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change 
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ABSTRACT Important recent advances have been made in the 
reconstruction and interpretation of ancient floods, 
particularly in the use of slackwater deposits and 
paleostage indicators (S\~-PSI). For certain appropriate 
geomorphic settings, relatively accurate estimates of 
paleoflood discharges and ages can be made over time 
scales of centuries and millennia. New statistical tools 
are available to extract the maximum information content 
from this unconventional hydrologic data. Preliminary SWD
PSI study results from the southwestern United States 
indicate that certain time intervals in the last several 
thousand years have been characterized by occurrences of 
extraordinary floods, while other intervals have been 
relatively free of such events. Hydroclimatic change is a 
likely cause of this nonstationarity. 

Introduction 

Paleoflood hydrology concerns the study of past or ancient flow 
events using physical or botanical information, irrespective of any 
direct human observation. The flow events usually have occurred 
prior to the possibility of direct measurement by modern hydrologic 
procedures, although paleoflood hydrologic techniques can be applied 
to modern floods at ungaged sites (Baker et al., in press). Recent 
advances in geochronology, flow modeling,-an~statistical analysis of 
paleoflood data have greatly increased the ability to extract useful 
hydrologic information from one variety of paleoflood investigation: 
slackwater deposit-paleostage indicator (SWD-PSI) studies (Stedinger 
& Baker, 1987). SWD-PSI investigations can provide reconstructions 
of discharges and magnitudes for multiple paleofloods with remarkably 
high accuracy over time scales of centuries and millennia. However, 
such SWD-PSI studies require special combinations of geological 
circumstances that must be carefully evaluated in each application. 

An outline of SWD-PSI paleoflood hydrology 

The methodology of SWD-PSI paleoflood hydrology is discussed by Baker 
~ ale (1983) and by Baker (in press). This section will briefly 
review important aspects of that methodology, emphasizing recent 
research developments. 

123 



124 V.R. Baker 

Figure 1 Photograph of an accumulation of slackwater 
downstream of a bedrock spur on the Salt River in 
Arizona. 

deposits 
central 

(a) Slackw&ter deposits consist of sand and silt (sometimes 
gravel) that accumulate relatively rapidly from suspension during 
major floods, particularly at localities where flow boundaries result 
in markedly reduced flow velocities (Figure 1). 

(b) Other important paleostage indicators include silt lines, 
high level scour marks, and flood-modified vegetation. 

(c) Sites of slackwater sediment accumulation occur at the 
following locations: (i) tributary mouths, (ii) abrupt channel 
expansions, (iii) in the lee of bedrock flow obstructions, (iv) in 
channel-margin caves and alcoves, (v) at meander bends, and (vi) 
upstream of abrupt channel expansions. 

(d) Regional factors useful in locating river reaches appropriate 
for SWD-PSI studies include the following: (i) adequate concentra
tions of sand and silt in transport by floods, (ii) resistant
boundary channels not subject to appreciable aggradation, (iii) 
depositional sites with high potential for preservation of SWD-PSI 
features, and (iv) narrow, deep canyons or gorges in resistant 
geological materials. 

(e) Although initially developed and applied in arid and semiarid 
regions (Baker et al., 1979; Kochel & Baker, 1982; Kochel et al., 
1982), SWD-PSr--p;reoflood hydrology has been extended to the--study 
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of humid-region rivers (Kochel & Baker, in press; Patton, in press). 
(f) Computer flow models for step-backwater analysis are used to 

calculate water surface profiles for various discharges in 
appropriate SWD-PSI study reaches. Paleodischarges are determined by 
comparing elevations of the various paleostage indicators to the 
water surface profiles. 

(g) Recent research has concentrated on strategies for reducing 
error in paleodischarge estimation. Important concerns in this regard 
include: (i) paleoflow cross-sectional stability, (ii) relatively 
deep paleoflows, and (iii) relatively uniform reaches. 

(h) Long-term channel stability is necessary for accurate 
hydraulic calculations. This can be assured for reaches developed in 
bedrock, immobile sediment, or other resistant boundary materials. 

(i) Narrow-deep channel cross sections are most useful, since 
increasing flood discharge results in relatively large stage 
increases (Baker, 1984). 

(j) Accuracy of the predicted water-surface profiles can be 
improved when relatively large flows in a systematic gage record are 
available to test and calibrate the flow model (Ely & Baker, 1985; 
Partridge & Baker, 1987). 

(k) At ideal SWD-PSI sites thick sequences of multiple sedimenta
tion units record numerous paleofloods (Figure 2). Individual flood 
units are distinguished by sedimentologic properties such as the 
following: (i) silt-clay or organic drapes, (ii) buried paleosols, 
(iii) organic layers, (iv) intercalated tributary alluvium or slope 
colluvium, (v) abrupt vertical grain size variations, (vi) mudcracks, 
(vii) color changes, and (viii) induration properties. 

(1) Recent advances in geochronology, particularly radiocarbon 
analysis (Baker et al., 1985), provide excellent opportunities to 
determine paleofTOo~ ages. As little as 1 to 2 mg of elemental 
carbon can be analyzed by the new technique of tandem accelerator 
mass spectrometry (Taylor et al., 1984). 

(m) The usual "worstcase" end member for SWD-PSI paleoflood 
information content is a single, vertically-stacked sequence of 
slackwater deposits (Figure 2). In this case, an informational 
censoring level (the elevation of each succeeding deposit) increases 
with time. 

(n) Most commonly, SWD-PSI sequences provide much more paleoflood 
information than in the worst-case scenario. This is achieved by 
lateral tracing of individual flood deposits to their highest 
elevations, by correlation of flood deposits among mUltiple sites, 
by documenting evidence of limiting high-water levels, and by 
studying inset stratigraphic relationships. 

(0) The information content in SWD-PSI sequences can be structured 
for flood-frequency analysis through the concept of censoring levels. 
Flood experience for various time intervals is then analyzed in terms 
of exceedances or nonexceedances of the censoring levels or threshold 
discharges (Stedinger & Baker, 1987). 

(p) The goal of stratigraphic analysis in SWD-PSI studies is to 
reconstruct a complete catalog of discharges exceeding censoring 
levels over specified time periods. 

(q) New statistical tools are now available to make optimum use 
of the information content in appropriately structured paleoflood 
data (Stedinger & Cohn, 1986; Stedinger & Baker, 1987). 
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Figure 2 Photograph of The Alcove slackwater sedimentation site 
(Webb, 1985) on the Escalante River in south-central Utah. 

Flood hydroclimatology 

Conventional flood-frequency analysis relies on the following 
assumption: ••• the array of flood information is a reliable and 
representative time sample of random homogeneous events" (U.S. Water 
Resources Council, 1981, p. 6). Two possible violations of this 
assumption may be induced by (1) a mixed underlying parent distribu
tion for the flood events, and (2) variation through time in the mean 
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of the underlying probability distribution for flood recurrence (non
stationarity). Both of these situations may derive from climatologic 
causes (Hirschboeck, in press). Although short-term systematic 
records are generally ambiguous with regard to such interpretive 
problems, SWD-PSI paleoflood hydrology provides excellent opportuni
ties to test assumptions. In southern Arizona, for example, annual 
flow peaks are dominated by floods induced by regional snowmelt, 
local summer convective storms, and winter frontal storms 
(Hirschboeck, 1985). More rarely, incursions by tropical storms lead 
to extraordinary floods that appear as outliers in the systematic 
flood records. Here the systematic flow record is biased toward one 
hydro climatologically induced distribution: that controlling the 
relatively common, smaller annual floods. Only with the expanded 
time base provided by paleoflood hydrology can an adequate sample be 
achieved for the unusually large and rare floods related to another 
hydro climatologically induced distribution. 

Of course, paleoflood hydrology generally cannot identify the 
hydroclimatic cause for a given paleoflow event. Nevertheless, the 
time base of centuries or millennia is ideal for evaluating long-term 
trends. Knox (1985) documented a pronounced nonstationarity for 
upper Mississippi Valley floods over the past 9500 years. Early 
Holocene alluvial fills indicate very low probabilities for large 
floods between 6000 and 9500 yr B.P. Increased probabilities for 
large floods are evidenced by boulder gravel in overbank sediments 
deposited in the following age intervals: (1) 6000 to 4500 yr B.P., 
(2) 3000 to 1800 yr B.P., and (3) 1000 to 500 yr B.P. (Knox, 1985). 
Similarly, Patton & Dibble (1982) presented evidence from the Pecos 
River of western Texas that floods were relatively infrequent during 
an arid interval between approximately 9000 and 3000 yr B.P., but the 
extraordinary floods occurring in this interval were unusually large. 
Between approximately 3000 and 2000 yr B.P. a humid interval resulted 
in more frequent flooding, but flood magnitudes were'moderated. The 
last 2000 years has been most similar to the early Holocene arid 
interval. 

On & shorter time scale, detailed SWD-PSI studies also have an 
immense potential for evaluating nonstationarity. For the Columbia 
River in central Washington, Chatters & Hoover (1986) showed that 
during the approximate interval 1000 to 1400 A.D. large floods were 
r.hree to four times more common than at present. Flood frequency 
characteristics similar to those at present prevailed from approxima
tely 200 to 1000 A.D. and from approximately 1400 A.D. to present. 
This use of paleoflood hydrology illustrates the fallacy of overly 
simplistic characterizations of paleoflood records as illustrated by 
the computer simulations of Hosking & Wallis (1986). Rather than a 
vague rationalization with which to criticize paleoflood hydrologic 
studies (Hosking & Wallis, 1986), nonstationarity can be an object of 
scientific study utilizing the remarkable capability of SWD-PSI 
studies to generate accurate and complete paleoflood records. 

Applications in the southwestern United States 

Since 1981 the new procedure of SWD-PSI paleoflood hydrology has been 
used in a regional study of ancient floods in the southwestern United 
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Figure 3 Location of SWD-PSI paleoflood hydrologic investigations 
in the southwestern United States. Studies were done in 
south-central Utah on Boulder Creek (B) and the Escalante 
River (E). In Arizona, studies were done on Kanab Creek 
(K), Tonto Creek (T), Aravaipa Creek (A), and on the Salt 
(S) and Verde (V) Rivers. 

States (Figure 3). One goal of this regional analysis has been to 
identify temporal and spatial patterns in extraordinary floods. 

The paleoflood record of the Escalante River of south-central Utah 
(Figure 3) illustrates the trends seen at other study sites. 
Paleofloods documented by Webb (1985), Webb et ale (in press), and 
O'Connor et ale (1986) fall into major time gro~ingso During the 
period 2000--to 1300 yr B.P. floods were relatively small. Three 
major floods occurred between 1200 and 1000 yr BoP., including the 
largest flood of the record. This period was also one of major 
arroyo cutting and is well-documented throughout the southwestern 
U.S. No floods were recorded between 900 and 600 yr B.P., but three 
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floods were recorded between 600 and 400 yr B.P. The next 
phase of flooding occurred in the last century, which is the 
of most extensive arroyo formation in the region (Webb and 
1986) • 

major 
period 
Smith, 

The most detailed long-term record of paleofloods in the Southwest 
occurs just southeast of Phoenix, Arizona (Figure 3). Prehistoric 
irrigation canals constructed by the Hohokam indians are filled with 
flood deposits (Masse, 1981). Current research by J.E. Fuller 
(written communication, 1986) documents that, since 1100 yr B.P., the 
Hohokam canals recorded a minimum of 25 and a maximum of 30 floods 
that exceeded 5000 m3s-1o Of these the largest (>12,000 m3 s-1 ) 
occurred about 1100 yr B.P. during a 250-yr period of pronounced 
flooding. Large floods again appeared in the last 400 years, 
including three exceedences of 7000 m3s-1 • The last of these was the 
1891 flood with a discharge of between 7000 and 8000 m3s-1 • 

Essentially the same timing of paleoflood events is observed on 
upstream reaches of the Salt River (Partridge & Baker, 1987) and the 
Verde River (Ely & Baker, 1985). Additional work on these streams 
and Tonto Creek (Figure 3) by J.E. O'Connor and J.E. Fuller (written 
communication, 1986) confirms the same sequence. The largest flood 
occurred approximately 1000 yr BoP. on both the Salt and Verde 
Rivers. Unusually large floods also occurred during the last century. 

Discussion 

All SWD-PSI paleoflood studies conducted thus far in Arizona and 
adjacent areas (Figure 3) reveal a remarkably consistent record. 
Certain time intervals during the past few millenia have been 
characterized by occurrences of extraordinarily large floods, while 
other intervals have been relatively free of such events. Major 
episodes of flooding occurred from approximately 1000 to 1200 yr B.P. 
and during the past century or two. A somewhat less intense phase of 
flooding occurred between approximately 400 and 600 yr B.P. Time 
intervals between these flood phases were characterized by fewer, 
smaller floods. In addition, there are many indications that channel 
entrenchment on alluvial streams (arroyo formation) was coincident 
with flood phases, while aggradation was generally coincident with 
phases of reduced flooding (Webb, 1985). 

The regional coincidence of flood phases in the southwestern 
United States suggests a hydroclimatologic cause. A possible 
mechanism is the variable influence of tropical moisture in the 
region. Work on evaluating this mechanism is currently in progress. 

Considerable potential exists for combining SWD-PSI paleoflood 
studies with other paleoclimatic indicators. For example, tests of 
nonstationarity in long-term flood series might be achieved by 
evaluating other paleohydrologic indicators. Long-term tree-ring 
series and regime-based paleoflow estimates (RBPE) both can be 
related to various measures of mean streamflow or mean floods. RBPE 
studies are accomplished in alluvial channels, which are much more 
Common than the resistant-boundary (non-alluvial) channel conditions 
required for accurate SWD-PSI studies. Accurately dated mean flow 
estimates plus chronologies of other paleoclimatic indicators, such 
as pollen records, plant macrofossils, and isotopic records, can be 
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used to evaluate nonstationarity in paleoflood records and interpret 
the role of climate change in generating such records. Past climatic 
change may serve as a guide to the pot"ential for future climatic 
change. Precise data on the magnitudes of past hydroclimatic change 
may prove useful in testing models intended to predict future change. 
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WATER RESOURCES OF THE TUCSON BASIN

STREAMFLOW IN THE UPPER SANTA
CRUZ RIVER BASIN, SANTA CRUZ AND

PIMA COUNTIES, ARIZONA

By ALBERTO CONDES DE LA TORRE

ABSTRACT

Streamflow records obtained in the upper Santa Cruz River basin of southern 
Arizona, United States, and northern Sonora, Mexico, have been analyzed to aid 
in the appraisal of the surface-water resources of the area. Records are available 
for 15 sites, and the length of record ranges from 60 years for the gaging station 
on the Santa -Cruz River at Tucsou to 6 years for Pantano Wash near Vail. The 
analysis provides information on flow duration, low-flow frequency and magni 
tude, flood-volume frequency and magnitude, and storage requirements to main 
tain selected draft rates. Flood-peak information collected from the gaging sta 
tions has been projected on a regional basis from which estimates of flood magni 
tude and frequency may be made for any site in the basin.

Most streams in the 3,503-square-mile basin are ephemeral. Ground water sus 
tains low flows only at Santa Cruz River near Nogales, Sonoita Creek near Pata 
gonia, and Pantano Wash near Vail. Elsewhere, flow occurs only in direct response 
to precipitation. The median number of days per year in which there is no flow 
ranges from 4 at Sonoita Creek near Patagonia to 335 at Rillito Creek near Tucson. 
The streamflow is extremely variable from year to year, and annual flows have 
a coefficient of variation close to or exceeding unity at most stations.

Although the amount of flow in the basin is small most of the time, the area is 
subject to floods. Most floods result from high-intensity precipitation caused by 
thunderstorms during the period July to September. Occasionally, when snowfall 
at the lower altitudes is followed by rain, winter floods produce large volumes of 
flow.

INTRODUCTION

The growing demand for water in the upper Santa Cruz River 
basin (fig. 1) in response to the increase in population, agricultural 
development, and industry has created a need for information on the 
amount of surface water available and the nature of its occurrence. 
Therefore, streamflow records of sufficient length to define the flow 
characteristics of the streams are important in long-rang© planning

Al
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37

-36°

114

109"

100 MILES

FIGURE 1. Location of upper Santa Crua River basin.

and development. The U.S. Geological Survey analyzed the stream- 
flow records for the upper Santa Cruz River basin in conjunction with 
a cooperative water-resources investigation of the Tucson basin, con 
ducted under the immediate supervision of H. M. Babcock, district 
chief of the Water Resources Division in Arizona. The cooperating 
agencies were the city of Tucson, the U.S. Bureau of Reclamation, the 
University of Arizona, and the Geological Survey.

The purpose of the investigation was to define the magnitude and 
occurrence of streamflow by summarizing the data available from 
gaging-station records and to present the information in a usable form. 
Streamflow records are available from 15 U.S. Geological Survey gag-
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ing stations (pi. 1). The length of record at these gaging stations 
ranges from 60 years (1905-65) for the Santa Cruz River at Tucson 
to 6 years (1959-65) for Pantano Wash near Vail (table 1).

METHODS OF ANALYSIS USED IN THE INVESTIGATION

The streamflow records were analyzed by statistical and graphical 
methods for this report. Flow duration, low-flow frequency, flood fre 
quency, flood-volume frequency, daily-flow duration, storage analysis, 
and the annual occurrence of days having no flow were determined. 
Daily mean discharge was used in the flow-duration, low-flow, and 
flood-volume frequency analyses. The analyses were made from data 
recorded by gaging stations in the upper Santa Cruz River basin 
through 1963 and later were arranged and sorted by an electronic com 
puter. The period 1936 to 1963, inclusive, was used for the flow-duration 
curves. The period of record for each gaging station was used for the 
curves showing low-flow frequency, flood frequency, flood-volume 
frequency, and days of no flow. Because most streams in the basin are 
dry for long periods of time, the daily flow-duration graphs are given 
only for streams having flow adaptable to this type of presentation  
Sonoita Creek near Patagonia, Santa Cruz River near Nogales, and 
Sabino Creek near Tucson. The data for each gaging station in the 
basin are presented in each type of analysis if the length of record is 
sufficient for interpretation. The years of record used in this report 
are water years, unless otherwise specified.

GEOGRAPHY

The upper Santa Cruz River basin, defined as that part of the Santa 
Cruz River basin above Cortaro, occupies 3,503 square miles in south 
ern Arizona, United States, and northern Sonora, Mexico (pi. 1). The 
upper basin is bounded on the south by the drainage divide between 
streams that enter the basin and streams that enter the Rio de Con- 
cepcion damage basin in Mexico; on the east by the Tortolita, Santa 
Catalina, Tanque Verde, Rincon, Whetstone, and Huachuca Mountains 
and the Canelo Hills; on the north by the drainage divide between the 
upper and the lower Santa Cruz and lower San Pedro River basins; 
and on the west by the Atascosa, Tumacacori, Cerro Colorado, Sierrita, 
and Tucson Mountains.

The basin is in the Basin and Range physiographic province (Fen- 
neman, 1931) and is characterized by isolated mountain blocks sepa 
rated by broad alluvial-filled valleys. The altitude of the valleys ranges 
from 2,100 to 4,700 feet above mean sea level, and the mountains are as 
much as 9,400 feet above mean sea level.

The Santa Cruz River drains the west side of the Huachuca Moun 
tains and the east side of the Patagonia Mountains and flows south 
past Lochiel into Mexico; in Mexico, flow is contributed to the river
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from a 348-square-mile drainage area. The river then flows north, 
enters the United States 5i/£ miles east of Nogales, and continues 
northwest to Tumacacori. In this reach the Santa Cruz is joined by 
Sonoita Creek and Josephine Canyon and by tributaries that drain the 
east slopes of the Pajarito and Atascosa Mountains. The river flows al 
most due nortlh from Tumacacori to Tucson and receives drainage 
from the Santa Rita, Tumacacori, and Sierrita Mountains. At Tucson, 
the river is joined by Rillito Creek, which has a 934-square-mile 
drainage basin that extends into the Empire and Whetstone Moun 
tains near Benson and the Santa Catalina and Rincon Mountains near 
Tucson. The river flows northwest from Tucson and leaves the upper 
basin at Cortaro.

HISTORY

The upper Santa Cruz River basin has had an interesting and color 
ful history under the flags of Spain, Mexico, and the United States. 
In 1539 Fray Marcos de Niza is believed to have followed the Santa 
Cruz River, then unnamed, north from Mexico in his search for civili 
zations and treasure. The first attempt to settle and Christianize the 
friendly Indians was undertaken by Father Kino in a 20-year period 
beginning in 1691. Father Kino referred to the river in his writings as 
the "Rio de Santa Cruz," which is Spanish for "River of Holy Cross." 
Father Kino established several missions in the area, and two of the 
most famous San Xavier del Bac and Tumacacori are near the 
banks of the Santa Cruz River. When Mexico achieved its independ 
ence from Spain in 1821, the basin became part of Mexico, and in 1853 
it became part of the United States through the Gadsden Purchase.

Many changes have taken place in the basin landscape since the first 
Europeans explored the upper Santa Cruz River basin. Erosion has 
lowered the base level of the Santa Cruz River, and the basin is adapt 
ing to it. Early settlers found the flow in the river adequate for their 
needs, and SmitJh (1910) showed the water table in the Tucson area 
higher than the streambed in 1908. Davidson (written commun., 1969) 
showed that the water table ranged from about 20 to TO feet below the 
streambed along the Santa Cruz River in 1940-64. The increase in 
withdrawal of water by pumping accounts for the lowering of the 
water table, but the exact causes of the erosional activity are not 
known.

Previous workers agree that the most recent arroyo cutting and 
lowering of the channel streambeds in the Santa Cruz River basin 
began about 1890. Leopold (1951) discussed the journals of early ex 
plorers and travelers in the Southwest and compared early photo 
graphs with more recent ones taken at the same place. He concluded 
that the vegetation changes in the 50 years between 1895 and 1946
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were not significant and that the vegetation changes that most affected 
the erosional activity possibly occurred before 1895. Hastings and 
Turner (1965, p. 288) discussed the changes in vegetation and stated:

To the extent that arroyo cutting accurately reflects changing vegetative con 
ditions it is possible to be more precise. Arroyo cutting began along many of the 
streams of the desert region in August, 1890. One can infer, then, that by 1890 
the vegetation had been altered enough to affect runoff, but it is an uncomfortable 
inference, resting as it does on the unproven assumption that a change in the 
vegetal cover inaugurated arroyo cutting.

Hastings (1958-59, p. 35) discussed three theories of what caused 
the changes in the landscape: (1) the introduction of cattle, which upset 
the biological balance involving the soil and things that grow on it, 
(2) a tilting of the land surface that caused the gradient of local 
streams to increase, and (3) climatic changes less rain, change in 
rainfall pattern, and a change in intensity of storms. Hastings and 
Turner (1965) stated that the event that may have triggered arroyo 
cutting was an imbalance between infiltration and runoff caused by a 
combination of climatic variation and cattle grazing.

PRECIPITATION

The normal annual precipitation in the basin ranges from 30 inches 
in the mountains to about 10 inches on the valley floor near Tucson 
(University of Arizona, 1965a, b). Precipitation is extremely variable 
from year to year. The highest average monthly precipitation occurs 
in the summer, when the average air temperature is the highest and 
the evaporation potential is the greatest (pi. 2). The average annual 
precipitation and the peak maximum monthly precipitation increase 
with altitude (fig. 2). The peak maximum monthly precipitation 
shown in figure 2 is the highest value shown, on the maximum monthly 
curves (pi. 2).

Precipitation in July, August, and September is of high intensity 
and of short duration and usually is from thunderstorms that cover a 
small area. Occasionally, tropical storms move inland generally in 
September and contribute large amounts of precipitation. Winter 
storms are the result of frontal activity and usually cover most of the 
basin; winter precipitation is generally less intense, but is of longer 
duration than summer precipitation (Sellers, 1960; Sellers, oral 
commun., 1969).

Precipitation either returns directly to the atmosphere by evapo- 
transpiration, infiltrates into the soil, or reaches the stream channel in 
ratios dependent on the type of storm, temperature, type and density 
of vegetation, and topography. In the upper Santa Cruz River basin 
the percentage of rainfall that reaches the stream channels is extremely 
low. The average ratio of streamflow to rainfall volumes has been
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Average ratio 
of streamflow

computed as follows (Schwalen, 1942, p. 468-469) :

aagmg station
Sonoita Creek near Patagonia (period of record, 1931-41) _________ 2.5 
Santa Cruz River near Nogales (period of record, 1931-41) __________ 3. 0 
Santa Cruz River at Tucson (period of record, 1923-41) __________ .6 
Rillito Creek near Tucson (period of record, 1923-41) ___________ 1.0

22

20

18

(/) 16
LJ

I 
o

£12

10

2000

Average annual-

3000 4000 

ALTITUDE, IN FEET ABOVE MEAN SEA LEVEL

5000

FIGURE 2. Variation of the average annual and peak maximum monthly 
precipitation with altitude.
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STREAMFLOW

Most streams in the upper Santa Cruz River basin are ephemeral 
and are dry for long periods of time. Flow in the streams is generally 
in response to precipitation, except in a few places, such as Santa Cruz 
River near Nogales, Sonoita Creek near Patagonia, and Pantano Wash 
near Vail, where ground water is forced to the surface. Streamflow is 
not used for municipal or irrigation purposes, except for small diver 
sions in Mexico; however, the municipal water supplies for Nogales,

5000 1

4000  

u3 3000
Q_

ul 2000 
O

1000  

'Santa Cruz River near Lochiel
Daily mean 344 cfs

(682 acre-ft).

k Santa Cruz River near Nogales 
Daily mean 192 cfs 

.. (381 acre-ft)

Note: The daily mean at Santa Cruz 
River at Tucson on September 
15, 1965, was 0.8 cfs (1.59 acre- 
ft)

Santa Cruz River at Continental 
Daily mean 21 cfs 
/(41.7 acre-ft)

\ 
1200 1200 1200

2400 2400 2400 2400 
September 12, 1965 September 13, 1965 September 14, 1965

TIME

FIGURE 3. Reduction of the flood peak by channel losses in the Santa Cruz River.
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Arizona, and Nogales, Sonora, are from wells drilled in the alluvium 
near the Santa Cruz River, and, at times, the cone of influence of these 
wells intercepts and depletes the surface flow in the river.

The streambeds of the Santa Cruz River and its main tributaries are 
extremely permeable, and water is lost to the subsurface as the flow 
moves downstream. The flood of September 12-15,1965 (fig. 3), is an 
example of the natural channel losses that occur in the main stem of 
the Santa Cruz River. The flood volume diminished from 682 acre-feet 
at Lochiel to 1.59 acre-feet at Tucson. The average annual infiltration 
rate ranges from 320 to 480 acre-feet per mile in the northern part of 
the main stem of the Santa Cruz River (D. E. Burkham, written 
commun., 1969). Part of the water lost through infiltration reaches 
the water table, and water levels in wells near the river fluctuate in 
response to the streamflow (fig. 4).

Streamflow in the upper Santa Cruz River basin is extremely vari 
able, and the arithmetic average of the annual flow has little meaning 
with regard to the amount of flow that may be expected each year. The

50 -i

40-

;40 -

30 -

,Well (D-15-13) 2, depth 104 ft 
South Tucson 
On the east bank of the Santa Cruz River

- 30

- 40

- 50

- 60

/Well (D-17-14) 18, depth 124 ft 
Near Sahuarita 
Half a mile east of the Santa Cruz River

Santa Cruz River at Continental

J\ A* AA .

60

70

80

90

1954 I 1955 I 1956 I 1957 I 1958 11959 11960 I 1961 I 1962 I 1963 I 1964 I 1965

FIGURE 4. Effects of streamflow on water levels in wells near the Santa Oruz 
River. See plate 1 for location of wells.
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UPPER SANTA CRUZ RIVER BASIN, ARIZONA All

standard deviation for annual flow at many of the gaging stations in 
the basin is close to or exceeds the arithmetic average (table 2). The 
coefficient of variation, a comparative measure of the variability of 
flow and defined as the ratio of the standard deviation to the mean, 
for the annual flows at gaging stations in the upper Santa Cruz River 
basin ranges from 0.46 at Tanque Verde Creek near Tucson to 1.56 at 
Eillito Creek near Tucson.

FLOW DURATION

The time distribution of streamflow can be expressed by a flow- 
duration curve, which is a cumulative frequency curve that shows the 
percentage of time specified discharges are equaled or exceeded in a 
given period. The flow-duration curves in this report are average 
curves for the period 1936-63 and do not represent the distribution of 
the annual flow.

Flow-duration curves for most streams in the upper Santa Cruz 
River basin have steep slopes, which indicate that the streamflow is in 
direct response to precipitation and that snowmelt and ground-water 
discharge do not contribute sufficient amounts of water to sustain flow 
(pi. 3). The steepness of the flow-duration curves also is indicative 
of the high variability of streamflow, which is caused by variable 
precipitation modified by the basin characteristics.

In the upper Santa Cruz River basin the median (50 percent) flow 
exceeds 1 cfs (cubic feet per second) at only three stations Sonoita 
Creek near Patagonia, Santa Cruz River near Nogales, and Pantano 
Wash near Vail (pi. 3). At these stations, the underlying bedrock forces 
ground water to the surface. Snowmelt reduces the variability of flow 
at Sabino Creek near Tucson, Bear Creek near Tucson, and Tanque 
Verde Creek near Tucson, but the lower end of the curves indicates 
that there is not sufficient ground-water discharge to sustain perennial 
flow (pi. 3).

The flow-duration curves can be used to determine the relative suit 
ability of different streams for the development of a water supply. For 
example, if a water supply of 1 mgd (million gallons per day) is de 
sired without providing storage, comparison shows that Sonoita Creek 
flows at a rate of 1 mgd (1.55 cfs) for 70 percent of the time and that 
the Santa Cruz River at Continental flows at 1 mgd for less than 10 
percent of the time (pi. 3). If storage is not provided in the basin, 
streamflow will be available to sustain a 1-cfs draft rate for less than 
30 percent of the time at all but four gaging stations, and streamflow 
will be available to sustain a 10-cfs draft rate for less than 20 percent 
of the time at all gaging stations (table 3).
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TABLE 3. Percentage of time in a 28-year period that streamflow would equal or 
exceed selected discharge rates between 1 and 100 cfs at gaging stations

Station

Santa Cruz River near Lochiel _____ _________
Santa Cruz River near Nogales _
Sonoita Creek near Patagonia. _ ____ ___
Santa Cruz River at Continental. _______
Santa Cruz River at Tucson. _ _ _____ _ _ _
Tucson Arroyo at Vine Avenue, Tucson _
Tanque Verde Creek near Tucson _ _ _ _
Sabino Creek near Mount Lemmon_
Sabino Creek near Tucson. __ _ _ _ _
Bear Creek near Tucson_ _ __ __________
Tanque Verde Creek at Tucson _ _ ___________
Pan tano Wash near Vail _ ___ _______
Rincon Creek near Tucson ____ _______
Rillito Creek near Tucson _____ ____
Santa Cruz River at Cortaro. _ _

Discharge (cfs)

1

_______ 12
_______ 67
_______ 79
_______ 9
_______ 11
_______ 5
_______ 27
_______ 24
_______ 43
_______ 21

10

_______ 90
_______ 17
_______ 8
_______ 13

5

5 
34 
20 

7 
8 
2 

16 
5 

25 
11 
15 

7 
11 

6 
11

10

3 
19 

7 
6 
7 
1 

10 
2 

17 
7 

12 
5 
7 
5 
9

50

1
6 
2 
4 
4 

. 3 
3 
.2 

4 
1 
5 
2 
2 
3 
6

100

0. 5 
4 
1 
3 
3 

. 1 
1 

. 1 
2 

. 5 
2 
1 

. 5 
2 
4

10,000 p

Q 1000 -

100 -

Oct. ' Nov. ' Dec. ' Jan. ' Feb. ' Mar. ' Apr. ' May ' June ' July ' Aug. ' Sept.

FTGTJBE 5. Distribution of the daily high, median, and low flows, 1945-63, for 
Santa Cruz River near Nogales, Ariz.
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Hydrographs of daily flow were prepared to show the seasonal dis 
tribution of streamflow at the three stations in the basin where the 
lowest flow would not be zero on every calendar day (figs. 5,6, and 7).

10,000 p

0.1
Oct. ' Nov. Dec. ' Jan. ' Feb. l Mar. ' Apr. l May ' June ' July Aug. ' Sept.

FIGURE 6. Distribution of the daily high, median, and low flows, 1945-63, 
for Sonoita Creek near Patagonia, Ariz.

The hydrographs show the highest, the median, and the lowest mean 
flow for each calendar day. For some days the range in flow is four 
orders of magnitude. The lowest flows occur in June at all three 
stations.

ANALYSIS OF LOW FLOWS

An analysis of the low-flow frequency curves indicates a lack of 
sustained flow in the basin (pi. 4). The flow-duration curves, which 
were discussed in the preceding section, do not show whether the low 
est flows occurred consecutively in a rare drought year or whether 
there were a few dry days in each year. Low-flow frequency curves, 
however, are based on the lowest mean discharges for intervals of

397-785 O - 70 - 2
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time ranging from 1 to 274 consecutive days for each year of record 
and give the recurrence intervals, magnitudes, and the chronological 
sequences of the occurrence of the low flows.

The sustained flow in the basin was sufficient to define the 1-day 
and (or) 7-day curves only at Santa Cruz River near Nogales, Sonoita 
Creek near Patagonia, and Panfcano Wash near Vail. The 1- and 7- 
day means are indicative of the amount of ground-water discharge 
available to sustain streamflow. At Sabino Creek near Tucson, the 1- 
and 7-day means were less than 0.01 cfs in each year during the period 
of record. At the other gaging stations in the basin, the low-flow fre 
quency curves are of little value as a tool for determining the potential 
of the streams for a water supply or waste disposal, because the streams 
are dry for long periods during the year; therefore, curves for these 
stations are not included in the report. A mean flow of 1 cfs or less for 
a 183-day period will have a recurrence interval of 4 years or less at

10,000 p

0.1
Oct. ' Nov. ' Dec. ' Jan. ' Feb. ' Mar. ' Apr. ' May ' June ' July ' Aug. ' Sept.

FIGURE 7. Distribution of the daily high, median, and low flows, 1936-63, 
for Sabino Creek near Tucson, Ariz.
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all gaging stations except Sonoita Creek near Patagonia and Santa 
Cruz Kiver near Nogales; a 183-day mean of 5 cfs or less can be ex 
pected to occur at all gaging stations within a 2-year period (table 4).

TABLE 4. Recurrence intervals for 183- and 274-day mean flows of 1 cfs or less and 
5 cfs or less at gaging stations

Recurrence interval, in years

Station  

Santa Cruz River near LochieL
Santa Cruz River near Nogales
Sonoita Creek near Patagonia _
Santa Cruz River at Continental
Santa Cruz River at Tucson
Tucson Arroyo at Vine Avenue, Tucson____ 
Sabino Creek near Mount Lemmon
Sabino Creek near Tucson
Rincon Creek near Tucson _
Rillito Creek near Tucson __
Santa Cruz River at Cortaro___

Flow of 1 cfs

183-day 
mean

<2 
14 
22 

<2 
<2 
<2 
<2 

3 
<2 
<2 

3. 2

Flow of 5 cfs

274-day 183-day 
mean mean

2. 6 
>50 
>50 

13 
31 

2 
<2 

6 
2.4 
8 

>50

AAAAAAAAAAA tototototototobotototo

274-day 
mean

<2
8 
2. 4 
3 
8 

<2 
<2 
<2 
<2 

2. 2 
10

Most streams in the Santa Cruz River basin are ephemeral and are 
dry on an average of at least once every 2 years; the number of days 
of no flow ranges from 4 at Sonoita Creek to 335 at Rillito Creek 
near Tucson (fig. 8). In any future year there is a 50 percent chance 
of 4 or more days of no flow at Sonoita Creek near Patagonia and a 
5 percent chance of 73 or more days of no flow.

ANALYSIS OF HIGH FLOWS

In the upper Santa Cruz River basin the same streams that are 
dry for long periods of time carry high flows that have on occasion 
exceeded the capacity of the channels and overflowed onto the flood 
plains. Thunderstorms occur in the basin with more regularity and 
produce more streamflow than do frontal storms. As a result of these 
high-intensity summer storms, more than 93 percent of the flood peaks 
above a selected base discharge occur in July, August, and September 
on the Santa Cruz River (table 5); the base discharge is selected so 
that an average of three peaks each year is included. The flood peaks 
are more evenly distributed throughout the year on streams having 
drainage areas that extend high into the mountains, such as Sabino 
Creek (table 5). In the Sabino Creek drainage previously precipitated 
snow commonly is supplemented by rain, and winter floods occur with 
more regularity than at lower altitudes that have no snow cover. Oc 
casionally, when snowfall at the lower altitudes is followed by rain,
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99.0

360  

340  

PERCENTAGE CHANCE OF OCCURRING IN ANY ONE YEAR 
90.9 66.7 50 20 10 5 3.33 2 1

Santa Cruz River at Continental

Santa Cruz River

ta Cruz River 
at Cortaro

Note: Curve for Santa Cruz River at 
Cortaro represents natural flow and 
does not include waste water from 
irrigation and sewage-disposal plant

Sonoita Creek near Patagonia

l.Ol 2 5 10 20 30 
RECURRENCE INTERVAL, IN YEARS

100 200

FIGURE 8. Frequency of days having no flow at selected gaging stations.

the resulting winter flood produces a large volume of flow. Figure 9 
compares summer and winter flood volumes on the Santa Cruz River 
at Tucson.
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FLOOD FREQUENCY

Patterson and Somers (1966) made a regionalized flood-frequency 
analysis for instantaneous peak flows in the upper Santa Cruz Eiver 
basin. The term "regionalized" refers to the delineation of the bound 
aries of regions having similar flood characteristics and to the estab 
lishment of relations between pertinent characteristics of the flood- 
frequency curve and basin or climatological parameters within the 
homogeneous region (Gruff and Eantz, 1965). For the upper Santa 
Cruz River basin, the mean annual flood was used as the index flood, 
and the drainage area was used as the basin parameter.

15

14

13

12

11

10

-Peak discharge 7570 cfs 
July 24, 1964

Summer flood 
Volume=1930 acre-ft- 
(48 hr)

Winter flood 
Volume= 10,100 acre-ft 
(48 hr)\

'Peak discharge 4830 cfs 
Dec. 23, 1965

\

\

TIME, IN DAYS

FIGURE 9. Comparison of a summer flood and a winter flood on the Santa
Cruz River at Tucson.
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The discharge for a flood of a selected frequency is computed from 
figures 10 and 11 by the following steps: (1) Determine the discharge 
of the mean annual flood for the contributing drainage area from 
figure 10, (2) determine the ratio of the flood of the selected recur 
rence interval to the mean annual flood from figure 11, and (3) multi-

sites on Sonoita Creek and on Pantano 
Wash and its tributaries

500 1000 2000 5000

CONTRIBUTING DRAINAGE AREA, 
IN SQUARE MILES

FIGURE 10. Variation of mean annual flood with drainage area in the 
upper Santa Cruz River basin. (After Patterson and iSomers, 1966.)

10

I _i 5
O <

Region

1.5 2 2.33 5 10 20 

RECURRENCE INTERVAL, IN YEARS

50 100

FIGURE 11. Regional frequency curves for the upper Santa Cruz River 
basin. (After Patterson and Somers, 1966.)
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ply the ratio (step 2) by the mean annual flood to obtain the discharge 
for a flood of a selected frequency. Additional data collected since 
Patterson and Somers (1966) made their study indicate that the region 
F curve (fig. 11) should be used for streams draining directly from 
the south and west slopes of the Santa Catalina, Tanque Verde, and 
Bincon Mountains and that the region C curve should be used for the 
rest of the basin (B. N. Aldridge, written commun., 1968). The magni 
tudes of floods at gaging stations on the Santa Cruz Eiver for different 
recurrence intervals follow:

Mean
annual 10-year 20-year 60-year 

Gaging station flood (c/s) flood (cfs) flood (cfs) flood (cfs)

Santa Cruz River near Lochiel.___________ 1,530 3,550 4,970 6,760
Santa Cruz River near Nogales__________ 3,400 7,890 11,000 15,000
Santa Cruz River at Continental __________ 5, 500 12, 800 17, 900 24, 300
Santa Cruz River at Tucson______________ 6, 250 14, 500 20, 300 27. 600
Santa Cruz River at Cortaro. _ ___________ 7, 650 17, 700 24, 900 33, 800

The variability of the annual peak discharge at gaging stations is 
shown in table 6. The coefficients of variation given in table 6 show 
that there is less variability in the annual peak flows than in the 
annual flows relative to their means (table 2). The annual peak dis 
charge usually is the result of a summer storm; summer floods occur 
more frequently than winter floods (table 5). The less frequent oc 
currence of ia large volume winter flood increases the variability of the 
annual flow.

FLOOD VOLUMES

Flood-volume frequency curves (pi. 5) were prepared for the 10 
gaging stations in the basin having sufficient periods of record. The 
curves present the floodflow data necessary for studies involving the 
storage of flood water. The largest volume of flow that can be ex 
pected for a selected number of days and a given recurrence interval 
is determined by multiplying the number of days by the mean dis 
charge for the given recurrence interval. For example, the largest 7-day 
volume that can be expected to occur once every 20 years on Sonoita 
Creek near Patagonia is 1,890 cfs-days, or 3,750 acre-feet (pi. 5; 
table 7).

STORAGE ANALYSIS

Streamflow in the upper Santa Cruz Eiver basin is of small quantity 
and large variability and causes occasional flooding. The construction 
of storage reservoirs is a commonly used method of compensating for 
the variability of streamflow, increasing the usability of available 
flows, and reducing the magnitude of floods. This section of the report 
summarizes studies of the magnitude of the storage required to pro-
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TABLE 7. Flood volumes having 20- and 50-year recurrence intervals for 1-, S-, and 
7-day periods at selected gaging stations

Flood volume (acre-ft)

Station 1-day 3-day 7-day

20-year 50-year 20-year 50-year 20-year 50-year

Santa Cruz Elver near Nogales. .............
S onoita C reek near Patag onia --_-....- .

Rilllto Creek near Tucson.. .................

4, 760
2, 280

.. 10,300 _

._ 11,300
770 .

2,480
9,120

.. 14,700 .

6,250
3,670

15, 500

3,770
9,820

9,520
2,920

13,700 .
19,000

830 .
4,400

17, 300
15,500 _

14, 300
3,690

29,200

6,840
23,800

14,600
3,750

23,600 _.
23,600

930 ..
5,830

18,700
23,600 ..

22,200
5,410

37, 5&0

9,020
30, 500

vide a continuous reservoir outflow and the release of floodflows at 
lower rates. The summary is presented only as an aid in preliminary 
planning of reservoirs, and analyses of the maximum probable floods, 
which are used for detailed design of reservoir spillways, were not 
included in this study.

SUSTAINED FLOW

The volume of storage required to provide a sustained minimum 
flow may be determined either by the within-year-storage method or 
by the carryover-storage method. The within-year-storage method is 
based on the assumption that the volume of flow each year is sufficient 
to replenish the annual storage required to sustain a selected minimum 
outflow rate. In contrast, the carryover-storage method is based on the 
concept of storing water for periods greater than 1 year to sustain 
a minimum outflow rate. In both methods the amount of evaporation 
from the reservoir surface is not included, and it is necessary to add 
the amount of evaporation to the computed storage requirements.

Within-year-storage requirements were analyzed by the annual 
mass-curve method (H. C. Riggs, written commun., 1964) by a digital

1.

- 1 1 1 1 1

Santa Cr.uz River at Tucson   '    ~~~"^   ~~ 

  Santa Cruz River at Cortaro-^^^^

1 1 1 1 1

31 1.1 1.5 2 3 5 1

Note: Computed storage _ 
does not include evapo- _ 
ration losses _

-

0 20 30 5

RECURRENCE INTERVAL, IN YEARS

FIGURE 12. Relation between volume of storage and the average length of 
time that the indicated storage would be insufficient to sustain a minimum 
reservior outflow of 1 cfs.
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computer. For the period of record, the annual flow was sufficient to 
replenish the storage required to sustain a flow of I cfs at only three 
of the 15 gaged sites; the annual flow was insufficient to replenish the 
storage required to sustain a flow of 3 cfs at all the gaged sites 
(table 8). The length of record at Pantano Wash near Vail is insuffi 
cient for reliable analysis; therefore, only the records for Santa Cruz 
Kiver at Tucson and at Cortaro were used to compute storage re 
quirements by the within-year method (fig. 12).

TABLE 8. Percentage of years streamflow would be insufficient to replenish the 
storage required for selected draft rates

Station

Santa Cruz River near Nogales.... --..-...__________

Sabino Creek near Tucson. __________________________

Tanque Verde Creek at Tucson. ......

Number 
of years

.__.__. 14
_______ 31
....... 31
.._._._ 17
.____._ 49
.__.... 8
....... 4
.__._._ 6
_______ 31
....... 4
....... 4
.._____ 4
....... 11
.__.___ 49
_______ 19

Percentage of years for 
draft rate (cfs) indicated

1

43 
3 
3 
6 
0 

62 
25 
50 
16 
50 
25 

0 
27 

6 
0

3

64 
3 

10 
18 
4 

100 .
75 .

100 .
42 

100 .
50 
25 
45 
27 

5

5

10 
35 
18 
12

52

75 
?,fi
55
43

5

7

13

35 
18

81 .

100 .

57 .
16

10 15

42 58

47 ......
29 51

16 26

If streamflow is to be carried over from years when the flow exceeds 
a desired draft rate and used during years of low flow, then evapora 
tion becomes an even more important factor in the analysis. In the 
upper Santa Cruz River basin, the average annual lake evaporation 
is about 5y2 feet (Kohler and others, 1959, pi. 2). For example, if a 
storage reservoir were built on Sonoita Creek to provide a 5-cfs draft 
rate, a maximum storage of 2,600 cfs-days, or 5,160 acre-feet, would be 
required. The time that the water must be stored to provide this con 
tinuous 5-cfs draft rate is 9 years from the time the reservoir begins 
filling in excess of the draft rate to the time when the streamflow de 
ficiency ends (fig. 13). The water level in a reservoir on Sonoita Creek 
would decline about 50 feet in 9 years as a result of evaporation; 
therefore, even if storage were available, streamflow would be in 
sufficient to provide a continuous 5-cfs draft rate. At Sabino Creek 
near Tucson, the maximum storage requirement for a 5-cfs draft rate 
would be 5,000 acre-feet, and the evaporation loss would be about 38 
feet during a 7-year period for example, if the reservoir had an 
average depth of 100 feet, the evaporation loss would foe 1,900 acre- 
feet. At Rillito Creek near Tucson the maximum storage requirement 
for a 5-cfs draft rate would be 8,730 acre-feet, and a storage period
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UPPER SANTA CRUZ RIVER BASIN, ARIZONA A25

of 9 years would be required. At Santa Cruz Kiver at Tucson, the 
maximum storage requirement for a 15-cfs draft rate would be 24,800 
acre-feet, and a storage period of 7 years would be required. The 
storage requirements for Killito Creek and the Santa Cruz River would 
be larger if the losses by evaporation, seepage, and silting were 
included.

