX Augmentation Program.
Besbes, M., J.P. Delhomme, G. DeMarsily, 1978, Estimating recharge from
ephemeral streams in arid regions: a case study of Kairouan,
Tunisia, Water Resources Research, Vol. 14, No. 2, pp. 281-290.
Bouwer, H., L.E. Myers, R.C. Rice, 1962, Effect of velocity on seepage
and its measurement, Proceedings of the American Society of Civil
Engineers, 88, September, No. IRB.
Burkham, D.E., 1970, Depletion of streamflow by infiltration in the main
channels of the Tucson Basin, Southeastern Arizona, U.S Geological
Survey Water Supply Paper 1939-B.
CH2M Hill, Montgomery & Associates, L.G. Wilson, 1987, Final Draft,
Phase A, Tucson Recharge Feasibility Assessment, Task 5,
Hydrological Evaluation of Recharge Sites.
Cluff, C.B., K.J. De Cook, W.G. Matlock, 1972, Technical, economic and
legal aspects involved in the exchange of sewage effluent for
irrigation water for municipal use, case study--City of Tucson:
Tucson OWRR Project No. A-022-ARIZ, University of Arizona, Tucson.
74 p
Cluff, C.B., L.T. Katz, G.L. Scovill, 1987, Effects of Channel
Stabilization in Tucson Stream Reaches on Infiltration and GroundWater Recharge, Vol. 2, Natural Streamflow Study, Report to Pema
County Department of Transportation and Flood Control District.

117

LIST OF REFERENCES--Continued
Condes de la Torre, A., 1970, Streamflow in the Upper Santa Cruz River
Basin, Santa Cruz and Pima County, Arizona, U.S. Geological Survey
Water Supply Paper 1939-B.
Davidson, E.S., 1973, Geohydrology and water resources of the Tucson
basin, Arizona, U.S. Geological Survey Water Supply Paper 1939-E.
Flug, M., G. Abi-Ghanem, L. Duckstein, 1980, An event-based model of
recharge from an ephemeral stream, Water Resources Research, Vol.
16, No. 4, pp. 685-690.
Gallaher, B.M., 1979, Recharge properties of the Tucson Basin aquifer as
reflected in the distribution of a stable isotope, M.S. Thesis,
University of Arizona, Tucson.
Glover, R.E., 1960, Mathematical derivations as pertain to groundwater
recharge, Agricultural Research Service, U.S. Department of
Agriculture, Ft. Collins, Colorado.
Hantush, M.S., 1967, Growth and decay of groundwater mounds in response
to uniform percolation, Water Resources Research, Vol. 3,
pp. 227-234.
Hunt, B.W., 1971, Vertical recharge of unconfined aquifers, Journal of
Hydraulics Division, ASCE, Vol. 97, No. HY7.
Keith, S.J., T. Rasmussen, 1980, Regional Recharge for Southwest
Alluvial Basins, Chapter 5, prepared by Water Resources Research
Center, Department of Hydrology and Water Resources, University of
Arizona, Tucson, for U.S. Geological Survey SWAB/RASA Project.
Keith, S.J., 1981, Stream channel recharge in the Tucson Basin and its
implications for groundwater management, M.S. Thesis, University of
Arizona, Tucson.
Lane, L.J., V.A. Ferreira, E.D. Shirley, 1980, Estimating transmission
losses in ephemeral stream channels, Hydrology and Water Resources
in Arizona and the Southwest--Proceedings of the 1980 Meetings of
the Arizona Section, American Water Resources Association and
Hydrology Section, Arizona-Nevada Academy of Science, Las Vegas,
Nevada, Tucson, Arizona, Vol.10 , pp. 193-202.
Lane, L.J., 1983, National Engineering Handbook, U.S. Department of
Soil Conservation Service, Section 4, Chapter 19,
Agriculture,
Losses.
Transmission
Lane,

1987, Southwest Rangeland Watershed Research Center,
L.J.,
personal communication.

118

LIST OF REFERENCES--Continued
Laney, R.L., 1972, Chemical quality of water in the Tucson basin,
Arizona, U.S. Geological Survey Water-Supply Paper 1939-E.
Lueck, C., D. Smutzer, M. Pearthree, T. Helfrich, J. Trifilio, 1986,
Flood Storage/Groundwater Recharge/Natural Riverline Preservation
Project, Concept Report, Pima County Department of Transportation
and Flood Control District.
Marsh, J.A., 1968, The effect of suspended sediment and discharge on
natural infiltration of ephemeral streams, M.S. Thesis, University
of Arizona.
Matlock, W.G., 1965, The effect of silt-laden water on infiltration in
alluvial channels, Ph.D. Dissertation, University of Arizona,
Tucson.
Matlock, W.G., 1966, Sewage effluent recharge in an ephemeral stream
channel, Water and Sewage Works, June 1966, pp.225-229.
Moench, A.F., C.C. Kisiel, 1970, Application of the convolution relation
to estimating recharge from an ephemeral stream, Water Resources
Research, Vol. 6, No. 4, pp. 1,087-1,094.
Molden, D., D.K. Sunada, J.W. Warner, 1984, Microcomputer model of
artificial recharge using Glover's solution, Groundwater, Vol. 22,
No. 1, pp. 73-79.
Mongomery, E.L., 1971, Determination of the coefficient of storage by
use of gravity measurements, Ph.D. Dissertation, University of
Arizona, Tucson.
Murphy, J.B., D.E. Wallace, L.J. Lane, 1977, Geomorphic parameters
predict hydrograph characteristics in the southwest, Water
Resources Bulletin, American Water Resources Association, Vol. 13,
No. 1, pp. 25-38.
from rectangular
Rao, N.H., R.B.S. Sarma, 1981, Ground-water recharge
No.
3,
pp.
270-274.
areas, Groundwater, Vol. 19,
Northeast area hydrogeological investigation:
1986,
S.,
Rogers,
structure and stratigraphy, City of Tucson, Tucson Water Planning
Division Report.
Rogers, S., 1987, Tucson Water, personal communication.
Schwalen, H.G., R.J. Shaw, 1957, Groundwater supplies of Santa Cruz
Station and the
Valley of southern Arizona between Rillito
Agricultural
Experiment
international boundary, Tucson, Arizona,
Station Bulletin 288.

119

LIST OF REFERENCES--Continued

Sebenik, P.C., 1975, Physiochemical transformations of sewage effluent
releases in an ephemeral stream channel, M.S. Thesis, University of
Arizona, Tucson.
Sellers, W.D., R.H. Hill, 1974, Arizona Climate, University of Arizona
Press, Tucson, Arizona.
Todd, D.K., 1959, Groundwater Hydrology, New York, N.Y., John Wiley,
366 p.
Turner, S.F., and others, 1943, Ground-water resources of the Santa Cruz
basin, U.S. Geological Open-File Report.

1978, Geomorphic features affecting
Lane,
P.E.,
L.J.
Wallace,
transmission loss potential on semi-arid watersheds, Hydrology and
Water Resources of Arizona and the Southwest, Proceedings of the
1978 Meetings of the Arizona Section, American Water Resources
Association and the Hydrology Section, American Academy of Science,
Tucson, Vol. 6, pp.203-212.
Wilson, L.G., K.J. DeCook, 1968, Field observations during influent
seepage in the Santa Cruz River, American Geophysical Union WaterResources Research, Vol. 4, No. 6.
Wilson, L.G., A. Guzman, T. Leo, M. Osborn, 1987, Effects of channel
stabilization in Tucson Stream Reaches on Infiltration and Groundwater Recharge, Vol. 1, Model Study, Report to Pima County
Department of Transportation and Flood Control District.