4500 r-

4000

FIGUEE 14. Frequency-mass analysis for Sabino Creek near Tucson.



A26 WATER RESOURCES OF THE TUCSON BASIN

Because of the high evaporation rates and the extremely low flows 
in some years, streamflow in the upper Santa Cruz Eiver basin is not 
a likely source for a continuous water supply of any magnitude. 
Streamflow, however, could be used in ways other than as a continuous 
draft. For example, streamflow could be stored and used in a few 
months to supplement existing ground-water supplies; the short-term 
storage would reduce the evaporation losses in the reservoirs.

CONTROLLED RELEASE OF FLOODFLOWS

A storage analysis was made to determine the design storage needed 
to contain floodflows for release at lower sustained rates (pi. 6). The 
water, when released at lower rates, would increase the amount of 
ground-water recharge from the floodflows. A frequency-mass curve 
analysis (fig. 14) of the flood-volume curves (pi. 5) for different 
release rates was used to develop the storage-release frequency curves.
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Flood-Hazard Zonation in Arid Lands 

H. W. HjAlMARSON 

Polential Rood hazards in arid southern and " 'ulern Arizona 
stem (rom dirrerent geomorphic and bydrologic characteristics 
and can be grouped inlo lon('s. The lonation is baSf1l on the 
physical (ulurts of the lerrain, the sourCft of Rooding, the 
tlIpe<'lcd (requrncy of Rooding. and the cXPKted erosion and 
sediment deposition . Various combinations of these 'actors cre· 
ate differing degrees of hazard. Distributary no .... arus ha\'c 
stream channels that conn'y only a small (raction of the 100-
yur peak discharge and channds thai can completely rill wilh 
wdimcnls during a singlr Rood. A basic understanding of the 
common and different Rood hazards of areas in soulh""cslern 
Arizona ran k>ad 10 efT«tj\"c nood-plain managemrnl and design 
or hydraulic Slruclur~. 

Des~rl floods in the southwestern United States r~suh from 
large amounts of intense rainfall in the steep headwater areas. 
When this happens. the no rmally dry channels can suddenly 
host dangerous. debris-laden torrents (I). Typical floods are 
characterized by a rapid rise and cessation of discharge that 
are dramatically referred to as flash flood~ . Discharge gen · 
e rally is decreased by infi ltration a5 the flood ..... ave moves 
downstream over sandy alluvial channels (1) . large amounts 
of debris are carried down the channels. and the shapes of 
the channels generally change during flooding. Channels scour 
and fill during flooding . and channel banks wetted by fl ood
water often collapse after flooding. 

Bridges on base-Ie\·el Slreams often fail because of scour. 
Culverls located in aggrading alluvial areas fill with alluvial 
debris, and bank protection is ineffective. Many lives have 
been lost because of bridge failure, and damage to public and 
private property has been considerable. 

This paper presents some generalizations about the nature 
of flooding in the desens of southern Arizona that are based 
largely on the relationship between flood hazards and desert 
landforms. Flood hazards unique to Ihe desert areas are 
described. and zones of potential hazard are characterized. 
Limitations of Federal Emergency Management Agency 
guidelines (3) are identified. 

GENERAL CHARACTERISTICS 

Degrees and types of potential flood hazard in the deserl are 
related to geomo rphic characte ristics. Figure 1 illustrates the 
relationship between geomorphology and flood hazard and 
lists some general characteristics of the flood-hazard zones . 
Zone 1 is defined as the area inundated by the tOO-year flood 
on base-level streams. which conforms to the present regu
latory flood used by the Federal Emergency Management 

u.s. Geological SUf\·ey. JOO West Congress Slree!. Tucson, Arizona 
85701 · 1)93. 

Agency (FEMA) (3). Zone 2 includes land adjacent to zone 
I Ihal is subject to erosion by floods but not suhjeci to inun· 
dation by the 1000year flood . Zone 3 includes relatively nat 
undissected areas where floodflow is shallow and unconfined: 
il includes former flood plains of base·level streams. Zone 4 
includes areas of dislributary flow. such as alluvial fans. where 
the amount of floodflow at a particular location is impossible 
to predict . Zones 5 and 6 include a variety of larldforms where 
Ihe loo' year flood is confined to rigid channels that generally 
drain areas less than 100 mi!. 

The mountainous areas (zone 6) are the source of weath
ered rock debris. and the stream channels usually ha\'e \"try 
lillie fine·grained material . A sharp break is often present in 
the gradient at the junction of the mountain front and the 
piedmont plain (lone 5 ) (fig. 2). Pediment areas are sparse ly 
co\"e red by a thin \'eneer of detritus. and stream channels 
have a mixture of fine- and coarse-grained material. including 
boulde rs. The alluvial fan arid the base-level plain (fig. I) 

have a wide varielY of forms caused by natural and human
induced erosion and deposition that have occurred along the 
entire deserl profile including base-level streams (-I). 

The channels of several allu\·ial streams ha\·e become 
entrenched because a balance was not maintained between 
factors such as flow . sediment discharge, slope . meander tnt· 
tern. channel cross·section. and roughness. For example . minor 
fluctuations in meteorological conditions o\·er a few years can 
alter the movement. transport. and production of sediment 
in a basin. During drier )'ears. sediment can accumulate in 
stream channels, and subsequent weller ye,lTs may cause Ihe 
sediment to be flushed fro m the basin. Reaches of channel 
with conditions of both uniform flow and nonuniform flow 
may appear to be aggrading or degrading. Thus, a reach of 
cha nnel on an alluvial stream will not necessarily remain stable 
ove r a period of a few years. 

ZONE 1 

Zone 1 includes the cha nnel and parts of the flood plain that 
would be inundated by the lOO-year flood on playas. base· 
level streams. and larger tributaries. This zone has a high 
potential for flooding because floodflow normally is concen
trated in defined channels and land adjacent 10 the channels. 
The velocity of flow in the channels is high. and the adjacent 
land is susceptible 10 erosion. 

Historic information indicates that the current defined 
channels for base-level slreams were not present until late in 
the nineleenth cenlury and early in the twentieth century 
when some channels became entrenched (3. 5). The cause of 
entrenchment is the subject of considerable debate among 
hydrologists, but a strong argument can be made for change 
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httn\ of the IOO -yu:, flood on bUt - ltv,l ttr.UI . 

l Put o( flood ph111 that .,, 1M! hundahd by rlrt hrg. floods 
and (or) eroded by frequent $ •• 11 floods . 

J 

• 
s , 

flooding trOll shtetflow, stlndlng .aler , . nd wltrr UI.t 
collects In dtpr.sstons. 

Floodlft9 In channth ItId s!'l.tUlo. on slightly dhncttd 
.l1u,1I1 phlns. FlOlll un be dhtrlbutlr)' Ind therl II I 
grubr thin ner<lllf ch.nce of std, .. "l deposit Ion. 

Flooding conrtntd to defined chinn.ls of saill trtbuhry slru.s . 

Shttlflow and floodlnt In deflntd elun -scour" d'l.nMh. 

fiGURE I Gff)morphlc r.alurn and nood·hazard lOOts or typkal 
mountain-plain dHtrt profile. 

of climate. Floodno~ in entrenched channels is more confined 
and the channel beds are less rough . Flood·wave celerity is 
greater and wave dispenion is less than for pre-e ntrenchment 
conditions. The entrenchment has had a significant effect on 
the nood characteristics of seve ral base-level streams. Chan
nel beds and banks can scour greally in short periods during 
noodno ..... . 

FIGURE 1 View looking north at Ihe wHlrrn slopes or the 
Tortolita Mountains. The sharp break in land slopt al Ihe 
junellon of the mountain front and pit'dmont plain iJ typical 
or mountain-plain deserU. 

Zone I includes a \'ariety of trenched and untrenched chan
nels. Floodwater that is confined within a vertical walled arroyo 
o nly a few hundred feet wide can spread ove r an unchanneled 
valley for several miles downstream (figs. 3 and 4). Runoff 
that enters the deS(n'plain areas crosses progressively more 
alluvium where there is a great potential for infiltration (fig. 
S) . Burkham (2) found that the amount of loss alo ng channels 
in the Santa Cruz Ri\'er basin is related to the length of reach 
and the infiilralion capacity of the channel. 

Bridges on basc·le\·et streams become vulnerable to failure 
when the st ream channel that supports the bridge is scoured. 
The abutments of many bridges in southern Arizona failed 
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FIGURE 3 V~", looki ng do",-nstrnm at tM: 
entrenched channel of the Santa Cruz Rh'er al 
Tucson, Arizona . flood"" ater of the lOO-year nood is 
ronnntd "" Uhin the channd of the rtach. Lateral 
eroskln 01 the channel banks is rtStrkted by massive 
soil-cement banks. Interstate 10 is located 10 Ihe len of 
the zOO·root-wldt by ZO-foot-deep rh'u channt l. Since 
1914, tht channel has "" ldeMii about 100 fetl and 
detpened about IS feet. 

FIGURE 4 View looking tast along Intustate 8 at tht 
Santa Cruz Rh't r downstream fr-om Tucson nta r- Casa 
Grande, Adzona. The width of tht nooding in zonts I and 2 
on October- 4, 1983, was about 8 milts. Somt water Is on the 
.... d. 

.' 

I 
'.= .-
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" 00 .. 

Ca,ln, 
a t a tlon 

Avar a, ' annual 
runoff, In p.reent l 

Continent a l 
tucaon 
Cortaro 

'0 

" .. " 19 
14 

' ''-\IIlt of the av.r. , . runoff a t the Ko,aln ,a,. that ruc had t he indic ated ,a,. (19100 · 46 , 
1952 · 61 ) . 

F1Gt:RE 5 Typical no",' e,·t nt showi ng transmission 
losses and aUt nualion of puks for the Santa Cruz Rh'u, a 
bast·le,·t l SIr-tam in souther-n Arizona (n. 

during the flooding. o f Octo~r 1983 (fi gs . 6 and 7). l ocal 
scour around abutments and piers is a ma jor cause of bridge 
fai lure on base· level streams in Arizona and throughout the 
Uni ted States (8). 

Playa surfaces are rather fl at . generally smooth , and com
posed of si lt and clay. Many small. poorly defined channels 
are distributary or s.e rve as distributary channels during flood· 
flow as wateT c ro~s low divides . For example, during the 
large stonn of early Octo~ r 1983 . runoff from Ash Creek. 
which is an unentrenched stream draining an area of about 
500 square miles, spread laterally for more than 3 miles as 
floodflow entered the Willcox Playa . Nearly 2 miles of Inler
state 10 near the town of Willcox was inundated with shallow 
flood ..... ater, which resulted in highway closure for a few OOul"5 . 

ZONE 2 

Zone 2 includes areas adjacent to Zone I that could poten· 
tially be inundated by rare Hoods larger than the I~ycar 
flood if the conveyance of the main channel changed or tht 
hydraulic gradient changed or was eroded by fl oodflow. The 
potential hazard result ing from inundation is less than for 
areas in zone I. For areas subject to erosion . the potential 
hazard is variable and can ~ greater than that for zone 1. 
Land adjacent to banks on Ihe outside of ~nds or al con· 
strictions or obstructions can erode quickly and extensively 
during freq uent small fl ows of long duration (fig. 8). 

Hazards in zone Z are related more to lateral bank erosion 
than to inundation, and , at prescnt . FEMA d~s not include 

~ .' .4 -, ~ . . ~ 
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FIGURE 6 Vlcw looking south alone of many abulment 
failurH ruulling from nooo"alcrs of Oclober 1983 In 
southtaslern Arizona. The scent is Inltntale 10 al the Gila 
Rh'u on October 4. 1983. Flo,,· is 10 the righl . 

expected bank mQ\'cmenl in lhe definition of hazard degree . 
In faci. FEMA does nOI accc~ water-su rface computations 
renecling channel scour evcn ... hue SCOUT during noodnow 
is a common occurren« . Many models thai predict channd 
scour . such as HEC-6. are in U~. but the models do not 
consistently produce reliable resul ts for all channels. Thus, 
improved models are needed 10 reliably ddine bank erosion 
for non·arbit rary nood'plai n management of 10nt 2. 

Many zont 2 noodsoriginale in the surrounding mountains, 
whe re there is li llie soil and much exposed rock . Floodnow 
from Ihe~ areas may carry sedimenl that is g reat~ r than the 
load. Wh~n floods confined in the channels reach the base
level st reams (zone I) . the .... aler picks up sediment from the 
channel banks. Floodflow in the sleep. smoot h channels can 
carry much sedi me nt : thus. the banks in zone 2 areas can 
erode laterally tens of feel and e\'en 100 feel or more during 
a single flood . 

FIGURE 7 View looking do ..... nslru m .II the righl bank of 
Rillilo Crtck .II Ihe Soulhern Padrw: and Interstate 10 
bridges .II Tucson, Arizona. TM failure or Ihe " 'ire-rock 
rn-elment .II the abutments is typical (Of" baw-Ienl streams 
In the aru . 

s: • CS2 2 • QUE. 

TRA'\".'i PORTIo rIO.\' RESEARCH RECORD I!OI 

FIGURE 8 V~w lookinl tOuth and upstrea m at Ihe Sanla 
Cruz Rh'er al Interstate I' on Oclober J, 1983. The rllh! 
bank abutment or the northbound lane rail~ and the len 
b.ank abutment o( the bridr;c to the right or Interstate 19 
Wa5 dUlroyed during Roodln, on October I and 2. The 
dashed line approximately rtpresents the kKatlon of the len 
ba nk or the entrenched channel berore the noocl. 

ZONE J 

Zone J is former flood plain o f base-level streams and other 
relatively flal undi~cted areas. Areas arc subject 10 sheet
flow of a few inches to about 2 feel deep from fl oodfl ow 
origi naling in higher zones (figs. 9 and to). Sheet flow a few 
inches deep can result from direct rainfall . Runoff generally 
is unconfined . and flow velocities generally arc less Ihan 2 or 
J square feel. The erosion hazard is low except along the few 
sho rt incised channels. 

Aoodwaler enlering lone J spreads laIc rally and coalesces 
with floodwater entering Ihe zone al olher locations. Decreas
ing dept h and velocity of flow as the width increases results 
in a reduced sediment-canying capacity. Large amo unts of 
sediment are deposited because o f this spreading. Another 

(dS 

FIGURE 9 V'ew looking northeast at 
noodwater rrom a small confined wash 
debouching onlo land in zone J, Floodnow 
spru d to a "'idth of more than I mile about 
haIr. milt- dO"'nstrcam (rom the ronnnement. 
Flooding ,,'U on June 22. 1972, upstream (rom 
the Arizona canal u st or Scoclsdale, Arlzon •. 

.cas_ $@lI.$ ,lPWI a a 
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FIGURE 10 Vir,,- looking soulh and downstream at 
sh« tnow in lO M J on June 22. 1972. The scene is in 
norlheasl Phocnh: al .ulh 51rHt betwnn Bell and GrtfnwaJ 
Roads. 

factor contributing to sedimenl deposition is loss of now due 
to infiltration . 

Culvens and bridges in zone) are usually not subject to 
serious erosion hazards unless the Slructu re causes excessh'c 
backwater. Where excessive backwater does occur. the high 

9 "-_____ --'! 1*..£ 

.' 

f i gu r~ 12 

FIGURE II Alluvial ' an .showing conlours and 
distributary channels on 'Cottonwood Canyon 
Wash at Benson, Arizona, 

head and corresponding high velocities through the structure 
opening can result in hazardous erosion of mate rial supporting 
the structure . Sedimenl deposition resulting in the filling of 
structure ope nings. such as culverts, with debris is an occa
sional problem. 

ZONE 4 

Aoodwater entering zone " from confined channels in lones 
5 and 6 spreads into distributary channels (fig. II) with a 
corresponding decrease of velocity and depth . The amouni 
of flow also is decreased by infiltration into the sandy beds. 
There is less water and less energy to transport sedimenl, and 
thus sediment is deposited in and along the channels 10 form 
a mound of all uvial material. Channels completely fill during 
nash flows, and culvert and bridge o~nings become indfec· 
ti\'e (figs , 12 and 13) . Frequent cleaning of culve r! and bridge 
openings is needed at many stream channels in zone 4, 

Zone 4 includes the sl ightly dissecled alluvial slopes that 
commonly exhibit a dist ributary drainage system. The flood 
potential o f zone 4 has often been overlooked (9). Bajadas 
and single alluvial fans (fig . 14) are typical landforms in the 
aggrading area . The rate of sediment deposition . o ne aspect 
of the dynamic behavior of the fans, is complex and variable 
(3,5). Some fans seem 10 aggrade at a rapid rate, and the 
acti, 'e chan nels change frequen tly. Many o f the fans in south· 
ern Arizona appear to be less dynamic than fans in areas of 
southern California (/0) and Nevada (II), where tectonic 
acti \'ity is greater , Also, on the basis of soil characteristi~ 
such as the age of the ba jada soils (ll ), the allu" ial slopes in 
some areas are relatively stable; apparently , little aggradation 
or degradation occurred during the Holocene epoch (about 
the past 10,000 years) , Many alluvial fans are present in south
ern Arizona (13), and they may occupy about 30 to 40 percent 
of the area, 

FEMA has prese nted met hods for evaluating flood hazards 
o n alluvial fans that assume channels downstream from Ihe 
fan apex are equally likely to occur any place o n the fan 

fiG URE 12 View looking downstream al railroad bridge 
in soulh Benson, Arizona. The opening was completely fintd 
during a I·hour nash flood on July 6. 1981. Note the depth 
0' the channel where Ihe nlled material has b«n remo,'ed 
about 100 yards downstream 'rom the bridge. Set' figure II 
'or location 01 photograph, 
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FIGU RE IJ \ 'in' looking dO'o\rnilream al cuh"t rt on U.S. 
High~'ay 80 in south Benson. Arizona. The opening was 
M a rly fill ed during the nash flood of July 6, 1981. 
Floodnow \"flocit! ts in the main channel do,", nstrum rrom 
the cuh'ert wtre l'try high and . local rHidenl o~f\ td 1",,0 
standing IUYes about 20 r~t apart al the nood ptak . SH 
Rgurt 11 fot location of photograph. 

surface (4). Al though Ihis assumption may be \'alid fo r esti· 
mati ng the flood haz;u d of highly aCfive fans . it may not be 
applicable for the many fan su rfaces in southe rn Arizona that 
arc rdatively inactive. The more stable fa ns ha\'c a de fi ned 
network of distributary channels with some abandoned chan
ne ls that prest",!)' head on the fan surface . Floodnow is more 
likely in the defined channels that head in mountains. less 
likely in the abandoned channels, and unlikely On much of 
the high ground b(t ..... ee n the channels. Although the amount 
o f discharge in a part icular branch of a di"ided channel is 
difficul t to determine, the likdihood of floodflow 201 any loca, 
lio n on the fan surface is not equal. 

The ropographic rd id across single alluvial fans and baja
das is variable and is an index of the age of the landform. 
The local rdid b(t ..... een channels in zone 4 is commonly less 
tha n 5 feet but occasio na lly more than 20 feet. Alluvial fans 

t' lGURE 14 View looking east I t distributary channels of 
zone " on the ~'estern slopes of the Torlolitl Mountains 
north of Tucson, Arizona. The land In about the top quarter 
of the photograph is in zone 5. 

rRAS.~PORT.-IT/()N RESEARCH RECORD I.¥lf 

with small local relief te nd to b( more ac tive than allu\;al 
slopes ..... ith large rdief. 

The fitlin g o f the st rtam channel shown in figures 12 and 
IJ may b( o ffsell ing tht potent ia lly h:azardous htadculli nS of 
the channel. The sutam is t ributary to the San Pedro Ri \'er, 
which is entrenched . Tributaries to the San Pedro River also 
have become entrenched near the river (fig. I S). The haz· 
ardous conditions shown in fi gures 14 and IS are represent· 
ative of the variable and dynamic behavior of slTea ms in south
ern Arizo na . 

fl oodwater on inact ive fans generally is in entrenched chan
nels that anastomOiC. divide. and combine , Much of the land 
clearly is above the 1000year fl ood. but flood hazards o n fans 
arc unp redictable. Possible consequencts of floods in the low
lying t:lnd and channds include: 

I. Channe l e rosion and lateral bank movement. 
2. Channe l fillin g with deposited sediment and the ass0-

cia ted increased nooding of adjacent nood plain . 
3. Late ral shirt ing (avulsion) among distributary channels, 

The FEMA type of nood haza rd asscssmtnt ( random dis
tribution of flood depth and veloci ty) may not be applicable. 
Flood hazard assessment for bridge or culvert design is dif
ficult because nood response at any given location on channels 
in zone 4 is unpredictable . 

ZONES 

Zone S is defined as the pediment and upper alluvial plain 
areas with defined channels that commonly form a t ributary 
system . The surface of the pediment areas is a complex mil
ture of rock. a lluvium . and thin soils of vario us ages. Stream 
channels commo nly have slopes from 0.02 to 0.04 with an 
upper limit of about 0.2 (J). Channel beds in the pediment 
or upper area of the zone are often composed of scattered 
boulders wi th cobbles. gravel. and some sand. Channe l beds 
in the upper allu vial areas tend to have fewer boulders ilTId 
more sand . The potential for Signifi cant scour of the channel 

fiGURE IS View looking downstream rrom U.S. High"' I~' 
80 at small scourtd channel or. tributar), to the Sa n Pedro 
River locattd 0.6 mile south of the filkd channd sho~'" in 
ngures 12 and IJ. 
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bed and banb in the j)(diment area is low. Marked scour 
along some channel~ in the upper al1u\'ial plai n area can ocrur. 
but the general potential for scour is no t grul. Debris fl ows, 
defined here as slurries of sediment and water with a sediment 
weight-percentage abo\'e 80 percent, that arc potentially haz· 
ardous can occur in zone S. 

The boundary between zones" and S generally coincides 
with the boundary between Quaternary and Tetliary valley· 
fill deposits. In some places, the tributary.defined channels 
characteristic of zone S eltend into the Quaternary deposits. 
1bc small distribulary channels of zone " rarely el tend upslope 
in the Tertiary deposits. In some pl3ces, the boundary that 
separa tes zones 4 and S is a t ransition area several hundred 
feel wide. 

The greatest pote ntial hazard in zone 5 is from fl ooding in 
the channels and narrow flood plains th3t occupy the lowlands 
belween the defined ridges. M3rked scouring ocru rs along 
some of the channels and flood pl3ins. and floods carry large 
amounts of sediment . In many channels. the depth of flooding 
depends on the amount of erosion and deposition that takes 
place during the flood . The depth o f fl ooding generally docs 
not exceed \0 ft except where channels are obst ructed , on 
the outside of sharp bends, and o n the few channels that drain 
areas of more Ihan about 100 mi!. The depth of floodwater 
also increases behind debr; ~ jams. and manmade obstructions. 
The degree of potent ial flood hazard of the larger washes in 
zone S is similar to that in lone 1 but with le55 potential for 

7 

scour. The main channel of some washes is dcceplivdy small . 
and la rge amounts of fl oodwater will spread over wide areas 
adjacent to the channel. 

ZONE 6 

Mountain areas that include steep. well-drained slo~s com
posed mostly of rock. arc characleriM;c of zone 6. Interspe rsed 
among the rock surface are scallercd thin debris manlles and 
thin soils. Stream channels are sleep. scoured . and rocky . 
Channels of stre ams draining basins of a few tenths of a square 
mile are well defined. 

The dominant hazard is along the ddincd channels where 
flood velocities arc high : velocities in the large channels may 
be as much as is feel per second . Sheet flow accompanied by 
debris flow may occur along some sleep SIO~5 . Peak-dis· 
charge rates of 3S much as 5IXl cubic fe el per second from a 
O. l-square-mile area can ~ expected an average of once e\'ery 
100 years. A large part of the flood-haza rd potential in this 
zone ca n ~ an ribu ted to sudden fl ooding from summer thun· 
derstorms and the high velocity o f flow. 

If the potential for debris flows exists. then the hazard 
associated with a debris flow may be the greatest in this zone . 
The potent ial for debri§ fl ows is direct ly related to the amount 
and silt of uncon~ljdated material on steep . nonvegetated 
slopes. 

TABLE I TYPE AND DEG REE OF flOOD HAZARD FOR ZONES 

Type of 
h.:z:.rd 

Inundat ion of 
land along 
channals 

Ve10elty of 
floodflow 

Scour of 
chaJlflel bed 

Lateral benk 
erosion 

Sedi.ent 
deposition 

Debris flo .... 

'1 , 

hi gh' .. odarate 

high .oderata 

high .oderete 

high high' 

10"· l ov 

lov l ov 

3 4 , , 

.oderata h igh' .aderate lov 

l ov high' high high 

lov .. oderate 10'" lov 

l ov high' l ov lov 

high' high' lov lov 

l ov lov .ade rete high 

IHilh i ncidence of bridga failure beceuse o f scour of piers, 
abut .. ents, and roadway approaches. 

'Tha essunpti on on vhich FtHA guidelines i s be sed .. ey no t be 
. ppllc.ble for f an surteces thet are relatively inac tive . 

'Hoderete 1n upper e lluvial plain arees and 1n larle channels . 

·Hode reta to high in unchanneled reachea. 

'Conveyance o f .. eny culvarts .nd bridges reduced beceusa of 
sedt.ent deposition . 
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DISCUSSION ANI) SllMtoIAR'I' 

Gt:omorpho\ogy plays an important wile in dt.'!crmining noed 
hazard. Although Ihi~ fact i~ common knowledge, st ructur.:s 
continue 10 fai l or ~com ... 1<:55 effective. 31 least in part because 
of flood-plain management regulations thai may nOI be appli. 
cable for some lones. The hat-aIds thai commonly plagut.' 
engineering works are the later31 hank erosion in zont.' 2. the 
scour of channel b.:ds in zone I. and the sediment deposition 
and unpredictable now p;l1hs in lone -4 . 

The relative degr ...... and type of hazard for the six zones 
are summarized in labile I. 

The lonation is baS(d on distinct gt'omorphic and hydro
logic differences between the zones, but there is some Q\'crlap 
(see fig . 1). Zones 2 and J. for example. can define the hazard 
of the same land where there is a potential for lateral mo\·e· 
menl of the banks of channels in zone I and also fo r sheelnow 
from local rainfall or from runoff from zones .\ or 5. Alluvial 
fans hil\'e a wide variety of nood charaClerislics. and thus 
specifi c areas can be beSt described by zones 3, 4. or S. In 
general. large areas of fans will exhibit characteristics of a 
si ngle zone . 

This general zonation is not intended to replace the detailed 
engineering definition of hydrologic and geOlogic charaCler· 
iSlics o f a panicular site of interest. Rather, the zonation o f 
flood hazards can be useful 10 praClicing engineers for the 
general identification of the type and degree of flood hazard. 
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View looking downstream from U. S. Hwy 80 at small channel located 
0.6 mile south of Cottonwood Canyon Wash. San Pedro River is about 
1 mile beyond this site. There is several feel of head cutting at the exit 
of this culvert. 

Schumm, S. A" 1988. RiOER AUJDS I MEN I 10 ALI EkED H f DROtOGIC R~GIMEN·MURRUMBIDGEE RIVER 
AND PALEOCHANNELS, AUSTRALIA, USGS Professional Paper 598, 65 pp. 

Schumm discusses the affects of altering vegetation cover in watersheds and thereby changing tributary 
runoff and sediment contribution. "For example, the control of tributary runoff and sediment contribution to 
an alluvial channel will-if both runoff and -the type of sediment load are significantly altered - induce a long
term adjustment of the river system. The induced changes may be difficult to recognize in a short span of 
time, but they will , nevertheless, be significant over very long reaches of alluvial rivers, especially in arid, 
semiarid , and subhumid climatic regions. Depending on the type of sediment load transported by the river, 
quite different types of adjustment can occur." These photos of channels in south Benson clearly show the 
variable nature of tributary channel adjustment. 

Early accounts of the base flow along the San Pedro River and also the variable channel morphology in the 
Tres Alamos area also suggest major changes in dimensions, pattern, and shape of the San Pedro River 
channel in response to man-induced alterations of hydrologic regimen occurred as a result of diversion for 
irrigation and over grazing of cattle. For example, Parke stated "At the Tres Alamos the stream is about 
fifteen inches deep and twelve feet wide, and flows with a rapid current over a light, sandy bed, about fifteen 
feet below its banks, which are nearly vertical. The water here is turbid, and not a stick of timber is seen to 
mark the meanderings of its bed. In the gorge below, and in some of the meadows, the stream approaches 
more nearly the surface, and often spreads itself on a wide area, producing a dense growth of cotton-wood, 
willows and underbrush, which forced us to ascend and cross the terraces. The flow of water, however, Is 
not continuous. One or two localities were observed where it had entirely disappeared, but to rise again a 
few miles distant, clear and limpid." Tres Alamos is a ghost town. Settled 1874. In 1768 Spanish soldiers 
from the Presidio de Tucson farmed the Tres Alamos area along the San Pedro River to supply food for the 
Presidio. Later, in 1830, Mexican farmers settled in the area, establishing more permanent farming opera
tions and transporting their produce through the Redington Pass to Tucson with the protection of soldiers 

from the Presidio. 

Parke, J .G., 1857. Report of Exploration of Railroad Routes. 33rd Congress, 2nd Session, Senate Exhibit 
Document 78, vol. 7. 
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ABSTRACT 

The Instream Flow Group (IFG) has conducted research into methods 
of quantifying instream flow needs for fish, wildlife, and recreation. 
This paper describes two techniques deve 1 oped by IFG for performing 
recreational instream flow studies. The single cross section method is 
relatively simple and provides a base flow figure which will provide for 
the boating activities which make use of the of river. The incremental 
method is more sophisticated and may be used to develop recommendations 
regarding streamfl ows required for various types of recreation, or to 
provide a recreation analysis of any streamflow. Streamflow suitability 
criteria for recreation are presented for both methods. 

INTRODUCTION 

It has been long recognized that there are many competing demands 
for the use of stream water. Diverting stream water for irrigation, 
water supply, and energy developments can deplete streamflows to the 
point where opportunities for recreation and the associated environ
mental values of the stream are seriously impaired. Numerous water 
planning studies, both basin-wide and project oriented, have emphasized 
the need to quantify the amount of water required to support recreation, 
fish and wildlife resources, and to maintain aesthetic conditions. 

The tools and techniques for estimating streamflows required for 
recreation and aesthetics, and for insuring reasonable consideration of 
recreation and aesthetics in the allocation of stream water, are cur
rently undergoing study. Instream flow requirements and values for 
recreation, in the past, have often been based only upon the amount 
required to maintain a fishery. However, several studies have indicated 
that recreation and aesthetic requirements, at times, may not be the 
same as for a fishery. 

This paper presents the techniques of assessing instream flows for 
recreation. These techniques were developed by the Cooperative Instream 
Flow Service Group and closely parallel techniques used to assess 
instream flows for fisheries. The data collection procedures, the 
physical and hydraulic simulation of the stream, and the computer models 
which analyze the data are the same for both fisheries and recreation. 
The major difference between the two techniques is the response of the 
individual fish or recreationist to various physical parameters of 
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stream flow. These responses to stream flow by different user groups 
are the criteria which are basic to the methods introduced here. 

The first method is called the single cross section approach. This 
method is useful primarily for identifying flows below which a recrea
tion activity is not feasible and results in a so called "minimum" flow 
recommendation. 

The second method is ca 11 ed the incrementa 1 method. With this 
method the recreation p 1 anner is ab 1 e to analyze various flows and 
determine the recreation potential of a stream at different flows. 

This paper is being distributed with four objectives in mind. 
These are: 

1. To bring the problem of preserving instream flows to the 
attention of recreation agencies and the research community in 
order to encourage more research in this vital and neglected 
area. 

2. To discuss the development of the recreation probability-of
use curves and of recreation criteria in general, which are 
necessary for quantifying instream water requirements for 
recreation. 

3. To obtain review and comment on the recreation criteria and 
probability-of- use curves, and to request data which may be 
used to test or improve the criteria or curves. 

4. To describe the two approaches for assessing stream flows and 
discuss how various recreation planning processes can be 
served by their application. 

Both methods of instream flow analysis discussed in this paper 
utilize computer modeling techniques. Both approaches also require that 
streamflow data be collected. The single cross section approach, as its 
name implies, requires that information be collected at only one loca
tion on the stream. The incremental method requires that data be col
lected at multiple locations on the stream. In addition to cross 
sect i ona 1 data, data re 1 at i ng the streamflow parameters to recreation 
potential are necessary. These data are termed recreation criteria. 

Recreation criteria for i nstream flow methode 1 ogi es are the rec
reation activity information bases necessary to describe a relationship 
between the quantity of water flowing in a stream, and the quantity and 
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quality of a particular recreation activity which takes place in the 
stream. 

SINGLE CROSS SECTION METHOD 

This method requires that only a single cross sectional measurement 
be taken across a stream. The product of such an approach is a deter
mination of the lowest flow acceptable for recreation. The approach is 
based on the assumption that a single cross section, properly located, 
can define a minimum flow requirement. Such a cross section is located 
at an area displaying the least depth across the entire stream. When 
this area provides minimum depths for boat passage, the flow at this 
level may be defined as a minimum acceptable flow. It is assumed that 
when sufficient water to support boating is available in these critical 
areas, other areas wi 11 have sufficient water to support most of the 
other instream recreation activities. This approach is best applied to 
those streams in which flows are expected to be higher than the minimum 
most of the time. 

Criteria for this approach are set forth in Table 1. Criteria have 
been developed for boating activities only, but for various types of 
boating craft. Only minimum criteria are presented because this 
approach provides information on 11 minimum flows. 11 Criteria are measured 
in terms of stream depth and width. Velocity is not considered because 
a minimum velocity is not considered necessary for this approach. 

Table 1. Required stream width and depth for 
various recreation craft as determined 
by single cross section method. 

Recreation 
Craft 

Required 
depth (ft) 

Required 
width (ft) 

Canoe-kayak 
Drift boat, row boat-raft 
Tube 
Power boat 
Sail boat 

0.5 
1.0 
1.0 
3.0 
3.0 

4 
6 
4 
6 

25 

The criteria of Table 1 are minimal and would not provide a satis
factory experience if the entire river was at this level. However, the 
cross section measured for this method is the shallowest in the stream 
reach. Therefore, these minimum conditions will only be encountered for 
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a short time during a boating trip, and the remainder of the trip will 
be over water of greater depths and widths. An important assumption is 
that all water greater than the minimum is equally useful for the activ
ity (i.e., more is better until bank-full stage). 

A computer program (IFG-1) has been developed which predicts width 
and depth across the transect of any stage (water surface e 1 evat ion). 
The output shows discharge and the width with depth equal to or greater 
than a specific depth. Different water surface elevations may be put 
into the computer model which are translated into flow in cubic feet per 
second. When a flow provides the minimum width and depth necessary for 
an activity, discharge may be considered minimum. Such a minimum indi
cates that significant losses, if not elimination of this activity, will 
occur if minimum flow is not equaled or exceeded. 

THE INCREMENTAL METHOD 

This method, more sophisticated than the single cross section 
method, describes a relationship between the amount of water in a reach 
of stream and the associated recreation potential. The incremental 
method can describe the potential for any recreation activity at any 
streamflow. A major difference between the methods is that the single 
cross section method can only be used to identify low flow and cannot be 
used to assess the recreation potential at any other flow; the incre
mental method can be used to assess the potential at other flows or to 
calculate the change in receation potential caused by a change in stream 
flow. 

The incrementa 1 method i nvo 1 ves a mode 1 i ng procedure whereby the 
surface area of a stretch of stream is calculated. In addition to the 
total surface area of the reach of stream, the area which has certain 
depths and velocities is calculated. The usable surface area for each 
activity is then calculated by use of depth and velocity requirements. 

It is necessary to make three assumptions regarding the relation
ship between the quantity of water and the recreation uses of the water: 
(1) water depth and water velocity are the two streamflow components 
which are most important in determining whether or not a certain recre
ation activity may be safely and pleasurably engaged in 1 ; (2) there are 

10ther parameters such as water qua 1 i ty and temperature are a 1 so very 
important in determining the amount of instream recreation use but in 
many cases are not significantly influenced by flow. Width is also 
important but is considered outside of the computer model (i.e., width 
is not a part of the calculation of usable surface area). 
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certain measures of water depth and water ve 1 ocity which may be con
sidered minimum, maximum, and optimum for an activity; and (3) the 
measurement of water surface area which meets certain requirements of 
depth and velocity is a viable method of describing recreation potential 
for instream recreation uses. 

This method is comprised of four components: (1) computer simula
tion of a stream reach, (2) determination of the combinations of stream 
depth and velocity, (3) determination of a composite probability-of-use 
for each combination of depth and velocity, and (4) calculation of a 
weighted usable surface area. 

1. Simulation of the Stream. The stream reach simulation model 
utilized in this approach uses several cross sectional tran
sects, each of which is subdivided into subsections. For any 
stage (water surface elevation) the mean depth and velocity of 
each subsection is calculated. Typically, a transect would be 
established across a pool, a riffle, and an intermediate area. 
Together these cross sectional measurements would represent a 
stream reach which may extend several miles. In Table 2 a 100 
foot length of stream is represented. 

Table 2. Depth velocity matrix showing total 
surface area of stream in square feet. 

Depth (ft) Velocity in feet per second 
<0.5 0. 5-1.0 1. 0-1.5 >1. 5 Total 

<1 500 400 100 0 1,000 
1-2 600 700 800 300 2,400 
2-3 100 300 500 100 1,000 

>3 0 0 100 0 100 
Total 1!200 1,400 1!500 400 4!500 

2. Distribution of Combinations of Depth and Velocity. The 
output of the stream reach simulation model is in the form of 
a matrix showing the surface area of a stream having different 
combinations of depth and velocity. Table 2 illustrates a 
depth velocity matrix. The outlined number in the upper left 
matrix cell refers to 500 square feet per 100 feet of stream 
having a combination of depth less than 1.0 foot and velocity 
less than 0.5 foot per second. This figure is the-5um of the 
areas within the stream reach with this combination of depth 
and ve 1 ocity. 
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In order to evaluate the effect of these physical changes upon 
a streams desirability for recreation, it is necessary to 
develop an information base for each recreation activity. 
Such an information base should identify a relationship 
between depth and velocity of the water, and the desirability 
of such water for each recreation activity. The information 
base, ca 11 ed recreation criteria, has been deve 1 oped and is 
set forth in the following pages. 

3. Composite Probabi 1 it i es-of-Use. Determination of the proba
bility-of-use for an activity on a certain area of water 
requires multiplying the probability-of-use for the depth by 
the probability-of-use for the velocity. For example, from 
Figure 1 the probability-of-use for the depth of 2.6 feet is 
0.9. The probability-of-use for the velocity of 6 feet per 
second is 0.24. The composite probability-of-use for a depth 
of 2.6 feet and a velocity of 6 feet per second, is 0.216 (0.9 
x 0.24). ThE!Probability-of-use is also the weighting factor 
for calculation of the weighted usable surface area. 

4. Weighted Usab 1 e Surface Area. The weighted usab 1 e surface 
area equates an area of low desirability to an equivalent area 
of optimal desirability. For example, if 1,000 square feet of 
surface area had a composite probability-of-use of 0.216 (see 
above) it would have a weighted usab 1 e surface area of 216 
square feet (total surface area times composite probability
of-use). These 1,000 square feet of surface area would be 
considered to have the same recreation potential as 216 square 
feet of surface area having optimum depths and velocities. 

An example of a matrix is shown in Table 3. In each cell of the 
matrix, the upper number refers to the surface area of a stream having a 
depth ve 1 oci ty combination as indicated. The numbers in parentheses 
refer to the weighted usable surface area. 
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Figure 1. Probability-of-use curve for stream fishing 
(boat non-power) in relation to depth and 
velocity. 
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Table 3. Total surface area of stream and (weighted 
usable surface area) for a hypothetical 
recreation activity in square feet. 

Depth (ft) 
and 

(Probability
of-use) 

Velocity in feet per second and (probability-of-use) 

<1 
(0) 

1-2 
(0.3) 

2-3 
(0.8) 

>3 
(1. 0) 

Totals 

<0.5 
(1. 0) 
500 

(0) 

600 
(180) 

100 
(80) 

0 
(0) 

1,200 
(260) 

0. 5-1.0 
(0.8) 
400 

(0) 

700 
(168) 

300 
(192) 

0 
(0) 

1,400 
(360) 

1. 0-1.5 
(0.4) 
100 

(0) 

800 
(96) 

500 
(160) 

100 
(40) 

1,500 
(296) 

>1. 5 
(O) 

0 
(O) 

300 
(O) 

100 
(0) 

0 
(0) 

400 
(O) 

Total 

1,000 
(0) 

2,400 
(444) 

1,000 
(432) 

100 
(40) 

4,500 
(916) 

A separate matrix is required for each recreation activity being 
considered. A separate matrix is also developed for each of a number of 
different flows and a different weighted usable surface area is calcu
lated for each flow. Comparison of the matrices provides information on 
the 11 best flow 11 or shows the change in weighted usable surface area due 
to a change in flow. 

RECREATION CRITERIA FOR THE INCREMENTAL METHOD 

Recreation activity definitions and a discussion of criteria are 
presented below. 

Minimum and Maximum Criteria 

Criteria, as discussed in this section, refer to the parameters of 
depth and velocity, and deal with the minimum and maximum values. The 
assumption is made that the recreation activity in question cannot be 
engaged in outside of the range described by the minimum and maximum 
va 1 ues. Optimum va 1 ues are determined in a somewhat different manner 
and will be discussed later. Minimum and maximum criteria are of two 
major types: (1) phys i ca 1 criteria and (2) safety criteria. Regarding 
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physical criteria, recreation activities have certain physical or 
absolute limits or requirements which must be met (i.e., a boat requires 
a certain minimum depth of water to float). In the case of safety 
criteria there are no abso 1 utes; however, it can generally be stated 
that certain depths or velocities may be unsafe for the average parti
cipant. Safety criteria may also be considered a preferred physical 
limitation. 

Optimum Criteria 

Minimum and maximum criteria are used to establish the range of 
depths and ve 1 oci ties which pro vi de a usab 1 e surface area for river 
recreationists. It is also possible to identify a preferred depth or 
velocity or range of preferred depths and velocities which could be 
called optimum. Obviously, optimum will not be agreed upon by all 
recreat i oni sts s i nee they represent such a heterogeneous group. How
ever, the total range can be narrowed and a preferred range established. 
An optimum value of depth or velocity or a preferred range of depths and 
velocities will be that value or range of values which is usable to the 
largest number of potential participants. 

There are 11 psycho 1 ogi ca 111 criteria that a 1 so might be used for 
selecting optimum depths or velocities. Psychological criteria relate 
to the qua 1 i ty of the experience. However, in order to eva 1 uate the 
quality of the experience, one must determine what experience is sought. 
A number of the recreation activities included in this report have 
expectations that appear to be unrelated to flow. Therefore, for such 
activities only the physical and safety criteria need to be considered. 
Other activities have flow-related expectations and it appears that the 
experience desired and expected should be a part of the criteria. 
According to Schreyer and Nelson (1978) the 11 White water11 activities, 
have an 11 action-excitement11 expectation, and certain types of water are 
necessary to realize that expectation. Stream depths and/or velocities 
which produce action-excitement are not easily identified because of the 
differing skill levels and experience of recreationists. Consequently, 
psychological criteria, in terms of depth or velocity, are not listed at 
this time. 

The activities which have action and excitement as an expectation 
are the last four activities listed under boating (below). However, not 
all of the persons who engage in these activities seek action and 
excitement. Therefore, a wide range of optimum velocity values is 
necessary to include the action excitement expectation as well as the 
other expectations. Each of these four activities may be viewed as two 
separate activities, one which occurs on tranquil water and one which 
occurs on non-tranquil water. 
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Recreation Activities 

The stream-oriented recreation activities considered in this report 
are shown below: 

Fishing 
Wading 
Boat, power 
Boat, nonpower 

Definitions 

Fishing 

Water Contact 
Swimm1ng 
Wading 
Water skiing 

Boating 
Sailing 
Low power 
High power 
Canoeing-Kayaking 
Rowing-rafting-drifting 
Tubing-floating 

Wading: fishing while walking in the stream. 
Boat power: fishing from a power boat. 
Boat nonpower: fishing from a nonpower boat. 

Water Contact 
Swimming: propelling oneself through the water with no, 

or only occasional, contact with the bottom. 
Wading: walking in the water, including water play. 
Water skiing: being towed behind a boat on skiis. 

Boating 
Sailing: wind powered boating. 
Low power: power boating, motor less than 50 horsepower. 
High power: power boating, motor greater than 50 horsepower. 
Canoeing-kayaking: using a canoe or kayak in a river. 
Rowing-rafting-drifting: using a row boat, raft, or drift 

boat in a river. 
Tubing-floating: floating on a device which is not a 

full-sized boat or raft. May include 
inner tubes, small rafts, air mattresses, 
etc. This activity is also a water contact 
activity. It is placed here for its simi
larity to rowing-rafting-drifting. 

PROBABILITY-OF-USE CURVES 

Development of recreation probability-of-use curves builds upon the 
recreation criteria discussed in the previous section. Minimum, maxi
mum, and optimum criteria are translated into probablities-of-use and 
recreation probability curves are developed. 
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The recreation criteria may be graphed with depth (or velocity) on 
the X axis and the desirability of certain depths for the recreation 
activity in question along theY axis (Figure 2). 

>-
1--...... 
_J ...... 
co 
c::( 
c::: ...... 
(/) 
LLJ 
Cl 

SAFETY 
MINIMUM 

2 4 6 8 10 

FEASIBLE DEPTH 

Figure 2. Desirability of stream depth graph for a 
hypothetical recreation activity. 

The physical minimum is shown on the graph as 11 A11 and is the least 
desirable depth at which the activity is possible. Preferred low flows 
are the least depth at which the activity can be participated in safely 
is shown as 11 811 on the graph. Safety values are somewhat arbitrary 
because they depend upon experience and skill of the recreationist. In 
this context, it is assumed that it is an average figure, and that up to 
50 percent of the potential participants will find depths between 11 A11 

and 11 811 usable. Point 11 C11 on the graph indicates the most desirable or 
optimum depth and it is assumed that 100 percent of the potential parti-
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cipants would find such a depth usable. Point 11 D11 indicates the pre
ferred or safety maximum and 11 E11 indicates the physical maximum. 

If theY axis is changed from a desirability scale to a probability 
scale, with 1.0 on top and 0 on the bottom, the 11 probability-of-use 11 may 
be read off theY axis. 

If Figure 2 represents a probability-of-use curve for an activity 
in a region where the resource is experiencing capacity use, then the 
following assumptions can be stated: 

1. Areas having depths less than 11 A11 or greater than 11 E11 will 
have no use. 

2. Areas having depths equal to 11 C11 will be experiencing capacity 
use. 

3. Areas having depths equal to 11 811 and 11 D11 will be experiencing 
50 percent of the use of area 11 C. 11 

Appendix A sets forth the depth and velocity criteria in tabular 
and graphic forms and defines depths and velocities in terms of desir
ability as follows: 

Optimum Depth or velocity usable by all; probability-of-
use or weighting factor 1.0 

Acceptable Depth or velocity between safety limit and optimum; 
probability-of-use or weighting factor 0.5-0.99 

Marginal Depth or velocity between physical and safety 
limits; probability-of-use or weighting factor 
0.01-0.49 

Unacceptable Depth or velocity unusable; probability-of
use or weighting factor 0.0 

Appendix B shows the probability-of-use curves which are developed 
from the depth and velocity criteria. 

APPLICATION 

There are situations where the single cross section method or the 
incremental method is best suited to do instream flow studies. 

The single cross section approach is best suited to situations 
where: 
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1. A minimum of time is available. 

2. A low flow recommendation is all that is necessary. 

3. The low flow recommendation will be exceeded for most of the 
recreation season. 

The incremental method is best suited to situations where: 

1. Increments of flow need to be analyzed. 

2. The change in streamflow needs to be re 1 a ted to change in 
recreation potential. 

3. The most 11 exact11 answer, available with today• s state-of-the
art, is desired. 

Opportunities for preserving instream flows for recreation may 
occur within several programs and processes. Planners did not always 
take advantage of these opportunities in the past because no method 
existed by which to quantify the instream flow need. 

Opportunities exist within the State water adjudication procedures 
wherein all water rights will be adjudicated including the Federal 
reserved rights. When the purpose of the Federa 1 reservati on of 1 and 
includes recreation, the quantity of water necessary to accomplish the 
purpose must be quantified, and this includes the instream flow 
required. 

Both Feder a 1 and State wild and scenic ri yer programs contain 
language that may be used to preserve instream flows for recreational or 
aesthetic purposes. The 1 i cens i ng and re 1 i cens i ng procedures of the 
hydroelectric utility companies call for exhibits to be prepared which 
describe the recreation resource and the benefits to the pub 1 i c from 
such a license or project. 

Whenever a water project is proposed the impact of the project on 
recreation is studied. The incremental method will permit the stream 
portion of such analysis to take its place alongside the reservoir 
portion. 

Use of the incrementa 1 method wi 11 permit full cons ide ration of 
recreation by water management agencies as they make decisions about 
water a 11 ocat ion, conduct hearings for diversion permit requests, or 
determine low flows. 
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In general, whenever proposals are made which will change an 
existing streamflow or flow regime, the impact upon recreation can be 
determined and be considered in the planning process. 

LIMITATIONS 

The limitations of the methods discussed in this paper should be 
understood prior to field testing. 

The single cross section is limited to making m1n1mum flow recom
mendations to accommodate the boating recreation activities. It is less 
exact than the incremental method and the location of the cross sec
tional measurement is critical. 

The incremental method may be used to describe the impact of a 
change in flow or used to identify an optimum flow. However, there is 
no such thing as an optimum flow or flow regime for recreation. Each 
recreation activity has its own unique flow requirement and frequently 
flow requirements conflict among activities. For example, a greater 
flow resulting in higher velocities may benefit the white water boaters, 
but would all but eliminate fishing while wading. Usually a flow recom
mendation would be provided in terms of a flow regime. The recommend
ation of a flow regime would recognize the variable supply of water 
throughout the year as well as the periods of greatest demand for 
instream water. A flow regime for recreation would take into account 
the greater recreation demand during the recreation season, during the 
weekends, and perhaps even during the daylight hours. 

Use of the incremental method can provide only a measure of recre
ation potential and cannot provide adequate information for developing 
a recommended flow regime based on the demand for recreation. If such a 
recommendation is necessary, or if knowledge of a change in recreation 
use or benefits, due to a change in flow, is desired, a demand-supply 
study should be undertaken. A demand-supply study would use the output 
from the incremental method as the supply component. 
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Sources of Information Used to Develop the Criteria of Appendix A: 

1. Christiansen, M.L. 
Determinants for 
Research Report. 

1975. Development of Resource Requirements 
Selected Activities. Watershed Recreation 

2. Scott, J. and R. Hyra. 1977. Methods for Determining Instream 
Flow Requirements for Selected Recreational Activities in Small and 
Medium Sized Streams. Paper presented at AWRA Conference, Tucson, 
Arizona. 

3. Thompson, J. and R. Fletcher. 1972. A Model and Computer Program 
for Appraising Recreat i ana 1 Water Bodies. Department Forest Sci. 
Utah State Univ., Logan, Utah, pp. 48. 

4. U.S. Bureau of Outdoor Recreation. 1977. Recreation and Instream 
Flow. Volumes 1 and 2, Jasen M. Cortell and Associates, Waltham, 
Massachusetts. pp.252. 

5. 

6. 

U.S Bureau of Outdoor Recreation. 
Water Related Recreation. S.E. 
pp. 15. 

1977. Resource Requirements for 
Regional Office. Draft Report. 

U.S. Corps of Engineers. 
Snake River Downstream 
Report. pp. 77. 

1963. 
From 

Channel Improvement for Navigation 
Weiser, Idaho. Detailed Project 
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FISHING WADING 

CRITERIA 

PHYSICAL SAFETY 

DEPTH 

minimum 0. 5 ft 0.75 ft 

maximum 4.0 ft 3.50 ft 
VELOCITY 

minimum 0. 0 fps 0.0 fps 
maximum 3.0 fos 2. 5 fbs 

COMMENTS: Depth in ft multiplied by 
should equal 10 or less. 
upon height and weight of 
well as substrate type. 
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OPTIMUM 
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Safety depends 
individual as 
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FISHING BOAT POWER 

CRITERIA 

PHYSICAL SAFETY OPTIMUM 

DEPTH 3.5 ft + 

minimum 2.5 ft 3.0 ft 

maximum NA NA 
VELOCITY 0.5-2.0 fps 

minimum 0 fps 0 fps 

maximum 5 fps 4 fps 

COMMENTS: Size of boat and motor important. Generally 
includes boats of low power. 
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FISHING BOAT NON-POWER 

CRITERIA 

PHYSICAL SAFETY 

DEPTH 

minimum 0.5 ft 1.0 ft 

maximum NA NA 

VELOCITY 

minimum 0 fps 0 fps 

maximum 4 fps 3 fps 

COMMENTS: Type boat important. 

5 

4 

3 

2 

1 

0 

. . . . . . . . . . . . . . . . . . . . : ·:. :::.:-: ~ ~:.: ·= . . ......... . . .................... . . ......... . ........... ... 
..!__ ••• ...... . . . . . . .......... . . . . .... . . . . . . . . . . . . ;·: ... 

. .. · ... · ............. . . ......... . . ......... . ........... . ......... . . . . . . . . . . . . . .................... . ::::::: ............ . :. :·:.: ·:. :·:.:.: ·:·: 
-!
•, ••• ... .... . . . .... 

............ 
... . . . . . . . . . 

:::::::::::::::::::::: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ~·: ... . . . . . . . . . . . ............. · ....... . . ......... . ........... . . . . . . . . .......... . . . . . . . 
t' :· •• .. ... . . . . . :. :. :. 

. ......... . ........... ... · ..... ·. ·. · ... ·. · .. 
:::::::::::::::::::::: ........... . . . . . .......... . .. : ·:.: ........ -... ··:.:.:. :·:.:.:.:.:. :·: . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . ......... . ....................... . . . . . . . . . . . . ......... . . . . . . . . . . . . .. . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . .. . . ·.·. ·.· .· ... · ... ·.·. . . . . . . . . . . . . . ......... . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . ......... . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . ......... . . . . . . . . . . . . .. . . . . . . . . . . -· . . . . . . . . . . . ......... . 

":::- .................. . 

• I I l I 

0 1 2 

VELOCITY 

A-5 

. 

I I 

4 

OPTIMUM 

2.0 ft + 

0. 5-1.5 fps 

. LEGEND 

. II optimum 

. ·.·. ·.· . .· .· .· . ... . .. . ... acceptable . 

. ~ marginal 

. 
D . unacceptable 

. 

.. 

5 



J: 
1-
Q. 
w 
Q 

WATER CONTACT WADING 

CRITERIA 

PHYSICAL SAFETY OPTIMUM 

DEPTH 0.75-2.5 ft 

minimum 0.25 ft 0.5 ft 

maximum 4.0 ft 3.0 ft 

VELOCITY 0.25-2.0 fps 
minimum 0 fps 0 fps 

maximum 3.0 fps 2.5 fps 

COMMENTS: Depth in feet multiplied by velocity in fps 
should equal 10 or less. Saftey depends 
upon height and weight of individual as well 
as substrate type. 
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WATER CONTACT SWIMMING 

CRITERIA 

PHYSICAL SAFETY OPTIMUM 

DEPTH 4 ft + 

minimum 2.5 ft 3.0 ft 

maximum NA NA 

VELOCITY 0.25-0.75 fps 

minimum 0 fps 0 fps 

maximum 3. 0 fps 2.0 fps 

COMMENTS: Water quality, temperature, slope of beach, 
visibility and underwater slope important. 
Depth safety criteria does not permit diving. 
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WATER CONTACT WATER SKIING 

CRITERIA 

PHYSICAL SAFETY 

DEPTH 

minimum 5 ft 7 ft 

maximum NA NA 

VELOCITY 

minimum 0 fps 0 fps 

maximum 3.0 fps 2.5 fps 

COMMENTS: Width is critical also. 
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BOATING SAILING 

CRITERIA 

PHYSICAL SAFETY OPTIMUM 

DEPTH 5 ft + 

minimum 3 ft 4 ft 

maximum NA NA 

VELOCITY 0.25-0.75 fps 

minimum 0 fps 0 fps 

maximum 1. 5 fps 1.25 fps 

COMMENTS: Keel or centerboard depth is critical. 
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BOATING LOW POWER 

CRITERIA 

PHYSICAL SAFETY OPTIMUM 

DEPTH 3.5 ft + 

minimum 2.5 ft 3.0 ft 

maximum 

VELOCITY 0.5-3.0 fps 

minimum 0 fps 0 fps 

maximum 7 fps 6 fps 

coMMENTS: Low power boats are 1 ess than 50 hp. 
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BOATING HIGH POWER 

CRITERIA 

PHYSICAL SAFETY OPTIMUM 

DEPTH 4.0 ft + 

minimum 3.0 ft 3.5 ft 

maximum NA NA 

VELOCITY 0.5-8.0 fps 
minimum 0 fps 0 fps 

maximum 12.0 fps 10.0 fps 

COMMENTS: High power is greater than 50 hp. Jet boats 
or sleds require only 1.0 ft + water depth. 
Higher velocities safe only under certain 
conditions. 
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BOATING CANOEING-KAYAKING 

CRITE Rl A 

PHYSICAL SAFETY OPTIMUM 

DEPTH 2.5 ft + 

minimum 0.5 ft 1.0 ft 
'-

maximum NA NA 

VELOCITY 0.5-7.0 fps 

minimum 0 fps 0 fps 

maximum 10.0 fps 9.0 fps 

COMMENTS: Higher velocities exclude open canoes. Higher 
velocities safe only under certain conditions. 
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BOATING ROWING-RAFTING-DRIFTING 

CRITERIA 

PHYSICAL SAFETY OPTIMUM 

DEPTH 3.0 ft + 

minimum 1.0 ft 2.0 ft 

maximum NA NA 

VELOCITY 1. 0-10.0 fps 

minimum 0 fps 0 fps 

maximum 14.0 fps 12.0 fps 

COMMENTS: Higher velocities require boats/rafts of 
a type specifically designed for white 
water. Higher velocities safe only under 
certain conditions. 
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BOATING TUBING-FLOATING 

CRITERIA 

PHYSICAL SAFETY OPTIMUM 

DEPTH 2.0 ft + 

minimum 1.0 ft 1.5 ft 

maximum NA NA 

VELOCITY 1. 0-5.0 fps 
minimum 0 fps 0 fps 

maxi mum 8. 0 fps 7.0 fps 

COMMENTS: Higher velocities safe only under certain 
conditions. 
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APPENDIX B 

PROBABILITY-OF-USE CURVES 
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U.S. Department of the Interior Fish and Wildlife Service 

As the Nation's principal conservation 
agency, the Department of the lntenor has re
sponsibility for most of our nationally owned pub
lic lands and natural resources. This includes 
fostering the wisest use of our land and water re
sources, protecting our f1sh and wildlife, preserv
ing the environmental and cultural values of our 
national parks and histoncal places, and provid
ing for the enjoyment of life through outdoor rec
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Processes of Terrace Formation on the Piedmont of the 
Santa Cruz River Valley During Quaternary Time, Green 
Valley-Tubac Area, Southeastern Arizona

By David A. Lindsey and Bradley S. Van Gosen

Abstract

In this report we describe a series of stepped Quaternary 
terraces on some piedmont tributaries of the Santa Cruz River 
valley in southeastern Arizona. These terraces began to form 
in early Pleistocene time, after major basin-and-range fault-
ing ceased, with lateral planation of basin fill and deposition 
of thin fans of alluvium. At the end of this cycle of erosion 
and deposition, tributaries of the Santa Cruz River began the 
process of dissection and terrace formation that continues to 
the present. Vertical cutting alternated with periods of equilib-
rium, during which streams cut laterally and left thin deposits 
of channel fill.

The distribution of terraces was mapped and compiled 
with adjacent mapping to produce a regional picture of 
piedmont stream history in the middle part of the Santa Cruz 
River valley. For selected tributaries, the thickness of terrace 
fill was measured, particle size and lithology of gravel were 
determined, and sedimentary features were photographed and 
described. Mapping of terrace stratigraphy revealed that on 
two tributaries, Madera Canyon Wash and Montosa Canyon 
Wash, stream piracy has played an important role in piedmont 
landscape development. On two other tributaries, Cottonwood 
Canyon Wash and Josephine Canyon Wash, rapid downcutting 
preempted piracy.

Two types of terraces are recognized: erosional and depo-
sitional. Gravel in thin erosional terraces has Trask sorting 
coefficients and sedimentary structures typical of streamflood 
deposits, replete with bar-and-swale surface topography on 
young terraces. Erosional-terrace fill represents the channel 
fill of the stream that cuts the terrace; the thickness of the fill 
indicates the depth of channel scour. In contrast to erosional 
terraces, depositional terraces show evidence of repeated 
deposition and net aggradation, as indicated by their thickness 
(as much as 20+ m) and weakly bedded structure. Deposi-
tional terraces are common below mountain-front canyon 
mouths where streams drop their load in response to abrupt 
flattening of gradients and expansion of channel banks, and 
they extend down the piedmont along Josephine Canyon 
Wash. Gravel in depositional terraces also has sorting coef-
ficients typical of streamflood deposits. Sedimentary features 

in both types of terraces are consistent with deposition by flash 
floods in ephemeral streams, suggesting the climate was arid. 
Bedding and clast armor are weakly developed, clast clusters 
and imbrication are common, and crossbedding is generally 
absent. Debris-flow deposits, even near the mountain front, are 
surprisingly rare.

On the tectonically stable piedmont of southeastern 
Arizona, stream piracy and climate change are the most 
likely agents of terrace formation. Both piracy and climate 
change can cause rapid changes in discharge and sediment 
supply, which initiate cycles of incision, lateral cutting, and 
aggradation. Increased stream discharge initiates downcut-
ting, but increased sediment supply interrupts downcutting 
and causes streams to cut laterally and aggrade. At times, on 
Madera Canyon Wash and Montosa Canyon Wash, stream 
piracy affected stream discharge and sediment supply, but on 
Cottonwood Canyon Wash and Josephine Canyon Wash, only 
climate change could have initiated terrace cutting. Terraces 
probably formed during extended arid intervals when sparse 
vegetation and flashy stream discharge combined to increase 
sediment supply. In most cases, sediment supply was sufficient 
to promote lateral cutting but not long-term aggradation. Thus, 
most streams formed erosional terraces. The middle Pleisto-
cene Josephine Canyon Wash formed a depositional terrace 
because it had a source of abundant unconsolidated sediment.

Introduction

Since the end of basin-and-range faulting and basin 
filling in Pliocene time (Menges and McFadden, 1981), 
streams emerging from the mountains have cut landscapes of 
canyons and stepped terraces in the piedmont of southeastern 
Arizona. Periods of downcutting (canyon incision) alternated 
with lateral cutting (terrace formation) and, occasionally, 
deposition of terrace fill, but the mechanisms for this alterna-
tion are obscure. Climate change and tectonism both cause 
terraces to form (Bull, 1991; Leopold and others, 1964), but 
we know only the general outlines of Quaternary climate 
history and tectonism of the region. The relative age of some 
terraces has been determined by studies of weathering and soil 
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development (for example, Helmick, 1986), and more recently 
the distribution and relative age of piedmont terraces in many 
areas have been mapped by staff of the Arizona Geological 
Survey. Sedimentologic descriptions of terrace deposits were 
lacking, so depositional processes were not well known.

Here we bring together results of geologic mapping and 
sedimentologic study of piedmont terraces in southeastern 
Arizona to interpret the processes that formed these terraces. 
We use the distribution and morphology of terraces and the 
lithology of terrace gravel to identify cases of stream piracy, 
and we use the sedimentologic features of terrace gravel to 
interpret depositional processes. Much of the data on terrace 
geomorphology was gathered while mapping part of the 
Mount Hopkins and San Cayetano Mountains 7.5′ quad-
rangles (Lindsey and Van Gosen, 2006). This map and maps 
of surrounding quadrangles made by staff of the Arizona 
Geological Survey (Pearthree and Youberg, 2000; Spencer 
and others, 2003; and Youberg and Helmick, 2001), show the 
distribution of terraces formed during Pleistocene and Holo-
cene time (fig. 1).

On the arid piedmont of southeastern Arizona, sand and 
gravel are deposited during brief, intense storms that trigger 
floods and landslides (Field, 1994; Klawon and Pearthree, 
2000; Pearthree and Youberg, 2006). In ephemeral streams, 
a variety of fluid flows, ranging from debris flow to channel 
flow to sheet wash, can leave behind sand and gravel deposits 
ranging from poorly sorted and unstratified to well-sorted and 
stratified (Blair and McPherson, 1994; Costa, 1988; Lindsey 
and Melick, 2002). Cooler, wetter conditions than today may 
have prevailed in southeastern Arizona during late Pleistocene 
time (Davis, 1999; Thompson and others, 2003), allowing 
some piedmont streams to flow continuously. Deposits of 
perennial streams differ from those of ephemeral streams. In 
perennial streams, like those of the semiarid Colorado pied-
mont, storm-generated streamfloods deposit well-stratified and 
cross-stratified sand and gravel in channel and bank-attached 
bars (Lindsey and others, 2005). In this report, sedimentary 
features (fill thickness, particle size, sorting, and sedimentary 
structures) are used to assess continuity of streamflow and 
alluvial depositional processes on the Arizona piedmont.

Alluvial History

The alluvial history of the Santa Cruz River valley, 
like that of most other basins in southern Arizona and New 
Mexico, can be divided into two phases: (1) Miocene and 
Pliocene basin filling and (2) late Pliocene to Holocene 
erosion (Connell and others, 2005; Menges and McFadden, 
1981; Menges and Pearthree, 1989). During phase 1, basin-
and-range faulting formed a string of basins in the upper Santa 
Cruz River valley that defined the future course of the river 
(Gettings and Houser, 1997). Piedmont alluvial fans deposited 
poorly sorted sand and gravel of the Miocene and Pliocene 
Nogales Formation (Simons, 1974) and other units assigned 

to the lower part of the basin fill (Gettings and Houser, 1997). 
Basin-and-range faulting in southeastern Arizona had largely 
ended by Pliocene time, as indicated by the relatively unde-
formed upper part of the basin fill (Menges and Pearthree, 
1989). The Santa Cruz River basin was probably closed down-
stream near Tucson, Ariz., as indicated by playa deposits in 
the subsurface (Houser and others, 2004). Phase 2 most likely 
began with integration of the Santa Cruz River basin into the 
Gila River drainage in late Pliocene or early Pleistocene time 
(Connell and others, 2005; Menges and Pearthree, 1989). 
Tributary streams of the Santa Cruz River began to dissect 
basin fill and cut pediments capped by coarse gravel. Phase 2 
was accompanied by only minor faulting where, for example, 
faults displace early and middle Pleistocene age terrace depos-
its near Cottonwood Canyon Wash (Lindsey and Van Gosen, 
2006) and terraces of early to late Pleistocene age north of 
Madera Canyon Wash (Pearthree and Youberg, 2000).

Pleistocene and Holocene alluvial deposits in the valley 
of the Santa Cruz River (Youberg and Helmick, 2001) consist 
of (1) river alluvium, deposited by the Santa Cruz River, 
and (2) piedmont alluvium, deposited by tributary streams 
draining the adjacent mountain ranges (fig. 1). As the master 
stream, the Santa Cruz River defines base level for its tributary 
streams. The extent of piedmont deposits in the Santa Cruz 
River valley has been influenced by rates of deposition and by 
local structural features. In response to uplift of the Santa Rita 
Mountains and extensive development of alluvial fans on the 
eastern side of the Santa Cruz River valley during phase 1, the 
river flows nearer the west side than the east side of the valley 
(fig. 1). South of Madera Canyon Wash, the valley is confined 
to a narrow faulted basin between the Tumacacori and Santa 
Rita Mountains (Gettings and Houser, 1997).

In the Santa Cruz River valley, the oldest records of 
phase 2 piedmont erosion are early Pleistocene pediments 
capped by thin gravel deposits. In the study area, the gravels 
seldom exceed 20 m in thickness and rest on older basin fill 
and bedrock. In map view (figs. 1 and 2), these deposits form 
distinctive bird-foot outlines that extend out from the mouths 
of mountain canyons. They are interpreted as dissected allu-
vial fans; the bird-foot pattern represents inverted radiating 
channels. The channels are preserved as inverted topography 
because they are filled with coarse gravel that resisted erosion 
(Ritter, 1987). For comparison, on the Colorado piedmont 
north of Denver, Colo., the Rocky Flats fan provides a good 
example of the early stages of dissection; the inverted chan-
nels in this fan have been documented by numerous boreholes 
(Knepper, 2005; Lindsey and others, 2005). On the Arizona 
piedmont east of Green Valley and Tubac, Ariz., the distinc-
tive bird-foot map pattern is evident at the mouths of Madera 
Canyon, Montosa Canyon, and Josephine Canyon. Other thin 
dissected fans have been described from southeastern Arizona 
as “red-soil fans” (Melton, 1965), after their characteristic soil 
color, and “pediment fans” (Menges and McFadden, 1981), 
after their occurrence on erosional surfaces cut on bedrock. 
All of these fans are thinner and perhaps coarser grained and 
better sorted than alluvial fans deposited in tectonically active 



Figure 1. Generalized geology of upper Tertiary and Quaternary alluvium of the Santa Cruz River valley, Green Valley-Tubac area, 
Arizona (compiled from Lindsey and Van Gosen, 2006; Pearthree and Youberg, 2000; Spencer and others, 2003; and Youberg and Helmick, 
2001); also shown are sample locations for this study, and area of figure 2. Individual samples (A, B, and so forth) in close vicinity are not 
shown. Shaded relief base by D.H. Knepper, Jr.
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basins. Indeed, in this report we show that they are texturally 
similar to younger stream-terrace gravels.

During Pleistocene time, piedmont tributaries, such as 
Madera Canyon Wash, shifted course on the piedmont as 
they cut valleys in bedrock and basin fill. Changes in channel 
course were probably triggered by avulsion during storms and 
floods, but headward erosion of small tributaries set the stage 
for beheading and diversion. Stream capture is evident on 
Madera Canyon Wash and Montosa Canyon Wash. Study of 
geologic maps (Lindsey and Van Gosen, 2006; Pearthree and 
Youberg, 2000; Youberg and Helmick, 2001) readily reveals 
the probable sequence of stream piracy (fig. 1). The scenario 
of headward erosion and stream piracy outlined here differs 
from erosion on active alluvial fans, where streams exiting 
the mouths of mountain canyons cut channels into upper 
fan surfaces and transfer sediment onto lower fan surfaces 
(for example, Bull, 1964). Such fanhead trenches are recent 
features of active fan construction and are not to be confused 
with post-fan incision described here.

After deposition of basin fill during phase 1, the moun-
tain front retreated as the predecessor of Madera Canyon Wash 
cut a surface on basin fill and granite and, in early Pleistocene 
time, deposited a thin (<20 m) gravel fan (fig. 1). Since then, 
piedmont streams adjacent to the Madera Canyon fan have 
captured and diverted the early Pleistocene Madera Canyon 
Wash. In middle Pleistocene time, Madera Canyon Wash 
flowed north from its mouth to join Florida Canyon Wash; 
the combined stream flowed northwest to join the Santa Cruz 
River. Capture was probably by a small tributary of Florida 
Canyon Wash that eroded southward along the base of the 
mountain front. During late Pleistocene time, a headward-
eroding tributary of Chino Canyon Wash captured Madera 
Canyon Wash and diverted it along the south side of the early 
Pleistocene fan. Finally, during late Pleistocene or Holocene 
time, the lower part of Madera Canyon Wash was captured by 
a small tributary of the Santa Cruz River. Each of these events 
in the drainage history can be identified from the distribution 
of alluvial terraces (fig. 1).

Montosa Canyon Wash also cut a surface on basin fill and 
bedrock (including volcanic rocks) and, in early Pleistocene 
time, deposited a thin gravel fan (fig. 1). Like the early Pleisto-
cene alluvium of the Madera Canyon fan, this deposit spreads 
radially from the canyon mouth, and also like the Madera 
Canyon fan, this deposit is not more than 10–20 m thick. The 
northern part of the early Pleistocene fan of Montosa Canyon 
Wash was dissected by a new, downcutting channel in middle 
Pleistocene time, which left a wide terrace fill on the order of 
5 m thick. Headward-cutting Sheehy Canyon Wash appears 
to have captured the mountain reach of Montosa Canyon 
Wash in late Pleistocene time, only to lose it to a tributary that 
follows the piedmont course of Montosa Canyon Wash today. 
These events are recorded by the distribution of middle and 
late Pleistocene terrace deposits. Of interest also is the headcut 
of an unnamed tributary of the Santa Cruz River, which is 
now within 1 km southwest of Montosa Canyon Wash where 

it enters the piedmont. Perhaps the unnamed tributary will 
become the next piedmont course of Montosa Canyon Wash.

During middle Pleistocene time, the unnamed tribu-
tary drained some hills of carbonate rock (near “mines” in 
the southeast part of fig. 1), as indicated by a thin dissected 
pediment in its headwaters. A middle Pleistocene terrace 
near the tributary’s lower end (at sample locality D29, fig. 1) 
contains carbonate clasts that probably came from the area of 
the mines. The ancestral middle Pleistocene tributary flowed 
toward, and may have even joined, the downstream end of 
Cottonwood Canyon Wash. 

In contrast to Madera Canyon and Montosa Canyon 
Washes, Cottonwood Canyon Wash appears to have followed 
the same course since middle Pleistocene time (fig. 1). 
Terraces of middle and late Pleistocene age occur along 
an approximately 25-m-deep canyon where downcutting 
proceeded faster than in adjacent tributaries. The mountain 
catchment basin of Cottonwood Canyon Wash has approxi-
mately the same bedrock geology, relief, and area as the basins 
of Madera Canyon Wash and Montosa Canyon Wash, but its 
bedrock is not as extensively faulted and fractured (table 1).

Josephine Canyon Wash (fig. 2) appears to follow the 
model of Cottonwood Canyon Wash—a permanent channel 
location since middle Pleistocene time and deep incision, 
especially in the lower (foothills) catchment. In addition, 
Josephine Canyon Wash has a larger upper (mountain) catch-
ment basin than the others (table 1). The catchment basin is 
composed of two parts: an upper, mountain terrane of volcanic 
and plutonic rocks, and a lower, foothills terrain, still rugged 
but at lower elevation, composed of Tertiary volcanic and 
volcaniclastic sedimentary rocks (Drewes, 1971). Like Madera 
Canyon and Montosa Canyon Washes, Josephine Canyon 
Wash also spread a thin gravel fan over basin fill and bedrock 
during early Pleistocene time. The Josephine Canyon Wash 
fan extended upstream across the lower catchment basin with 
its apex immediately below the upper basin (fig. 2). Thus, the 
effective mountain catchment basin for the fan was 40 km2. 
When the Josephine Canyon Wash fan was dissected in middle 
Pleistocene time, it provided the large volume of sediment that 
is now stored downstream in the depositional terrace (Qm, 
fig. 2) along the north side of present-day Josephine Canyon 
Wash. At points overlooking Josephine Canyon, middle 
Pleistocene terrace alluvium is as much as 18 m thick. During 
middle Pleistocene time, the wash followed a course immedi-
ately north of its present course.

The large depositional terrace of middle Pleistocene age 
that borders the north side of Josephine Canyon Wash was 
followed by formation of two lower erosional terraces of 
late Pleistocene and Holocene age (fig. 2). The bedrock horst 
of the San Cayetano Mountains may have been responsible 
for stabilizing the course of Josephine Canyon Wash during 
middle Pleistocene and later time. The high westernmost part 
of the San Cayetano Mountains is fault bounded (Lindsey 
and Van Gosen, 2006). The western fault boundary is readily 
visible and offsets early Pleistocene gravel that extends up to 
the mountain front. Although no northern boundary fault is 



Figure 2. Details of upper Tertiary and Quaternary alluvium in the upper part of Josephine Canyon (from Lindsey and Van Gosen, 2006) 
and sample locations, Josephine Canyon Wash, Arizona. Shown separately are Miocene and Pliocene Nogales Formation (basin fill) 
and Holocene terrace deposits. Shaded relief base by D.H. Knepper, Jr.
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Table 1. Comparison of mountain bedrock catchment basins: Madera Canyon Wash, Montosa Canyon Wash, Cottonwood Canyon 
Wash, and Josephine Canyon Wash, west slope of the Santa Rita Mountains, southeastern Arizona. All values are approximate.

[volc, volcanic rocks; plu, plutonic rocks, mainly granitic; sed, sedimentary rocks (estimated from Drewes, 1971)]

Madera Canyon  Montosa Canyon  Cottonwood Canyon Josephine Canyon 
Wash Wash Wash Wash

Mountain catchment area in km2 19 9 14 1001

Maximum relief and (elevation) in m 1,540 (2,880) 1,320 (2,600) 1,320 (2,600) 1,780 (2,880)
Bedrock geology volc=plu>>sed plu>volc>sed volc>plu>>sed volc>plu>sed
Faulted structure strong strong minor moderate2

1Lower (foothills) catchment, 60 km2; upper (mountain) catchment, 40 km2.
2Faulted below Salerno fault; not faulted above fault (Drewes, 1971).
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visible at the surface, it must underlie the young terrace gravel 
of the wash. The northward continuation of the west boundary 
fault is concealed where it is overlain by early Pleistocene fan 
gravel, indicating that the area located north of the wash had 
not been tectonically active while the San Cayetano Mountains 
horst continued to rise.

Terrace formation is the product of alternate states 
of stream equilibrium and disequilibrium. Equilibrium is 
represented by no net channel incision or deposition, whereas 
disequilibrium is represented by degradation (downcutting) 
or aggradation (filling). Channel incision can be initiated if 
base level falls, one stream captures another, or the climate 
changes. Each period of incision is followed by lateral cutting 
of floodplains as the stream returns to equilibrium. Likewise, 
sediment may accumulate (aggrade) in channels and on flood-
plains if base level rises, a stream is beheaded, or the climate 
changes. Channel incision is well illustrated by the upper 
reaches of Josephine Canyon Wash (fig. 3B). There, the stream 
is actively downcutting into volcanic bedrock. During the late 
Pleistocene, the meandering stream cut laterally, forming a 
strath on bedrock. This stream was at near-equilibrium, like 
the middle reach is today. Meanders from the time of strath 
formation are now entrenched in bedrock; they reveal the 
planform of the former channel and the means by which it cut 
the strath. In contrast, channel filling is the dominant process 
on downstream reaches of Josephine Canyon Wash. Down-
stream, aggradation is revealed by a braided stream pattern 
where the stream is no longer able to transport its sediment 
load. Depositional terraces are often the product of braided 
streams.

Like Josephine Canyon Wash, most streams studied on 
the piedmont of the Santa Cruz River valley show the progres-
sion from degradation (incision upstream), equilibrium (mean-
dering middle reach), to aggradation (braided downstream 
reach). Thus, both equilibrium and disequilibrium occur at the 
same time on different reaches (Bull, 1991; Schumm, 1993). 
As the incision-equilibrium-deposition cycle is repeated, 
terraces are formed when the floodplain is abandoned by 
renewed downcutting. Channel incision (or deposition) is 
only one possible response to change. Streams also adjust 
their gradient by changes in channel form (planform); channel 
form may be braided, meandering, or straight (Schumm, 1977, 
1993). Often, as in the case of streams in the study area, these 
responses occur together.

Terrace Classification and Formation

Terraces may be classified as erosional, in which the 
surface is underlain by thin lags of channel bedload, or as 
depositional, in which the surface is underlain by thick alluvial 
fill of channel and overbank deposits (Encyclopedia Britan-
nica, 2010). Sometimes erosional terraces are called “strath 
terraces” or “degradational terraces,” and depositional terraces 
are called “fill terraces” or “aggradational terraces” (Bull, 
1991). These terms can be confusing, in that erosional terraces 
represent periods of near-equilibrium—not downcutting—
when streams cut laterally and leave behind a lag of channel 
gravel. The thickness of gravel deposits represents the depth of 
scour. The process of lateral cutting by migration of the stream 
channel is well illustrated on the middle reaches of Josephine 
Canyon Wash (fig. 3A). There, concave banks of meander 
bends undercut cliffs of soft gravel deposits of early Pleis-
tocene and Pliocene age, whereas gravel accumulates along 
convex banks of meander bends. The wash is dry most of the 
time, but erosion and deposition occur during bankfull and 
higher flow. The gravel floodplain grows primarily by lateral 
accretion of bars to the bank. The floodplain surface has been 
stabilized by trees, shrubs, and grasses; only light scour and 
deposition of overbank fines occur during high flow. Bar and 
swale structure (Bull, 1991), visible on the Holocene terrace of 
Josephine Canyon Wash as well as the floodplain, may reflect 
an earlier braided channel or indicate continuing light scour 
and deposition on the floodplain surface.



Figure 3. Formation of erosional terraces on Josephine Canyon Wash. A, View upstream (east) of the near-
equilibrium middle reach (stream power/resisting power =1). The channel is undercutting outcrops (left side 
of photograph) of Pliocene to early Pleistocene alluvium (QTs) in concave meander bank. Modern floodplain 
(Qy) gravel accretes to convex meander bank in foreground. Vegetated floodplain surface shows bar and 
swale topography (Bull, 1991). Stepped terraces in background are of Holocene (Qh) and early Pleistocene 
(Qo) age; bedrock horst of the San Cayetano Mountains on skyline. B, View downstream (southwest) of 
the degradational upper reach (stream power/resisting power >1). The channel is confined to entrenched 
meanders in volcanic rocks as it continues to downcut. Meanders are probably inherited from the time 
when the late Pleistocene strath terrace (Ql) was cut. A normal fault crosses stream at the stream bend in 
the foreground, but does not offset the terrace, and continues in the bedrock saddle in the middle distance 
on left; high terrace on right side of photograph is of middle Pleistocene age (Qm); San Cayetano Mountains 
on skyline.
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Degradation and aggradation can be understood by refer-
ence to Lane’s (1955) equation for channel equilibrium: 

QS × D50 ∝ QW × S

where 
 QS  is sediment discharge (supply or load), 
 D50  is median particle size, 
 QW  is stream discharge (streamflow), and 
 S  is channel slope. 

When all four variables are in balance, the stream is 
in equilibrium, but when one or more variables change, the 
stream is in disequilibrium until other variables compen-
sate. Depending on the direction of change, disequilibrium 
is revealed by degradation (incision, vertical cutting) or by 
aggradation (deposition). Equilibrium is indicated by lateral 
cutting. Channel incision is favored when stream power 
(QW × S) exceeds resisting power (QS × D50); aggradation is 
favored when resisting power exceeds stream power (Bull, 
1991). As illustrated for Josephine Canyon Wash, the down-
stream progression of stream power/resisting power of >1, =1, 
and <1 can be related to the progression from incision (>1, for 
upper reaches including tributaries) through equilibrium (=1, 
for middle reaches) to aggradation (<1, for lower reaches of 
the trunk stream).

Both theory and experiment indicate that the funda-
mental cause of lateral cutting of terrace surfaces is probably 
increased sediment supply (sediment discharge), although 
streamflow (stream discharge) plays a secondary role 
(Hancock and Anderson, 2002). Sediment supply and stream 
discharge are subject to rapid change and thus are the principal 
causes of disequilibrium. When sediment supply increases, 
streams deposit alluvium on their valley floors and cut later-
ally. The alluvial cover protects the valley floor from downcut-
ting. When sediment supply wanes or streamflow increases, 
streams resume downcutting, leaving a terrace above the new 
channel.

As the master stream, the Santa Cruz River defines base 
level for its piedmont tributaries. During periods of downcut-
ting by the river, base level drops, slopes increase at the foot 
of the piedmont, and tributary streams cut headward. During 
periods of river-valley filling, base level rises, and tributaries 
cut laterally, then aggrade (Schumm, 1993). In this scenario, 
the history of piedmont incision and terrace formation is 
linked to the base-level control of the Santa Cruz River. Base 
level of the Santa Cruz River may have dropped 50–80 m 
since middle Pleistocene time, based on the elevation of 
terrace remnants mapped on the west side of the river near 
Tubac (fig. 1) (Helmick, 1986; Youberg and Helmick, 2001). 
Between 8 and 5.6 ka, in Holocene time, the river alternated 
between downcutting and filling with little or no net decline 
in base level; this time period is interpreted to reflect arroyo 
cutting as desert vegetation replaced woodlands when the 
climate became warm and dry (Waters and Haynes, 2001). 
The effect of base-level change also depends upon the rate of 

change: slow changes would allow the river and its tributaries 
to remain in equilibrium through minor adjustments, such as 
changes in channel sinuosity (Schumm, 1993).

Faults that cross tributaries can create local base levels 
and alter stream slope. Rapid change, such as surface offset 
along faults that cross tributaries, creates knickpoints in 
the stream profile and has the potential to initiate incision 
upstream and aggradation downstream. However, at many 
places in the study area, faults mapped in basin fill have not 
moved since middle Pleistocene time, and in the area between 
Mavis Wash and Josephine Canyon Wash, there has been no 
fault movement since early Pleistocene time (figs. 1 and 2). 
Mapped evidence for late Pleistocene surface rupture is mostly 
north of Madera Canyon Wash. These constraints on the time 
of fault movement indicate tectonic stability during much of 
Pleistocene time, allowing hundreds of thousands of years for 
lateral cutting and for scarp retreat to the present mountain 
front.

Erosional embayments, pediments, and thin fans at 
canyon mouths also indicate tectonic stability (Bull, 1984). 
Except at the mouth of Chino Canyon, faults are not located at 
the mountain front, but instead are on the piedmont a few kilo-
meters downstream (west) of the front. With the exception of 
Chino Canyon, the present mountain front is not a major fault 
boundary and is not straight, but instead consists of erosional 
embayments centered on canyon mouths. Rock-cut surfaces 
(pediments) beneath early Pleistocene gravels are observed on 
granite (Madera Canyon Wash) and volcanic rock (Montosa 
Canyon Wash) as well as on Nogales Formation (Josephine 
Canyon Wash, fig. 2). All of the surfaces cut on hard rock 
are on the upthrown sides of major valley fault systems and 
must represent a long expanse of time (fig. 1). These surfaces 
existed by early Pleistocene time, when thin fans were depos-
ited at canyon mouths.

Profiles of ephemeral streams in southeastern Arizona 
reflect adjustment to tectonic stability during Quaternary 
time. These streams have concave-up profiles in mountain 
segments and nearly flat profiles in piedmont segments; they 
are adjusted to hydrologic factors, not base level (Cherkauer, 
1972). Gradient, drainage area, and particle size follow 
channel profiles; all of these correlate with stream discharge. 
Steep mountain segments gather most of the stream discharge. 
Discharge increases very little or even diminishes downstream 
on narrow, elongate piedmont segments, as infiltration and 
evaporation remove as much discharge as is received from 
direct precipitation and overland flow (Cherkauer, 1972).

Under the stream-piracy scenario, a major wash emerging 
from the mountains may be captured by a minor wash within 
the basin, with opportunities for incision and aggradation on 
both streams (Ritter, 1987). Stream capture can also reorga-
nize mountain catchment basins (Bull, 2009). In both basin 
and montane settings, a key factor is the relative elevation of 
the two streams; the capturing stream occupies a lower level 
than the stream it captures. On the piedmont, stream capture 
commonly takes place on the upper surfaces of alluvial fans, 
where a small wash located on the fan cuts headward and 
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captures the main wash draining the mountain catchment 
basin (Denny, 1967). As illustrated on the piedmont of the 
Santa Cruz River valley, the stage is set for stream piracy by 
headward-cutting washes on the flanks of early Pleistocene 
fans. The actual capture probably takes place by avulsion 
rather than headward erosion (Miller, 1959), when the higher, 
main wash overflows its banks and spills into the lower, small 
wash during an extreme event, such as a cloudburst.

Incision and aggradation after stream piracy can be 
profound (Bull, 2009). Capturing streams gain discharge 
and sediment supply; increased discharge results in incision 
and rapid headward erosion of the channel; whereas down-
stream, sediment will begin to accumulate. As incision wanes, 
aggradation proceeds upstream. Likewise, a stream beheaded 
by capture loses discharge and will begin to aggrade until its 
slope is sufficient to transport all of the available sediment.

Stream piracy has played an important role in dissec-
tion and terrace formation on the piedmont landscape of the 
Santa Cruz River valley since early Pleistocene time. Head-
ward erosion by small washes on the upper piedmont diverted 
Madera Canyon Wash and Montosa Canyon Wash in middle 
and late Pleistocene time. Piracy and diversion of main washes 
to adjacent small washes terminated lateral cutting on the 
pirated stream. The valley of the pirated stream remained 
abandoned until some remnant or tributary of the pirated 
stream cut sufficiently headward to occupy it. In contrast, 
the pirate wash gained discharge and continued downcutting 
until increased sediment supply and decreased slope reestab-
lished equilibrium, at which time it began to cut laterally and 
widen its valley. Washes that cut deeper canyons than Madera 
Canyon and Montosa Canyon, including Cottonwood Canyon 
Wash and Josephine Canyon Wash, do not show a record of 
stream piracy. Thus, terraces along Cottonwood Canyon and 
Josephine Canyon Washes did not form in response to stream 
piracy.

A hot, dry interglacial climate with monsoonal storm 
patterns, like those of today, and sparse desert vegetation 
might provide the conditions necessary to initiate erosion 
cycles that lead to lateral cutting of some reaches while 
degradation proceeds upstream and aggradation takes place 
downstream. Previous studies have linked aggradation in the 
lower Colorado River to interglacial periods, including the 
Holocene (Bull, 1991), when dry climate, sparse vegetation, 
and cloudbursts would have combined to increase sediment 
supply. However, short-term climate fluctuations within 
interglacial periods (see for example, Waters and Haynes, 
2001) may complicate broad correlation of terrace formation 
with interglacials. A corollary of aggradation on the piedmont 
during dry periods is that stream incision is most likely to 
occur during cool, wet periods when vegetation was denser 
than the present, leading to higher stream discharge and lower 
sediment supply than the present (stream power/resisting 
power >1). 

Terrace Deposits

Except near the mountain front, middle Pleistocene and 
younger terraces in the study area are mostly erosional; terrace 
surfaces are underlain by thin (commonly, 2–3 m) lag gravels 
(figs. 4A, 4B, and 4C). In contrast, fans of early Pleistocene 
age and a depositional terrace of middle Pleistocene age on 
Josephine Canyon Wash (figs. 5A and 5B) have thicknesses 
of 10–20 m. Near the mountain front, where abrupt changes 
in channel profile and dimensions cause streams to deposit 
their sediment load, terraces tend to be depositional. Older 
terrace gravel, of middle and early Pleistocene age, is deeply 
weathered, with the zone of red oxidation and rock disintegra-
tion extending into bedrock (fig. 4C). On the terrace surface, 
original channel topography is muted or absent. In contrast, 
younger (late Pleistocene and Holocene) terrace tops preserve 
bar-and-swale features (Bull, 1991).

Gravel in both erosional and depositional terraces of 
the study area always shows evidence of particle sorting and 
rearrangement by flowing water (figs. 4B and 6A, 6B, and 
6C). In addition to weak layering in the form of lenses of 
varying particle size, common features include outsize clasts 
(such as boulders stranded by waning flow or lodged in finer 
sediment), clast clusters (clasts that lodge against one another 
during transport), and imbricate clusters (clasts resting on 
scour surfaces and rotated toward the upstream direction) (see 
Lindsey and others, 2005, for descriptions and references to 
these features in gravel deposits). These features are present in 
flash-flood deposits of perennial streams, but other evidence 
for perennial flow, such as clast-armor layers, downstream 
fining of gravel lenses, and crossbedding—all associated with 
gravel bars in perennial streams—is generally absent. Both 
layering and clast armor are absent or only weakly devel-
oped in gravel deposits of ephemeral streams in arid regions 
(Hassan, 2005; Laronne and others, 1994). The weak develop-
ment of layering in most gravel deposits of piedmont tributary 
terraces of the Green Valley-Tubac area, and the absence of 
structures diagnostic of perennial streams, favors deposition in 
ephemeral streams with intermittent, flashy stream discharge. 

Proximal deposits, that is, deposits formed near the 
mountain front, show evidence of both turbulent streamflood 
and debris-flow deposition in many regions (see for example, 
Bull, 1972; Costa, 1988; Blair and McPherson, 1994). Most 
proximal deposits studied here are of streamflood origin, but 
debris-flow origin cannot be excluded, because individual 
deposits may be transitional and criteria for distinction are not 
always clear. Proximal streamflood deposits below the mouth 
of Montosa Canyon are coarse and appear poorly sorted to the 
eye, but they contain crude stratification, lenses of imbricate 
clasts, possible horizons of clast armor, isolated large boul-
ders, and clast clusters (figs. 6A, 6B, and 6C). All of these 
features are characteristic of streamfloods, and most or all can 
form during catastrophic floods (debris floods of Hungr, 2005; 



Figure 4. Erosional terraces. A, Erosional terrace of Holocene age (Qh) with thin gravel resting on Pliocene 
to early Pleistocene alluvium (QTs), north side Josephine Canyon Wash, sample locality D1 (fig. 2); C, units 
Qh-QTs contact. QTs outcrop in stream bank is too narrow to show on figure 2. B, Close view of figure 4A. 
Imbrication of large clasts is typical of streamflood deposits. Thin (2–3 m) terrace gravel deposits such 
as these represent the depth of scour and fill of former stream channels. C, Erosional terrace of middle 
Pleistocene age overlying basin fill (QTs), north side of Cottonwood Canyon Wash, sample locality D13 (fig. 1), 
showing weathered, clast-supported gravel, 3 m thick. Middle Pleistocene and older terrace deposits are 
deeply weathered, reddish in color, and surfaces are smooth.
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Figure 4. Erosional terraces. A, Erosional terrace of Holocene age (Qh) with thin gravel resting on Pliocene to early Pleistocene 
alluvium (QTs), north side Josephine Canyon Wash, sample locality D1 (fig. 2); C, units Qh-QTs contact. QTs outcrop in stream bank is 
too narrow to show on figure 2. B, Close view of figure 4A. Imbrication of large clasts is typical of streamflood deposits. Thin (2–3 m) 
terrace gravel deposits such as these represent the depth of scour and fill of former stream channels. C, Erosional terrace of middle 
Pleistocene age overlying basin fill (QTs), north side of Cottonwood Canyon Wash, sample locality D13 (fig. 1), showing weathered, 
clast-supported gravel, 3 m thick. Middle Pleistocene and older terrace deposits are deeply weathered, reddish in color, and surfaces 
are smooth.—Continued
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hyperconcentrated flows of Pierson, 2005). Stratification may 
be largely a product of aggradation, where successive floods 
have stacked layers on top of one another. Reverse grading 
and rafted clasts, a characteristic of debris flows where the 
largest boulders are concentrated near flow tops and fronts (see 
for example, Hungr, 2005), were observed only in early Pleis-
tocene proximal deposits at Montosa Canyon Wash (fig. 6B). 
There, however, identification of rafted clasts on old terrace 

surfaces is uncertain because large boulders can be exposed by 
weathering and erosion of fine sediment. A single exposure of 
poorly sorted middle Pleistocene gravel, containing abundant 
interstitial sand and silt, in the banks of Florida Canyon Wash 
resembles a debris flow (fig. 6D), but interpretation is clouded 
by presence of faint stratification, imbrication in clast clusters, 
and a low Trask sorting coefficient.



Figure 5. Middle Pleistocene depositional terrace on Josephine Canyon Wash. A, Thick depositional terrace 
of middle Pleistocene age overlying Pliocene to early Pleistocene alluvium (QTs), north side Josephine Canyon 
Wash, sample locality D3 (fig. 2). Terrace gravel (Qm) is approximately 18 m thick. View is west, downstream. 
Unit QTs outcrop at base of cliff is too narrow to show on figure 2. B, Close view of figure 5A showing weak 
stratification and unconformable surface cut on Pliocene to early Pleistocene alluvium (QTs) (sample 
locality D3, fig. 2).
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Figure 6. Sedimentary features in depositional terraces near the mountain front. A, Coarse terrace gravel of late Pleistocene age 
at the head of Montosa Canyon Wash, sample locality D19 (fig. 1), located near point where wash leaves the mountains at Whipple 
Observatory headquarters. Gravel was deposited on a smooth surface cut on volcanic rock (Tv). Note outsize boulders, upper left, 
and weak stratification. B, Panoramic view of fan gravel of early Pleistocene age on Montosa Canyon Wash, sample locality 19, about 
1 km west of the mountain front. Stratified gravel deposited by repeated streamfloods. Large boulders on weathered surface may be 
remnants of a debris flow deposit, or may have been weathered out of coarse streamflood deposits. C, Close view, right side of figure 
6B, showing stratification, imbrication (I), clast armor (A), outsize clasts (O), and clast clusters (CC) typical of streamflood deposits. 
Streamflow direction right to left. D, Middle Pleistocene terrace gravel interpreted as possible debris-flow deposit based on unsorted 
appearance, Florida Canyon Wash (sample locality 11, D25, fig. 1). However, the Trask sorting coefficient is in the range of streamflood 
deposits reported by Costa (1988). Also, note faint stratification, left center, and isolated imbricate cobble cluster between pack and 
boot, indicative of sorting. Photograph by Roger Melick.
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Figure 6. Photographs of sedimentary features in 
depositional terraces near the mountain front. A, Coarse 
terrace gravel of late Pleistocene age at the head of 
Montosa Canyon Wash, sample locality D19 (fig. 1), 
located near point where wash leaves the mountains 
at Whipple Observatory headquarters. Gravel was 
deposited on a smooth surface cut on volcanic rock 
(Tv). Note outsize boulders, upper left, and weak 
stratification. B, Panoramic view of fan gravel of early 
Pleistocene age on Montosa Canyon Wash, sample 
locality 19, about 1 km west of the mountain front. 
Stratified gravel deposited by repeated streamfloods. 
Large boulders on weathered surface may be remnants 
of a debris flow deposit, or may have been weathered 
out of coarse streamflood deposits. C, Close view, right 
side of figure 6B, showing stratification, imbrication (I), 
clast armor (A), outsize clasts (O), and clast clusters 
(CC) typical of streamflood deposits. Streamflow 
direction right to left. D, Middle Pleistocene terrace 
gravel interpreted as possible debris-flow deposit based on unsorted appearance, Florida Canyon Wash (sample locality 11, D25, fig. 1). 
However, the Trask sorting coefficient is in the range of streamflood deposits reported by Costa (1988). Also, note faint stratification, left 
center, and isolated imbricate cobble cluster between pack and boot, indicative of sorting. Photograph by Roger Melick.—Continued
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Gravel Lithology

Gravel lithology reflects the lithologic terrane of the 
catchment basin. As gravel is reworked downstream, it is 
redeposited with some modification of lithologic proportions, 
but the reworked gravel still reflects the distinctive lithologic 
composition of the catchment basin. Gravel lithology was 
determined by pebble counts below the catchment basins of 
Madera Canyon, Montosa Canyon, Cottonwood Canyon, and 
Josephine Canyon (fig. 7). Gravel on the piedmont below the 
mouth of Madera Canyon also contains contributions from 
Florida Canyon and Chino Canyon Washes that requires sepa-
rate consideration (fig. 8). For this report, new data (appen-
dix A, tables A1–A5) were combined with data from an earlier 
study (Lindsey and Melick, 2002). Details of methods and 
data are given in appendix A.

Granitic and volcanic rocks are abundant in terrace gravel 
from all four catchment basins, but the gravel of each basin 
is distinctive (fig. 7). Pebble counts show that gravel from 
Madera Canyon is distinguished by clasts of abundant granitic 
rocks and crystal-poor ignimbrite. Montosa Canyon gravel 
has conspicuous amounts of gabbro, diorite, carbonate rock, 
and quartz sandstone. Cottonwood Canyon and Josephine 
Canyon gravels have little or no gabbro, diorite, carbonate 
rock, or quartz sandstone; instead these gravels consist almost 
entirely of various granitic and volcanic rocks. As illustrated 
next, distinctive clasts and variations in lithologic proportions 
can be traced to specific catchment basins and help to identify 
previous positions of streams on the piedmont. 

Gravel lithology is affected by drainage history on 
the piedmont, especially by capture and rerouting of major 
tributaries. For example, Madera Canyon Wash has followed 
several courses on the piedmont since it built a thin alluvial 
fan in early Pleistocene time, and each course had its own 

tributary system. During middle Pleistocene time, Madera 
Canyon Wash flowed directly north from the canyon mouth, 
where it was joined by Florida Canyon Wash, which still 
flows along the northern part of the early Pleistocene Madera 
Canyon fan. The middle Pleistocene gravel exposed in the 
banks of Florida Canyon Wash (sample 11, fig. 8) near the 
mountain front contains much more crystal-poor ignimbrite, 
more granitic rock, and no volcanics with quartz, unlike gravel 
derived only from Madera Canyon (samples D24A and D27, 
fig. 8). These differences reflect a major contribution from the 
mountain reaches of Florida Canyon, where granitic rocks of 
Precambrian age dominate (Drewes, 1980), and presumably, 
crystal-poor ignimbrite is abundant but other volcanics with 
quartz are not. 

In late Pleistocene time, the Madera Canyon Wash 
flowed along the southern margin of the old alluvial fan, 
turning abruptly west at the mouth of the canyon and joining 
Chino Canyon Wash downstream. Chino Canyon Wash drains 
largely granitic terrane and joins Madera Canyon Wash on the 
piedmont about 8 km downstream from where the latter leaves 
the mountains. Gravel below the junction of Chino Canyon 
Wash and Madera Canyon Wash (sample 13, fig. 8) contains 
more granitic rock than terrace gravel on Madera Canyon 
Wash above the junction (sample D23). Thus, drainage history 
is reflected in gravel lithology. Abundant granitic-rock clasts 
in early Pleistocene gravel deposits (sample 20AB) below the 
modern junction reveal that Chino Canyon Wash has a long 
presence along the south side of the piedmont below Madera 
Canyon. The presence of abundant volcanic rocks with quartz 
suggests a contribution from early Pleistocene fan gravel, 
originally derived from Madera Canyon. During early Pleis-
tocene time, a piedmont tributary of Chino Canyon Wash was 
already eroding the early Pleistocene Madera Canyon fan, but 
it did not capture the wash draining Madera Canyon until late 
Pleistocene time.
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Figure 7. Summaries of clast lithology for early Pleistocene to Holocene gravel deposited by Madera Canyon Wash (600 pebbles), 
Montosa Canyon Wash (348 pebbles), Cottonwood Canyon Wash (101 pebbles), and Josephine Canyon Wash (561 pebbles). Gravels of 
Madera Canyon Wash include contributions from adjacent Florida Canyon Wash and Chino Canyon Wash (fig. 8).
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Figure 8. Summaries of clast lithology for gravel of Madera Canyon Wash as it changed course during Pleistocene time. Pie diagrams 
on left show terrace gravel, upstream (samples 11 and D24A) and downstream (sample D27), deposited by middle Pleistocene courses 
of the wash (fig. 1). Abundant granite and ignimbrite in the chart for sample 11 indicates a contribution from Florida Canyon Wash. 
Volcanics with quartz may be from Madera Canyon. Pie diagrams on right show late Pleistocene terrace gravel above (sample D23) and 
below (sample 13) junction with Chino Canyon Wash. Middle chart on right (sample D20AB) is early Pleistocene terrace gravel below 
junction with Chino Canyon Wash. Granitic rocks from Chino Canyon Wash are most abundant in gravel below the junction. Sample 
localities (fig. 1) are indicated by numbers or the letter “D” followed by a number; letters following locality numbers in figure 8 refer to 
samples taken at the same site.
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Particle Size and Sorting

The particle size and sorting of gravel reflects down-
stream distance, stream competence, and transport and sorting 
mechanism. As with gravel lithology, our study of particle 
size focused on gravel deposited below Madera Canyon, 
Montosa Canyon, Cottonwood Canyon, and Josephine 
Canyon. For deposits on the north and south sides of the early 
Pleistocene Madera Canyon fan, particle size and sorting 
may reflect additional streamflow from Florida Canyon and 
Chino Canyon, respectively. Particle size was estimated by 
direct measurement along tape traverses on vertical outcrops 
of gravel instead of by sieving. Data are presented as cumula-
tive frequency curves and statistics for quartiles and sorting. 
Methods, sample locations, data, and statistical computations 
are described in appendix B of this report. Sample localities 
are shown in figures 1 and 2.

Decreasing particle size downstream is well shown 
by comparing particle-size distributions for upstream and 
downstream locations of gravel deposited by Montosa Canyon 
Wash (figs. 9A and 9B) and the middle Pleistocene Madera 
Canyon Wash (figs. 10A and 10B). Other factors also influ-
ence particle size, and these can be illustrated by different 
terraces within the same reach—that is, where the downstream 
distance is approximately the same. Thin gravel of erosional 
terraces that overlie basin fill (QTs in fig. 1) is almost always 
coarser grained than basin fill (compare the particle-size 
curve for sample D24BU for Qh with that of D24BL for QTs 
in fig. 10A). The tendency for younger deposits to be coarse 
grained is also seen in early and late Pleistocene gravel along 
the present course of the Madera Canyon Wash (fig. 10C). 
The effect of transport mechanism is apparent from the slope 
of cumulative frequency distribution curves: a sample from 
gravel interpreted as a possible debris flow (sample D25B, 
fig. 10D) is flatter than clast-supported streamflow deposits 
(samples D25A and D25C, fig. 10D) at the same locality.

Perhaps the terrace gravels on Josephine Canyon Wash 
are the most striking example of the influence of continued 
reworking on particle size (fig. 11). The youngest (Qh and Ql 
in fig. 2), thinnest terrace deposits are the coarsest grained, and 
the oldest (Qo and Qm in fig. 2) and thickest deposits are the 
finest grained. When the old depositional terraces of Josephine 
Canyon Wash were eroded, fine sediment was winnowed and 
coarse particles were left as lags on newly formed erosional 
terraces. Particle size for all of the terrace gravels of the 
Josephine Canyon Wash was determined along a 3-km reach 
midway along the wash, about 5–8 km from the apex of the 
early Pleistocene Josephine Canyon fan and about 5–8 km 
upstream from the confluence with the Santa Cruz River 
(figs. 1 and 2).

The relation between deposit thickness and particle size 
and sorting was examined to search for criteria to distinguish 
depositional from erosional terrace deposits. Streams that are 
primarily aggradational, that is, they deposit sediment and 
raise their channel level, will form depositional terraces with 

thick fills. For example, the oldest and highest gravels (Qo 
and Qm, fig. 2) of Josephine Canyon are as much as 18–20 m 
thick; these are deposits of aggrading streams. Streams that 
are primarily degradational, that is, they cut down and during 
equilibrium, cut laterally, would be expected to form erosional 
terraces covered by thin, coarse lag deposits. For example, 
the young gravels (Ql and Qh, fig. 2) of Josephine Canyon are 
mostly 2–3 m thick but have larger median particle size than 
older terrace gravel; these are deposits of degrading streams 
that, when they reach equilibrium, cut laterally. Terrace steps 
record an overall history of degradation, but degradation may 
be punctuated by periods of lateral cutting during equilibrium 
or even by deposition during aggradation.

The deposits studied range from ≈2 m to as much as 20 m 
thick, but most are less than 12 m thick (fig. 12A). Within 
deposits <12 m thick, those ranging up to 6 m thick are inter-
preted as deposits of dominantly degradational streams. The 
thinnest (2–4 m thick) deposits may represent a single cycle 
of channel cutting and filling, followed by winnowing of fine 
grains, as reflected in larger overall particle size compared 
to nearby thick deposits (for example, Josephine Canyon, 
fig. 11). An intermediate class of deposits, 6–12 m thick, forms 
a “tail” on the primary mode of deposit thickness (fig. 12A). 
The intermediate class of deposits is not distinguishable by 
particle size or sorting from thin deposits on erosional terraces, 
but its greater thickness suggests some degree of aggradation 
by repeated deposition.

Most gravel deposits of Santa Cruz River tributaries are 
well sorted by the criteria of Trask (Krumbein and Pettijohn, 
1938), having sorting coefficients (So) of less than 2.5. Sorting 
values compare well with those of streamflood deposits 
(water-flood deposits of Costa, 1988, who reported an average 
Trask sorting coefficient range of 1.8–2.7) and are well below 
values of debris-flow deposits (sorting coefficient range of 
3.6–12.3, Costa, 1988). In this regard, the highest sorting coef-
ficient (3.4) was calculated for the early Pleistocene gravel at 
sample locality 19 (fig. 1), in proximal deposits near the mouth 
of Montosa Canyon. The uppermost, weathered part of the fan 
gravel at locality 19 could be the remnant of a debris flow as 
indicated by large boulders on the surface (fig. 6B). However, 
the relatively high coefficient probably results from taking a 
composite sample of the entire outcrop, where lenses of both 
coarse and fine gravel are combined. Most of the gravel at 
sample locality 19 was deposited by streamflood, as indicated 
by stratification, imbrication, and sorting. In contrast, the 
deposit at locality 11 (figs. 1 and 6D; sample D25B, fig. 10D), 
interpreted as a possible debris flow, has a sorting coefficient 
of 2.4, well within the range of streamflood deposits.

A scatterplot of deposit thickness versus median particle 
size reveals little if any correlation between the two param-
eters (fig. 12B). Except for one anomalously thin measurement 
(locality D4, fig. 2), where the terrace surface has been eroded, 
thick aggradational deposits of early and middle Pleistocene 
age on Josephine Canyon (J on figs. 12B and 12C) plot in a 
separate field. Thickness versus median particle size of terrace 
deposits of other streams does not vary with age and does not 
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Figure 9. Cumulative frequency curves for particle size in gravel of varying age and distance from the canyon 
mouth of Montosa Canyon Wash. A, Upper piedmont; B, Lower piedmont. Sample localities in figure 1; exact 
locations and data in table B1.
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Figure 10. Cumulative frequency curves for particle size in gravel deposited by Madera Canyon Wash and Florida 
Canyon Wash. A, Gravel deposited on the upper part of middle Pleistocene Madera Canyon Wash (samples D24A 
and D24C. Also shown are samples D24BL and D24BU, of units QTs and Qh from the same location, to show the 
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locations and data in table B1.
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Figure 10. Cumulative frequency curves for particle size in gravel deposited by Madera Canyon Wash and 
Florida Canyon Wash. A, Gravel deposited on the upper part of middle Pleistocene Madera Canyon Wash (samples 
D24A and D24C. Also shown are samples D24BL and D24BU, of units QTs and Qh from the same location, to show 
the coarsening effect of reworking old fan gravel. B, Gravel from the midpoint (powerline road) of the middle 
Pleistocene Madera Canyon Wash (samples D27 and D28). C, Gravel deposited by the late Pleistocene (samples 
D22 and D23) and the early Pleistocene (samples D20A and D20B) Madera Canyon Wash. D, Gravel deposited by 
the middle Pleistocene Florida Canyon Wash and Madera Canyon Wash near their former junction (samples D25A, 
D25B, and D25C). The flat curve for sample D25B may reflect deposition by debris flow. Sample localities in figure 1; 
exact locations and data in table B1.—Continued
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differ from terraces of late Pleistocene and Holocene age of 
Josephine Canyon. The confounding influence of distance 
from fan apex probably accounts for much of the variation in 
median particle size.

Terrace gravel of late Pleistocene age (and perhaps also 
of Holocene age) tends to be slightly better sorted (So <2) 
than deposits of older gravel (fig. 12C). Many well-sorted 
deposits of coarse terrace gravel are thin deposits on erosional 
terraces. Thus good sorting, coarse particle size, and thinness 
are the essential characteristics that distinguish erosional from 
aggradational terrace gravel. Aggradational terrace gravel (for 
example, the basin fill QTs, fig. 1) is often preserved in the 
geologic record.



Figure 12. Thickness, sorting, and particle-size relations for terrace fill. A, Histogram of 
terrace thickness on the piedmont east of the Santa Cruz River, Green Valley-Tubac area. 
B, Scatterplot of terrace thickness versus median particle size. C, Scatterplot of sorting 
versus median particle size. High Trask sorting coefficients (So) indicate poor sorting; 
low coefficients indicate good sorting.—Continued
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Discussion and Conclusions

Although canyon cutting on the piedmont defines the 
overall trajectory of landscape evolution on the Arizona pied-
mont, downcutting alternated with periods of lateral cutting 
that created the terraces of the present landscape. Lateral 
cutting was accompanied by deposition of thin deposits of 
coarse, well-sorted gravel that protect the terrace surface 
from erosion. Such thin gravel deposits have the sorting and 
sedimentary structures of streamflood deposits, replete with 
bar-and-swale surface topography on young examples; they 
represent the channel fill of the stream that cut the terrace. 
Examples of older gravel deposits, of middle Pleistocene age 
on Cottonwood Canyon Wash, are deeply weathered and do 
not preserve surface topography, but can be identified by their 
coarse particle size and good sorting as well as being only a 
few meters thick. All such terraces with thin gravel deposits 
are predominantly erosional in origin, the product of lateral 
cutting during periods of stream equilibrium. 

In contrast to erosional terraces, gravel in depositional 
terraces is thicker (as much as 20+ m) and finer grained than 
their erosional counterparts in the same reach. Depositional 
terraces and fans near the mountain front may, however, 
contain exceptionally large boulders and, in some cases, are 
well-stratified. Depositional terrace gravels are primarily 
distinguished by evidence for rapid, repeated deposition—such 
as abundant fine sediment, poor sorting, and weakly developed 
bedding without deep scour surfaces—as well as by thickness. 
Depositional terraces are evidence of stream disequilibrium, 
when sediment supply overwhelmed the ability of the stream 
to move all of its bedload downstream. 

The sedimentary features in terrace gravel of piedmont 
tributaries east of the Santa Cruz River are consistent with 
deposition by ephemeral streams in an arid environment. Trask 
sorting coefficients are typical of streamflood deposits, as are 
clast clusters and imbrication. Weakly developed bedding 
and general absence of clast armor are typical of ephemeral 
stream deposits (Laronne and others, 1994). Taken together, 
these features indicate deposition by flash floods in ephemeral 
streams under a desert climate like the present. In upstream 
reaches, where stream power exceeds resisting power, ephem-
eral streams downcut their mountain catchment basins and 
erode sediment. In middle reaches at near-equilibrium where 
stream power equals resisting power, streams cut laterally and 
leave a lag deposit equal to the depth of scour. Most of the 
sediment eroded from upstream passes through the middle 
reaches to be deposited downstream. In downstream reaches, 
where resisting power exceeds stream power, braiding and 
aggradation take place.

Evidence for deposition by debris flows is not supported 
by sedimentary features or low Trask sorting coefficients, but 
debris flows cannot be excluded for some proximal deposits 
below canyon mouths. Large boulders on terrace surfaces, 
weak development of bedding, and abundant matrix could 
be interpreted as evidence for debris flows or, alternatively, 

deposition by catastrophic floods. Likewise, the variety of 
flow processes and grain-size sorting in debris flows and 
related deposits (Hungr, 2005; Iverson, 2003) signals caution 
in excluding debris flows from interpretation of deposits near 
canyon mouths. Further investigation of the use of Trask 
sorting coefficients in describing the range of debris-flow 
sorting is also needed.

Changes in sediment supply and stream discharge are 
the underlying causes of terrace cutting (Hancock and Ander-
son, 2002). Increased stream discharge initiates downcutting, 
which decreases slope and leads to lateral cutting. Increased 
sediment supply interrupts downcutting and causes streams to 
cut laterally. In an arid climate, sparse vegetation and flashy 
discharge combine to increase sediment supply. For the drain-
ages studied, sediment supply was not sufficient to promote 
long-term aggradation. Thus, except near the mountain front, 
streams cut erosional terraces. Only the middle Pleistocene 
Josephine Canyon Wash formed a depositional terrace down-
stream from the mountain front.

The 18-m-thick depositional terrace of middle Pleis-
tocene age on Josephine Canyon Wash does not have coun-
terparts on the other tributaries studied. In comparison, the 
extensive middle Pleistocene terrace of Cottonwood Canyon 
Wash is distinctly erosional in character, measuring no more 
than 2–3 m thick at two localities and 6 m thick a little farther 
upstream. The wide expanse of both terraces suggests an 
extended period of lateral cutting, but the thick fill of the 
Josephine Canyon terrace indicates that lateral cutting was 
followed by aggradation. Although temporal equivalence is 
not implied, these two contrasting terraces of middle Pleis-
tocene age represent different responses by adjacent drain-
ages. After lateral cutting, the sediment load of Josephine 
Canyon Wash remained high compared to that of Cottonwood 
Canyon Wash. The explanation for contrasting responses may 
be differences in size and geology of the catchment areas of 
the drainage basins (table 1). Much of the lower part of the 
large catchment basin of Josephine Canyon Wash is under-
lain predominantly by Tertiary volcanic and volcaniclastic 
sedimentary rock, and the lower basin was once covered by 
easily eroded early Pleistocene fan alluvium. These easily 
eroded rocks and sediments provided the fill for the middle 
Pleistocene depositional terrace downstream. In contrast, hard 
bedrock underlies the small catchment basin of Cottonwood 
Canyon Wash, and no large volume of easily eroded fan allu-
vium accumulated near the mountain front.

On tectonically stable landscapes like the piedmont 
of southeastern Arizona, cycles of terrace formation may 
represent either climate change or piracy. On Madera Canyon 
Wash and Montosa Canyon Wash, stream piracy initiated 
terrace formation through changes in stream discharge and 
sediment supply. On Cottonwood Canyon Wash and Josephine 
Canyon Wash, only climate change could have initiated terrace 
formation.

Evidence that adjacent streams have different histories 
of downcutting and terrace formation, in response to piracy or 
adjustment to catchment drainages of varying size and bedrock 
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composition, calls into question the assumption that terraces 
of adjacent tributaries are age equivalent. Classification of 
terraces according to weathering and soil development gives 
a general idea of age but does not establish age equivalence. 
Studies aimed at assessing links between terrace formation 
and climate change should focus on large tributaries with well-
understood drainage histories.
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Appendix A. Pebble Lithology and Roundness Counts

Pebble lithology and shape were determined at sites 
where particle size and gravel thickness were measured. 
Pebble counts consisted of 50–100 pebbles each, 2.5–7.6 cm 
(1–3 in.) in long dimension. In some cases two counts of 
50 pebbles each were made from different parts of an outcrop; 
these were combined. Global Positioning System (GPS) loca-
tions are shown for the separate counts (table A1); data are 
given in tables A2–A6. Lithologic categories of Lindsey and 
Melick (2002) were followed with minor modification. Five 
pebble counts from earlier work (Lindsey and Melick, 2002) 
were recast because the lithologic categories differed slightly 
from this report; the recast counts are reported again here. 
Pebble roundness was classified in categories A–E (angular 
to well-rounded) of Pettijohn (1975, his fig. 3–24). Additional 
details of the method are given in Lindsey and Melick (2002) 
and Lindsey and others (2007).

In accord with previous investigations (Lindsey and 
Melick, 2002; Lindsey and others, 2007), clasts in terrace 
gravel are mostly subangular to rounded, with large propor-
tions of subrounded clasts (tables A2–A6). An earlier analysis 
of lithology versus roundness (Lindsey and others, 2007) 
showed correlation between the two. A reanalysis using data 
collected for this report also showed correlation, but gave 
somewhat different details (table A7). In the new analysis, 
granitic rocks showed a tendency to round with transport 
(they did not in the 2007 analysis), whereas tuff, carbonate 

rocks, and quartz sandstone—all minor constituents with low 
counts—do not (they did in the 2007 analysis). Crystal-poor 
ignimbrite stands out in both analyses as a major contribu-
tor to total chi-square and shows a pronounced tendency to 
remain angular during transport. It is by far the most durable 
lithology counted. Volcanic rocks with quartz are the second 
most important contributor to chi-square in the current analy-
sis (they were not in the 2007 analysis), showing a strong 
tendency to round during transport.

Differences between the two analyses may be due to 
differences in (1) drainages sampled or (2) rock identification 
and classification. First, the analysis of Lindsey and others 
(2007) relied on gravel samples taken from tributaries on both 
sides of the Santa Cruz River, whereas the present analysis 
uses a larger count based on samples from only the east side of 
the river. Second, the various types of volcanic-rock pebbles 
are notoriously difficult to identify and classify consistently, 
and the two pebble-count studies were made six years apart. 
Some lithologic categories in the chi-square tables are not 
comparable because a few rock types were combined differ-
ently or not at all. In particular, brown sandstone (determined 
to be volcanic, here combined with tuff) was kept separate 
from quartz sandstone and carbonate rocks. For the present 
analysis, combination of the last two lithologies was not 
necessary to meet statistical requirements, because more 
pebbles were counted than in the 2007 study.



Table A1. Sample locations for pebble counts of terrace gravel deposited by Madera Canyon Wash and 
adjacent streams (designated “south” and “north”), Montosa Canyon Wash, Cottonwood Wash, and Josephine 
Canyon Wash, east side of Santa Cruz River, Green Valley-Tubac area, Arizona.

[Samples locations, determined by Global Positioning System, are shown in figures 1 and 2; letters A and B refer to multiple samples 
at same location. Age of map units: Qh, Holocene deposits; Ql, late Pleistocene deposits; Qm, middle Pleistocene deposits; Qo, early 
Pleistocene deposits (see fig.1 for location of map units). Locations: UTM, universal transverse Mercator; NAD27, North American 
Datum 1927, zone 12]

Sample  
number

Tributary Age
UTM North  

(NAD27)
UTM East  
(NAD27)

Elevation  
(feet)

D1A Josephine Qh 3492820 500638 3,503
D1B Josephine Qh 3492820 500638 3,503
D2A Josephine Ql 3493050 500865 3,535
D2B Josephine Ql 3492918 500533 3,534
D3A Josephine Qm 3492956 500253 3,548
D3B Josephine Qm 3492840 500093 3,470
D4 Josephine Qo 3493818 500729 3,651
D6 Josephine Ql 3493522 502552 3,664
D7A Josephine Qo 3493778 503198 3,816
D7B Josephine Qo 3493778 503198 3,816
D8 Josephine Qh 3492899 501354 3,502
17 Lower Montosa Ql 3507062 496800 3,210
19 Upper Montosa Qo 3504568 502544 3,871
D9A Lower Montosa Ql 3506471 496800 3,223
D9B Lower Montosa Ql 3506471 496800 3,223
D11 Upper Montosa Qm 3503776 503248 3,957
D13A Cottonwood Qm 3501213 503188 3,863
D13B Cottonwood Qm 3501213 503188 3,863
13 Madera south Ql 3513896 500361 3,090
D20A Madera south Qo 3512262 503452 3,404
D20B Madera south Qo 3512262 503452 3,404
D23 Madera south Ql 3511655 504789 3,476
11 Madera north Qm 3516100 511044 3,682
12 Madera north Qm 3523650 502773 2,900
D24A Madera north Qm 3515309 508777 3,675
D27 Madera north Qm 3518148 504839 3,180
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Table A2. Summary of pebble counts for terrace gravel of Madera Canyon Wash and adjacent streams (includes contributions from 
Florida Canyon and Chino Canyon Wash), Montosa Canyon Wash, Cottonwood Canyon Wash, and Josephine Canyon Wash, east side of 
Santa Cruz River, Green Valley-Tubac area, Arizona. Counts converted to percent for pie diagrams of figure 7.

Lithology
Madera Canyon 

Wash
Montosa Canyon 

Wash
Cottonwood Canyon 

Wash
Josephine Canyon 

Wash
Totals

Granitic rocks 222 73 18 119 432

Gabbro and diorite 11 32 0 7 50

Crystal-poor ignimbrite 138 13 0 33 184

Volcanic sandstone and tuff 22 54 6 39 121

Volcanic rocks with quartz 146 75 62 251 534

Volcanic rocks without quartz 48 46 14 111 219

Carbonate rocks 0 40 0 0 40

Quartz sandstone 8 13 0 1 22

Vein quartz 5 2 1 0 8

Totals 600 348 101 561 1,610
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Table A3. Lithology versus roundness for terrace gravel of Madera Canyon Wash and adjacent streams, Green Valley-Tubac area, Arizona. A, North part, Florida Canyon 
Wash plus Madera Canyon Wash (samples 11 and 12) and Madera Canyon Wash only (samples D24A and D27). B, South part, Chino Canyon Wash plus Madera Canyon Wash 
(samples 13 and D20AB), Madera Canyon Wash only (D23), and totals for all samples, both parts.

[All data are counts. Roundness values are A, angular; B, subangular; C, subrounded; D, rounded; E, well-rounded (Pettijohn, 1975, his fig. 3–24). Ql, late Pleistocene deposits; Qm, middle Pleistocene depos-
its; Qo, early Pleistocene deposits. Σ, lithology totals. See table A1 and figure 1 for sample locations. “AB” refers to combined sample. Counts converted to percent for pie diagrams of figure 8]

A. North part, Florida Canyon Wash and middle Pleistocene Madera Canyon Wash

Lithology

Qm sample 11 Qm sample 12 Qm sample D24A Qm sample D27

Roundness Roundness Roundness Roundness

A B C D E Σ A B C D E Σ A B C D E Σ A B C D E Σ
Granitic rocks 7 15 16 3 0 41 0 1 9 3 0 13 0 0 5 3 0 8 0 1 7 3 0 11
Gabbro and diorite 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0
Crystal-poor  

ignimbrite
2 23 13 0 0 38 0 26 35 5 0 66 0 2 6 0 0 8 0 2 4 0 0 6

Volcanic sandstone 
and tuff

0 0 2 2 0 4 0 0 1 3 0 4 0 0 3 2 0 5 0 0 3 1 1 5

Volcanics with quartz 0 0 0 0 0 0 0 0 0 0 0 0 0 1 16 5 2 24 0 2 17 8 2 29
Volcanics without 

quartz
0 1 9 1 0 11 0 0 9 4 0 13 0 0 4 0 0 4 0 0 0 0 0 0

Carbonate rocks 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Quartz sandstone 0 0 2 2 0 4 0 0 4 0 0 4 0 0 0 0 0 0 0 0 0 0 0 0
Vein quartz 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Totals 9 39 43 8 0 99 0 27 58 15 0 100 0 3 34 11 2 50 0 5 31 12 3 51

B. South part, Chino Canyon Wash and Madera Canyon Wash, and all samples, both parts

Lithology

Ql sample 13 Qo sample D20AB Ql sample D23 All samples, both parts

Roundness Roundness Roundness Roundness

A B C D E Σ A B C D E Σ A B C D E Σ A B C D E Σ
Granitic rocks 0 23 51 5 0 79 0 4 33 11 0 48 0 2 12 7 1 22 7 46 133 35 1 222
Gabbro and diorite 0 1 3 1 0 5 0 0 0 1 0 1 0 1 0 1 1 3 0 2 4 4 1 11
Crystal-poor  

ignimbrite
0 4 3 0 0 7 0 0 0 0 0 0 0 5 8 0 0 13 2 62 69 5 0 138

Volcanic sandstone 
and tuff

0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 2 0 4 0 0 11 10 1 22

Volcanics with quartz 0 2 4 0 0 6 0 2 29 12 0 43 0 1 33 10 0 44 0 8 99 35 4 146
Volcanics without 

quartz
0 2 0 1 0 3 0 1 3 0 0 4 0 0 4 9 0 13 0 4 29 15 0 48

Carbonate rocks 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Quartz sandstone 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6 2 0 8
Vein quartz 0 0 0 0 0 0 0 3 0 0 0 3 0 2 0 0 0 2 0 5 0 0 0 5
Totals 0 32 61 7 0 100 0 10 65 24 0 99 0 11 59 29 2 101 9 122 351 106 7 600
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Table A4. Lithology versus roundness for terrace gravel of Montosa Canyon Wash, Green Valley-Tubac area, Arizona. 

[All data are counts. Roundness values are A, angular; B, subangular; C, subrounded; D, rounded; E, well-rounded (Pettijohn, 1975, his fig. 3–24). Ql, late Pleistocene deposits; Qm, middle Pleistocene deposits; 
Qo, early Pleistocene deposits. Σ, lithology totals. See table A1 and figure 1 for sample locations. “AB” refers to combined sample]

Lithology

Ql sample 17 Ql sample D9AB Qo sample 19 Qm sample D11 All samples

Roundness Roundness Roundness Roundness Roundness

A B C D E Σ A B C D E Σ A B C D E Σ A B C D E Σ A B C D E Σ
Granitic rocks 0 4 10 8 0 22 1 3 9 7 0 20 1 5 13 3 1 23 0 0 6 2 0 8 2 12 38 20 1 73
Gabbro and diorite 0 6 16 0 0 22 0 1 0 1 0 2 0 2 4 0 0 6 0 0 2 0 0 2 0 9 22 1 0 32
Crystal-poor  

ignimbrite
0 4 0 0 0 4 0 2 1 0 0 3 0 5 0 0 0 5 0 1 0 0 0 1 0 12 1 0 0 13

Volcanic sandstone 
and tuff

1 4 5 1 0 11 0 5 0 0 0 5 0 12 17 6 0 35 0 2 1 0 0 3 1 23 23 7 0 54

Volcanics with 
quartz

0 6 3 0 0 9 0 7 25 8 0 40 0 8 7 0 0 15 0 2 8 1 0 11 0 23 43 9 0 75

Volcanics without 
quartz

0 7 6 0 0 13 0 1 13 5 0 19 0 4 3 0 0 7 0 4 3 0 0 7 0 16 25 5 0 46

Carbonate rocks 1 7 8 0 0 16 0 2 7 2 0 11 0 2 2 0 0 4 0 6 3 0 0 9 1 17 20 2 0 40
Quartz sandstone 0 0 0 0 0 0 0 4 2 0 0 6 0 0 0 0 0 0 1 5 1 0 0 7 1 9 3 0 0 13
Vein quartz 0 2 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 2
Totals 2 40 48 9 0 99 1 25 57 23 0 106 1 38 46 9 1 95 1 20 24 3 0 48 5 123 175 44 1 348
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Table A5. Lithology versus roundness for terrace gravel of Cottonwood Canyon Wash, Green Valley-Tubac area, Arizona.

[All data are counts. Roundness values are A, angular; B, subangular; C, subrounded; D, rounded; E, well-rounded (Pettijohn, 1975, his fig. 3–24). 
Qm, middle Pleistocene deposits. See table A1 and figure 1 for sample locations. “AB” refers to combined sample]

Lithology

Qm sample 13AB

Roundness

A B C D E Totals

Granitic rocks 0 5 9 2 2 18
Gabbro and diorite 0 0 0 0 0 0
Crystal-poor ignimbrite 0 0 0 0 0 0
Volcanic sandstone and tuff 0 1 4 1 0 6
Volcanics with quartz 1 9 34 18 0 62
Volcanics without quartz 0 1 8 5 0 14
Carbonate rocks 0 0 0 0 0 0
Quartz sandstone 0 0 0 0 0 0
Vein quartz 0 0 1 0 0 1
Totals 1 16 56 26 2 101
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Table A6. Lithology versus roundness for terrace gravel of Josephine Canyon Wash, Green Valley-Tubac area, Arizona. 

[All data are counts. Roundness values are A, angular; B, subangular; C, subrounded; D, rounded; E, well-rounded (Pettijohn, 1975, his fig. 3-24). Qh, Holocene deposits; Ql, late Pleistocene deposits; Qm, 
middle Pleistocene deposits; Qo, early Pleistocene deposits. No vein quartz counted. Σ, lithology totals. See table A1 and figure 2 for sample locations. “AB” refers to combined sample]

Lithology

Qh sample D1AB Qh sample D8 Ql sample D2AB Ql sample D6

Roundness Roundness Roundness Roundness

A B C D E Σ A B C D E Σ A B C D E Σ A B C D E Σ
Granite 0 2 5 7 4 18 0 0 2 1 3 6 0 3 14 11 5 33 0 0 6 7 2 15
Gabbro and 

diorite
0 0 1 1 0 2 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 1 0 1

Crystal-poor 
ignimbrite

0 5 2 0 0 7 0 0 2 0 0 2 0 5 4 3 0 12 0 2 0 0 0 2

Volcanic sand-
stone and tuff

0 6 6 0 1 13 0 1 2 1 0 4 0 0 3 1 0 4 0 0 0 0 0 0

Volcanics with 
quartz

0 12 16 8 1 37 0 1 18 9 1 29 0 5 11 12 2 30 0 0 9 13 1 23

Volcanics with-
out quartz

1 8 9 3 1 22 0 2 4 5 0 11 0 2 16 10 1 29 0 1 6 2 1 10

Carbonate rocks 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Quartz sand-

stone
0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Totals 1 33 40 19 7 100 0 4 28 16 4 52 0 15 48 38 8 109 0 3 21 23 4 51

Lithology

Qm sample D3AB Qo sample D4 Qo sample D7AB All samples

Roundness Roundness Roundness Roundness

A B C D E Σ A B C D E Σ A B C D E Σ A B C D E Σ
Granitic rocks 0 1 7 8 4 20 0 0 1 2 0 3 0 1 10 9 4 24 0 7 45 45 22 119
Gabbro and 

diorite
0 0 1 2 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 5 0 7

Crystal-poor 
ignimbrite

0 4 2 0 0 6 0 0 1 0 0 1 0 2 1 0 0 3 0 18 12 3 0 33

Volcanic sand-
stone and tuff

0 4 3 1 0 8 0 2 5 0 0 7 0 0 3 0 0 3 0 13 22 3 1 39

Volcanics with 
quartz

0 1 24 17 4 46 0 4 22 3 1 30 0 1 28 23 4 56 0 24 128 85 14 251

Volcanics with-
out quartz

0 4 12 3 0 19 0 3 5 2 0 10 0 1 9 0 0 10 1 21 61 25 3 111

Carbonate rocks 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Quartz sand-

stone
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1

Totals 0 14 49 31 8 102 0 9 34 7 1 51 0 5 51 32 8 96 1 83 271 166 40 561
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Table A7. Chi-square analysis of pebble lithology versus roundness, combined samples of gravel deposited by Madera Canyon Wash and adjacent streams, Montosa Canyon 
Wash, Cottonwood Canyon Wash, and Josephine Canyon Wash.

[Roundness classes of Pettijohn (1975, his fig. 3–24): A, angular; B, subangular; C, subrounded; D, rounded; and E, well-rounded. Degrees of freedom, 14; total χ2, 174.773; χ2 P-value <0.0001; G2, 176.731; 
G2 P-value, <0.0001. OBS, observed frequency; EXP, expected frequency; χ2, Pearson chi-square value; RES, adjusted residual (values of <–1.96 and >+1.96 are significant at the 0.05 level). Vein quartz was 
too sparse to be included in the analysis. See Lindsey and others (2007) for discussion of statistical methods]

Lithology
Roundness A+B Roundness C Roundness D+E

Totals
OBS EXP χ2 RES OBS EXP χ2 RES OBS EXP χ2 RES

Granitic rocks 79 96.54 3.19 –2.37 225 229.75 0.10 –0.54 128 105.71 4.70 2.92 432
Gabbro and diorite 11 11.17 .003 –.06 28 26.59 .08 .41 11 12.24 .13 –.41 50
Crystal-poor ignimbrite 94 41.12 68.01 9.95 82 97.86 2.57 –2.49 8 45.02 30.45 –6.75 184
Volcanic sandstone and tuff 38 27.04 4.44 2.49 60 64.35 .29 –.83 23 29.61 1.48 –1.45 121
Volcanics with quartz 65 119.33 24.74 –6.91 304 284.00 1.41 2.12 165 130.67 9.02 4.23 534
Volcanics without quartz 43 48.94 .72 –1.04 123 116.47 .37 .95 53 53.59 .01 –.10 219
Carbonate rocks 18 8.94 9.19 3.48 20 21.27 .08 –.41 2 9.79 6.20 –2.90 40
Quartz sandstone 10 4.92 5.26 2.62 10 11.70 .25 –.73 2 5.38 2.13 –1.69 22
Totals 358 358 -- -- 852 852 -- -- 392 392 -- -- 1,602
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Appendix B. Particle Size Data
Particle size (table B1) was estimated on vertical outcrops 

using a field method adapted to coarse gravel and steep 
outcrops that are difficult to sample by sieving. The method 
also works with indurated gravel. A length of 50–60 in. of 
tape or a 55-in. walking stick was placed vertically across 
the outcrop, and all particles with intercepts >0.75 in. were 
classified into geometric classes 0.75–1.5, 1.5–3, 3–6, 6–12, 
and >12 in.—and counted.1 The procedure was repeated until 
about 300 in. (range of 160–360 in.) was traversed. Classifica-
tion of particle size only took into account the intercept of the 
tape or stick where it crossed a particle—no other dimension 
of the particle was considered. This method gives a linear 
measure of apparent particle size, which is proportional to 
area or volume in two or three dimensions. Thus particle size 
classified by the particle-intercept method is an estimate of 
relative volume, not relative weight as estimated by sieving. 
Counts of each size class were then multiplied by the geomet-
ric class midpoints (for example, 1.06, 2.12, 4.24, and 8.48 
in. for classes 0.75–1.5 through 6–12 in.); for particle inter-
cepts >12 in., actual measurements of intercepts were added 
together. Results were totaled and subtracted from the total 
measured length to find the frequency of < 0.75-in. particles. 
Finally, all class total lengths were converted into percent and 
plotted as cumulative frequency distributions on a metric log2 
scale.

Particle size determined by direct measurement in 
outcrops is not suitable for comparison with results from 
sieving, pending further work. In this report, direct measure-
ments are compared with one another. No sieving was done 
to determine whether results from direct measurement can be 
converted to sieve equivalents.

Ideally, particle size was determined for the entire verti-
cal thickness of each terrace deposit. In some cases, access 
limited measurement to only part of the deposit, but in most 
cases, particle size was determined for most of the vertical 
thickness of the terrace fill. For thick terrace fills, particle size 
was determined only in accessible locations that appeared to 
be representative of the entire thickness. The thickness of each 
deposit was estimated or measured where particle size was 
determined. 

Sorting was calculated using the equation of Trask 
(Krumbein and Pettijohn, 1938) as the square root of P75/P25 
(largest quartile size divided by the smallest quartile size). 
Quartile measures (P25, P50 (the median), and P75) were deter-
mined from cumulative frequency distributions.

Terraces of major tributaries from Florida Canyon Wash 
to Josephine Canyon Wash on the east side of the Santa 
Cruz River were sampled. Terrace gravel of varying age was 
sampled within small, compact areas (table B2) within each 
piedmont drainage to enable comparison without the compli-
cating influence of distance from the mountain front.

1Particle size classes were determined in the English system and converted 
to metric (SI) units for display; English particle sizes are given in tables and 
shown with metric sizes on frequency curves to facilitate use by the U.S. 
aggregate industry, which uses the English system.



Table B1. Volumetric particle size data and statistics for terrace gravel of Madera Canyon Wash and adjacent streams, Montosa Canyon Wash, an unnamed tributary wash of 
the Santa Cruz River, Cottonwood Canyon Wash, and Josephine Canyon Wash, east side of Santa Cruz River, Green Valley-Tubac area, Arizona. Samples located in figures 1 and 
2; A and B refer to multiple samples at same location, except D2A and D2B, which are from separate locations shown on figure 2. Local area refers to groups of samples located 
approximately the same distance from the mountain front on a given drainage. —Continued

[Stratigraphic units: Qh, Holocene deposits; Ql, late Pleistocene deposits; Qm, middle Pleistocene deposits; Qo, early Pleistocene deposits; QTs, Quaternary and Tertiary deposits. Locations: UTM, Universal 
Transverse Mercator; NAD27, North American Datum 1927, zone 12; ELEV, elevation. Distance from canyon mouth, where stream leaves the mountain front and enters the piedmont. Local areas: 1, Florida 
Canyon Wash; 2, Florida Canyon Wash near junction with middle Pleistocene Madera Canyon Wash; 3, present-day Madera Canyon Wash near junction with Chino Canyon Wash; 4, Madera Canyon Wash, 
upper piedmont; 5, Madera Canyon Wash, middle piedmont; 6, Montosa Canyon Wash, upper piedmont; 7, Montosa Canyon Wash, lower piedmont; 8, unnamed tributary of Santa Cruz river; 9, Cottonwood 
Canyon Wash; 10, Josephine Canyon Wash. Measures: m, meters; km, kilometers; ft, feet; in., inches; mm, millimeters. Parameters: Pct, percent; P25, P50, and P75 are percentiles; So, Trask sorting coefficient; 
--, no data]

Sample 
number

Local 
area

Unit
Thick- 
ness  
(m)

Dis-
tance 
(km)

UTM 
North 

(NAD27)

UTM  
East 

(NAD27)

Elev  
(ft)

Pct  
<75  
in.

Pct 
.75–1.5 

in.

Pct  
1.5–3 

in.

Pct  
3–6  
in.

Pct  
6–12 
in.

Pct  
>12  
in.

Pct  
>6  
in.

Pct  
>3  
in.

Pct  
>1.5  
in.

Pct  
>0.75  

in.

P25 
(mm)

P50 
(mm)

P75 
(mm)

So Log So

D1A 10 Qh 3.0 8.7 3492820 500638 3503 27.9 12.0 22.6 25.4 5.7 6.3 12.0 37.4 60.0 72.1 14 56 114 2.854 0.455
D1B 10 Qh 2.0 8.7 3492820 500638 3503 9.8 13.4 29.0 41.0 2.8 4.0 6.8 47.8 76.8 90.2 40 74 118 1.718 .235
D2A 10 Ql 2.0 8.4 3493050 500865 3535 12.0 12.3 27.5 28.9 14.5 4.8 19.2 48.2 75.7 88.0 40 74 136 1.844 .266
D2B 10 Ql 2.0 8.8 3492918 500533 3534 18.4 14.5 30.4 22.6 14.1 .0 14.1 36.7 67.1 81.6 27 60 116 2.073 .317
D3A 10 Qm 18.0 9.0 3492956 500253 3548 38.7 17.4 31.8 12.1 .0 .0 .0 12.1 43.9 61.3 10 32 60 2.449 .389
D3B 10 Qm 18.0 9.2 3492840 500093 3470 24.0 20.1 33.2 19.8 2.8 .0 2.8 22.6 55.8 76.0 20 44 74 1.924 .284
D4 10 Qo 2.0+ 8.6 3493818 500729 3651 32.4 18.6 38.4 10.6 .0 .0 .0 10.6 49.0 67.6 12 37 62 2.273 .357
D6 10 Ql 8.0 6.7 3493522 502552 3664 4.3 19.0 35.3 33.3 8.0 .0 8.0 41.3 76.7 95.7 40 66 114 1.688 .227
D7A 10 Qo 20.0 6.0 3493778 503198 3816 11.0 17.0 42.7 26.7 2.7 .0 2.7 29.3 72.0 89.0 35 57 88 1.586 .200
D7B 10 Qo 20.0 6.7 3493778 503198 3816 11.3 25.3 39.3 21.3 2.7 .0 2.7 24.0 63.3 88.7 30 52 75 1.581 .199
D8 10 Qh 2.0 8.0 3492899 501354 3502 6.9 11.3 26.0 36.0 16.0 3.8 19.8 55.8 81.8 93.1 48 88 140 1.708 .232
19 6 Qo 9.0 2.7 3504568 502544 3871 40.7 11.1 21.7 15.8 8.7 1.9 10.6 26.4 48.1 59.3 7 35 82 3.423 .534
39 7 Ql 2.0 9.2 3505746 496167 3226 45.2 12.4 25.9 16.5 .0 .0 .0 16.5 42.4 54.8 6 26 63 3.240 .511
D9A 7 Ql 3.0 8.8 3506471 496800 3223 39.1 36.2 20.0 4.6 .0 .0 .0 4.6 24.7 60.9 12 24 38 1.780 .250
D9B 7 Ql 3.0 8.8 3506471 496800 3223 25.2 43.9 23.1 4.6 3.1 .0 3.1 7.7 30.8 74.8 19 30 48 1.589 .201
D11 6 Qm 5.0 3.2 3503776 503248 3957 12.4 19.1 29.0 19.8 19.8 .0 19.8 39.6 68.5 87.6 32 63 132 2.031 .308
D13A 9 Qm 3.0 2.6 3501213 503188 3863 17.3 20.9 24.1 18.8 18.8 .0 18.8 37.7 61.8 82.7 26 57 127 2.210 .344
D13B 9 Qm 3.0 2.6 3501213 503188 3863 1.3 17.0 28.3 32.5 17.0 4.0 21.0 53.5 81.7 98.7 47 84 142 1.738 .240
D14 9 Qm 2.0 3.6 3500568 502374 3752 7.1 28.6 29.0 18.4 17.0 .0 17.0 35.3 64.3 92.9 32 57 118 1.920 .283
D15 9 Qm 6.0 2.4 3501182 503362 3867 3.5 15.9 28.3 26.9 25.4 .0 25.4 52.3 80.6 96.5 45 83 154 1.850 .267
D16 7 Ql 8.0 7.6 3505432 497769 3320 18.4 25.4 33.4 15.4 2.6 4.8 7.4 22.8 56.2 81.6 24 46 74 1.756 .245
D18 7 Ql 4.0 7.3 3503195 498049 3340 8.8 38.2 33.2 14.1 5.7 .0 5.7 19.8 53.0 91.2 27 42 70 1.610 .207
D19 6 Ql 10.0 .5 3504002 504804 4141 12.6 14.1 27.1 29.4 11.8 5.0 16.8 46.2 73.3 87.4 36 70 130 1.900 .279
D20A 3 Qo 4.0 7.6 3512262 503452 3404 9.1 21.2 27.3 27.3 15.1 .0 15.1 42.4 69.7 90.9 34 66 125 1.917 .283
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Table B1. Volumetric particle size data and statistics for terrace gravel of Madera Canyon Wash and adjacent streams, Montosa Canyon Wash, an unnamed tributary wash of 
the Santa Cruz River, Cottonwood Canyon Wash, and Josephine Canyon Wash, east side of Santa Cruz River, Green Valley-Tubac area, Arizona. Samples located in figures 1 and 
2; A and B refer to multiple samples at same location, except D2A and D2B, which are from separate locations shown on figure 2. Local area refers to groups of samples located 
approximately the same distance from the mountain front on a given drainage. —Continued

[Stratigraphic units: Qh, Holocene deposits; Ql, late Pleistocene deposits; Qm, middle Pleistocene deposits; Qo, early Pleistocene deposits; QTs, Quaternary and Tertiary deposits. Locations: UTM, Universal 
Transverse Mercator; NAD27, North American Datum 1927, zone 12; ELEV, elevation. Distance from canyon mouth, where stream leaves the mountain front and enters the piedmont. Local areas: 1, Florida 
Canyon Wash; 2, Florida Canyon Wash near junction with middle Pleistocene Madera Canyon Wash; 3, present-day Madera Canyon Wash near junction with Chino Canyon Wash; 4, Madera Canyon Wash, 
upper piedmont; 5, Madera Canyon Wash, middle piedmont; 6, Montosa Canyon Wash, upper piedmont; 7, Montosa Canyon Wash, lower piedmont; 8, unnamed tributary of Santa Cruz river; 9, Cottonwood 
Canyon Wash; 10, Josephine Canyon Wash. Measures: m, meters; km, kilometers; ft, feet; in., inches; mm, millimeters. Parameters: Pct, percent; P25, P50, and P75 are percentiles; So, Trask sorting coefficient; 
--, no data]

Sample 
number

Local 
area

Unit
Thick- 
ness  
(m)

Dis-
tance 
(km)

UTM 
North 

(NAD27)

UTM  
East 

(NAD27)

Elev  
(ft)

Pct  
<75  
in.

Pct 
.75–1.5 

in.

Pct  
1.5–3 

in.

Pct  
3–6  
in.

Pct  
6–12 
in.

Pct  
>12  
in.

Pct  
>6  
in.

Pct  
>3  
in.

Pct  
>1.5  
in.

Pct  
>0.75  

in.

P25 
(mm)

P50 
(mm)

P75 
(mm)

So Log So

D20B 3 Qo 4.0 7.6 3512262 503452 3404 17.5 11.4 28.8 33.3 9.1 .0 9.1 42.4 71.2 82.5 32 66 116 1.904 .280
D22 3 Ql 5.0 6.6 3511573 504458 3430 0.6 19.4 34.7 22.4 18.8 4.0 22.9 45.3 80.0 99.4 44 70 145 1.815 0.259
D23 3 Ql 7.0 6.3 3511655 504789 3476 .2 18.9 30.1 29.3 21.6 .0 21.6 50.9 80.9 99.8 46 78 144 1.769 .248
D24A 4 Qm 6.0 4.2 3515309 508777 3675 9.6 16.8 17.6 33.6 22.4 .0 22.4 56.0 73.6 90.4 36 90 146 2.014 .304
D24BL 4 QTs -- -- 3515277 508864 3647 19.0 14.9 25.7 32.0 8.3 .0 8.3 40.3 66.0 81.0 26 60 113 2.085 .319
D24BU 4 Qh 1.0 4.2 3515277 508864 3647 6.9 12.9 24.7 31.7 14.1 9.7 23.8 55.5 80.2 93.1 47 90 150 1.786 .252
D24C 4 Qm 8.0 4.2 3515209 508895 3680 17.2 17.0 26.8 27.5 11.6 .0 11.6 39.1 65.8 82.8 28 60 116 2.035 .309
D25A 2 Qm 5.0 4.4 3515870 510918 3682 4.2 29.4 28.9 22.4 11.8 3.3 15.1 37.5 66.3 95.8 33 59 120 1.907 .280
D25B 2 Qm 4.0 4.4 3515935 510866 3682 19.8 12.0 20.5 22.6 19.8 5.3 25.1 47.7 68.2 80.2 26 72 152 2.418 .383
D25C 2 Qm -- 4.4 3516000 510814 3681 22.7 26.9 22.1 14.1 14.1 .0 14.1 28.3 50.4 77.3 21 38 93 2.104 .323
D26 1 Ql 1.0 10.0 3520299 506257 3194 4.8 20.5 29.7 28.7 16.4 .0 16.4 45.1 74.8 95.2 38 70 130 1.850 .267
D27 5 Qm 4.0 9.0 3518148 504839 3180 19.3 33.0 26.5 18.8 2.4 .0 2.4 21.2 47.7 80.7 23 36 70 1.745 .242
D28 5 Qm 3.0 9.0 3517390 504114 3172 9.0 36.2 31.8 19.4 3.5 .0 3.5 23.0 54.8 91.0 27 44 74 1.656 .219
D29 8 Qm 2.0 6.8 3501535 498673 3430 15.9 38.2 23.3 19.8 2.8 .0 2.8 22.6 45.9 84.1 24 36 72 1.732 .239
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Table B2. Classification of particle size samples by local area and stratigraphic unit, terrace gravel of 
Madera Canyon Wash and adjacent streams, Montosa Canyon Wash, unnamed tributary wash, Cottonwood 
Canyon Wash, and Josephine Canyon Wash, east side of Santa Cruz River, Green Valley-Tubac area, Arizona.

[Stratigraphic units: Qh, Holocene deposits; Ql, late Pleistocene deposits; Qm, middle Pleistocene deposits; Qo, early Pleistocene 
deposits; QTs, Quaternary and Tertiary deposits]

Local area
Stratigraphic unit

Totals
Qh Ql Qm Qo QTs

1, Florida Canyon Wash 0 1 0 0 0 1
2, Madera-Florida Canyon junction 0 0 3 0 0 3
3, Madera Canyon Wash, present course 0 2 0 2 0 4
4, Madera Canyon Wash, upper piedmont 1 0 2 0 1 4
5, Madera Canyon Wash, lower piedmont 0 0 2 0 0 2
6, Montosa Canyon Wash, upper piedmont 0 1 1 1 0 3
7, Montosa Canyon Wash, lower piedmont 0 5 0 0 0 5
8, Unnamed tributary wash 0 0 1 0 0 1
9, Cottonwood Canyon Wash 0 0 4 0 0 4
10, Josephine Canyon Wash 3 3 2 3 0 11
Totals 4 12 15 6 1 38
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A Thousand Years of Irrigation in Tucson  
by Jonathan B. Mabry and J. Homer Thiel, Center for Desert Archaeology  

 

Historical  photographs,  
newspaper accounts, and the  
memories of town elders tell  
us that the Santa Cruz River  
flowed through Tucson year- 
round across a wide flood- 
plain that held irrigated fields  
of wheat, alfalfa, cotton, and  
vegetables as recently as 100  
years ago. These same 
sources describe how, at the 
turn of the century, a com-
bination of ill-designed diver-
sion ditches, a declining water 
table due to overgrazing and 
over-pumping, and a series 
of unusually large floods 
resulted in the entrenched 
riverbed we see today.  

Based on recent archae- 
ological  evidence,  we  now  
know that this also represent- 
ed the end of at least a thou- 
sand years of continuous irri- 
gated   agriculture   in   the  
middle  Santa  Cruz  Valley.  
Over the last two decades—but  
mostly  within  the last  year— 

View of Tucson from Sentinel Peak ("A" Mountain)  during  the late  nineteenth century.  The Santa Cruz River 
flowed year-round between irrigated fields on both sides of the floodplain. The river became entrenched by the 
1890s due to a combination of human and natural factors, making gravity irrigation no longer possible. Left of 
center are the adobe ruins of the San Agustin mission visita (photo no. 12649 courtesy of the Arizona 
Historical Society). 

Archaeologists working in the floodplain of the Santa Cruz River 
in Tucson have found many preserved remnants of prehistoric 
and historic canals. From this new archaeological evidence, 
combined with the documentary record, the full history of 
irrigation and agriculture in Tucson is beginning to emerge. 
 
Early Flood Farming 

Archaeological remains of early villages buried in the  
historic floodplain, recently uncovered by Desert Archaeology,  
Inc. (DAI), indicate that "flood farming" was practiced along the  
banks of the Santa Cruz River by at least 800 B.C. (see 1994  
Archaeology  in  Tucson,  Vol. 8,  Nos. 1 ,3,  and 4).  The 
geological  contexts  of  these  sites,  and  the  plant  remains  
recovered from them, reveal that fields of maize, and probably  
squash, beans, and tobacco, were watered by overbank floods  
during the summer monsoons. Because the predictable annual  
floods also deposited fresh silt, and because the intervening dry  
season  allowed  the  water  table  to  subside,    no  fallow  cycle 

(a temporary abandonment of fields) was necessary to prevent 
salinization and restore soil fertility. 

Hohokam Canals 
After almost 2,000 years of flood farming in this manner, 

the first canals were built in the Santa Cruz floodplain. A canal 
found recently by Statistical Research, Inc., may date to before 
A.D. 750, making it the earliest known canal in the Tucson 
Basin. However, based on prehistoric sherds contained in canal 
sediments and radiocarbon dates of charcoal inclusions, most of 
the currently known prehistoric canals in the middle Santa Cruz 
Valley (see map on p. 2) were constructed between about A.D. 
950 and 1100—coinciding with the peak period of Hohokam 
canal building in the Phoenix Basin. 

Contrary to what archaeologists had predicted, all the pre- 
historic canals of the Santa Cruz Valley were not short, shallow  
ditches. Some were as large as some of the major Hohokam  
canals in the Phoenix Basin, and rivaled them in their skillful  
engineering.       The     largest     known     prehistoric     canal       in  



 
 

Page 2 Archaeology in Tucson Newsletter Vol. 9, No. 4 
 
 
lack of salt accumulation in irrigated soils in the Phoenix Basin  
indicates that a fallow cycle was practiced by the Hohokam in  
that region, and suggests that it was also practiced in the  
middle Santa Cruz Valley. Canal irrigation also raised the  
productivity of agriculture, and the population of the valley  
and the rest of the Tucson Basin increased from a few hundred  
to several thousand.  

The dating evidence indicates that most of the known  
prehistoric canals in the middle Santa Cruz Valley were aban- 
doned between A.D. 1100 and 1450, following downcutting  

of some segments of the river channel. A shift in set-  
 tlement and increased reliance on dry farming at that  
 time may have been related to the downcutting.  
 However, this apparent interruption may not have  

been as total as it currently seems. The areas  
of known continuity in irrigation from pre  
 historic into historic times—in, and down  
 stream of, marshy areas—have not yet  
             been investigated thoroughly.  

 

the  
middle Sobaipuri Ditches 
Santa Cruz Father Eusebio Francis 
Valley, found co Kino, an Italian-born 
between Speed Jesuit missionary, was 
way Boulevard the first European to 

and Grant Road by explore the valley 

DAI, was 12 feet wide of the river he 

and 3 feet deep. This ca- named "Santa 

nal, and some of the others Maria" (see 

traced by DAI for 1/3 of a mile box on 

in that area, carried water at least p.4). 

2 and 1/2 miles from its probable'  
source near Sentinel Peak, and up onto  
the older terrace above the floodplain  
(see map on p. 3). Along their alignments,  
multiple phases of cleaning and reconstruction  
were evident. Parallel to them were found sever- 
al experimental alignments that were abandoned be  
cause they were not at the correct gradient, attesting to  
the difficulty of bringing water onto the terrace with gravity.  
 With canal irrigation, new crops were grown along the  
Santa Cruz: bottle gourd, cotton, common beans, tepary beans,  
grain amaranth, and new, floury kinds of maize. The 
  
 
 
 
 
 
 
 
 
 
 
 
Archaeological traces of prehistoric and historic canals in the middle  
Santa Cruz Valley (map by Catherine Gilman and Geo-Map, Inc.).  
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During his first visit in 1692, Kino found Piman-speaking Sobaipuri  
people at the village of Bac south of Martinez Hill, and the following  
year, at the village of Tucson near the foot of Sentinel Peak. The basalt  
dikes formed by these volcanic hills forced the underground flow to the  
surface to create marshes ("cienegas" in Spanish) that were ideal for  
shallow ditches intercepting the high water tables. Springs in the  
marshes were also tapped, and downstream, where the river flowed on  
the surface, water was diverted by brush weirs into canals. Between  
Sentinel Peak and the Rillito, on the east bank of the river, the inhabitants 
of the village of Oiaur also irrigated crops in the floodplain.  

These irrigated oases supported sizeable populations. On November 
23, 1697, the Spanish explorer Captain Juan Mateo Manje, traveling  
with Father Kino, described the scene in his diary: “…after going six  
leagues, we came to the settlement of San Agustin del Oiaur. . . Here the  
river runs a full flow of water, though the horses forded it without  
difficulty. There are good pasture and agricultural lands with a canal for  
irrigation.” He counted 750 people in 186 houses, and at San Xavier,  
another 830 inhabitants subsisting from irrigated fields. In 1699, Father  
Kino described the irrigated agriculture at San Xavier (and exaggerated  
its potential): "The fields and lands for sowing were so extensive and  
supplied with so many irrigation ditches running along the ground that… 
they were sufficient for another city like Mexico."  
 
Spanish Acequias  

Father Kino introduced wheat and cattle to the village of Bac by 
1695, and after he established a mission there in 1701, Jesuit missionaries 
introduced other Old World crops and livestock, such as barley, peaches, 
and sheep, to complement the native summer crops and wild food 
resources of the Sobaipuri and Papago (now known as the Tohono O'odham). 
The initial church site at San Xavier was adjacent to an existing canal 
("acequia" in Spanish). Irrigation was also practiced in the floodplain 
between the mission and the Rillito.  

In 1757, in the wake of Piman revolts and Apache raids, the priest  
and colonial soldiers at San Xavier attempted to move the mission to a  
more defensive position at San Cosme (the first Spanish name for Tucson). 
Malaria and an Indian attack soon forced them to retreat to San  
Xavier, however. Although the mission at San Cosme had no resident  
priest after its first few months, and thereafter was only a visita of San  
Xavier, a fortified residence and a small chapel built there in 1771 and  
1772 were the first European-style structures built within the boundaries  
of modern Tucson (see photo on p. 4).  

In addition to the irrigated gardens and orchards within the grounds  
of the Tucson visita, the Sobaipuris and Papagos living in the vicinity  
also irrigated fields on the river's west side. After the garrison of the  
presidio at Tubac was transferred to the east side of the river in 1775,  
where downtown Tucson is today, the eastern floodplain was also  
irrigated by Spanish settlers. Increasing competition for the water of the  
Rio Santa Maria led to a 1776 agreement that guaranteed threefourths  
for the Indian villages and one-fourth for the presidio. In the 1790s,  
however, the Indians' share was reduced to one-half.  
Gerónimo de la Rocha's 1780 map of the Pimería Alta shows,  
south of the mission visita at "Tucson" and the new Tucson presidio, a dam  
diverting water from the river into an acequia through the mission visita.      Prehistoric canals, probably built in the eleventh century ,traced   

The historic canals found by DAI near the foot of Sentinel Peak (see map     for a third of a  mile between Speedway Blvd. and Grant Rd. On the  

on p. 2) may include some of the acequias built near the San Agustin             east side I-10. The "East Side Canal," built in 1895-96, follows the  

mission in the late eighteenth century.                                                                         same alignment on the edge of the terrace above the floodplain (map  

                                                                                                                                              by Geo-Map, Inc.) 
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irrigated his field west of what came to be known as "Martinez 
Hill," and the "Agua de la Misión" acequia irrigated fields of the 
Papagos at the mission.  

Anglo forty-niners passing through on their way to the  
California gold fields described the farmlands near Tucson and  
San Xavier as "rich and fertile to the extreme." In 1852, John  
Russell Bartlett, conducting a survey of the new border after  
the Mexican-American War, was impressed by the scene that  
greeted him in Tucson: "irrigating canals in every direction, the  
lines  of  which  are  marked  by rows of  cottonwoods  and  
willows, presenting an agreeable landscape."  
 
Anglo Water Development Schemes  

The 1854 Gadsden Purchase opened the territory south of  
the Gila River to Americans, and newly arriving "Anglos" 
impounded the river at several points to provide heads of water to  
power flour mills. Agriculture was the next focus of Anglo  
attempts to profit from water development (though Hispanic  
businessmen were also partners). In the early 1880s, Samuel  
Hughes, W. C. Davis, and Leopoldo Carillo purchased floodplain 
land upstream of the traditional fields. They cleared them  
for new fields and excavated deep ditches to increase the water  
supply to the vegetable gardens of their tenants, mostly Chinese  
who had arrived as railroad workers in 1880.  

The impounding of water in reservoirs and the increased  
water use by the upstream entrepreneurs diminished the supply  
to the downstream Mexican-American farmers, who fought for 

A woman washing clothes in the Santa Cruz River below the ruin of the 
Convento of the San Agustin mission visita, 1894 (photo no. 21969 
courtesy of the Arizona Historical Society). 

 

A Sonoran Irrigation Community 
After Mexico gained independence from Spain in 1821,  

and new settlers began to arrive from the south, the traditional  
Sonoran system of irrigated agriculture was established in  
Tucson. Mediterranean winter crops of wheat, barley, chick- 
peas, lentils, onions, and garlic followed the native summer  
crops of corn, beans, squash, pumpkins, chili peppers, tobacco,  
and cotton. The three "acequias madres" (mother canals) were  
maintained  as  common  property  by  a  "común  de  agua"  
(irrigator community), and an elected "zanjero" (overseer) 
supervised water distribution. The irrigation schedule was 
flexible, with water turns arranged according to varying crop 
needs, and water shortages were shared proportionally. First 
use of water was reserved for fields south of the "hospital road" 
(later St. Mary's Road), while fields to the north were irrigated 
only during relatively wet years. This northern area grew hay 
and was used as pasturage for cattle. The canal alignments, 
field boundaries, and property lines of this traditional 
irrigation system are recorded on a map surveyed during the 
Civil War for Colonel David Fergusson of the United States 
Army (see map on p. 5). 

Mexican rancheros irrigated cattle pastures in the valley south of  
Tucson. In 1849 Jose Maria Martinez, former comandante of the  
Tucson presidio and a famous Apache fighter, cleared land east  
of San Xavier, on the west side of the river, and cut a ditch to the  
spring called "Punta de Agua." The Acequia de Punta de Agua 

their water rights in court. However, the defendants defeated 
the 1884-1885 court challenge by citing the western U.S. water 
law     of     “prior     appropriation”     as     superceding     local  

The Changing Names of Tucson 
and the Santa Cruz River 

At the time of Spanish contact in the late seventeenth  
century, the Piman name for the small settlement at Tucson  
was schookson or schook-shon, meaning "at the foot of the 
black [?]." "Tucson" became the Spanish written form. Many  
contemporary scholars and Piman speakers believe the name  
referred to the black volcanic hill known historically as Sierra 
de la Frente Negra, Sentinel Peak, and Warner's Hill, and 
known today as "A" Mountain. 

On his 1695-1696 map of northwestern New Spain,  
Father Kino labeled the closely spaced villages of Bac,  
Tucson, and Oiaur in the middle Santa Cruz Valley as "San 
Xavier," "San Cosme," and "San Agustín." In his diaries and  
letters he usually combined the Spanish and Piman names  
(San Xavier del Bac, San Cosme de Tucson, San Agustin de 
Oiaur), During the Spanish period, the mission visita at  
Tucson changed names several times, being referred to as  
"San Cosme" from the 1690s through the 1750s, "San Jose" 
in the 1760s, and "San Agustín" from the 1770s until 1831, 
when it was abandoned. 

Kino named the Río Santa María after the patron saint he  
had assigned to the village of Soamca near its headwaters.  
The Santa Cruz River acquired its modern name gradually 
after 1787, when the presidio of Santa Cruz de Terrenate was 
relocated from the upper San Pedro Valley to Soamca.  
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customs (the defendants had purchased some  
of the oldest fields in the valley). This ruling  
represented the beginning of the end of the  
traditional system of irrigated agriculture in the  
Santa Cruz Valley.  

In place of the irrigation  community, cor- 
porations competed for the river's water. By  
1891, in addition to the three old ditches (then  
called the El Cumoso, Misional, and Del Rey  
acequias), 33 other ditches comprising a total  
length of 56 miles had been constructed in the  
Santa Cruz floodplain by corporate enterprises.  
During this swirl of land speculation and water  
development schemes in the late nineteenth  
century, the current form of the Santa Cruz  
River, a dry bed up to 20 feet below the top of  
the banks, was created by a combination of  
human error and natural disasters.  

Attempting to increase the water supply to  
his fields north of the hospital road, Sam  
Hughes constructed a new, deep ditch in 1887  
to intercept the subsurface flow. Large floods  
during the next four years caused the ditch to  
downcut to the water table lowered by drought  
and overgrazing, and caused the headcut to  
erode rapidly southward. Steady progression of  
the headcut and the channel's increasing width  
were reported with alarm in the newspaper. By  
1910  the  headcut  coalesced  with  another  
downcut segment near San Xavier, resulting in  
the deeply incised river channel of today. The  
effect on irrigated agriculture was disastrous:  
the downcutting of the main channel stranded  
canal intakes above the river, and other flood  
channels severely damaged canals.  

In 1891, Frank and Warren Allison began Historic canals (acequias) built during the Spanish and Mexican periods in the floodplain 
work to repair the irrigation system on the west near "A" Mountain. Below the surface, archaeologists have found canals near the align- 

side of the river. They built a new reservoir ments shown on a Civil War-era map (map by Geo-Map,Inc.) 
near  the  old  Warner  Dam  site    and  a    ditch 
that extended north to Stevens Avenue (later Congress Street) by 
1895 (see photo on p. 6). At first the project was a success, but 
soon  their 1,160  acres  of  fields  were  accumulating  crop- 
damaging salts from intensive, uninterrupted irrigation. The  
unlined, 12-foot-wide historic canal on the east side of 1-10  
north of Speedway Boulevard, recently investigated by DAI (see  
map on p. 3), is probably a remnant of the "East Side Canal"  
constructed by the Allisons in 1895-1896 after much of their  
land on the west side became too salinized for agriculture. From  
their new 10- to 15-ft-deep artesian wells at the foot of Sentinel  
Peak, the brothers built a flume that carried water across the  
river to the east bank. The water in this five-mile-long canal  
powered a new flour mill just north of what is now Speedway  
Boulevard. It then irrigated their land to the north, which they  
called "Flowing Wells" after a new source of water they located  
there.  The  Tucson  Canal  Company,  incorporated  in 1896, 
financed      construction     of     a     canal     south  of the Allisons’, 

tapping a source near the San Xavier mission. 
In 1902 the Allisons sold their  property to  Levi  Manning, a 

surveyor  and  businessman  who became  Tucson's  mayor  in 
1905.  He further  developed the well field below Sentinel Peak, 
drilling new wells to tap the now 20-ft-deep subsurface flow of the 
river. The East Side Canal soon became known as “Manning's 
Ditch." By 1910, four main canals fed by Manning's wells were 
irrigating the floodplain west of Tucson. 

A group of Chicago and British investors bought part of  
Manning's land in 1911. Upstream of Manning's Ditch, they  
developed the "Crosscut"—a line of 19 new wells across the  
floodplain, ranging from 45 to 150 feet deep and connected  
underground by a horizontal shaft. Calling themselves the  
Tucson Farms Company, they also installed electric pumps;  
replaced the old flume across the river with a 4-foot-diameter  
concrete siphon below the riverbed; extended Manning's Ditch  
to   a  total   length    of    seven    miles;    lined    some    canal segments 
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Cienega Valley Survey Update 
with cement; and added reinforced concrete headgates, 
drop structures, and lateral turnouts. The company peddled the  
land to Midwestern farmers for $200 to $300 an acre, but it was  
not a financial success. In 1922 a group of farmers formed the  
Flowing Wells Irrigation District and assumed control of the  
Crosscut  and  distribution  system.  A  large  flood  in 1940 
destroyed  most  of  these  waterworks,  bringing  an  end  to 
irrigation in the middle Santa Cruz Valley near Tucson. 
 
Conclusion 

The long history of irrigation in the middle Santa Cruz  
Valley includes both impressive achievements and disastrous  
mistakes. By constructing canals on the older terrace above the  
floodplain, prehistoric and historic hydraulic engineers were  
able to maximize the irrigated area. There was continuity in  
irrigation  from  prehistoric  into  historic  times  in,  and  
downstream of, the marshy cienegas near Point of Mountain,  
Sentinel Peak, and Martinez Hill, and nineteenth-century canals  
often followed the same alignments as eleventh-century ones.  
The scale of some of the prehistoric canals, and their multiple  
phases of construction and repair, represent significant labor  
investments over many centuries. The several superimposed  
channels along each alignment of the prehistoric canals, and the  
high berms  composed of  sediments  dredged from historic  
canals, indicate that siltation was a constant problem requiring  
frequent canal cleaning. 

Although Sonoran farmers, and probably their Hohokam  
and Sobaipuri predecessors, practiced a fallow cycle to prevent  
salinization, waterlogging, and loss of soil fertility, early Anglo  
farmers often irrigated intensively without interruption, forcing  
them to abandon fields after only a few years. By impounding  
the river to run mills, and by deepening ditches to increase 

by Michelle Stevens, Center for Desert Archaeology 
 

The Cienega Valley Survey is being conducted by the 
Center for Desert Archaeology along Cienega Creek southeast of 
Tucson.  Two  principal  areas  are  being  investigated:  Pima 
County's Cienega Creek Natural Preserve and BLM's Empire- 
Cienega Resource Area. Both areas have relatively lush riparian 
habitats, but the Empire-Cienega Resource Area, being at a 
higher elevation, also has extensive grasslands. 

Since the project began earlier this year, 34 volunteers have 
surveyed about 3,600 acres. Sixty-two new sites have been 
recorded, and 18 previously recorded sites have been revisited. 
Although  all  of  the  collected  artifacts  have  not  yet  been 
analyzed, preliminary analyses indicate Archaic through Historic 
period sites are present. 

One of the research objectives of this project is to study 
land-use  and  settlement  patterns  during the Archaic  and  early 
ceramic       periods.     Since 
several   deeply   buried 
Archaic sites are already 
known in this area, a goal 
of  the  first  field  season 
was  to  assess  the  area's 
potential for yielding 
Archaic  period   surface 
sites.  The  discovery  of 
several   "new"   Archaic 
sites  on  the  surface  is 
encouraging, and confirms 
our  expectations  of  the 
area's potential. 

Although  about half  
of the Cienega Creek          Bob Conforti with all engraved Oliva 

water supplies, nineteenth-century entrepreneurs doomed the  
traditional system of agriculture and triggered downcutting that 
permanently  ruined  the  floodplain's  potential  for  gravity 
irrigation. Today, the perennial river and the rich agricultural 
lands it irrigated for at least 1,000 years are only recorded in 
archaeological remains, faded newspapers and photographs, and 
the memories of Tucson's oldest citizens. 

County Preserve has been      shell found at a Classic period site along 
surveyed,  we  are spending      Cienega Creek  
most of this season surveying in the largely unexplored 
Empire-Cienega  Resource  Area.  If  you  are  a  current  AIT 
member and want to volunteer, please call Irina at 881-2244 to 
sign up for a specific date. To become a member, see page 8. 
Upcoming survey dates are Sunday, November 19; Saturday, 
December 2; and Sunday, December 17 (8 a.m. to 5 p.m). 
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CANAL GEOMORPHOLOGY  

Reading the Stories of Ancient Canals  
by Andrea K. L. Freeman, Center for Desert Archaeology  

Geomorphology is the study of the characteristics, origin,  
and development of landforms. Since a canal is a landform  
very similar to a river, canal geomorphology is very much like  
river geomorphology. Geologists who study rivers are interested 
in understanding how rivers are formed, how they maintain their 
channels, and what factors change the shape or direction of the river 
channel. Canals differ from rivers because they  
are produced, maintained, and abandoned by people; however,  
their similarities allow archaeologists to use geology as a tool  
for understanding ancient irrigation systems.  
 
Shape and Size  

Canal shape can indicate the use of a canal segment and 
sometimes the age of the canal. Prehistoric canals are usually 
U-shaped in cross-section. Although some historic canals,  
particularly smaller distribution canals, have a U-shaped cross- 
section, most main canals built during the historic period are  
trapezoidal. Historic canals are usually wider and deeper than  
prehistoric canals, and the width-to-depth ratio is usually much  
larger. 

These wider canals were more efficient, and represent 
improvements in canal engineering unfamiliar to prehistoric canal 
builders. Canal size, shape, and number can also provide 
information about the magnitude of past agricultural systems. 
Canal size, shape, and slope are critical factors for estimating 
the amount of water that can be delivered by a canal system, 
which determines how much land can be irrigated. 
 
Sediments and Stratigraphy 

The sediments found within canals usually conform to the 
overall shape of the canal. Sediments filling a U-shaped canal 
will take on a "U" shape, and sediments filling a trapezoidal 
canal will tend to be more horizontal. These sediments are 
influenced by the river from which 'the canal draws water, and 
the speed with which that water enters the canal system. 

When water is initially drawn from a river, it enters the  
canal rapidly. Only the larger particles will settle to the bottom,  
so coarse sands and gravels are usually deposited in canals  
when they are first used. Slow or stagnant water, characteristic  
of infrequently used or abandoned canals, will allow finer  
particles, like clay and silt, to settle to the bottom. These  
sediments are often removed during canal maintenance, so the  
sediments that we see often represent only the last use of the  
canal. The types of sediment found in canals can help 
archaeologists understand whether the people using them were 
successful at building and maintaining efficient canals. 

The geomorphic context of canal placement can also offer  
useful information about human decision making. For example,  
in our study of historic acequias along Alameda Street, we  
discovered  that many  of  the  historic  canals  were  excavated 

Cross-section of a buried prehistoric canal found on the west side of 
the Santa Cruz River beneath Alameda Street. The U-shaped profile 
and mineral stains below are common characteristics of prehistoric 
canals in the Sonoran Desert. 

into former channels of the Santa Cruz River. These ancient 
channels provided topographic depressions into which canals 
could be built with considerably less effort. 

Minerals 
Stains from the oxidation of iron and manganese minerals 

are often found at the base of canals. Their presence indicates 
waterlogged conditions where water is stagnant, plant growth is 
present, and no fresh, oxygenated water is entering the sys- 
tem. These conditions are often characterized by dark, clayey 
deposits; red or orange "rust-like" stains from mineral 
oxidation; and small, black nodules of manganese or iron. 

Changes in the agricultural use of the land and the 
frequency of canal use may have created the ideal conditions 
for these minerals to accumulate. Historic accounts of land 
use west of the Santa Cruz River suggest that certain crops 
required less irrigation than others. Political disputes over water 
rights affected the availability of water to parts of the canal 
system, and also influenced the effort made to maintain 
canals that were not in use. Since lower water applications 
and canal abandonments would lead to stagnant water and 
plant growth, the presence of iron and manganese deposits at 
the base of canals may mark periods characterized by changes 
in land use and political conditions. 

Shells 
Shells of freshwater mollusks (gastropods) and smaller 

"ostracodes" can provide information about canal siltation and 
water salinity. The presence of the shells of these animals 
marks the silting up of a canal. As the flow rate decreases and 
salt content increases with evaporation, species adapted to 
higher salinity appear in the sediments.  
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An engraved Oliva shell was recently found at  
a Classic period site along Cienega Creek (see  
survey update on page 6).  
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SEDIMENT-MORPHOLOGY RELATIONS OF ALLUVIAL CHANNELS 

By Waite R. Osterkamp1,2 

ABSTRACT 

The interpretation of numerous data collected from alluvial stream chan
nels of the western United States suggests that discharge characteristics 
are the principal control of channel size, but that sediment characteris
tics largely determine channel shape. For streams of similar discharge, 
narrowest channels occur when the sediment load is entirely silt and clay. 
Channel widths increase with the tractive movement of sand, reaching a 
maximum in streams that transport only medium- to coarse-grained sand. 
When the median-particle size of channel material is coarser than sand, 
the bed and banks are' protected and stabilized by armoring, and the re
sulting channels are narrow. 

For the general power function 
W = aqt> 

relating width (W) to mean discharge (Q), the value of the exponent (b) 
appears to vary with the tractive sediment load of the stream. The lowest 
value of b, about 0.45, is associated with silt-clay bed channels in 
which essentially no sediment is moved by traction. The exponent increases 
to about 1.0 for some braided stream channels in which large amounts of 
sediment are moved tractively. With increasing armoring of a channel, 
the value of b decreases, reaching a minimum of about 0.50 for highly 
turbulent alpine streams that have very low sediment discharge. 

BACKGROUND AND PURPOSE 

During the last decade, personnel of the U. S. Geological Survey in 
Kansas have conducted a series of studies to develop empirical relations 
among discharge characteristics and geometry variables of alluvial stream 
channels. Data have been collected from hundreds of gage sites throughout 
the western United States. These data represent conditions ranging from 
highly ephemeral (discharge no more than 1 percent of the time) stream 
channels of the Southwest to large streams of the Midwest, such as the 
Missouri River. In recent years, attention has been concentrated on the 
formational processes of specific types of stream channels. Geometry
discharge relations have been studied to determine the effects of channel
sediment properties, discharge variability and regulation (in cooperation 
with the Kansas Water Resources Board), and channel modification (in coop
eration with the U. S. Army Corps of Engineers). Reports describing limited 
parts of these investigations are in various stages of preparation or 
publication. This paper has been prepared to integrate information from 

1Hydrologist, U.S. Geological Survey, WRD, Lawrence, Kans. 
2Non-member advisor of Task Committee on Relationship Between Morphology 

of Small Streams and Sediment Yield, Hydraulics Division, ASCE. 
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these reports and to give an initial interpretation of the geomorphic dy
namics of fluvial systems, with emphasis on the control of sediment prop':' 
erties on the shape and pattern of alluvial channels. 

The generalizations presented in this paper are based on width-discharge 
and vlidth-sediment-discharge relations developed for other studies. Data 
supporting the relations are given as cited, but several spec'ific examples 
are described to justify the ideas proposed here. The purpose of this 
paper, therefore, is to suggest and support several principal generaliza
tions concerning the morphology of natural alluvial stream channels. The 

,generalizations that emphasize the effects of fluvial sediment on the 
size and shape of alluvial channels are summarized by the following: 

1. A minimum channel width is defined by the amount and variability of 
the discharges conveyed, but it is modified by the availability and trans
port of specific sediment sizes that form and maintain stable alluvial 
banks. 

2. For streams of similar discharge characteristics, a maximum bed or 
channel width is defined by the amount and percentage of medium- and 
coarse-grained sand in the total sediment load. 

3. The manner in which the shape of an alluvial channel changes in the 
downstream direction largely is a function of discharge variability, avail
ability of sediment for transport, and the particle-size distributions 
of the sediment transported. 

MEASUREMENT OF CHANNEL VARIABLES 

The study of fluvial processes has proven to be among the most complex 
and difficult topics of geomorphology because of the number of variables 
involved, the inconsistent or nonlinear interrelations among those vari
ables, and the lack of suitable methods to quantify some of those variables. 
The effects of fluvial sediment can be recognized and quantified, although 
it is still unclear which variables of sediment discharge are the best 
descriptors. 

It is reasonable to assume that only two independent variables determine 
the size and shape of natural stream channels--climate and geology. Divi
sions or results of these two primary variables pertinent to alluvial 
channels are the characteristics of precipitation, temperature, soils, 
topography, and vegetation. Except for temperature, which probably is of 
minor consequence, these secondary variables are nearly as difficult to 
quantify as the primary variables. Realistic quantification appears fea
sible only by a tertiary breakdown. Although tertiary variables can be 
treated as independent in the study of fluvial systems, it is obvious 
that they are not independent in nature but depend on both climate and 
geology. Pertinent tertiary variables include: 

1. Total or mean discharge, 
2. Variability of discharge, 
3. Temporal distribution of discharge (particularly seasonal distribu-

tion and elapsed time since the last erosive flood event), 
4. Amount of sediment discharge (mean concentration), 
5. Size distribution of sediment, 
6. Temporal changes in availability and size distribution of sediment, 
7. Type of riparian vegetation, and 
8. Maturity of the riparian community. 
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The variables of discharge 0-3) are primarily determinants of channel 
size or cross-sectional area. The sediment variables (4-6) are determinants 
of channel shape and are treated as complicating variables of geometry
discharge relations. The variables of riparian vegetation (7-8) help deter
mine both channel size and shape. Suitable methods of quantifying the 
effects of riparian vegetation are not yet available, and they will be 
discussed only briefly. Other variables, such as temperature and water 
chemistry, no doubt influence geometry-discharge relations, but their 
effects appear to be minor relative to those of sediment. 

Geometry-discharge relations of alluvial channels generally can be ex
pressed adequately as width-discharge power functions. For specified con
veyance and channel-sediment properties, a change in width must be accom
panied by an opposi te change in mean depth. Because channel width generally 
can be measured more accurately than mean depth, most channel-geometry 
studies relate width to a measure of discharge. The present paper con
siders relations of width with both mean discharge and various flood 
discharges of specified recurrence intervals. 

The coefficients of power-function equations presented here are based on 
widths and discharges expressed in meters (m) and cubic meters per second 
(m3/s). Particle-size diameters are given in millimeters (mm), and silt
clay percentages are the content, by weight, of bed or bank material with 
particle diameters of less than 0.062 mm. 

WIDTH-DISCHARGE-SEDIMENT RELATIONS 

The geometry (simplified here to width) of an alluvial stream channel 
primarily is the integrated resultant of all rates of water and sediment 
discharge conveyed through the channel. The relative importance that the 
rates of water or sediment discharge might exert on channel geometry 
varies greatly. For example, the widths of armored alpine channels corre
late well with mean discharge (Osterkamp and Hedman, 1977), but the widths 
of highly ephemeral stream channels, which are unable to heal effectively, 
are determined largely by infrequent, erosive flow events (Wolman and 
Gerson, 1978). The effects of water and sediment; variables cannot be 
completely separated to evaluate the influence that each exerts on channel 
width. In order to examine the manner in which channel widths vary with 
sediment properties, it is necessary to generalize width-discharge rela
tions. Sediment characteristics then can be regarded as modifications or 
complications of those relations (Osterkamp, 1979a). Summary relations 
of width and discharge, therefore, are presented before a more detailed 
analysis of the effects of fluvial sediment is described. The variables 
are discussed in the order previously listed. 

Variation of Width and Discharge 

Analysis of data from three diverse groups of perennial stream channels 
yielded the following relation between width, W, and mean discharge, Q 
(Osterkamp, 1979b): 

W " aqD·50 (1) 

Values of the coefficient, a, were 7.7 for armored alpine channels, 4.9 for 
mostly silt and clay channels, and 9.5 for spring-effluent channels of a 
karst area. These values appear to be determined largely by the channel
sediment characteristics. The exponent value of this relation agrees with 
values given in numerous previous papers and appears accurate for the 
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groups of relatively stable channels represented, but it is not accurate 
for channels of most sand-bed streams or ephemeral streams. In general; 
the widths of perennial stream channels having stable, accretionary banks, 
which are resistant to erosion by peak discharges, vary closely with the 
square root of mean discharge. 

When channels are similar in all other respects, including mean discharge 
and sediment characteristics, variable or flashy discharge produces a broad 
width, and steady discharge is associated with a relatively narrow width. 
The peak discharges of the flashy streams winnow away fine· material, cause 

. bank erosion,'and prevent the establishment of a mature, stabilizing growth 
of riparian vegetation. Channels with st.eady discharge, such as regulated 
streams and the spring-effluent channels of southern Missouri, generally 
have stable banks and are relatively narrow because erosive discharges 
are rarely conveyed. The effect of discharge variablity (for perennial 
streams) is illustrated by 96 sand-bed and sand-banks channels of the 
Missouri River basin. The ratio of the 10-year flood to mean discharge, 
Q10/Q, was computed for each, with 55 and 410f the streams, respective~y, 
having a ratio greater and less than or equal to 60. Power-functlon 
equations for the two groups of data were calculated as follows: 

W 

W 

9.6 QO.74 (Q10 /Q > 60) 

8.0 QO.62 (Q10 /Q i 60) 

(2) 

(3) 

Aside from the relatively large exponents, it is significant that, partic
ularly for large streams, channels conveying steady discharge (equation 
3) are generally narrower relative to discharge than are flashy streams. 

Variation in the temporal distribution of discharge is distinguished in 
several manners, but the most significant effect on channel morphology ap
pears to be the timing of flood events. . Studies by Schumm and Lichty 
(1963), Burkham (1972), and Wolman and Gerson (1978) demonstrated the re
lation between large erosive floods and channel widths. Numerous data 
from different streams show that channel material is relatively coarse 
grained following the winnowing effects of an erosive flood. Limited 
channel-sediment data (unpublished) have been collected from various streams 
that have been widened by peak discharges, such as Plum Creek, south of 
Denver, Colorado, and the Cimarron River in southwestern Kansas. These 
data, with written descriptions and photographic evidence (Schumm ~nd 
Lichty, 1963; Burkham, 1972), indicate the changes in bed- and bank-materlal 
particle sizes that occur during and following historic flooding. 

Effect of Sediment on Width-Discharge Relations 

Recent studies (Andrews, 1979; Richards, 1979) have suggested a direct 
relation between channel size and total sediment discharge. Results from 
numerous sites in the Missouri River basin (Osterkamp and Hedman, in 
review) further indicate that sediment concentrations for streams of similar 
water discharges have a marked effect on width-discharge relations only 
if a significant portion of the sediment load is moved by traction. Ex
tensive data show that, during normal discharge rates (below flood stage), 
most sediment coarser than about 0.5 mm is moved primarily by traction 
(Visher, 1969; Middleton, 1976). When the sediment is suspended and dis
tributed through the entire water depth, variations in load have minimal 
effect on channel width. Variations in the tractive load that is trans
ported through a portion of water depth (generally not more than about 
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0.2 m) largely determine a required channel width to maintain movement-
The effect, as indicated by bed and bank material, that the size dis

tribution of fluvial sediment exerts on channel morphology is illustrated 
by the linear relations of figure I. The relations are based on data 
from nearly 300 gage sites, mostly in the Hissouri River basin (Osterkamp 
and Hedman, 1977; in review), that have been separated into groups according 
to particle-size distributions of bed and bank material. The bed material 
is assumed representative of the tractive load of the stream. Bank material 
is formed primarily of sediment from suspension and by coarse sizes de
posited on recession of peak discharges. The equations show that narrowest 
channels and lowest exponents occur when bed material is mostly (greater 
than 60 percent) silt and clay (fig. 1, line 1). If no sand and coarser 
sizes are available for transport, all sediment is carried in suspension. 
The bed and bank materials are nearly homogeneous, and the channel tends 
to be narrow, deep, and U-shaped. 
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MEAN DISCHARGE (0), IN CUBIC METERS PER SECOND 

FIG. 1.--Relations of width to mean discharge for channels of specified 
sediment characteristics 

Lines 2 and 3 (fig. 1) relate widths to mean discharges of channels with 
bed material containing 31 to 60 and 11 to 30 percent silt and clay, re
spectively. Although these channels consist predominantly of fine particle 
sizes and tend to have stable, cohesive banks, the increased widths result 
from the tractive movement of small to moderate amounts of sand. Fluvial
sorting processes, which enrich the bed material with sand and the bank 
material with silt and clay (Osterkamp and Wiseman, 1980), form a channel 
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section with sloping sides and a nearly horizontal sand bed. Line 
(fig. 1) suggests that nearly all of the sediment conveyed by the channel 
consists of fine particle sizes, and lines 2 and 3 suggest that the sedi
ment supply includes both fine sizes and sand. Lines 4 and 5 (fig. 1) 
relate width to discharge data of stream channels where the bed material 
is dominated by sand sizes (less than 11 percent silt-clay content and 
a median-particle size of less than 2.0 mm). The sand-bed, silt-banks 
channels (line 4) are formed when a sediment supply has significant por
tions of both sand and finer sizes. Sand-bed, sand-banks channels (bank 
material with less than 70 percent silt and clay) are formed when the 
suspended load of fine sizes is small r!"lative to the coarser sizes moved 
by traction (line 5). Owing to the sand, these channels maintain wide, 
horizontal beds and have poorly cohesive banks that are susceptible to 
erosion by peak discharges. 

The narrowest and deepest channels occur when sand is not available for 
transport. Conversely, the widest and shallowest, and often braided, 
channels occur when the entire sediment supply is of sand size. Similarly, 
the smallest exponent or slope is associated with channels having high 
silt and clay in the bed and banks, and the largest exponent is related 
to channels with the most sand in bed and banks (fig. 1). 

To show an extreme condition suggested but not illustrated by figure 1, 
width and mean-discharge data were collected from various braided streams 
of similar sediment conditions in the Sand Hills area of Nebraska (Osterkamp 
and Hedman, in review). The data yield the relation: 

W '" 3.0Q1.0 , (4) 

which suggests that downstream changes in discharge for these streams are 
accommodated totally by adjustments in channel width, not by changes in 
mean channel depth or water velocity. This observation is ,consistent with 
bank-material data (Osterkamp and Wiseman, 1980), which suggest that water 
velocities near the wetted perimeter and processes of bank sorting do not 
change significantly in the downstream direction. In other words, in
creases in discharge for braided streams do not result in increased chan
nel depth, and because all flow (at normal discharge rates) remains in 
proximity to the wetted perimeter, velocities also remain nearly con
stant in the downstream direction. Considering the extremes of tractive 
movement--narrow channels formed entirely of silt and clay (fig. 1, line 
1) or highly braided channels formed entirely of sand--it is inferred that 
the exponents of the width-mean discharge relations range from roughly 
0.45 to 1.0. 

Lines 6, 7, and 8 are power-function relations for (nonglacial) channels 
with median-particle sizes of bed material corresponding to gravel, cobbles, 
and boulders, respectively. Abundant sand in bed material commonly is 
available for transport in gravel-bed channels, whereas sand ordinarily 
is protected in cobble-bed channels and, particularly, in boulder-lined 
channels. Generally, the banks of these channels are armored by the same 
coarse sizes that armor the beds (Osterkamp and Wiseman, 1980). The 
lines and equations (fig. 1) show decreasing channel widths and power
function exponents with increasing bed-material sizes. Implicit in these 
trends are increases of channel gradient, channel roughness and armoring, 
and decreasing tractive sediment movement at normal discharge rates. For 
highly turbulent, well-armored alpine streams, only moderate channel widths 
are required because minimal amounts of sand and coarser sizes are moved 
during low to medium flow. At high discharge rates, bed and bank sorting 
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processes occur, and large sizes are moved tractively. Hence, greater 
widths occur in channels having coarse sizes than in the silt-clay bed 
channels (fig. 1, line 1), although both types of channels are regarded 
here as highly stable. 

Summarizing the power functions of figure 1, lines 1 through 5 refer to 
progressive increases in channel sandiness and in width relative to dis
charge. Increasing sandiness suggests decreasing channel stability because 
of the corresponding reduction in cohesiveness afforded by the silt and 
clay of the channel material. As the median-particle size of the bed 
material increases beyond the sand range, the coarsest, normally immobile 
sizes cause increased armoring, or protection of available sand, and re
duced tractive sediment movement. Lines 5 through 8, therefore, indicate 
decreasing widths relative to mean discharge and thus increasing channel 
stability. The exponents of the power function equations (fig. 1), which 
appear to vary directly with the amount of tractive sediment movement, 
can be likened loosely to channel instability as used here. 

The size distribution of fluvial sediment also helps control channel 
morphology through sorting processes. Extensive particle-size analyses 
of bed and bank samples from perennial streams of the Missouri River 
basin (Osterkamp and Wiseman, 1980) suggest that the formation of stable 
alluvial banks is dependent on the availability and sorting of specific 
size ranges of sediment. The bank-material analyses (fig. 2), which rep
resent wide ranges of geologic, topographic, and climatic conditions, show 
a pronounced tendency toward bimodal distributions. Based on logarithmic
probability analysis of bank samples, the fine-grained subpopulation in
cludes particle sizes up to about 0.35 mm, whereas a coarse-grained sub
population has sizes greater than about 1.3 mm. Sand sizes in the range 
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FIG. 2.--Particle sizes of bed and bank material from perennial stream 
channels of the Missouri River basin. The cumulative size analyses for 
the beds is the average of 239 samples; that for the banks is the average 
of 471 samples. Dashed lines are straight-line projections from data 
points, yielding an inferred range of deficient sand sizes in bank material. 
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between the two subpopulations are generally absent. Analyses of bed 
samples from the same channel sections give unimodal distributions, dn 
not show deficient sand sizes, and show a size "break" at 0.5 rom (fig. 2) • 

Based on previous studies (Middleton, 1976; Visher, 1969), comparisons 
of the data with analyses of the suspended-sediment loads, and comparisons 
of coarsest sizes found in the bed and banks of specific channels, it is 
inferred that the fine subpopulations of both bed and banks are associated 
with the suspended loads. The coarse subpopulations of both probably are 
associated with tractive movement. Sand sizes of 0.35 to 1.3 mm do not 
occur in the bank material because these sizes are not in suspension at 
normal discharge rates. At flood discharges, the sand sizes apparently 
are washed from the bank slopes and coarser sizes probably remain as a 
lag deposit. 

Relatively stable banks are deficient in 0.35 to 1.3 mm sand regardless 
of channel gradient or basin characteristics. Bank-sorting processes, 
therefore, appear to be essentially constant in the downstream direction, 
which suggests that stream velocities at and near the channel perimeter 
do not change in the downstream direction. If the total-sediment load of 
a stream is predominantly rnedium- to coarse-grained sand, wide, unstable 
channels will result because the fine (less than 0.35 mm) and coarse 
(greater than 1. 3 mm) sizes required for bank stability are not available. 
Braided channels, such as those of the Sand Hills area in Nebraska, are 
likely to occur regardless of discharge variability, when virtually all 
sediment in transport is between 0.35 and 1.3 rom in size. 

Short-term to seasonal changes in the availability and size distribution 
of sediment probably occur in most streams that have a supply of well
graded sediment. Whether the changes are natural or induced, the processes 
of bank erosion and accretion (release from storage and storage of fluvial 
sediment) are generally too slow to reflect those changes. Hence, short
term changes are not considered by the equations presented here. Short
term changes in sediment supply represent a stress, or independent vari
able, affecting the width-discharge-sediment relations. A long-term change 
in the sediment load and distribution, however, often accompanies the 
progressive changes by a stream channel to attain stability after a de
structive flood (Schumm and Lichty, 1963; Burkham, 1972; Osterkamp, 1979a). 
As used here, the virtually instantaneous coarsening of bed material due 
to the winnowing effects of a highly erosive flood is associated with 
long-term change because years or decades may be required for new storage 
of fine sediment and a return to pre-flood conditions. Long-term sediment 
changes, therefore, are a dependent-to-interrelated variable of the width
discharge-sediment relations and are reflected by the equations presented 
and referenced here. 

Flood Relations 

Power-function equations that include flood discharges of specified re
currence interval have been developed for the Missouri River basin (Hedman 
and Kastner, 1977; Osterkamp and Hedman, in review) by using the same 
techniques as those used for relating channel characteristics to mean 
discharge at gaged sites. Relations of channel width with flood discharges 
generally are not as well defined as those relations which include mean 
discharge because (1) the frequencies of flood discharges generally are 
not as well defined at gaged streams as is mean discharge and (2) flood 
discharges generally are conveyed through channel sections of which only 
a small part of the perimeter is the result of recent fluvial processes. 
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Nevertheless, the width-discharge equations for specified flood frequencies 
vary with the channel-sediment characteristics and reflect the influence 
of fluvial sediment (Osterkamp and Hedman, in review). 

The width-discharge relations of the various channel types for the 10-
year flood, as an example, show variations siTIilar to those for mean dis
charge (fig. 1). Flood relations for the various channel types are not 
provided, but examples are given for channels with sand beds and silty 
banks (fig. 3). The exponents of the equations increase with recurrence 
interval, but probably not as a result of increasing tractive sediTIent 
movement. Rather, the inferred causes of the increasing exponents are 
(1) the tendency for attenuation of flood discharges in the downstream 
direction with increase in recurrence interval and (2) peak rates of pre
cipitation and runoff, per unit area of a drainage basin, tend to decrease 
with increasing basin size. 

DISCHARGE (0), IN CUBIC METERS PER SECOND 

FIG. 3.--Power-function relations of width to discharge characteristics 
for channels with sand beds and dominantly silt-clay banks. Q is mean 
discharge; Q2 through QI00 are discharges of floods with recurrence in
tervals of 2 through 100 years. 

EXAMPLES 

To better characterize the generalizations previously made, figure 4 pro
vides interpretations of how four types of stream channels are altered by 
floods and then adjusted during subsequent periods of normal discharge 
rates. Although the relations are hypothetical and are based on a mean 
discharge of about 1. 0 m3 Is, they refer to actual channels and mostly 
are represented by the general relations of figure 1. The graphs (fig. 
4), reading from bottom to top, represent a channel formed of silt and 
clay in eastern Kansas (fig. 1, line 1), a highly armored alpine stream 
in Wyoming (fig. 1, line 8), a sand-bed, sand-banks channel in Nebraska 
(fig. 1, line 5), and ,a sandy, highly ephemeral stream channel (flow less 
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than 1 percent of the time) in southern Arizona (not represented in fig. 
1). Because the ephemeral stream channel is formed by infrequent flow 
events, discharge rates during periods of flow generally are much greater 
than 1.0 m3/s, and the channel is very wide relative to mean discharge 
(fig. 4). 
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FIG. 4.--Schematic width-time relations for different types of stream 
channels. 

A moderate flood (fig. 4, flood 1) widens all four channels. The alpine 
stream is widened least owing to the armor of cobbles and boulders. Widening 
is substantial in the sandy, perennial stream channel because the poorly 
cohesive banks are readily eroded. The ephemeral stream channel is not 
widened significantly because the channel was previously shaped by similar 
flow events and little or no healing was possible during the extended 
no-flow periods. Followingflood 1, bank accretion and channel narrowing 
occurs in all four cases but is most pronounced for the sand channel that 
had been widened mos t. Succeeding floods (fig. 4, floods 2, 3, and 4) 
alter the various channels according to the timing and magnitude of the 
floods, the typical discharge characteristics of the streams, and the 
channel-sediment properties. Flood 2 widens the channels and destroys 
some flood-plain vegetation, thereby making the channels vulnerable to 
bank erosion by flood 3. Flood 4 represents an interruption of the 
healing or narrowing process after flood 3. 

The silt-clay bed channel shows significant widening by erosive floods 
because the banks are poorly protected. Following the various floods, 
however, narrowing is rapid because abundant silt and clay in suspension 
is available for bank accretion. The armored channel is not easily widened 
by peak discharges, but subsequent narrowing is slow owing to the diffi
culty of replacing either fine or coarse sizes to the banks. The sandy, 
perennial stream channel is easily widened by the floods, but sufficient 
fine sediment in transport is available for recovery to occur readily. 
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The widths of the highly ephemeral stream channel always reflect the in
fluence of infrequent discharges, and neither widening nor narrowing through 
time is pronounced. 

In all cases, it is inferred that erosive or channel-widening discharges 
winnow the channel material of fine sediment sizes and cause an increase in 
median-particle size. Erosive discharges also tend to straighten channels 
and increase the gradients. Preceding flood 1, therefore, the sandy, pe
rennial stream channel (fig. 4) might have been of moderate width, exhibited 
well developed sinuosi ty, and had a sand bed and stable banks of sil t and 
fine sand. The width-mean discharge relation might have been described 
by equation 4 of figure 1. Following flood 3, the channel was more than 
doubled in width (at the expense of flood-plain area), straightened, and 
modified to a braided pattern. Most silt and fine sand had been washed 
from the bed material, and coarse-sand to gravel sizes had been added by 
destruction and reworking of flood-plain deposits. Whereas equation 5 of 
figure 1 might have described the width-mean discharge relation prior to 
flood 2, the braided, highly unstable conditions of this channel following 
flood 3 are not represented in figure 1. 

In all cases, the relations of figure 4 suggest that channel narrowing 
(bank accretion) is accompanied by (1) a general reduction of bed-material 
sizes and tractive sediment movement, (2) storage of fine sizes in bank 
material, and (3) r.eduction of channel gradient (increased sinuosity). 
Although supporting data are not available, it is inferred that the rates 
of channel narrowing generally decrease as stable conditions are approached 
(Osterkamp, 1979a). An exception is represented by the sandy, perennial 
stream channel (fig.4). Following the extensive flood-plain destruction 
of flood 3, an extended period was required for re-storage of fine sediment 
sizes in the channel alluvium before significant narrowing could occur. 
With storage of fines, a change from a braided pattern to a defined chan
nel could proceed rapidly. Channel changes of this sort have been docu
mented for the Cimarron River in Kansas (Schumm and Lichty, 1963), the Gila 
River in Arizona (Burkham, 1972), and Plum Creek in Colorado (unpublished). 

CONCLUSIONS 

Regardless of the discharge characteristics in alluvial streams, maximum 
channel widths occur when fluvial sediment is principally medium- to coarse
grained sand. Narrowest, most stable channels occur when an increased 
percentage of sediment finer than sand imparts a cohesiveness, or when 
sediment coarser than sand causes an armoring effect. 

If a stream having steady discharge transports only fine-grained sediment 
in suspension, the channel will assume a narrow (relative to water dis
charge) and highly stable condition. An opposing, or widening, tendency 
for a channel section is caused by sand and coarser sediment that moves 
by traction and requires a width proportional to the effect of the tractive 
load. If the variability of discharge and sediment characteristics at 
two sites on a stream are similar, the channel shape at both sites will 
be similar; however, the channel size will vary with the amount of dis
charge. If the sediment characteristics differ, both size and shape 
of the channel will change between the sites. 

The equations of figure 1 indicate that the largest exponents for the 
width-discharge relations should be associated with large rates of trac
tive sediment movement. However, the equations were developed from data 
collected at relatively stable sites and do not represent braided condi
tions. Data from braided streams of the Sand Hills area of Nebraska, 
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however, give an exponent of 1.0 (Osterkamp and Hedman, in review) .. 
As indicated by figure 4, the width-discharge relations of a stream are 

not constant through time. Temporal changes of the relations, however, are 
accompanied by changes in the channel-sediment characteristics, roughness, 
and channel gradient. If little or no net aggradation or degradation is 
occurring during a suitably defined period, any channel reach can be 
defined by power-function relations that assume approximate equilibrium. 
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GLOSSARY

Much of the terminology used in fluvial geomorphology is not standardized, in part because the great 
variability in fluvial systems makes application of rigidly defined terms inappropriate. Following are 
definitions of terms as used in this report.

Arroyo: An entrenched channel system. Channel has so deeply incised its former flood plain that flow 
generally does not overtop the arroyo walls, which can be as much as 30 feet high on the Santa Cruz 
River. Arroyo boundaries are contiguous with channel boundaries in some locations, but elsewhere 
arroyo boundaries enclose a channel system that can include a flood plain and multiple terraces. The 
Santa Cruz River flows through an arroyo from about the Continental bridge near Green Valley to the 
reach between the confluence of Rillito Creek and Caflada del Oro north of Tucson.

Bank: Channel boundary. The top of a channel bank was defined using a combination of vegetation 
patterns and bank morphology, which ranged from sharp, vertical scarps to indistinct, low-angle 
berms merging gradually with the adjacent flood plain. Generally, a distinction is made between 
channel banks, which are features formed by the modern channel itself, and arroyo walls, which are 
composed of alluvium that may have accumulated in a much different depositional environment from 
the present one. To avoid cumbersome sentence structure, however, the term bank erosion is used to 
include the process of arroyo wall retreat.

Channel: The part of the river that carries flow. Because flow in the Santa Cruz River is so variable in 
magnitude and frequency, the channel boundaries can be difficult to delineate. A low-flaw channel is 
formed by base flows or by receding floodflow and may occur as a distinct, incised feature or may be 
distinguished only by subtle changes in composition of bed material or occurrence of vegetation. 
Because low-flow channels on the Santa Cruz River typically are indistinct and discontinuous, no 
attempt was made to map changes in low-flow channels through time. A high-flow channel is formed 
by floodflow. Immediately following a flood, high-flow channels generally are distinct features 
delineated by vegetation boundaries and well-defined channel banks, but degradation of the banks and 
revegetation can rapidly obscure boundaries of the high-flow channel. A high-flow channel, which is 
incised by a well-defined low-flow channel, forms a compound channel.

Channel change: Change in channel geometry or bed elevation; change in its position, course, or pattern; 
and change in bed material, bank material, or vegetation density. Although the terms channel and 
arroyo are not synonymous, for simplicity, channel change is used to include changes in arroyo 
dimensions or other physical properties.

CONVERSION FACTORS AND VERTICAL DATUM

Multiply By To obtain

inch (in.) 25.4 millimeter

foot (ft) 0.3048 meter

mile (mi) 1.609 millimeter
ry

square mile (mi ) 2.590 square kilometer 

cubic foot per second (tf/s) 0.02832 cubic meter per second

Sea level: In this report "sea level" refers to the National Geodetic Vertical Datum of 1929 A geodetic datum derived from a 
general adjustment of the first order level net of the United States and Canada, formerly called "Sea Level Datum of 1929."



Channel Change on the Santa Cruz River, 
Pima County, Arizona, 1936-86

ByJohnT.C. Parker

ABSTRACT

The Santa Cruz River, an ephemeral river that drains 8,581 square miles in southeastern 
Arizona, has a long history of channel instability. Since the late 19th century, lateral channel 
erosion has caused extensive property damage, particularly in Pima County. During the flood of 
1983, about $100 million damage was caused in the Tucson area alone; most damage resulted from 
bank erosion on the Santa Cruz River and its tributaries.

Aerial photographs; interpretations of field observations; and published and unpublished 
geomorphic, topographic, geotechnical, and historical data were used to investigate channel 
change from 1936 through 1986 along a 70-mile reach of the Santa Cruz River in Pima County, 
Arizona. The nature, magnitude, location, and frequency of channel change on the Santa Cruz 
River have been highly variable in time and space.

Three mechanisms of lateral channel change meander migration, avulsion and meander 
cutoff, and channel widening were identified on the Santa Cruz River. The dominant mechanism 
in a reach depends on channel morphology and flood magnitude. The dominant vertical change 
has been degradation, although alternating periods of aggradation and degradation have occurred 
at some sites. Vertical and lateral channel-change mechanisms operate in concert with bank-retreat 
mechanisms to produce widening of entrenched channel systems known as arroyos.

The timing and magnitude of channel change at a particular location are controlled primarily 
by hydrologic and climatic factors such as magnitude, duration, intensity, and frequency of 
precipitation and floods. The location of channel change and its magnitude in response to a given 
discharge are controlled largely by topographic, geologic, hydraulic, and artificial factors. 
Although much of the present morphology of the Santa Cruz River is the result of recent large 
floods, a direct link between hydroclimatic conditions and channel change is not always evident 
because of the complicating effects of other controls.

Although an appropriate model for predicting channel change on the Santa Cruz River has 
not been identified, the stability of reaches relative to one another and to time can be evaluated by 
recognition of the major channel-changing mechanisms operating in a reach and of the local 
controls on channel change. Much of the channel change that occurred during the study period has 
been artificial.

INTRODUCTION Before the late 19th century, the Santa Cruz
	River upstream from Tucson was a shallow,

The Santa Cruz River, which at its narrow channel in an active flood plain marked
confluence with the Gila River drains about by gentle swales and ridges. In the late 19th
8,581 mi2 in southeastern Arizona and northern and early 20th century, the river incised its
Sonora, Mexico, is typical of large, ephemeral flood plain to form an arroyo an entrenched
rivers in the western United States (fig. 1). channel system that is now locally as much as

1
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30 feet below its historical flood plain and more 
than 1,900 ft wide (Betancourt and Turner, 
1988). In the process of changing, the Santa 
Cruz River has destroyed bridges and buildings 
and washed away acres of agricultural and 
commercial land. Major floods in 1977 and 
1983 were particularly destructive. During the 
flood of record in 1983, bank erosion in the 
Tucson area alone caused about $100 million of 
property damage (Saarinen and others, 1984; 
Kresan, 1988). Channel change on the Santa 
Cruz River has been highly variable in time and 
space because of climatic fluctuations and 
variation in physical controls such as bank 
resistance and sediment sources. Human 
activities such as irrigation-canal construction, 
landfill operations, and sewage-effluent 
discharge have changed channel morphology 
and hydraulic properties and affected the 
location and magnitude of channel change 
occurring during flows (Baker, 1984b; 
Saarinen and others, 1984; Betancourt and 
Turner, 1988; Parker, 1990a).

The instability of desert channels, 
particularly ephemeral ones, is well known 
(Graf, 1988b). Rapid changes in channel 
morphology reflect extreme variation in flow 
magnitude and frequency that prevents long- 
term maintenance of equilibrium conditions 
(Stevens and others, 1975; Thomes, 1980). 
The rate, magnitude, and mechanism of change 
on desert channels are highly variable. Spatial 
variability results from changes in physical 
properties, such as bank material and 
vegetation density (Schumm and others, 1984), 
and changes in flow conditions such as caused 
by transmission losses into the channel bed and 
banks (Burkham, 1970, 1981) and local 
generation of runoff from convectional storms 
(Hirschboeck, 1985). Temporal variability 
results from the occurrence of rare, extreme 
flows (Baker, 1977; Webb, 1985; Webb and 
Baker, 1987; Graf and others, 1991), the 
climatic fluctuations that change the frequency 
of storms that produce high-magnitude, erosive 
flows (Webb and Betancourt, 1992), the 
sequence of events that shape channel

morphology (Graf, 1983b), and the time- 
dependent changes in channel resistance such 
as increased vegetation growth (Parker, 
1990b).

Because of extensive urbanization of 
some arid regions, channel change in desert 
rivers has become a matter of increased 
concern to flood-plain managers. The 
problems posed by channel change in dry 
regions flood-plain destruction by bank 
erosion and alteration of the hydrologic 
regimen resulting from changes in hydraulic 
conditions generally are not the same as in 
more humid environments where overbank 
inundation is the dominant hazard (Federal 
Emergency Management Agency, 1986). Most 
research on fluvial processes involves humid 
regions where geomorphic conditions are 
essentially different from those of drier 
environments (Graf, 1988a). Consequently, an 
increased understanding of channel-changing 
processes on desert rivers is needed to (1) 
assess spatial and temporal stability of natural 
channels; (2) establish location and magnitude 
of channel change in response to a given level 
of flow; (3) evaluate the topographic, climatic, 
geologic, and hydraulic controls that produce 
channel change; (4) determine the nature of the 
flood hazard associated with unstable channels; 
and (5) assess the effect of human activity on 
channel instability. Such an understanding 
would contribute to more effective utilization 
of traditional structural methods for bank- 
erosion control and would provide a rationale 
for alternative approaches, such as flood-plain 
zoning or condemnation.

This report is the second of two reports 
on channel change and flood frequency of the 
Santa Cruz River undertaken in 1988 by the 
U.S. Geological Survey in cooperation with the 
Pima County Department of Transportation 
and Flood Control District. The first report 
(Webb and Betancourt, 1992) evaluated the 
link between low-frequency climatic 
variability and changes in flood frequency of 
the Santa Cruz River.



Purpose and Scope

This report describes the history of 
channel change on the Santa Cruz River in 
Pima County from 1936 through 1986 and 
evaluates the hydrologic, climatic, topo 
graphic, geologic, hydraulic, and artificial 
controls that have affected the location, 
magnitude, and timing of such change. The 
scope of the report includes the following:

1. Documentation of channel change. A 
time series of channel change on the river was 
developed to document the location and timing 
of such change by extensive use of aerial 
photographs supplemented by geomorphic and 
topographic data. In addition, the nature of 
lateral-channel instability and the mechanisms 
of bank failure were identified.

2. Evaluation of controls on channel 
change. The time series was used to investigate 
the spatial and temporal variability of channel 
change. In particular, the links between spatial 
variability and topographic, geologic, and 
hydraulic controls and between temporal 
variability and hydroclimatic controls were 
evaluated.

3. Evaluation of the flood hazard 
associated with channel change. A synthesis of 
channel history and conditions associated with 
channel change was developed to assess the 
risk posed by channel instability. The potential 
for modeling channel change was evaluated.

4. Effects of human activity on channel 
change. Artificial modifications such as bank 
armoring, irrigation-canal construction, and 
sewage-effluent discharge to the channel were 
examined to determine the effects on channel 
morphology and hydraulic properties.

Description of the Study Area

The Santa Cruz River heads in the San 
Rafael Valley between the Canelo Hills and the 
Patagonia Mountains in southeastern Arizona, 
flows southward into Sonora, Mexico, turns

back to the north, and reenters the United States 
east of Nogales. From the international 
boundary, the river flows about 85 mi to the 
north city limits of Tucson in Pima County, 
then turns northwestward, and eventually 
empties into the Santa Cruz Flats, a broad plain 
of indistinct and discontinuous channels in 
Pinal County (fig. 1) that has been described as 
an inland delta (Waters, 1988). Continuous 
flow across the Santa Cruz Flats to the Gila 
River rarely occurs; however, a distinct channel 
of the Santa Cruz River reappears a short 
distance upstream from its confluence with the 
Gila River. The study area is the 70-mile reach 
through Pima County. At the downstream end 
of the study area, the Santa Cruz River basin 
has an area of 3,641 mi2. The Santa Cruz River 
is ephemeral from the upstream end of the 
study area to the sewage-treatment plant at Ina 
Road in northwest Tucson (fig. 1). Sewage- 
effluent discharge results in a base flow of 5 to 
50 ft3/s downstream from Ina Road.

The study area is characterized by a 
semiarid climate with hot summers and mild 
winters. Mean annual precipitation at Tucson 
is 11 in. Adjacent mountain ranges receive 
three times as much precipitation, and the 
average precipitation for the Tucson basin is 
about 19 in./yr. Summers are characterized by 
widely scattered, convectional thunderstorms, 
and winters are characterized by regional 
frontal systems (Sellers and others, 1985). 
Dissipating tropical cyclones, a third storm 
type, occur primarily in September and October 
(Hirschboeck, 1985; Webb and Betancourt, 
1992). Although less frequent than other types 
of storms, dissipating tropical cyclones have 
caused record floods of regional extent 
(Aldridge and Eychaner, 1984; Saarinen and 
others, 1984; Roeske and others, 1989).

The Santa Cruz River basin is in the 
Basin and Range physiographic province, 
which is characterized by deep alluvial basins 
flanked by fault-bounded mountain ranges. In 
southern Arizona, the mountains include 
volcanic, plutonic, and metamorphic rocks that



range from Mesozoic to Cenozoic age, some 
sedimentary rocks that range from Paleozoic to 
Cenozoic age, and mainly crystalline rocks of 
Precambrian age (Wilson and others, 1969). 
Within the study area, the Santa Cruz River 
flows through the Tucson basin, which is 
underlain by more than 20,000 ft of sediments 
of middle to late Cenozoic age. The Fort 
Lowell Formation, which ranges in age from 
2.5-2.0 m.y. to 1.3 m.y., underlies most of the 
Tucson basin beneath a veneer of surficial 
deposits (Davidson, 1973; Anderson, 1987). 
Surficial deposits include terrace gravels of late 
Pleistocene age (Haynes and Huckell, 1986) 
and alluvium of Holocene age that is associated 
with modern fluvial systems.
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Methods

The primary methods used in this study 
were interpretation and analysis of aerial 
photographs supplemented by interpretation of 
field observations and published and 
unpublished geomorphic, topographic, geo- 
technical, and historical data. Six study reaches 
along the 70-mile-long main stem of the Santa

Cruz River in Pima County were defined on the 
basis of morphology, historical stability, and 
dominant channel-forming processes (fig. 1, 
table 1).

The coverage and quality of aerial 
photographs used in this study varied from one 
location to another. Complete photographic 
coverage that was adequate for interpretation 
and mapping of channel changes generally was 
not available for the entire study area for any 
single year. Consequently, different time 
intervals were analyzed for the different 
reaches. Quality of the photographs depends 
on resolution, scale, distortion, and amount of 
overlapping coverage for stereoscopic viewing. 
More aerial photographs were used for 
qualitatively evaluating channel change than 
were used for mapping channel change 
(table 2).

A base map to document lateral channel 
change was developed from aerial photographs 
taken in 1936, which is the earliest coverage 
available for all reaches. Channel maps were 
made after projecting the photographs to a 
uniform scale of about 1:16,000 on the 
base map. The two reference systems for 
longitudinal river position used in this study 
were axial distance the distance along a 
straight line through the axis of a river reach  
and river distance the distance along the 
meandering thalweg of the channel. Use of 
axial distance provides a fixed reference for 
measuring changes in channel width or 
position, whereas river distance changes over 
time as channels lengthen or shorten. Channel 
widths were measured at grid points, generally 
at 500-foot intervals, along the channel axis 
(fig. 2A). The position of the channel center 
line was referenced to the channel axis by 
measuring the distance along a line 
perpendicular to the axis that connects a grid 
point to the nearest point in the center of the 
channel (fig. 2A). Channel-position change 
with time was represented by showing the 
initial channel position as a horizontal line and 
the subsequent position as a line connecting the



Table 1. Physical characteristics of reaches, Santa Cruz River

Reach Number Axial

Stream
distance, 
in feet2

Channel 
gradient, 

in foot

Mean
width, 
in feet4

Median
width, 
in feet

Width
range, 
In feet

Standard
deviation, 

In feet

Maximum Maximum
width width 

increase5 decrease5

(see of cross length, 
fig.1) sections in feet12 1936 1986

per
foot3 1936 1986 1936 1986 1936 1986 1936 1986 1936-86 1936-86

Canon 85 40,500 49,000 43,500 0.0034 250 500 200 400 50-800 100-1,750 160 360 1,250 400

Sahuarita 130 61,500 72^00 67,500 .0032 100 200 100 150 <50-450 <50-650 80 140 450 100

SanXavier 132 62.000 69,000 67,500 .0035 200 500 150 450 50-850 50-1,950 170 320 1,200 150

Tucson 91 43,000 48,500 48,000 .0029 200 250 200 250 50-450 100-650 100 90 300 200

Cortaro 95 43,000 50,000 46,500 .0027 300 200 250 200 50-950 50-1,100 160 190 900 800

Marana 152 82,000 88,500 88,500 .0029 500 200 350 200 50-1.450 <50-700 430 130 250 1,200

'See Methods section for explanation of axial length.
Sported to nearest 500 feet.
3Federal Emergency Management Agency (1982,1987,1990).
4Widths reported to nearest 50 feet. See Methods section for definition of channel or arroyo width.
^Maximum change in width measured at any single cross section during interval.

new location of each channel center point 
relative to the channel axis (fig. 2B). Although 
plots such as figure 2B indicate lateral channel 
stability, the magnitude of shift in channel 
position is not a measure of bank retreat or 
meander migration, which is a vector quantity. 
Large shifts in position of the channel center 
line but minor amounts of channel movement 
can be caused by a change in channel 
orientation such as shown at grid point 502 in 
figure 2A and in the boxed area of figure 2B.

HISTORY OF CHANNEL CHANGE

Channel Change Prior to 1936

The history of channel change on the 
Santa Cruz River near Tucson, particularly in 
the late 19th and early 20th century, has been 
extensively studied (Cooke and Reeves, 1976; 
Hendrickson and Minckley, 1984; Betancourt 
and Turner, 1988; Betancourt, 1990). Before

the 1870's, the river occupied a shallow 
swale interrupted by discontinuous gullies. 
Floodwaters were spread over a wide, active 
flood plain. Cienegas, which are marshes fed 
by perennial flow, were within the present-day 
city limits of Tucson at the base of Sentinel 
Peak (known locally as "A" Mountain) and 
near the San Xavier Mission, which is 9 mi 
upstream from Tucson. Most of the channel 
downstream from the cienegas was a dry, sandy 
riverbed.

Headcuts signaling the onset of arroyo 
formation were first described in 1871 in the 
San Xavier area (fig. 3; Betancourt and Turner, 
1988). In the late 1880's, extensive headcutting 
began through Tucson as a result of poorly 
engineered waterworks and high flows, 
particularly a series of summer floods in 1890. 
By 1910, the arroyo extended from Martinez 
Hill to Tucson. Winter floods in 1914-15 
caused major channel widening and destroyed 
the bridge at Congress Street in Tucson. These 
floods also extended the headcutting through
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Table 2. Aerial photographs, Santa Cruz River

[Ca, Canoa; Co, Coitaro; Ma, Marana; Sa, Sahuarita; SX, San Xavier; Tu, Tucson; (p), partial coverage]

Date

02-22-36 ' 
02-26-36 
03-07-36

1941 l

06-13-53 \ 
06-14-53 
06-15-53 
06-24-53 
08-20-53 
10-07-53 ,

02-25-56

02-18-60 1 
02-22-60 
02-23-60 
03-02-60 
03-03-60 
03-21-60 
04-04-60 J

05-04-66 
05-05-66 
05-06-66 .

08-19-67

01-07-71

04-08-72

11-08-74 I 

11-23-74 j

10-03-76

09-06-78 1 
09-07-78 
09-08-78 j

12-07-79

05-04-84

10-20-86 ' 
12-18-86 
12-22-86 
01-13-87 ,

Scale

1:30,000

1:21,000

1:10,000

1:50,000

1:10,000

1:24,000

1:10,000

1:12,000

1:32,000

1:20,000

1:14,000

1:20,000

1:12,000

1:15,000

1:24,000

Reaches

All

Co(p), Tu, SX(p)

Co(p), Tu, SX(p)

SX(p), Sa, Ca

Co(p),Tu,SX(p)

Ma(p), Co, Tu(p)

Co(p), Tu, SX(p)

Ma(p), Co, Tu, SX

SX(p), Sa(p)

Ma, Co, Tu, SX, 
Sa, Ca(p)

All

All

SX

Co, Tu, SX(p)

All

Sources

U.S. Soil Conservation Service

Pima County Department of 
Transportation and Flood Control

Cooper Aerial Survey, Tucson, Arizona

U.S. Geological Survey, Eros Data Center

Cooper Aerial Survey, Tucson, Arizona

U.S. Geological Survey, Eros Data Center

Cooper Aerial Survey, Tucson,

Cooper Aerial Survey, Tucson,

Cooper Aerial Survey, Tucson,

Arizona

Arizona

Arizona

Cooper Aerial Survey, Tucson, Arizona

Kucera and Associates, Denver, Colorado

Cooper Aerial Survey, Tucson, Arizona

Cooper Aerial Survey, Tucson, Arizona

Cooper Aerial Survey, Tucson,

Cooper Aerial Survey, Tucson,

Arizona

Arizona

1 Dates of aerial photographs unknown.
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Figure 2. Method of relating channel change to axial reference system. A, Measurement of changes in width 
and channel position from 1966 and 1974. Note large shift in position relative to grid point 502 caused by 
rotation of meander axis. B, Change in position of channel center line with time. Positive values indicate 
shift in position toward left side of channel; negative values indicate shift toward right side.
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Figure 3. Santa Cruz River in 1988, perennial and intermittent reaches in 1890, and location of headcuts in relation 
to marshes in the late 19th century.
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the San Xavier Indian Reservation upstream 
from Maitinez Hill along the course of an 
artificial channel that joined arroyos from the 
west to the east sides of the valley. 
Entrenchment of the Santa Cruz River 
coincided with arroyo formation throughout 
the southwestern United States (Cooke and 
Reeves, 1976). Further downcutting of the 
Santa Cruz arroyo has continued well into this 
century (Aldridge and Eychaner, 1984). Aerial 
photographs indicate that headcut extension of 
the Santa Cruz arroyo has occurred at the south 
edge of the San Xavier Reservation as recently 
as the 1940's.

Channel Change from 1936 through 
1986

From 1936 through 1986, channel 
change on the Santa Cruz River was 
characterized by an increase in width and a 
decrease in length throughout most of the study 
area (table 1 and fig. 4). Most of the reduction 
in length was the result of channelization. The 
increase in mean width would have been 
greater except for human intervention such as 
bank armoring, which inhibited channel 
widening, and landfill operations or channel 
maintenance, which narrowed channels 
artificially. Net vertical change in the same 
period was primarily degradational (fig. 5).

The Canoa reach is characterized by a 
generally unentrenched, sandy channel that 
occupies a 5,000-foot-wide active flood plain. 
The reach has undergone major channel 
widening (fig. 4A); however, little natural 
change occurred before the floods of 1977 and 
1983. Much of the change in channel position 
and stream length (fig. 4B and table 1) resulted 
from artificial channelization that has been in 
place since at least the 1950's; 70 percent of 
channel widening during the study interval was 
caused by the 1983 flood.

The Sahuarita reach, which is 
characterized by a discontinuous arroyo, has

undergone little or moderate lateral channel 
change during the study period except at its 
downstream end below Pima Mine Road 
(fig. 4B) where a shallow, meandering channel 
segment was cut off by headward extension of 
the Santa Cruz arroyo after the 1930's. About 
20 ft of incision in the Sahuarita reach cut off 
several other meanders, and this incision 
combined with channelization shortened the 
reach by about 1 mi (table 1).

The San Xavier reach was the most 
continuously unstable reach of the Santa Cruz 
River during the study period (fig. 4C). The 
channel is entrenched 20 to 30 ft into weakly 
indurated alluvium of Holocene age that fails 
readily when undercut during flows. The 
arroyo has widened continuously along most of 
the reach throughout the study period. Mean 
width increased 2.3 times, and median width 
increased by almost three times between 1936 
and 1986. Downstream from Martinez Hill, 
sand and gravel operations and other activities, 
such as landfill operations, have altered the 
arroyo; however, upstream from that point, 
disturbance from human activity has been 
slight.

The Tucson reach has shown the least 
lateral instability during the study period 
(fig. 4D). Much of the apparent stability is 
artificial either as a result of bank armoring, 
which has prevented channel change, or of 
artificial filling, which has obscured the record 
of change occurring between 1936 and 1986. 
Parts of the reach underwent about 15 ft of 
degradation between the 1950's and 1976 
(fig. 5J).

The Cortaro and Marana reaches have 
had the most complex record of channel change 
since 1936 (fig. 4E-F). The Marana reach has 
changed from a wide, braided channel to a 
compound channel that is less than half the 
width of the channel in 1936. Both reaches 
were unstable before 1966 when they had 
sparsely vegetated ephemeral channels and 
would undergo large, frequent shifts in channel 
position. In 1970, when flow from sewage
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effluent began, channel morphology became 
controlled by the low, steady base flows, and 
the channel became generally narrower and 
more sinuous than previously. The channel 
also was stabilized by vegetation growth, 
undergoing little change during the then-record 
1977 flood, although the much larger flood of 
1983 produced substantial channel shifts.
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MECHANISMS OF CHANNEL AND 
ARROYO CHANGE

The Santa Cruz River changes laterally 
by meander migration, channel avulsion or 
meander cutoff, and channel widening 
(table 3). In addition to the lateral channel- 
changing processes, vertical changes  
aggradation or degradation of the channel 
bed have been significant at some locations 
during the study period (table 3 and fig. 5). 
Where the channel is entrenched into an arroyo, 
a combination of fluvial processes and bank- 
retreat mechanisms leads to arroyo change. 
The type of process operating at any location 
depends on channel morphology, channel 
sediment, bank resistance, and magnitude of 
flow. Identification of the type of channel-
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Table 3. Channel-changing processes that occur along reaches of the Santa Cruz River

Reach

Canoa

Sahuarila

San Xavier

Tucson

Cortaro

Marana

Meander 
migration

During
high
flows.

Within
arroyo.

Within
arroyo.

Within
arroyo.

During
low to
moderate
flow
through
most of
reach.

Local
migration
during
low to
moderate
flows.

Avulsion 
and 

meander 
cutoff

Under natural
conditions
probably
frequent

At downstream
end in San Xavier
Indian Reserva
tion. Suspected
elsewhere.

Within arroyo.

One incomplete
avulsion down
stream from
El Camino del
Cerro.

During overbank
flows.

During overbank
flows; similar
history as
Cortaro reach.
May occur from
flows near lower
end of reach.

Channel 
widening

Major during
large floods.

Minor to
moderate
where not
entrenched.

Within arroyo.

Within arroyo.

During large
flood.

During large
floods.

Arroyo 
widening

No arroyo.

Minor to
moderate;
locally major
from floods.

Major widening
throughout
study period.

Generally minor
to moderate but
with considerable
property damage.
Locally major
widening of
unprotected
arroyo walls.

Above confluence
with Canada del
Oro.

No arroyo.

Degradation 
and 

aggradation

Degradation from
channelization
in 1950's.
Aggradation
from 1977 flood.

Major period of
degradation
after 1940.

Considerable
degradation in
lower reach
during 1950's
and 1960's.
Suspected in
upper reach
during that
interval.

Considerable
degradation in
1950's and
1960's.

Aggradation of
flood plain;
alternating
degradation
and aggrada
tion of channels.

Aggradation of
flood plain;
alternating
degradation
and aggrada
tion of channels.

Artificial 
changes

Considerable
channelization,
armoring, and
channel mainten
ance, especially
in upper reach.

Extensive
channelization,
armoring, channel
maintenance.
and levee
construction
upstream from
Pima Mine Road.

Sand-gravel mining
at Valencia
Road. Some
armoring, high
way fill, and land
fill in lower reach.
Little disturbance
above Martinez
Hffl.

Extensive
channelization
and armoring;
landfill
operations.

Perennial flow
sustained by
sewage effluent
since 1970;
sand-gravel
mining at
Cortaro Road.

Perennial flow
from sewage
effluent; dis
continuous
channeliza
tion and
armoring.
and levee
construction;
sand-gravel
mining at Avra
Valley Road.
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changing processes is important because each 
process has its own spatial and temporal 
variability and each process represents a 
distinct kind of erosional hazard. In this 
section, mechanisms that primarily change 
channel position and pattern meander 
migration and avulsion and meander cutoff  
are discussed first. Mechanisms that change 
channel geometry channel widening, related 
bank retreat and stability mechanisms, and 
vertical change mechanisms are then 
discussed followed by a description of arroyo 
change, which is caused by all the channel- 
change mechanisms operating within the 
confines of an entrenched channel system. 
Examples of channel- and arroyo-change 
mechanisms as they occur on the Santa Cruz 
River are presented throughout this section.

Meander Migration

Meander migration refers to lateral shifts 
of center-line position associated with the 
inception of meanders and their subsequent 
downstream translation, lateral extension, or 
rotation of meander axis (fig. 6; Knighton, 
1984). Meander migration involves the 
spatially continuous movement of channel 
position across a flood plain rather than a 
discrete, abrupt channel shift caused by 
avulsion or meander cutoff. Generally, 
meander migration increases sinuosity and 
lowers gradients. Where the channel is not 
confined within an arroyo, meander migration 
may be the dominant expression of lateral 
instability. Where the channel is confined 
within an arroyo, meander migration is a major 
component of arroyo widening. Meander 
migration on the Cortaro and Marana reaches is 
primarily a result of low to moderate flows that 
generally produce low rates of lateral channel 
movement. Moderate but prolonged flows 
having a peak discharge with a recurrence 
interval of 2 years or less, however, have 
caused hundreds of feet of erosion by meander

migration on the lower Santa Cruz River (Hays, 
1984). Along other reaches, especially the San 
Xavier reach, meanders have formed and 
migrated as a result of large floods, probably 
during recessional flows when sediment was 
deposited on growing point bars and flow was 
forced against opposite banks (Meyer, 1989).

Avulsion and Meander Cutoff

Avulsion is an abrupt shift in channel 
position that occurs when overbank flow 
incises new channels as other channels aggrade 
and are abandoned. Channel cutoff occurs at 
meanders and may or may not involve 
concurrent aggradation of the abandoned 
channel segment. On the Santa Cruz River, 
these processes occur mainly when overbank 
flows are confined by existing flood-plain 
topography. The flows strip vegetation and 
erode underlying sediment (fig. 7). Incision of 
the new channel apparently occurs either as a 
result of vertical scour into the flood plain or by 
headcutting across the flood plain from the 
point at which overbank flow reenters the main 
channel. Meander cutoff reduces sinuosity and 
increases channel gradients, reflecting its 
association with high flows. Avulsion on the 
Santa Cruz River generally seems to be a 
high-flow phenomenon, but some shifting has 
occurred near the Final County line during 
periods of low to moderate flows, probably 
because of heavy sedimentation that causes 
channel plugging as described by Graf (1981) 
on the Gila River.

Avulsion and meander cutoff are 
observed mainly where the channel is 
shallowly incised, the flood plain is active, and 
aggradation rates generally are high. Low 
relief between the flood plain and the channel 
bottom allows overbank flow to cut a new 
channel. Rapid deposition enhances avulsion 
by aggrading the channel and adjacent flood 
plain, thus forcing flow into a more direct, 
steeper course across lower flood-plain
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Figure 6. Channel migration caused by downstream translation of meander rotation of meander axis, 
and lateral extension of meander. Positive values indicate shift in position toward left side of channel; 
negative values indicate shift toward right side.

surfaces. Furthermore, as sediment is 
deposited in the main channel, it is depleted in 
the overbank flow, making the overbank flow 
more erosive and more capable of forming a 
new channel (Baker, 1988).

Meander Migration and Avulsion and 
Meander Cutoff on the Cortaro and Marana 
Reaches

Meander migration and avulsion and 
meander cutoff have been the most significant 
lateral channel-changing processes on the 
Cortaro and Marana reaches during the study 
period. The Cortaro reach is the only reach in 
the study area with a series of unconfined 
meanders that have been undisturbed by 
channelization throughout the study period. 
Unconfined meanders also occur on the

Marana reach; however, they tend to be 
isolated bends in an otherwise straight channel. 
Characteristics of channel change on the 
Cortaro reach from 1936 through 1986 include 
the absence of systematic change in meander 
dimensions, considerable variation in the 
extent and direction of meander migration, and 
obliteration of the meanders between 1976 and 
1986 because of the flood of 1983 (table 4 and 
fig. 8). At the downstream end of the reach, the 
channel was artificially straightened between 
1936 and 1966.

Between 1936 and 1966, the lower 
Cortaro reach showed a high degree of channel 
instability (fig. 9) caused by meander migration 
(meanders B, D, E, and F, fig. 8) and meander 
cutoff (meanders A and C). The position of 
the channel center line shifted laterally as 
much as 900 ft because of cutoff at meander A.
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Figure 7. Avulsion and meander cutoff. A, Plan view of an initially sinuous channel at time 1 (T1) that 
changes course as a result of a flood (T2) and then is modified by subsequent meander migration during 
low flows (T3). B, Processes that produce a lateral shift in channel position by avulsion or meander cutoff.
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Table 4. Meander dimensions and channel movement1 , Santa Cruz River at Cortaro, 1936-86

[AV, avulsion; CO, meander cutoff; DT, downstream translation; LE, lateral extension; NC, no change; RA, rotation of meander axis; RM, 
reformation of cutoff meander]

1936 1966 1978 1986

Stream length, in feet2 ............................................... 29,800 28,700 30,100 27,100
Sinuosity3 ................................................................... 1.18 1.14 1.19 1.07
Number of meanders.................................................. 6552
Dominant type(s) of channel 

movement:
A............................................................................ (4) CO NC AV
B............................................................................ (4) DT NC CO
C............................................................................ (4) CO RM,DT CO
D............................................................................ (4) DT.RA DT CO
E............................................................................ (4) LE LE.DT CO
F............................................................................ (4) LE.RA LE NC

Meander wave length, in feet5 :
A-B........................................................................ 3,550 (e) (e)
B-C........................................................................ 3,150 1,950 3,350 (e)
C-D........................................................................ 1,950 2,650 1,200 (e)
D-E........................................................................ 3,100 1,900 2,150 (e)
E-F........................................................................ 2,300 1,650 1,500 1,250
Mean..................................................................... 2,800 2,050 2,050 (e)

Radius of curvature, in feet:
A............................................................................ 1,200 (6) (6) (6)
B............................................................................ 1,800 1,500 950 (e)
C............................................................................ 1,050 2,050 1,800 (e)
D............................................................................ 1,350 850 750 (e)
E............................................................................ 800 700 700 1,050
F............................................................................ 4,600 1,800 1,350 1,700
Mean..................................................................... 1,800 1,400 1,100 1,350

'See figure 8 for location of reach and for identification of meanders labeled A through F in table.
2Reported to nearest 100 feet.
3Smuosity equals stream length divided by axial length.
"initial year of study period.
^Meander dimensions reported to nearest SO feet.
6Meanders were eliminated by meander cutoff.

Downstream translation of the upper limb of 
meander B produced more than 600 ft of lateral 
channel movement by meander migration. 
During this interval, flow in the Cortaro reach 
was ephemeral and flood-plain and channel 
vegetation was sparse.

Between 1966 and 1978, the channel 
through most of Cortaro reach was more stable, 
but meander C, which had been cut off during 
the previous interval, reformed and produced 
almost 700ft of lateral channel movement 
from meander migration. No channel change 
occurred as a result of avulsion and meander 
cutoff between 1966 and 1978, in spite of the

record 1977 flood that had a peak discharge 
through the Cortaro reach of about 23,000 ftVs. 
During this period, vegetation density 
increased after sewage effluent caused 
perennial flow in the reach.

Between 1978 and 1986, all meanders 
between Cortaro and Avra Valley Roads except 
one were destroyed during the flood of 1983, 
which had a peak discharge of 65,000 ft3/s 
through the reach. On the Cortaro and Marana 
reaches, almost 23,000 ft of channel was 
abandoned 6 ft above the new channel bed, and 
channel position shifted laterally as much as 
2,000 ft (fig. 9).
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Channel Widening

Channel widening results primarily from 
high flows that erode weakly cohesive banks. 
Channel widening is distinct from arroyo 
widening because arroyo boundaries may 
delineate not only a channel but also a flood 
plain at the bottom of the arroyo (Schumm and 
others, 1984). Widening is a product of 
corrasion by fluvial erosion during rising flow 
(Hooke, 1979) or mass wasting of banks 
following the flow peak (fig. 10; Baker, 1988; 
Simon, 1989).

Asymmetric channel widening occurs on 
the outside of meander bends as a result of 
lateral meander extension or downstream 
translation during high flows. During low to 
moderate flows, deposition within a 
meandering reach is approximately in balance 
with erosion of the outside bank. The point bar 
on the inside of the meander is not scoured and 
grows laterally as the outer bank retreats 
(fig. 11 A). Lateral migration of the channel 
occurs with little change in channel 
dimensions. During high flows, the point bar is 
eroded; during recession of the flood, 
deposition of coarse material on the point bar 
deflects flow against the outside bank causing 
accelerated erosion and lateral extension 
of the meander. Meander migration results in 
channel widening when the volume of material 
deposited on the point bar is significantly less 
than the volume of material removed from 
the reach (fig. 11B). Symmetric widening 
(simultaneous retreat of both banks) occurs 
along short sections of straight or curved 
channel as a result of lateral corrasion from 
high flows that submerge channel topography 
and travel straight downchannel rather than 
along the course of the meandering thalweg 
(Bathurst and others, 1979; Slezak-Pearthree 
and Baker, 1987). On the Santa Cruz River, 
symmetric widening appears to occur only in 
response to extreme flows.

Bank-Retreat and Stability Mechanisms

Retreat of channel banks or arroyo walls 
along the Santa Cruz River and attendant 
channel widening or position change are 
caused by a complex interplay of fluvial 
erosion, corrasion of lower banks, and mass 
wasting of upper banks or walls (Thorne and 
Tovey, 1981). Cohesionless banks erode 
whenever boundary shear stresses exerted by 
the flow exceed the resistance of the bank 
material. Bank materials, however, seldom are 
initially cohesionless; therefore, there is rarely 
a direct relation between magnitude of stream 
discharge and magnitude of bank erosion 
(Knighton, 1984).

Vegetation of river banks can increase 
resistance to erosion by several orders of 
magnitude (Smith, 1976). On the Santa Cruz 
River, most banks are too steep to be well 
vegetated, but terrace and point-bar surfaces 
and the channel bottom, even along ephemeral 
reaches, become vegetated in the absence of 
erosive flows. Vegetated surfaces at the base of 
channel banks or arroyo walls protect against 
erosion from low to moderate flows. After 
1970, the Cortaro and Marana reaches became 
more stable when sewage-effluent discharge 
began and vegetation density increased.

Electrochemical forces provide another 
source of cohesion of bank materials and 
resistance to erosion. Particle interactions 
produce greater cohesion of bank materials 
composed of silt- and clay-sized particles than 
of bank materials composed largely of sand 
(Terzaghi, 1950; Schumm, 1960). Chemical 
cementation of bank materials is particularly 
significant in semiarid areas where flow- 
transported carbonate precipitates in drying 
channel banks (Haynes and Huckell, 1986; 
Baker, 1988). Almost all banks on the Santa 
Cruz River, except those that are continuously 
saturated by perennial flow, are cemented to 
some degree. Rapid cementation of Santa Cruz 
River sediments is indicated by induration of 
fresh channel deposits.
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Mass wasting 

Seepage erosion

Figure 10. Process of channel widening. A, Initial channel. B, Corrasion and saturation of banks during rising flow. 
C, Seepage erosion and mass wasting following hydrograph fall.
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Figure 11. Role of channel migration in channel or arroyo widening. A, Migration in response to low to moderate 
flows producing no significant change in width. B, Migration in response to high flows producing channel widening.
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The cohesiveness of channel banks 
produces a lag between application of shear 
stress and bank erosion (Hooke, 1979; Thorne 
and Tovey, 1981) because the banks must be 
wet enough to break down cohesive forces by 
dissolution before corrasion can occur 
(Wolman, 1959). Duration of flow, antecedent 
moisture conditions, and permeability of bank 
materials influence soil-moisture conditions 
and thus the spatial and temporal variability of 
resistance to bank erosion. Field evidence of 
corrasion on the Santa Cruz River includes 
undercut banks, especially where a coarse basal 
layer underlies fine-grained bank materials. 
Such apparent undercutting, however, also can 
result from erosion of the coarse layer by 
seepage from the banks to the channel (Thorne 
and Tovey, 1981).

Mass wasting, which includes planar and 
rotational sliding and slumping, is a major 
component of bank retreat in a variety of 
settings (Twidale, 1964; Stanley and others, 
1966; Klimek, 1974; Thorne and Tovey, 1981; 
Simon, 1989). Abundant evidence of mass 
wasting, such as failure blocks in the channel 
and debris aprons at the base of banks and 
arroyo walls, is seen along much of the Santa 
Cruz River.

Failure material in the channel indicates 
that mass wasting occurs during low to 
moderate flows or receding floodwaters that 
are incapable of transporting the material out of 
the reach. Significant bank retreat has occurred 
along some reaches of the Santa Cruz River 
during periods of generally low discharges. 
Rapid drawdown of floodwaters produces a 
steep hydraulic gradient in the banks adjacent 
to the channel, causing water to percolate 
through sediment at the base of the bank. 
Associated seepage pressure removes material 
from the base, which undercuts the bank and 
leads to failure (Terzaghi, 1950; Keller and 
Kondolf, 1990).

Banks or arroyo walls on the Santa Cruz 
River that fail easily tend to be in alluvium of 
Holocene age that consists of fine sand and silt

cohesive enough to maintain an oversteepened 
face in the absence of disturbance but not so 
cohesive as to resist corrasion by streamflow. 
Even slight undercutting by corrasion can then 
produce large bank failures because of 
discontinuities in the alluvium produced by 
tension cracks, fissuring, and piping erosion 
(fig. 12). At the few locations in the study area 
where the Santa Cruz River channel is incised 
into alluvium of Pleistocene age, bank retreat 
generally is slight despite abundant tension 
cracks and pipes in 15- to 20-foot-high vertical 
walls. Apparently, the more highly indurated 
older alluvium resists corrasion and 
undercutting by streamflow.

Failure material that is left at the base of 
banks may protect the banks from further 
retreat until the material is removed by 
subsequent flows (Knighton, 1984; Meyer,
1989). During high flows, the combination of 
rapid undercutting and repeated failure of bank 
material can cause large amounts of bank 
retreat because flows are more than adequate to 
transport the eroded material from the area. 
Arroyo-wall failure on the Santa Cruz River 
that was observed during the flood of 
December 1978 occurred by rapid sloughing of 
thin slabs of alluvium that were easily 
disaggregated and transported in the flow (D.F. 
Meyer, U.S. Geological Survey, oral commun.,
1990).

Channel Widening on the Canoa Reach

Between 1976 and 1986, about 1,200 ft 
of widening occurred on the upper Canoa 
reach, which is characterized by low banks 
composed of weakly cohesive sand and gravel 
(fig. 13A). The channel was stable from the 
1950's, when much of the reach was channel 
ized and banks were armored, until the flood of 
1977 during which widening generally was 
confined to unchannelized sections. The 1983 
flood produced a fivefold to sixfold increase in 
channel width along channelized and unchan 
nelized sections. Widening upstream from
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Figure 12. Structural weakening of arroyo walls, Santa Cruz River. A Tension cracking leads to block 
failure of cohesive alluvium. B, Pipes enlarge and may produce cavernous discontinuities in alluvium.

axial distance 0.7 mi (fig. 13A) was the result 
of lateral corrasion by high flow; widening in 
the unchannelized part of the reach between 0.7 
and 1.6 mi was caused by channel widening on 
the outside of a meander as it migrated down 
stream. Migration of the meander on the Canoa 
reach was accompanied by almost complete 
point-bar removal, and only a coarse kg was 
left in its place.

Vegetational Resistance to Channel 
Widening on the Cortaro and Marana 
Reaches

The high resistance to channel widening 
provided by vegetation is illustrated on the 
Cortaro and Marana reaches. The channel

narrowed after 1966 as a result of vegetation 
growth in response to perennial flow (fig. 13B; 
Hays, 1984), and in most of the reach the 1977 
flood caused little widening. The 1983 flood 
stripped vegetation and eroded the generally 
sandy, gravelly banks. Hays (1984) reported an 
increase in mean width from 250 to about 
450ft on the Marana reach between Avra 
Valley Road and Trico-Marana Road after the 
1983 flood. Aerial photographs taken in 1984 
indicate that mean width on the Cortaro reach 
between Cortaro Road and Avra Valley Road 
increased from 150 to 270 ft as a result of the 
1983 flood. By 1986, however, mean width 
of the Cortaro reach had declined to 170 ft 
as a result of subsequent low-flow incision, 
in-channel deposition, and revegetation.
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Vertical Channel Change

Entrenchment of the channel into the 
previously unincised flood plain during the late 
19th and early 20th centuries caused the 
greatest channel change on the Santa Cruz 
River in historical times. During the study 
period, vertical channel change has continued 
in entrenched and unentrenched reaches of the 
river (fig. 5). In some places, such as along 
much of the Sahuarita reach, channel 
degradation has been the only significant 
channel change through most of the study 
period; in other reaches, such as the Cortaro 
and Marana reaches, vertical changes have 
resulted from and contributed to lateral channel 
instability.

Vertical channel changes result from 
changes in stream power, sediment 
concentration, or resistance that occur as a 
result of variation in flood magnitude, sediment 
availability, channel morphology, or local 
channel gradient. Scour and fill are transient 
changes in bed elevation that occur during 
floods. As much as 25 ft of scour occurred on 
the Santa Cruz River near Nogales during the 
1977 flood; however, the scour hole was 
completely filled during recession of the flood 
(Aldridge and Eychaner, 1984). Degradation 
and aggradation occur over years to decades 
and may reflect climatic change, adjustments to 
channel widening or narrowing, sediment 
storage and episodic transport, and natural or 
artificial changes in channel-hydraulic 
properties. Degradation and aggradation can 
alternate in time and space. On desert streams 
in particular, spatial alternation of these 
processes can be expected because of high 
sediment availability and flow reductions 
caused by high downstream transmission 
losses. Although the Santa Cruz River 
generally has been erosional during the study 
period, data on bed elevations suggest that 
much of the river is subject to periods of both 
aggradation and degradation (fig. 5).

Vertical and lateral channel changes are 
linked in several ways. High rates of 
aggradation can plug channels and result in 
lateral shifts of channel position by avulsion or 
meander cutoff (Graf, 1981; James, 1991). 
Degradation can cause oversteepening of 
banks, making them more susceptible to failure 
when undercut by stream erosion. Subsequent 
deposition within entrenched channel systems 
can cause further bank erosion and arroyo-wall 
retreat by forcing lateral movement of confined 
meanders.

Most vertical channel change on the 
Santa Cruz River near Tucson has been 
degradational since the late 1950's. The most 
pronounced channel incision has been from 
Ajo Way in the lower San Xavier reach to 
Grant Road in the middle of the Tucson reach 
where 10 to 15 ft of streambed lowering has 
occurred (fig. 5D-K). The general pattern 
suggests stable or aggrading conditions 
through the mid-1950's, and limited evidence 
suggests that this period of vertical stability 
may have spanned the preceding 40 years 
(fig. 5F). The link between vertical and lateral 
channel change is illustrated by an episode of 
aggradation above Tucson in the mid-1950's. 
The streambed at Ajo Way and 1.6 mi 
downstream at Silverlake Road in the lower 
San Xavier reach rose 4 ft in that period 
(fig. 5D-E). As seen in the aerial photograph 
taken in 1960, the main channel within the 
arroyo downstream from 44th Street, between 
Ajo Way and Silverlake Road, underwent an 
abrupt shift in position of more than 800 ft after 
1953 (fig. 14).

Incision was apparently underway by 
1962 (fig. 5G and I), and maximum 
degradation had occurred at most sites between 
Valencia and Grant Roads by 1970-74. 
Following maximum incision, minor 
fluctuations in streambed elevation occurred 
through the 1970's.

Downstream from Grant Road, the 
record of vertical change is sparse and 
equivocal. Some change occurred at Cortaro
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Figure 14. Avulsion within the arroyo in the lower San Xavier reach north of 44th Street, 1953-60. About 4 
feet of aggradation occurred in the reach during that interval. (Source: Cooper Aerial Survey, 1953 and 1960.)

and Avra Valley Roads between the 1950's and 
1976; however, a more complete record at 
Ina Road (fig. 5K) suggests that this interval 
was characterized by fluctuating streambed 
elevations. The period of maximum degrada 
tion in the mid-1970's lagged slightly behind 
upstream degradation. Aggradation of 4 ft at 
Ina Road during the flood of 1983 (fig. 5K) 
occurred in conjunction with extensive lateral 
shifts in channel position by avulsion and 
meander cutoff.

Upstream from Valencia Road, data on 
vertical changes are few for most locations. 
The best record is at Pima Mine Road (fig. 5B)

in the lower Sahuarita reach, which is at the 
south boundary of the San Xavier Indian 
Reservation. In aerial photographs of 1936, the 
channel is barely visible at the present (1993) 
crossing of Pima Mine Road, which indicates 
that little or no incision of the flood plain 
occurred before 1936. Between 1936 and 
1953, the channel incised a maximum of 11 ft 
and probably much less. Survey data indicate 
that by 1969 the channel thalweg was 22 ft 
below the former flood plain and had incised at 
least 11 ft and possibly more than 20 ft since 
1953. In 1976, the channel bed was 24 ft below 
the flood plain of 1936.
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Few data are available on channel 
degradation upstream from Pima Mine Road. 
Bridge specifications prepared from data for 
1928 show a channel elevation of 2,826 ft at 
Continental, suggesting that 8 ft of aggradation 
occurred at that location between 1928 and
1976 (fig. 5A). These data, however, are not 
consistent with aerial photographic evidence, 
which indicates that the main channel at 
Continental was incised after 1936 and that the 
channel elevation in 1976 was lower than the 
channel elevation in 1936. Channel-bed 
elevation probably changed little between 1928 
and 1936. Therefore, the elevation of 1928 
must be referenced to a different datum than the 
elevation of 1976 and 1985. The floods of
1977 and 1983 apparently had little effect on 
channel elevation at Continental. On the basis 
of aerial photographs, degradation of the upper 
Santa Cruz River after 1936 extended through 
the Canoa reach, although the degree of 
incision may have decreased upstream.

Arroyo Change

Mechanisms of channel change and bank 
retreat operating within the confines of an 
entrenched channel system cause the expansion 
of arroyo boundaries. An arroyo is created 
when a stream undergoes such extreme 
degradation that its flood plain is left standing 
above the level of most flooding. On the Santa 
Cruz River, even the largest floods do not 
overflow the arroyo walls in the San Xavier and 
Tucson reaches. In the Sahuarita reach, some 
recent large floods have overflowed arroyo 
walls.

Arroyo widening on the Santa Cruz 
River occurs when flows undercut weakly 
indurated, oversteepened arroyo walls or when 
return flow of bank storage to the channel 
causes seepage erosion at the base of the walls. 
Lateral arroyo expansion generally occurs after 
channels have been entrenched below a critical 
depth at which arroyo walls become highly

unstable (Schumm and others, 1984; Simon, 
1989). Arroyo walls can undergo rapid, 
extensive retreat during lateral extension 
or downstream translation of entrenched 
meanders or by inception of a meander within a 
constricted reach.

Unlike channel widening, the process of 
arroyo widening is not readily reversed on large 
systems such as the Santa Cruz River. Because 
of cementation, arroyo walls can maintain steep 
faces for decades; degradation of the walls with 
a decline in bank angle is a slow process that 
can be interrupted repeatedly by renewed 
episodes of stream undercutting and mass 
wasting. As the arroyo widens, the walls can 
become isolated from streamflow and less 
frequently undercut. At some locations on the 
San Xavier reach, arroyo walls, which probably 
have not been undercut since at least 1936, still 
maintain a distinct, steep scarp. The alluvial 
stratigraphic record of the past 8,000 years in 
the Southwest contains many examples 
of filled arroyos (Haynes, 1968). Such 
paleoarroyos typically show distinct vertical 
walls, indicating that lowering of the slope 
angle proceeds slowly. Thus, the lateral 
boundaries of arroyos, delineated by the 
vertical walls, tend to persist or expand until the 
arroyos are completely refilled with sediment. 
The amount of time for arroyo filling varies; 
however, Waters (1988) found that a 
paleoarroyo on the Santa Cruz River  
comparable in cross-sectional dimensions 
to the present arroyo became entrenched and 
then filled in less than 200 years.

Chronology of Arroyo Expansion on the 
San Xavier Reach

The San Xavier reach, especially the 
lower reach above Martinez Hill to Valencia 
Road, has undergone the most extensive and 
continuous arroyo widening on the Santa Cruz 
River (fig. 15). The channel was incised as 
much as 30 ft in silt and sand of Holocene age, 
and about 1,200 ft of widening occurred at



31

1,200

1,000

800

600

400

200

1936-60

Martinez Hill

,1960

Valencia Road

Drexel Road

23

uj 1,200
LU 

U-
1,000

z

800

I

"~ 600 

400 

200

Q

§
O

O 

EC 

EC

B

23

24 25 26 27 28

1960-67

Martinez Hill

,1967
Valencia Road

Drexel Road -

24 25 26 27 28

24 25 26 27 

AXIAL DISTANCE, IN MILES

28

LU
LL

1,400

1,200

1,000

800

600

400

200

23 24 25 26 27 28

Q

§
O

O 
EC 

EC

2,000

1,500

1,000

500

1979-86

1986 

Valencia Road

Drexel Road

23 24 25 26 27 

AXIAL DISTANCE, IN MILES

28
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some places between 1936 and 1986. Mean 
arroyo width of the entire San Xavier reach 
increased from 200 to 500 ft.

The rate of arroyo widening of the San 
Xavier reach near Martinez Hill has varied 
since 1936 (fig. 16). Twenty-eight percent of 
the total increase in mean arroyo width through 
the reach occurred between 1936 and 1960. 
Another 28 percent of total arroyo widening 
occurred between 1960 and 1976. Artificial 
narrowing associated with sand-and-gravel 
operations downstream from Martinez Hill 
prevented a larger increase in mean width. The 
remainder of the increase in mean width 
(44 percent) occurred in the final decade of the 
study (1976-86), primarily as a result of the 
floods of 1977 and 1983. The 1983 flood 
caused a particularly large increase in 
maximum arroyo width. From 1936 to 1979, 
maximum width increased about 400 ft; 
however, after the 1983 flood, maximum 
arroyo width had increased almost 700 ft more 
to 1,925 ft. The maximum increase in width 
measured at any one location was more than 
800 ft during the flood of 1983.

The highest rates of arroyo widening on 
the San Xavier reach occurred in association 
with migration of the entrenched channel 
against the arroyo walls (fig. 17; Parker, 1989). 
Meanders generally shifted position by lateral 
extension with little downstream translation, 
causing arroyo widening to occur repeatedly at 
about the same locations throughout each time 
interval (fig. 15). Such a pattern suggests that 
arroyo-wall retreat generally is caused by flows 
that are unable to rework and transport the 
coarsest material in the point bars but are 
capable of eroding the weakly cemented, fine 
grained arroyo walls (Meyer, 1989). Braided 
and straight arroyo segments generally 
widened much more slowly on the San Xavier 
reach, but the rate of arroyo widening may 
eventually increase in such reaches when 
penetrated by downstream migrating meanders 
(fig- 18).

Although the most persistently unstable 
reaches of the Santa Cruz River have also been 
the most deeply entrenched, a quantitative 
relation is difficult to determine between 
channel incision and bank or arroyo-wall 
retreat. According to some models of channel 
change in entrenched systems (Schumm and 
others, 1984; Simon 1989), an initial period of 
incision typically is followed by vertical 
stabilization or slight aggradation and then by 
maximum rates of bank retreat. Lack of a time 
series of streambed-elevation changes for the 
San Xavier reach where it crosses the San 
Xavier Reservation hampers attempts to test 
the model in this study. The upper to middle 
San Xavier reach in the reservation is the only 
entrenched reach that is not directly affected by 
artificial bank stabilization. Other entrenched 
reaches have been artificially changed so that 
assessment of the model is difficult.

Arroyo Change on Disturbed Reaches

Arroyo change along other reaches of the 
Santa Cruz River is difficult to evaluate 
because the Tucson and Sahuarita reaches have 
been subject to extensive human alteration and 
much of the apparent lateral stability of the 
reaches is artificial (fig. 4). For example, 
according to bridge specifications prepared in 
1916, the channel at Congress Street in the 
Tucson reach widened to 375 ft during the 
floods of 1914-15, but subsequent artificial 
filling reduced width at that location to less 
than 200 ft. Two motels now stand on landfill 
above the site of the migrating meander that 
destroyed the Congress Street bridge in 1915 
(Betancourt and Turner, 1988). In contrast to 
the San Xavier reach, most arroyo widening of 
the upper Tucson reach took place in the 
1950's, and little widening occurred thereafter 
except locally as a result of the flood of 1983 
(fig. 16). Some of the arroyo widening that 
took place between Silverlake Road and 
Congress Street in the 1950's may have been
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Figure 17. Arroyo widening caused by migration of entrenched meanders in the San Xavier reach at Martinez 
Hill, 1936-86. (Source: Data from National Archives, 1936; Cooper Aerial Survey, 1960, 1967, 1979, 1986; 
Kucera and Associates, 1976.)

associated with construction activity that is 
visible in aerial photographs of 1960.

The relation between degradation and 
arroyo widening is not apparent in the Tucson 
reach. The most pronounced arroyo widening 
occurred from Silverlake Road to Grant Road 
(fig. 16) during 1953-60 before degradation 
had begun at most locations in the Tucson 
reach. Between Silverlake Road and Congress 
Street, the rate of arroyo widening was constant 
from 1953 to 1971. From Congress Street to 
Grant Road, however, no significant arroyo 
widening occurred between 1960 and 1978 
even though this was a period of maximum

incision and subsequent vertical fluctuation. 
After the flood of 1983, only the part of the 
Tucson reach from Congress Street to 
Speedway Boulevard showed a significant 
increase in mean arroyo width.

The poor relation between vertical and 
lateral change in the Tucson reach is only partly 
explained by artificial channel changes. As late 
as 1983, arroyo walls along a third of the reach 
between Silverlake Road and Congress Street 
were unprotected and arroyo walls from 
St. Marys Road to Grant Road were mainly 
unprotected (Saarinen and others, 1984). 
Artificial armoring was presumably even less
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Figure 18. Changes on straight segment of the upper San Xavier reach, 1966-86. Arroyo width changed 
little except at the upstream end of the reach where an entrenched meander was migrating into the straight 
segment. Most of the change occurred during the flood of 1983. (Source: U.S. Geological Survey, EROS 
Data Center, 1966; Cooper Aerial Survey, 1986.)

of a factor from 1953 to 1960 when maximum 
arroyo widening and minimum channel 
degradation occurred. The timing of maximum 
arroyo widening on the Tucson reach suggests 
that arroyo walls generally were less resistant 
to erosion than was the channel bed before 
1960. Besides bank protection, possible 
reasons for the change in resistance in arroyo 
walls relative to the channel bed include 
depletion of nonresistant arroyo-wall material 
or changes in inner-arroyo topography that

affect the direction of maximum boundary 
shear stress.

FACTORS THAT CONTROL THE 
TEMPORAL AND SPATIAL 
PATTERNS OF CHANNEL CHANGE

Hydroclimatic factors, such as 
magnitude, duration, intensity, and frequency 
of precipitation and floods, control timing and 
magnitude of channel change at a particular
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location. Time-related changes in hydraulic 
factors, such as changes in channel geometry 
caused by successive floods or changes in 
roughness caused by vegetation growth, also 
contribute to the temporal variability of 
channel change. Spatial variability of channel 
change the location of channel change and its 
magnitude in response to a given discharge is 
controlled mainly by topographic, hydraulic, 
geologic, and artificial factors that control size 
and quantity of bedload, resistance to erosion, 
valley slope and channel gradient, and channel 
geometry.

Hydrologic and Climatic Controls

Different storm types in the Southwest 
generate floods with different characteristics. 
A number of investigators have suggested that 
winter flows are more erosive than summer 
flows of equivalent magnitude, in part because 
of lower sediment concentration (Burkham, 
1972; Saarinen and others, 1984; Slezak- 
Pearthree and Baker, 1987). Graf and others 
(1991) found that summer and fall flows on the 
Paria River of Utah and Arizona accounted for 
only 48 percent of annual flow volume but 
91 percent of annual sediment load. Other 
factors that might be expected to increase the 
erosiveness of winter flows relative to summer 
flows of similar stage include antecedent 
conditions that are more conducive to bank 
failure, such as saturated channel banks, and 
the longer duration of winter flows. The 
frequency, magnitude, and intensity of floods 
depend in part on the type of storms occurring 
over the region. Furthermore, the frequency of 
different storm types is linked to low-frequency 
changes in global climatic patterns (Webb and 
Betancourt, 1992). Consequently, hydro- 
climatic factors can be a major control on 
temporal variability of channel change on the 
Santa Cruz River.

Because of the regional extent and longer 
duration, frontal systems and tropical storms of

sufficient magnitude might be expected to 
generate basinwide runoff with steadier 
discharge than would monsoonal thunder 
storms. Less variability in flow characteristics 
on the Santa Cruz River might be expected 
from one site to another during winter and fall 
floods than during summer floods, thus storm 
type might also affect the spatial variability of 
channel change.

Flood History

The flood history of the Santa Cruz River 
in this century shows three distinct periods 
(table 5 and fig. 19; Webb and Betancourt, 
1992). The period before 1930 is characterized 
by generally variable flow conditions. Half the 
annual flood discharges at Tucson were less 
than 350 ftVs during this period, but the flood of 
1915 was 15,000 ft3/s and was the flood of 
record for almost 50 years. More than half of 
all floods above base flow before 1930 were the 
result of winter or fall storms. From 1930 to 
1959, peak discharges generally were 
moderate. Although the mean annual flood 
was slightly higher for 1930-59 than for 
1915-29, variability was lower. Summer 
monsoonal storms generated all but one of the 
annual floods and accounted for almost 90 
percent of all floods above base flow during 
this period. From 1960 to 1986, annual floods 
at Tucson were variable; the four highest 
annual floods of record and the lowest annual 
flood of record occurred during this period. 
Frontal systems or tropical cyclones generated 
9 of the 23 annual floods and almost half of all 
floods above base flow between 1960 and 
1986. For the entire period of record through 
1986 at Tucson, fall and winter storms 
accounted for 7 of the 10 largest annual floods 
on the Santa Cruz River. Record floods in 
October 1977 and October 1983 from tropical 
storms had a particularly large geomorphic 
effect (Aldridge and Eychaner, 1984; Saarinen 
and others, 1984; Roeske and others, 1989) and



37

Table 5. Relation of hydroclimatic regimen and channel change, Santa Cruz River at Tucson 

[Data from Webb and Betancourt (1990b)]

Time 
Interval

Number
of 

years

Discharge1 of
five largest

annual floods In
Interval, 

in cubic feet 
per second

Date of 
flood Rank2

Mean
annual

flood, In
cubic feet

per 
second^

Standard 
deviation

Number
of floods

above
baae

discharge 
In Interval4

Frequency of flooda above
baae discharge by atorm

types, In percent

Monsoonal Frontal Tropical

1915-29 15 15,000 F
11,400 T
10,400 T
7,500 M
5,000 F

12-23-14 
09-28-26 
09-24-29 
09-08-17 
01-21-16

5
8

12
25
37

5,180 4,115 15 36 28 28

1930-59 30 11,300 M 
10,900 M 
10,800 M 
10,300 M 
9,570 M

08-14-40 
08-03-55
08-10-45
09-01-35 
07-24-54

9
10
11
13
15

5,890 2,960 42 87 10

1960-86 23 52,700 T 
23,700 T 
16,600 M 
16.100F 
13,500 F

10-02-83 
10-10-77 
08-23-61 
12-20-67 
12-19-78

1
2
3
4
6

9,400 10,530 38 53 26 21

See footnotes at end of table.
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Table 5. Relation of hydroclimatic regimen and channel change, Santa Cruz River at Tucson Continued

Nature and magnitude of channel change

Time 
interval Canoa Sahuarita San Xavier

1915-29 Period not documented in this study; 
aerial photographs of 1936 show 
wide meandering ephemeral channel. 
Faint channel scars on photographs 
indicate occurrence of abrupt channel 
shifts possibly in this interval or in 
19th century.

Poorly documented. Betancourt and 
1\irner (1988) refer to destruction of 
Twin Buttes railroad bridge in lower 
reach during December 1914 floods 
suggesting possible bank erosion. 
Large distinct paleochannel immedi 
ately downstream from Sahuarita in 
aerial photographs of 1936 may indi 
cate recent shift of channel position.

Headcut migration and cienega 
destruction during floods of 1914-15; 
arroyo entrenchment through 
San Xavier Indian Reservation 
(Betancourt and Turner, 1988). 
Aerial photographs of 1936 seem to 
show reach below Lee Moore Wash 
to be incised deeper than reach above 
junction.

1930-59 Mean width decreased as much as 30 Headcut migration in lower reach com- Persistent arroyo widening at upstream
percent, mainly from artificial chan 
nelization that was in place by the 
1950's. Unchannelized parts of reach 
generally were stable.

pleted cutoff of previous channel 
course. Meander cutoff upstream in 
response to channel incision. Little 
change in width.

end of reach and near Martinez Hill 
where mean width increased 13 
percent. Point bars and terraces 
within arroyo generally were stable. 
Further entrenchment above Lee 
Moore Wash.

1960-86 Little or no natural change before 1977. 
During 1977 flood, mean channel 
width in upper reach increased more 
than 50 percent, maximum width 
doubled, and flood-plain deposition 
was more than 3 feet thick in places. 
During 1983 flood, mean channel 
width increased about 25 percent; 
maximum width increased from 
about 750 feet to almost 1,700 feet.

Not extensively examined in this study. 
Arroyo widths generally were wider 
by end of interval, but timing was 
difficult to establish from aerial 
photographs because of channel 
maintenance practices. Little or no 
natural change in channel position.

Mean arroyo width near Martinez Hill 
increased 35 percent between 1960 
and 1976; maximum width increased 
slightly. Mean width increased by 
about 13 percent during 1977 flood, 
maximum width increased by 16 per 
cent. During 1983 flood, mean width 
increased almost 25 percent; maxi 
mum width increased from about 
1,150 feet to almost 1,800 feet. 
Guber (1988) shows minor widening 
of low-flow channel and little erosion 
of point bars and terraces as a result 
of October 1977 flood, substantial 
erosion after flood of December 
1978, and near total destruction of 
point bars and terraces from flood of 
October 1983.

See footnotes at end of table.
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Table 5. Relation of hydroclimatic regimen and channel change, Santa Cruz River at Tucson Continued

Nature and magnitude of channel change

Time 
interval Tucson Cortaro Marana

1915-29 Extensive arroyo widening during Not well documented. Aerial photo- Channel widths increased as much as
1914-15 floods throughout reach; 
destruction of Congress Street 
bridge (Betancourt and Turner, 
1988).

graphs of 1936 show meandering, 
ephemeral channel, sparsely vege 
tated banks and flood plain. Channel 
scars indicate channel shifts possibly 
in this interval or in 19th century.

600 percent, mainly during floods of 
1914-15 (Hays, 1984). Aerial photo 
graphs of 1936 show reach to be 
mainly braided with sparsely vege 
tated banks and flood plain.

1930-59 Extensive widening in places, espe- Channel position highly unstable. Channel position highly unstable. Shift
cially between Speedway Boulevard 
and Grand Road. Degradation begins 
near end of interval.

Shifts in channel position of more 
than 1,100 feet. Sinuosity decreased 
because of meander cutoffs. Mean 
width decreased 25 percent. Change 
was slight in arroyo upstream from 
Canada del Oro.

in channel position of more than 
3,000 feet. Hays (1984) reported 
large decline in braiding, little 
change in sinuosity, and decrease in 
mean sinuosity and channel width 
from more than 400 feet to less than 
300 feet.

1960-86 Arroyo widths generally stable. 
Apparent narrowing at some loca 
tions caused by channelization and 
landfill operations (Betancourt and 
Turner, 1988). As much as 15 feet of 
arroyo incision. Baker (1984b) and 
Saarinen and others (1984) report 
substantial arroyo wall retreat along 
unprotected segments of reach as a 
result of flood of 1983.

Before 1977, sinuosity increased and 
mean width decreased; generally 
minor to moderate amounts of chan 
nel migration. Slight increase in 
mean width from 1977 flood, but 
almost no change in channel position 
from migration or avulsion-meander 
cutoff. Flood of 1983 cut off almost 
all meanders, shortened channel 10 
percent, and doubled channel width 
in places. Maximum shift in channel 
position of more than 1,300 feet 
occurred. Arroyo upstream from 
Canada del Oro widened substan 
tially.

Single-channel system formed through 
most of reach by 1974. Increase in 
vegetation density because of artifi 
cial perennial flow. Sinuosity 
increased between 1966 and 1982; 
mean channel width decreased to 
about 200 feet before 1977 flood, 
increased slightly after flood (Hays, 
1984). Widespread avulsion during 
1983 flood produced lateral shifts in 
channel position of as much as 2,000 
feet; mean width increased 75 to 100 
percent

'Letters indicate storm type. M, monsoonal; F, frontal; T, tropical.
2Ranked from largest to smallest out of 71 annual floods between 1915 and 1986.
3Mean annual flood is maximum discharge of year.
4Base discharge is 1,700 cubic feet per second.
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forced a reevaluation of flood-frequency 
methods and estimates for the Santa Cruz River 
and other large streams in southern Arizona 
(Hirschboeck, 1985; Webb and Betancourt, 
1992).

Webb and Betancourt (1992) attributed 
increased flood frequency on the Santa Cruz 
River to climatic variability resulting in a 
change in seasonality of flooding after 1960. 
They developed flood-frequency estimates for 
the Santa Cruz River using maximum- 
likelihood analysis and mixed-population 
analysis in which floods caused by different 
flood types were treated as independent 
populations. Depending on the set of 
assumptions used, Webb and Betancourt's 
(1992) estimates of the 100-year discharge at 
Tucson ranged from 11,400 ft3/s for 1930-59 to 
58,600 ft3/s for 1960-86. A change in the 
seasonality of annual flood peaks after 1960 
was noted on other large streams in southern 
and central Arizona including Rillito Creek 
(Slezak-Pearthree and Baker, 1987), the San 
Francisco River (Hjalmarson, 1990), and the 
Gila and San Pedro Rivers (Roeske and others, 
1989). Fall and winter precipitation on those 
rivers typically account for the largest floods.

Flow Characteristics Caused by Different 
Storm Types

Flow in the Santa Cruz River generally is 
flashy with a rapid increase and recession of 
discharge, especially in response to summer 
monsoonal thunderstorms that generate most 
annual floods (Webb and Betancourt, 1992). 
Such storms generate flow locally, and 
transmission losses into the channel can be 
high, especially when the channel is dry 
(Condes de la Torre, 1970). Consequently, 
summer flood peaks at different locations 
within the basin seldom result from the same 
storm. Frontal systems in winter tend to be 
regional and produce low-intensity precipi 
tation and little runoff. Stalled winter systems 
or a series of closely spaced systems in winter

can generate larger floods. Tropical storms, 
which occur mainly in the late summer and fall, 
typically are regional in extent and can produce 
high-intensity precipitation and high runoff. 
The seasonality of the different storm types can 
vary from the general pattern. A frontal system 
occurred in August 1933 and tropical cyclones 
occurred in July 1954 and 1958 (fig. 20).

All three storm types produce floods 
with considerable spatial variability among 
four streamflow-gaging stations on the Santa 
Cruz River in peak discharge, duration, mean 
daily discharge, and flood volume (fig. 21). 
The number of floods analyzed is insufficient 
to generalize confidently about the causes 
of variability in characteristics of flow events 
generated by different storm types. 
Tentatively, however, the data seem to reflect 
orographic and meteorologic effects on 
precipitation as well as flood-peak attenuation 
and transmission losses caused by geomorphic 
or topographic factors.

The highly localized distribution of 
summer monsoonal precipitation is reflected in 
flood patterns of August 23, 1961, and 
August 1-2,1978 (fig. 21A). The 1961 flood- 
the third largest of record at Tucson (table 5) 
and the eighth largest at Cortaro produced a 
modest peak discharge at Continental and no 
flow at all at the Nogales streamflow-gaging 
station. Such a pattern is a product of the 
limited areal extent of intense precipitation 
during monsoonal thunderstorms. Spatial and 
temporal patterns of flow are more complex 
for the August 1978 flood. The timing 
and magnitude of peak discharge varied 
considerably among the four stations, and there 
was no direct relation between peak discharge 
and the other flow characteristics of duration 
and mean and total discharge (fig. 21 A). Flow 
was considerably more flashy at Tucson where 
the flood lasted 1 day than at Nogales where the 
flood lasted 9 days but produced only twice the 
total flood volume. The variability among the 
four stations may reflect precipitation patterns 
but may be further influenced by different
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antecedent hydrologic or hydraulic conditions 
at each site.

On the basis of the two events examined 
here, patterns of floods generated by frontal 
systems seem no less variable than monsoon- 
caused floods (fig. 2IB). During the floods of 
December 1965 and 1978, peak discharge and 
flood volume were greater at the Cortaro 
station than at the Tucson station. The station 
records reflect orographic intensification of 
precipitation in the Catalina Mountains, which 
are drained by tributaries that enter the Santa 
Cruz River just upstream from Cortaro. The 
flood of December 1965 also showed a 
reduction of flood volume between Continental 
and Tucson, indicating that transmission losses 
are not restricted to summer floods.

Rood patterns of October 1977 and 1983 
resulted from regionally extensive precipitation 
during dissipating tropical storms that had 
distinct areas of concentrated precipitation 
(fig. 21C). The remnants of Hurricane Heather 
that stalled over the upper drainage basin were 
responsible for the flood of 1977. The flood 
peak was highest at Nogales (31,000 ftVs), and 
discharge attenuated downstream to 
23,000 ftYs at Cortaro. The flood of October 
1983, caused by dissipating Tropical Storm 
Octave, produced only about half the peak 
discharge of the 1977 flood at Nogales but 
greatly exceeded the flood of 1977 downstream 
from Continental. At Cortaro, peak discharge 
was two and a half times greater and total flood 
volume was four times greater in 1983 than in 
1977. At least part of the cause of the large 
flows at Cortaro was the strong orographic 
influence of the Catalina Mountains on the 
tropical storm (Saarinen and others, 1984).

Sediment Concentration and Seasonality 
of Floods

Suspended-sediment data on the Santa 
Cruz River are too few to demonstrate a clear

difference between summer and winter 
suspended-sediment concentrations (table 6 
and fig. 22). Suspended-sediment data 
collected at Tucson during summer flows of the 
1960's plot slightly above those collected 
during winter flows (fig. 22A). A t-test of the 
mean summer and winter concentrations, 
however, did not yield a significant difference. 
Additional suspended-sediment data were 
collected in the 1980's during summer and fall 
floods, but by that time an unexplained 
significant decrease in sediment concentration 
had occurred and the data could not be 
compared with winter data of the 1960's 
(fig. 22B).

Table 6. Suspended-sediment concentrations, Santa 
Cruz River at Congress Street, Tucson

Date

Discharge,
in

cubic feet
per second

Suspended-
sediment

concentration,
in milligrams

per liter

Summer flows

08-18-66
08-19-66
08-19-66
08-22-66
08-26-68
07-09-89
08-02-89
08-17-89
08-17-89
08-17-89

1,200
1,900
1,700

160
59

495
199
517

1,020
475

38,200
43,400
45,700
28,000
12,400
8,400
3,120
8,300

10,400
4,650

Fall flows

09-13-66
09-15-66
10-03-67
10-05-89
10-05-89
10-05-89

120
41

176
578
896
588

18,400
5,100

18,700
4,160
6,850
5,366

Winter flows

12-23-65
02-08-66
02-11-66
02-11-66
12-23-67

4,400
1,100

350
30

176

43,600
29,500
19,900
19,800
18,700
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Figure 22. Relation of suspended-sediment concentration and discharge, Santa Cruz River at Tucson.

Temporal Variability of Channel Change 
and Hydrocllmatic Factors

If hydroclimatic factors were the main 
control on the timing and magnitude of 
channel change on the Santa Cruz River, the 
history of channel change would be expected to 
reflect temporal variability in those factors. In 
particular, periods characterized by generally 
moderate discharges generated by summer 
thunderstorms would coincide with periods of 
little change except where local physical 
factors were causing extreme bank instability. 
Periods characterized by higher flood 
magnitudes caused by winter frontal systems 
or fall dissipating tropical storms would 
correspond to periods of generally high channel 
instability. The chronology of channel change 
and hydroclimatic variation on the Santa Cruz 
River (table 5) gives some indication of their 
linkage, but imprecise resolution of the data on 
channel change and the effects of non- 
hydrologic processes on channel instability 
complicate and obscure the relation.

1915-29

Documentation of channel change 
between 1915 and 1929 is poor except 
for historical accounts of bank erosion and 
arroyo incision during the 1914-15 floods. 
Channel widening as a result of those 
floods was apparently extensive through 
much of the study area (Hays, 1984; 
Betancourt and Turner, 1988), but no data were 
located for this study that would indicate 
channel behavior for the rest of the period. 
In the aerial photographs from 1936, channel 
widths are greater than at any subsequent 
time before 1983, evidence that channel 
morphology at the time was a product of large 
floods. Whether the 1936 channel was still 
primarily a product of the 1914-15 floods or of 
large tropical storms in 1926 and 1929 (table 5) 
is unknown.

1930-59

Through the 1940's and 1950's, the 
hydrologic regimen of the Santa Cruz River
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was characterized by moderate annual 
floods and lower flood variability caused 
primarily by summer thunderstorms. Channel 
widths narrowed throughout the system. Much 
of the narrowing was artificial, however, 
making a connection between climatic 
fluctuation, flow conditions, and a decrease 
in channel width difficult to establish. 
Considerable channel instability occurred 
during this period, including further incision 
and headcut migration of the arroyo in the 
upper San Xavier and lower Sahuarita reaches; 
expansion of arroyo boundaries in the lower 
San Xavier and upper Tucson reaches (fig. 16); 
and major shifts in channel position by 
meander migration and meander cutoff and 
avulsion in the Cortaro and Marana reaches 
(fig. 9). Although the channel instability of 
this period may be the product of the largest 
floods from 1930-59 (table 5), no data are 
presented that clearly link channel change to 
one or more specific floods. In some cases, the 
primary cause of channel change may not have 
been hydrologic. In particular, incision and 
headcut migration of the arroyo may reflect 
continued adjustment of the Santa Cruz River 
to the initial period of arroyo formation in the 
19th century.

1960-86

The four largest floods of record 
occurred in the interval 1960-86 (table 5). Two 
of the floods were caused by dissipating 
tropical storms and one by a frontal storm. 
Along most of the Santa Cruz River, however, 
evidence of a connection between increased 
channel instability and hydroclimatic changes 
during this period is slight and equivocal until 
the floods of 1977 and 1983. Three large 
floods in the 1960's (fig. 19) may have 
contributed to the channel incision between 
Valencia and Grant Roads (fig. 5), but 
resolution of the data is inadequate to 
determine the timing of incision closer than 8 to 
14 years. Furthermore, the incision may have

had less to do with flood occurrence than with 
landfill operations in the channel (Betancourt 
and Turner, 1988). An increase in the rate of 
arroyo widening near Martinez Hill is evident 
for 1960-67 compared with 1936-59 (fig. 16A), 
but the shorter time interval between data 
points may account for the apparent increase.

The flood of 1977, which was the 
flood of record when it occurred, caused 
significant channel widening along parts of the 
Canoa reach (fig. 13) and large amounts of 
arroyo widening along parts of San Xavier 
reach (fig. 14). The magnitude of channel 
change from the flood of 1977 was 
greatly exceeded by that of the flood of 1983. 
The 1983 flood caused the single largest 
episode of channel change on the Santa Cruz 
River since at least 1915 and possibly since the 
19th century. Throughout much of the Santa 
Cruz River, the terraces, point bars, channel 
bars, and flood-plain surfaces adjacent to the 
channel were stripped of vegetation. Channel 
changes included extreme magnitudes of 
channel widening in the Canoa reach, even 
along protected sections of channel. About 
800ft of arroyo-wall retreat occurred in the 
San Xavier reach. Lesser amounts of arroyo 
widening occurred in the Sahuarita, Tucson, 
and upper Cortaro reaches. Major channel 
widening and extensive shifts in channel 
position occurred in the Cortaro and Marana 
reaches. The floods of 1977 and 1983 were 
caused by tropical storms. Most flows caused 
by such storms on the Santa Cruz River are not 
of particularly great magnitude. Nonetheless, 
the most extreme floods those capable of 
producing the most widespread channel change 
on the Santa Cruz River have been the 
product of tropical storms. Consequently, 
episodes of catastrophic channel change on the 
Santa Cruz River can be linked to periods of 
global climatic conditions that increase the 
likelihood of tropical storm occurrence in 
southern Arizona.
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Temporal Changes in Resistance to 
Erosion

Although large floods have been major 
factors in determining the timing of lateral 
channel change on the Santa Cruz River, 
variables other than floods also influence 
temporal patterns of change. Artificial bank 
armoring has increased resistance to erosion 
through much of the study area so that 
discharges that would have previously caused 
significant arroyo or channel widening at many 
locations no longer do so. Some reaches have 
also undergone changes in vegetation density 
along banks and flood plains.

The effects of artificial armoring or 
vegetation are such that little or no channel 
change can occur until boundary shear stress 
exceeds some threshold. Once that threshold is 
exceeded, armoring layers are eroded and 
change may be catastrophic because under 
lying credible banks and flood plains are 
suddenly unprotected and abruptly subjected to 
extreme boundary shear stresses.

On the upper Canoa reach, for example, 
where banks have been armored since at least 
the 1950's, little or no channel widening 
appears to have occurred before 1976 in 
response to floods with a peak discharge of as 
much as 18,000 ft3/s (fig. 13A). The flood of 
1977, which had a peak discharge through the 
reach of 26,500 ft3/s, produced a 0- to 100- 
percent increase in channel width through 
armored sections of the reach. The flood of 
1983 (peak discharge of 45,000 ft3/s), however, 
caused almost total failure of the bank 
revetment, especially upstream from the 
unchannelized part of the reach (fig. 13A, 
1978-86), resulting in width increases of more 
than 500 percent.

Changes in vegetation density over time 
can have a similar effect as armoring. Before 
1966, flow in the Cortaro and Marana reaches 
was ephemeral and the banks and flood plain 
were sparsely vegetated. The channel in the 
two reaches was considerably less stable before

1966 than between 1966 and 1978 even though 
the latter interval included annual floods 35 and 
11 percent larger than the pre-1966 flood of 
record. Increased vegetation on the flood plain 
prevented any significant incision of new 
channels that would have caused avulsion and 
meander cutoff despite the occurrence of 
record flows after 1966. The flood of October 
1983, however, was of sufficient magnitude 
and possibly duration (fig. 21C) to strip 
vegetated surfaces and then cause widespread 
incision of new channels on the exposed flood 
plain.

Geologic and Topographic Controls on 
Channel Morphology and Change

Channel morphology and the spatial 
variability of channel change on the Santa Cruz 
River are determined largely by geologic and 
topographic controls. Major geologic controls 
include the location and type of sediment 
sources and the location of outcrops of bedrock 
or consolidated sediments relative to the 
channel. Topographic controls include large- 
scale features and small-scale features. The 
large-scale features include spatial distribution 
of landforms, geometry of intramontane basins, 
valley slope, and the proximity of tributary 
confluences. The small-scale features include 
paleochannels, ridges, and swales on flood 
plains. Geologic and topographic controls 
generally are not independent of each other. 
The spatial distribution of landforms can be a 
function of sediment source as in the case of 
alluvial-fan development, which is dependent 
on the lithology, climate, and tectonic activity 
of adjacent mountain ranges. The distribution 
of alluvial fans then becomes a control on 
availability of sediment for delivery to the 
Santa Cruz River. In this section, major 
geologic and topographic controls are 
described with a discussion on how the controls 
operate together to affect morphology and 
channel change on the Santa Cruz River.
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Small-scale topographic controls, which are 
less closely linked to geologic controls, are 
discussed briefly at the end of this section.

Sediment Sources

The type of sediment available for 
transport and its proximity to the channel affect 
the size of bed material. The relation of bed 
material to bank material affects channel 
morphology. Where bed material is difficult to 
transport and banks are easy to erode, channel 
widening can be expected; where bed material 
is easy to transport and banks are resistant, 
incision can be expected to be the main 
channel-changing process (Brotherton, 1979; 
Osterkamp, 1980).

A systematic survey of sediment sources 
was not done during this study, but field 
observations and a review of geologic maps of 
the Santa Cruz River drainage basin (fig. 23) 
indicate that coarse-grained sediment sources 
of varying significance include (1) upland 
tributaries draining bedrock mountain ranges 
such as the Santa Rita and Catalina Mountains, 
(2) conglomeratic rock formations of Cenozoic 
age incised by the Santa Cruz or its tributaries 
from the Sahuarita reach upstream to the 
headwaters and along the base of mountains 
ringing the city of Tucson, (3) gravel beds 
within terraces of late Pleistocene or Holocene 
age throughout the study area, and (4) gravel 
stored in active channel sediments that is 
subject to reworking on a time scale of several 
years to several decades. Sand and finer- 
grained sediment sources include (1) drainage 
basin slopes and valley floors subject to 
overland flow; (2) flood plains or terraces 
entrenched by gullies and tributaries such as 
along much of the San Xavier reach; (3) 
channel banks and arroyo walls, and (4) active 
channel sediments.

Channel bed material was not sampled in 
this study to determine downstream trends in 
particle-size distribution. Data on Santa Cruz 
River bed material collected by Meyer (1989)

are too few to draw definite conclusions about 
the spatial relations between bed material and 
sediment sources, but the data indicate a 
possible decrease in particle size downstream 
from major source areas. Bed material was 
much finer grained on the lower San Xavier 
reach than on the upper Canoa reach, which is 
closer to coarse-grained sediment sources such 
as the Santa Rita Mountains and the gravel- 
bearing sediments of Cenozoic age that flank 
the upper Santa Cruz River. The coarsest- 
grained bed material sampled by Meyer (1989) 
was on the upper Cortaro reach downstream 
from Canada del Oro and Rillito Creek, which 
receives sediments from tributaries that drain 
the Catalina Mountains and are deeply incised 
into coarse-grained alluvial fans and basin fill 
of early Pleistocene to Miocene age at the base 
of the mountains (Davidson, 1973; Anderson,
1987). At the end of the Marana reach near the 
Pima-Pinal County line, bed material was 
much finer grained than at the Cortaro reach 
sampling site.

Location of Consolidated Sediments and 
Bedrock

Most channel banks on the Santa Cruz 
River are composed of active sediments. 
Arroyo walls are composed mainly of fine 
grained materials of late Holocene age (Waters,
1988) that are poorly cemented and fail readily 
when undercut by streamflow. In some places, 
however, the channel impinges on or is incised 
into older, well-indurated alluvium that resists 
undercutting. Where the channel is confined 
on both sides by such alluvium, a high degree 
of lateral stability has been observed.

Along most of the Sahuarita reach, the 
channel is incised into alluvium that, based on 
its red color and strong cementation, is 
evidently considerably older than the material 
that forms most arroyo walls and streambanks 
within the study area. Immediately 
downstream from Pima Mine Road on the 
Sahuarita reach, the arroyo of the Santa Cruz
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River cut off the former meandering, unincised 
channel shortly after 1936 (fig. 4) and migrated 
upstream by headcutting into the older, 
indurated alluvium. The rate of arroyo 
widening just below Pima Mine Road since 
entrenchment of the channel has been less than 
can be measured from aerial photographs. 
Farther upstream, the arroyo is entrenched 
various depths into the older alluvium. 
Consequently, much of the Sahuarita reach has 
exhibited lower rates of arroyo widening and 
less migration of channel position than other 
incised reaches of the Santa Cruz River. 
Because of the resistance of the older alluvium 
to erosion, the arroyo through the Sahuarita 
reach has not undergone the large increases in 
cross-sectional area that has occurred in other 
reaches during large floods. Consequently, 
conveyance is lower through the reach and 
flows have overtopped the arroyo during large 
floods. During the 1983 flood and during 
floods in the winter of 1993, overbank flow 
moved as shallow sheetflow across the terrace 
on the east side of the river and re-entered the 
main channel through Lee Moore Wash and 
smaller tributaries in the San Xavier reach.

Few bedrock exposures are found within 
the channel of the Santa Cruz River in Pima 
County. Where such exposures occur, the 
effects on channel change have not been 
uniform nor are the mechanisms apparent by 
which the exposures affect channel change. 
Martinez Hill (fig. 23), which is part of a 
basaltic dike that is continuous with Black 
Mountain to the west (Brown, 1939; Davidson, 
1973), clearly affects the stability of the Santa 
Cruz River as indicated by the extreme rates of 
arroyo widening immediately upstream and 
downstream from the hill and the rapid 
downstream attenuation of lateral instability 
(fig. 14). The abrupt increase in bank 
resistance by the bedrock exposure probably 
results in perturbation and deflection of flow 
against arroyo walls. A similar though less 
pronounced zone of arroyo widening occurred 
downstream from Sentinel Hill in the upper

Tucson reach between 1953 and 1960. 
Whether widening in that reach was 
predominantly natural or artificial is not 
known. The only other bedrock exposure along 
the Santa Cruz River within the study area is at 
the north end of the Tucson Mountains 
immediately downstream from Avra Valley 
Road in the lower Cortaro reach. In contrast to 
the other bedrock locations on the Santa Cruz 
River, the channel above and below Avra 
Valley Road generally has been stable.

Large-Scale Topographic Controls

The geometry of the intramontane basins 
through which the Santa Cruz River flows and 
the spatial distribution of landforms within 
those basins strongly influence channel 
morphology and the nature of channel- 
changing processes occurring in a reach. Other 
large-scale topographic controls, such as valley 
slope and the proximity of tributary junctions, 
seem to be of secondary importance and are not 
discussed further here. This discussion is 
concerned largely with the effects of large- 
scale topographic features on the Santa Cruz 
River under natural conditions. Although 
human alteration of the channel and drainage 
basin has not eliminated topographic controls 
and their effects on channel processes, they 
have undoubtedly altered the relative 
importance of those controls.

Along the Canoa and most of the 
Sahuarita reaches, the valley of the Santa Cruz 
River reaches one of its narrowest points within 
the study area. The valley is confined between 
the Santa Rita and Sierrita Mountains and the 
highly dissected alluvial fans that slope from 
the base of the mountains to the edge of the low 
terraces and flood plain flanking the channel 
(fig. 23). Although the alluvial fans generally 
are inactive as depositional systems, erosion of 
the fans by incised channels probably makes 
them a significant sediment source. As the 
Santa Cruz River enters the San Xavier reach, 
the intramontane basin widens greatly; the river
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valley is less narrowly confined and is more 
than four times wider than it is along the Canoa 
reach. The space available for sediment 
storage is considerably greater on the San 
Xavier reach than on the confined upper 
reaches.

Under natural conditions, the Canoa and 
Sahuarita reaches probably are areas of 
frequent sediment removal. Because the 
reaches are close to major sediment sources, 
sediment delivery rates to the channel also are 
probably high, resulting in considerable lateral 
instability. Some indication of past lateral 
instability is seen in 1936 aerial photographs 
where meander scars are visible, indicating a 
previous episode of meander cutoff and 
subsequent reformation of meanders. The San 
Xavier reach is farther from upland sediment 
sources, thus sediment delivery is less frequent 
and the sediment delivered is finer grained than 
in the Sahuarita and Canoa reaches. The lower 
rates of sediment delivery coupled with the 
greater volume of sediment storage space 
available indicate that the reach is an area of 
long-term sediment storage. Geologic 
evidence indicates that for the past several 
thousand years at least, the San Xavier reach 
generally has been a depositional reach 
(Waters, 1988; Haynes and Huckell, 1986). 
Sediment is episodically removed from the 
reach during periods of channel entrenchment 
and arroyo widening. Generally, the volume of 
sediment removed from the reach during 
periods of incision has been small relative 
to the volume in storage. A hiatus in 
sedimentation from 8,000 to 5,000 years ago 
through the San Xavier reach and on a number 
of other drainage basins throughout the 
Southwest has been interpreted as a period of 
widespread erosion and destruction of flood 
plains as a result of major climatic change 
(Haynes, 1968).

As the Santa Cruz River enters the 
Tucson reach, the valley once again narrows. 
The channel and valley are confined between 
the Tucson Mountains and associated fan

deposits on the west and a series of terraces on 
the east, which from youngest to oldest include 
the Jaynes, Cemetery, and University terraces 
(fig. 23; Smith, 1937). The arid, low-elevation 
Tucson Mountains do not represent a 
significant sediment source. Of the terraces, 
only the Jaynes, which in some places forms 
the arroyo walls within the Tucson reach, 
represents a possible locally significant 
sediment source. The most extensive surface in 
the middle Tucson basin the planated, 
calichified University terrace on which much 
of the city of Tucson is built is not likely to be 
a major contributor of sediment to the Santa 
Cruz River. Rillito Creek and its major 
tributaries cut off the Tucson reach from 
sediment sources to the north and east. 
Because of its confinement by generally 
erosion-resistant older alluvium and bedrock, 
most of the Tucson reach has little space 
available for sediment storage. Sediment 
resident times probably have been quite 
variable. Because of its isolation from 
sediment sources, long-term sedimentation 
rates probably are low and sediment resident 
times high. During periods of incision of 
upstream flood plains, sedimentation rates 
within the Tucson reach increase and sediment 
resident times are low because of the limited 
storage capacity. Episodic entrenchment of the 
channel and arroyo widening, as in the San 
Xavier reach, probably have been the main 
processes removing sediment from the reach.

Downstream from the confluence of 
Rillito Creek and Canada del Oro on the 
Cortaro reach, the valley of the Santa Cruz 
River widens considerably, but channel 
morphology and channel-changing processes 
are much different from those on the San 
Xavier reach. Along much of the Cortaro 
reach, the modern flood plain is incised about 
6 ft into the historical flood plain (Katzer and 
Schuster, 1984), indicating that the reach is also 
subject to episodic channel entrenchment. 
Sedimentation rates are high, however, and 
sediment is more coarse grained because of the
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proximity of the reach to sources such as 
the incised alluvial fans at the base of the 
Tortolita and Catalina Mountains (fig. 23). 
Consequently, entrenchment was not as 
deep as in the upstream reaches and the 
channel generally has been aggradational or 
stable in elevation. Lateral channel-changing 
processes meander migration and cutoff  
are dominant because of the high sedimentation 
rates. Periods of lateral channel instability may 
reflect episodes of high sediment input, either 
from large floods or from sustained periods of 
channel incision upstream from the reach.

As the Santa Cruz River continues past 
the Tucson Mountains, its valley becomes 
completely unconfined and gives way to a 
broad, indistinct alluvial plain the Santa Cruz 
Flats at the end of the Marana reach near the 
Final County line (fig. 1). The main topo 
graphic control is the Picacho basin, an area of 
little topographic relief that has undergone 
substantial subsidence from ground-water 
withdrawals in this century and possibly earlier 
from natural causes (Laney and others, 1978; 
Carpenter, 1991). The Picacho basin serves as 
a local base level for the upper Santa Cruz 
River and, consequently, is also a trap for most 
of the sediment that is transported beyond the 
Marana reach. The Santa Cruz Flats evidently 
represent an area of long-term sediment 
storage. No evidence has been reported of 
prehistoric periods of channel entrenchment 
and sediment removal as in upstream reaches, 
although a modern arroyo that began as a 
headcut from Greene's Canal early in this 
century intersects the Santa Cruz River about 
7.5 mi below the Pinal County line.

Small-Scale Topographic Controls

Small-scale topographic features created 
by the Santa Cruz River such as terraces, 
meander scars, paleochannels, gravel bars  
evidence of past behavior of the channel also 
can control the lateral extent of future changes. 
The many shifts of channel position on the

Cortaro and Marana reaches from 1936 to 1986 
were all within the flood plain that is confined 
by the lowest terrace adjacent to the high-flow 
channel. On the Marana reach, the shift in 
channel position between 1978 and 1986, 
almost entirely a result of the 1983 flood, 
appears as virtually a mirror image of channel- 
position shifts between 1936 and 1978 
(fig. 9B). Such a pattern indicates that the 
flood caused the river to reactivate 
paleochannels (as suggested in fig. 7B); the 
river's new course was controlled largely by 
pre-existing topography.

CHANNEL CHANGE AND FLOOD- 
PLAIN MANAGEMENT

Government agencies and private 
landowners manage laterally unstable channels 
with structural works, especially bank 
armoring. Structural approaches, however, 
are expensive and often have undesirable 
consequences, such as degradation in response 
to channelization (Schumm and others, 1984; 
Rhoads, 1990) and increased erosion of 
unprotected banks adjacent to protected banks 
(Baker, 1984b; Saarinen and others, 1984). An 
early objective of this project was to model 
lateral erosion along the Santa Cruz River 
channel. Prediction of the frequency and 
magnitude of bank erosion at a location would 
give flood-plain managers the information to 
determine costs and benefits of bank 
protection.

Modeling Channel Change

Most models of sediment transport and 
scour are based on one-dimensional 
equilibrium hydraulics (Fan, 1988), which may 
not be appropriate for modeling highly 
unsteady flow that occurs in ephemeral rivers. 
Most models, such as HEC-6 (U.S. Army 
Corps of Engineers, 1977), can predict scour 
but cannot predict lateral channel change. All
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models require substantial sediment-transport 
and channel-change data for verification, and 
such data are scarce for ephemeral rivers. 
GFLUVIAL (Chang, 1990), the most recent 
version of FLUVIAL-12 (Chang, 1988), uses 
an equilibrium energy approach to predict 
scour and channel widening. The algorithm for 
widening is based on a bank-stability factor and 
not on physical processes. The model also can 
be used to predict meander migration only if 
the rate of bank retreat is known in advance 
(Chang, 1990). Models such as GFLUVIAL 
are useful design tools, but they cannot 
independently predict processes such as 
avulsion and meander cutoff or meander 
migration.

Although many models have been 
developed for sediment transport in 
meandering rivers (Ikeda and Parker, 1989), 
most models predict sediment transport, 
bedforms, and changes in sand bars without 
erosion of the channel banks. These models 
(Nelson, 1988; Nelson and Smith, 1989) couple 
multidimensional flow with sediment-transport 
models and generally are used to predict 
changes in point bars or other midchannel or 
lateral bars (Andrews and Nelson, 1989). 
Application of these models to channel 
change in ephemeral rivers would require 
quantification of bank-erosion processes such 
as corrasion and mass wasting.

Graf (1984) recognized the complexity 
of relations among geomorphic and hydraulic 
variables governing channel instability 
and presented a probabilistic approach to 
evaluating spatial variability in channel 
instability. The method is not applicable for 
evaluating arroyo widening such as that on the 
San Xavier reach. On the Cortaro and Marana 
reaches, lateral instability is predominantly 
characterized by shifts in channel position; 
however, Graf s (1984) approach is of doubtful 
applicability on those reaches. Use of a 
probabilistic method for predicting channel 
change requires that the physical properties of 
the system remain essentially unchanged over

time. On the lower reaches of the Santa Cruz 
River, however, changes in hydrologic 
regimen, vegetation growth, and aggradation of 
the flood plain have greatly altered the physical 
conditions, and as noted previously, the 
system's response to given levels of discharge 
appears to have changed since 1970.

Channel-Changing Processes and 
Associated Hazards

Although the ability to predict lateral 
channel change is limited, a review of the 
processes operating on the Santa Cruz River, 
the conditions associated with channel change, 
and the history of such change does permit an 
assessment of the degree of hazard associated 
with channel change. The channel-changing 
processes operating on a particular reach 
(table 3) control the nature of the hazard 
associated with channel change. Topographic 
and geologic controls and human alteration of a 
channel govern the spatial variation in channel 
stability of a reach and modify the effects of a 
given flow on channel morphology. The 
timing and magnitude of channel change are 
controlled largely by the magnitude of flow and 
by the nature of the storms that generate the 
flow.

Meander Migration

Meander migration is dominant only on 
the Cortaro and Marana reaches and in low- 
flow channels throughout the Santa Cruz River 
system. The main hazard associated with 
meander migration is loss of property that is on 
or immediately adjacent to the flood plain. 
Meander migration generally increases 
sinuosity, and some studies have indicated that 
channels tend to maintain stable values of 
sinuosity (Graf, 1983a; Guber, 1988). 
Consequently, channels that have been 
straightened by floods or have been 
channelized can undergo rapid rates of
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migration by meander formation (Lewin, 1976; 
Schumm and others, 1984). Along the Santa 
Cruz River, the banks of channelized reaches 
generally are well armored with soil cement, 
and therefore meandering processes have not 
eroded the banks and thus have not affected the 
morphology of the artificial channel. Although 
low-flow channels have not been extensively 
examined in this study, migration of such 
channels is a concern because the migration can 
change the direction of flow and the 
distribution of shear stresses at bridges and 
other structures (Sabol and others, 1989).

Avulsion and Meander Cutoff

Avulsion and meander cutoff present a 
direct erosion hazard mainly on the Cortaro and 
Marana reaches, although any part of the 
river subject to overbank flow has the 
potential for such change. Avulsion and 
meander cutoff threaten mainly structures and 
property on the flood plain; however, when a 
channel abruptly shifts position hundreds of 
feet, areas adjacent to the flood plain that had 
previously been well removed from potential 
bank erosion can become subject to erosion by 
meander migration. In the lower Marana reach 
near the Pinal County line, the potential may 
exist for avulsion of the Santa Cruz River out of 
the present-day flood plain. Although this 
reach was not surveyed, the flood plain, 
which is confined between levees near the 
county line, is as much as 5 to 10 ft above the 
alluvial plain that lies outside the levee. During 
the 1983 flood, overbank flow spilled onto the 
lower surface at several locations (fig. 24). 
A detailed field survey, in addition 
to flood-frequency and sediment-transport 
data, is necessary to determine whether a 
major channel shift from prolonged over- 
bank flow and in-channel deposition is a 
realistic possibility within the next several 
decades.

Knowledge of the potential for avulsion 
or meander cutoff on a reach is important

where channel modifications are being 
considered. If modifications on such a reach do 
not include steps to prevent channel shifts, the 
engineered channel may be abandoned during 
subsequent overbank flows.

Channel Widening

The widening of channels on flood plains 
occurs mainly on the Canoa, Cortaro, and 
Marana reaches. Destruction of property and 
structures, particularly bridges, on the flood 
plain is a hazard associated with channel 
widening. Channel widening is associated with 
high flows, although the effects of a given 
discharge will vary with resistance to erosion 
within a reach. Channels in reaches that have 
high resistance because of vegetation or 
artificial protection may widen only during the 
most extreme floods. Such channels are of 
concern to flood-plain managers because they 
can be stable over a wide range of discharges 
and then undergo catastrophic widening when a 
threshold of resistance to erosion is passed, 
such as on the Canoa reach during the 1983 
flood.

Arroyo Widening

Failure of arroyo walls poses a threat to 
property beyond the flood plain as seen during 
the flood of 1983 when homes and office 
buildings were swept away (Saarinen and 
others, 1984; Slezak-Pearthree and Baker, 
1987; Kresan, 1988). Along the lower San 
Xavier reach, houses were destroyed that were 
within the designated 500-year flood boundary 
(Saarinen and others, 1984).

The degree of hazard associated with 
arroyo widening is not simply a function 
of flood magnitude. Considerable arroyo 
widening occurred on parts of the San Xavier 
reach from 1936 to 1960 (fig. 14A), which was 
a period dominated by low to moderate annual 
floods. Slope-stability factors, as well as 
channel processes, must be considered in
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Figure 24. Floodwaters breaking through levees (indicated by arrows) on the lower Marana reach during the 
flood of October 1983. (Source: Cooper Aerial Survey, 1983.)
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assessing the potential for arroyo widening. 
The stability of arroyo walls depends primarily 
on the cohesiveness of the alluvium and the 
height of arroyo walls. Those reaches of the 
Santa Cruz River with 20- to 30-ft arroyo walls 
composed of weakly cohesive fine sand and silt 
are persistently unstable, particularly where 
associated with a meandering, entrenched 
channel. The highly unstable alluvium 
generally underlies the historical flood plain. 
Outside the San Xavier Indian Reservation, 
most such arroyo walls are artificially 
protected, especially since the flood of 1983. 
Although arroyo instability appears to be 
primarily a function of bank material, the rate 
of widening along an unstable arroyo is 
governed mainly by channel processes, in 
particular the magnitude of the peak flow, the 
frequency of high flows, and the duration of 
flow.

Arroyo widening presents some of the 
most difficult problems in the management of 
unstable channels because of the persistence of 
widening in unstable reaches and because of 
the magnitude of widening that can occur 
during a single high flow. Along much of the 
Santa Cruz River arroyo, however, little 
widening has occurred during the study period, 
which suggests that expensive bank-protection 
measures are not always warranted. Where the 
river is incised into more resistant, generally 
older alluvium, such as along the lower 
Sahuarita reach, arroyo widening has been slow 
during the study period. If geologic controls 
are the dominant influence on the stability of 
some arroyo reaches, such reaches may 
continue to be stable well into the future. Other 
factors, however, such as the stage of 
development of the arroyo, also could be 
significant, in which case future destabilization 
of the reaches would be possible. A detailed 
geomorphic analysis is necessary before the 
importance of different controls on the long- 
term stability of historically stable arroyo 
reaches can be assessed.

EFFECTS OF ARTIFICIAL CHANGES 
ON CHANNEL PROCESSES

Since the late 19th century, human 
modification of the Santa Cruz River 
has affected the hydraulic properties of 
the channel and influenced subsequent 
channel morphology. During the study 
period, channel modifications have included 
(1) channelization, (2) artificial narrowing, 
(3) bank protection, (4) discharge of sewage 
effluent into downstream reaches, (5) sand- 
and-gravel operations within the flood plain, 
and (6) channel-maintenance operations. The 
first four modifications may have had the 
greatest effect on channel morphology. The 
effects of discharge of sewage effluent are 
discussed in the section entitled "Temporal 
Changes in Resistance to Erosion" and will not 
be discussed here.

Channelization typically shortens stream 
length and increases gradient and stream power 
(Schumm and others, 1984). Bank protection 
prevents an alluvial channel from adjusting its 
dimensions laterally in response to increased 
discharge; the increased resistance creates 
conditions analogous to bedrock channels 
where extreme magnitudes of stream power 
may be generated (Baker, 1984a). Bank 
protection also can remove a major sediment 
source by preventing bank erosion, thus 
lowering sediment concentration at a given 
discharge (Knighton, 1984). Sediment 
concentrations in samples collected at the 
Congress Street bridge in the 1980's typically 
are lower than those collected at similar 
discharges 20 years earlier (fig. 20B and 
table 6). Additional study is necessary to 
determine whether bank protection, which was 
emplaced along much of the reach upstream 
from Congress Street between the two 
sampling periods, is the cause of lower 
sediment concentrations. Lower sediment 
concentrations may enhance the erosiveness of
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streamflows. The initial expected effects of 
channelization and artificial bank protection 
include degradation within and upstream from 
the altered reach, aggradation downstream 
from the altered reach, and increased bank 
erosion at unprotected sites (Schumm and 
others, 1984; Simon and Robbins, 1986; 
Rhoads, 1990). Continued degradation can 
initiate a period of channel widening by 
producing oversteepened banks in unprotected 
reaches that fail readily (Simon and Hupp, 
1986; Simon, 1989). Continued aggradation 
can result in plugging of downstream channels 
and a shifting of channel position by avulsion 
(Coleman, 1969; Graf, 1981). Emplacement of 
artificial fill along channel margins narrows the 
channel, thus reducing capacity, and can armor 
the banks against erosion, producing the same 
effects as channelization and bank protection. 
If resistant fill, such as highway-construction 
debris, is emplaced primarily on the channel 
bottom, increased resistance to incision can 
cause increased erosion of unprotected channel 
banks.

On the Santa Cruz River, the timing of 
degradation on the Tucson and lower San 
Xavier reaches corresponds to a period of 
increased landfill operations south of Tucson 
(Betancourt and Turner, 1988). On the Canoa 
reach, incision of the channel had occurred by 
the 1950's and was probably a result of 
extensive channelization and bank-protection 
works that were in place by 1953. On the 
Sahuarita reach, degradation that occurred after 
1936 as a result of headward extension of the 
arroyo may have been caused by continued 
disequilibrium associated with the earlier 
arroyo initiation rather than by human activity.

Enhanced erosion on the Santa Cruz 
River during the 1983 flood resulting from 
partial bank protection has been described by 
Baker (1984b) and Saarinen and others (1984). 
In 1990, following large summer flows,

channel changes were observed in the lower 
San Xavier reach at Ajo Way where arroyo 
walls had been newly armored. The arroyo 
bottom was incised as much as 2 ft within the 
armored reach upstream from Ajo Way, and 
fresh failures of the unprotected walls occurred 
downstream from the bridge.

CONSIDERATIONS FOR FURTHER 
STUDY

The methods used in this study have 
identified mechanisms of channel change on 
the Santa Cruz River, timing and magnitude of 
channel change with respect to floods, 
and physical conditions associated with 
channel instability. A relation exists between 
hydrologic regimen and the rate and magnitude 
of channel change. That relation is highly 
modified by resisting forces and by hydraulic 
conditions such as channel morphology. 
Resisting forces are not constant and can vary 
considerably over time scales of decades or 
less.

Further analysis of the historical data 
base would increase understanding of the 
operation of the Santa Cruz River as a system 
but probably would not produce the 
quantitative information necessary to predict 
channel change in response to floods.

Additional research needs that have been 
identified as a result of this study include 
analysis and evaluation of the following 
factors: (1) the nature of bank materials, 
particularly their cohesive properties and how 
such properties are affected by changing 
moisture levels and flow conditions; (2) 
mechanical processes, such as cracking and 
piping, that lower the structural integrity of 
channel banks; (3) the nature of the streambed, 
including bed-material composition, depth of 
active bed layer, and resistance of bank 
materials relative to streambed materials; (4) 
the interactions between streamflow and soil- 
hydrologic processes in channel banks; (5)
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downstream variability in flow conditions, 
including attenuation of flood peaks, increases 
or decreases in total discharge, changes in 
sediment concentration, and the relation of 
such variation to different flood types; (6) the 
formation of armored channel and point bars in 
rapidly varying flow, and (7) a more precise 
and quantitative time series of channel change 
than is presently available, developed from 
repeated postflood field measurements of 
physical and hydraulic properties, particularly 
channel geometry, bedforms, and bed material.

SUMMARY AND CONCLUSIONS

The Santa Cruz River has a long history 
of channel instability that has resulted in 
extensive property damage since the late 19th 
century, particularly in Pima County. An 
analysis of channel change on the Santa Cruz 
River from 1936 to 1986 using aerial 
photographs and historical and field data 
demonstrated that the timing, magnitude, and 
nature of channel change vary considerably 
over space and time.

The Santa Cruz River exhibits great 
physical variation through the 70-mile study 
area. In this study, six reaches from upstream 
to downstream Canoa, Sahuarita, San Xavier, 
Tucson, Cortaro, and Marana were defined 
on the basis of morphology, historical stability, 
and dominant channel-changing processes.

From 1936 to 1986, channel change was 
characterized by an increase in width and a 
decrease in river length throughout most of the 
study area. Much of the channel straightening 
was artificial, especially on the Canoa and 
Sahuarita reaches. The increase in mean width 
of the Santa Cruz River would have been 
considerably greater without bank armoring. 
Most channel widening was caused by the 
record floods of 1977 and 1983; arroyo 
widening occurred throughout the study period. 
The deeply entrenched San Xavier reach was 
the most persistently unstable reach where

mean and maximum arroyo width more than 
doubled through the study period. Most 
channel change in the Cortaro and Marana 
reaches involved lateral shifts in channel 
position, and mean width decreased during the 
entire study period. Both reaches also 
underwent a change in channel form and in 
resistance to erosion as a result of an increase in 
vegetation density caused by sewage-effluent 
discharge into the river.

Lateral channel change occurs by three 
basic mechanisms: meander migration, 
avulsion and meander cutoff, and channel 
widening. The dominant mechanism within a 
reach at any one time depends on channel 
morphology and flood magnitude.

Meander migration is the spatially 
continuous movement of the channel across its 
flood plain by initiation of meanders and their 
subsequent lateral extension, downstream 
translation, and rotation of meander axis. 
Meander migration tends to be the dominant 
mechanism of change during periods of low to 
moderate discharge. High rates of meander 
migration can occur during the waning stages 
of large floods. Meander migration is often an 
important component of channel and arroyo 
widening.

Avulsion and meander cutoff produce 
large, abrupt shifts in channel position when 
overbank flow incises a new channel course 
into the flood plain. Meander migration and 
avulsion and meander cutoff have been the 
main mechanisms of lateral channel change on 
the Cortaro and Marana reaches. Both 
processes contributed to considerable lateral 
instability between 1936 and 1966. A period of 
channel stability in the 1970's on those reaches 
was interrupted by the 1983 flood, which was 
the single most extensive episode of avulsion 
and meander cutoff on the Santa Cruz River 
during the study period. Almost 23,000 ft of 
channel was abandoned in the Cortaro and 
Marana reaches when lateral channel shifts of 
as much as 2,000 ft occurred.
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Channel widening results primarily from 
high flows that erode cohesionless banks. The 
highest rates of channel widening on the Santa 
Cruz River occurred on the upper Canoa reach 
during the floods of 1977 and especially 1983. 
Channel widening also resulted from high 
flows on other reaches. During intervening 
periods of low to moderate flows, channels 
generally narrowed because of vegetation 
growth and sediment deposition on channel 
margins.

Vertical channel change on the Santa 
Cruz River has been primarily degradational 
since the 1950's, especially from the San 
Xavier Indian Reservation through the city of 
Tucson. In the middle of the Tucson reach, 10 
to 15 ft of degradation occurred from the mid- 
1950's to the early 1970's. Data are sparse 
elsewhere. Streambed elevations may have 
been stable between the 1950's and 1976 in the 
lower Santa Cruz River, but a more complete 
record at one site suggests that the interval was 
a period of fluctuating bed elevations. On the 
upper Santa Cruz River, about 24 ft of incision 
occurred at Pima Mine Road between 1936 and 
1976. Lesser amounts of degradation in that 
period occurred above Pima Mine Road to the 
upstream end of the study area.

Vertical and lateral channel-change 
mechanisms operate in concert with bank- 
retreat mechanisms to produce widening of 
arroyos on entrenched reaches, which include 
much of the Sahuarita and Tucson reaches and 
all of the San Xavier reach. The most persistent 
arroyo widening has occurred where the 
channel is deeply incised into poorly resistant 
silt and sand. The most rapid rates of arroyo 
widening have occurred in connection with the 
migration of confined meanders. Unlike 
channel widening, arroyo widening is not 
readily reversed. Although the most unstable 
reaches of the Santa Cruz River have been on 
the most deeply incised parts of the San Xavier 
reach, a quantitative relation is difficult to 
establish between channel incision and 
arroyo-wall retreat. On parts of the lower San

Xavier and upper Tucson reaches, periods of 
maximum arroyo widening precede or coincide 
with periods of degradation, contrary to some 
models of channel change in entrenched 
systems.

Hydrologic and climatic factors  
magnitude, duration, intensity, and frequency 
of precipitation and floods generally control 
the timing and magnitude of channel change on 
the Santa Cruz River at a particular location. 
Time-related changes in hydraulic factors  
changes in channel geometry caused by 
successive floods or changes in roughness 
caused by vegetation growth also contribute 
to temporal variability of channel change. 
Spatial variability of channel change on the 
Santa Cruz River the location of channel 
change and its magnitude in response to a 
given discharge is controlled largely by 
topographic, geologic, and artificial factors. 
These factors, which include sediment sources, 
bank material, vegetation density, and pre 
existing topography, control size and quantity 
of bedload, resistance to erosion, valley and 
channel slope, and channel geometry.

The flood history of the Santa Cruz River 
in this century shows three distinct periods  
1915-29, 1930-59, and 1960-86. The middle 
period was characterized by generally low to 
moderate annual floods, almost all of which 
were caused by monsoonal summer 
thunderstorms. The other two periods were 
characterized by greater variability in flood 
magnitude and a much higher percentage of 
floods occurring in response to winter frontal 
systems and fall dissipating tropical storms. 
The four largest floods recorded on the Santa 
Cruz River occurred from 1960 to 1986, and 
the fifth largest flood occurred during 1915-29.

Large floods in 1915-29 and 1960-86 
caused substantial channel change throughout 
the study area. Some reaches however were 
characterized by considerable lateral instability 
throughout the study period, including 1930-59 
when annual floods generally were moderate. 
Other locations showed greater instability
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before the 1960's than any time afterward until 
the flood of 1983.

The floods of 1977 and 1983 were the 
two largest floods of record on the Santa Cruz 
River. Although the 1977 flood was of greater 
magnitude at Nogales, upstream from the study 
area, the 1983 flood was much larger in Pima 
County. The 1977 flood caused considerable 
channel widening in the Canoa reach and 
arroyo widening in the San Xavier reach but 
little change in the Cortaro and Marana 
reaches. The 1983 flood was the single largest 
episode of channel change to occur on the 
Santa Cruz River since at least 1915. That 
flood produced enormous magnitudes of 
channel and arroyo widening and lateral shifts 
in channel position throughout most of the 
study area.

Channel morphology and the spatial 
variability of channel change on the Santa Cruz 
River are determined mainly by geologic and 
topographic controls. Major geologic controls 
are the location and type of sediment sources 
and the location of outcrops of bedrock or 
consolidated sediments relative to the channel. 
Major topographic controls include large-scale 
features, such as spatial distribution of 
landforms and geometry of intramontane 
basins, and small-scale features, such as 
paleochannels, ridges, and swales on flood 
plains. Topographic controls, especially large- 
scale features, and geologic controls operate 
together to constrain the morphology and 
position of the Santa Cruz River. Reaches 
where the river valley is confined by large, 
inactive alluvial fans and bedrock mountain 
ranges have little space for sediment storage 
and are areas of frequent sediment reworking 
and transport. Where the valley widens and is 
unconfined, a greater volume of sediment 
storage is available and reaches are generally 
depositional in nature except during episodes 
of channel incision and sediment removal.

Available models for prediction of 
channel change generally do not address lateral 
change and those that do are limited in the type

of channel-changing mechanisms that are 
modeled. Changes resulting from meander 
migration, avulsion and meander cutoff, and 
the retreat of partially cohesive stream banks or 
arroyo walls are not predictable with current 
methods. The application of probabilistic 
models of channel change is not appropriate on 
the Santa Cruz River because of changes in 
resistance to erosion with time. Nonetheless, 
the general stability of various reaches can be 
evaluated by recognition of the major channel- 
changing mechanisms operating in a reach and 
identification of the local topographic, 
geologic, and cultural controls on channel 
change. On unentrenched reaches, the hazard 
associated with lateral channel change is 
restricted almost exclusively to the flood plain; 
on entrenched reaches, arroyo widening 
presents a threat mainly to structures on the 
terrace that was formed from entrenchment of 
the historical flood plain.
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FEDERAL PARTICIPATION IN WATERWAYS DEVELOPMENT

In 1820, Congress began addressing the navigational needs of the nation's interior by authorizing a
reconnaissance of the Mississippi and Ohio rivers. It was made by Captains H. Young and W. T. Poussin,
and Lt. S. Tuttle of the Engineer Corps of the Army. Fieldwork, begun in 1821, extended from Louisville
to the mouth of the Ohio River and from St. Louis to New Orleans on the Mississippi. Also, in 1821, two
Engineer officers, Brig. Gen. Simon Barnard and Maj. Joseph G. Totten, were detailed to make a
thorough investigation of the Mississippi and Ohio Rivers. Their report, submitted the following year,
contained observations on the physical characteristics of the rivers and gave considerable attention to
the formation and removal of snags. Legislation was enacted in 1824 directing the removal of snags
and other obstructions from the channels of the rivers.

In 1831, a bold attempt was made to improve navigation conditions at the mouth of the Red River by
an artificial cutoff, proposed by Capt. Henry M. Shreve. A second cutoff was made at Raccourci Bend,
several miles below, by Louisiana in 1848.

Improvements of the Mouth

Improvement of the mouth of the Mississippi River for seagoing navigation was first undertaken by
Congress in 1837, with an appropriation made for an accurate survey of the passes and bars at the
river's mouth. This survey was conducted by Capt. A. Talcott, Corps of Engineers, and finished in 1838.
He recommended a plan for deepening the bars by dredging, but a lack of necessary funds prevented
substantial progress on his channel & project.

By 1850, the growing river commerce, together with increasing destruction caused by floods, was
creating demand for Federal participation in navigation improvements and flood protection.

A painting of the destruction caused by the floods.

In 1850, the Secretary of War, conforming to an Act of Congress, directed Charles Ellet Jr., an
engineer, to make surveys and reports on the Mississippi and Ohio Rivers with a view to the
preparation of adequate plans for flood prevention and navigation improvement. His report was most
complete, and it exercised considerable influence on later thought.

Also in 1850, Congress appropriated $50,000 for the preparation of a topographic and hydrographic
survey of the delta of the Mississippi and for investigations to determine the most practicable plans for
flood control and navigation improvements at the mouth of the river. But it was not until 1861 that
Capt. A. A. Humphreys and Henry L. Abbott, of the Corps of Engineers, were able to complete their field
investigations and submit their now-famous "Report Upon the Physics and Hydraulics of the Mississippi
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River; Upon the Protection of the Alluvial Region Against Overflow; and Upon the Deepening of the
Mouths." While this report dealt primarily with flood control, it did consider the navigation problem in
considerable detail and was a great step forward in the development of river engineering in the United
States.

Jetty System

Meanwhile, the problem of keeping the river's mouth open to oceangoing traffic was one of serious
growing concern to the Nation. Congress appropriated $75,000 In 1852 for improving the channel at
the mouth of the river by contract.

A photograph of Capt. James B. Eads.

It was not until 1867 that dredging operations were resumed at the mouth of the Mississippi River, but
still the vexing problem was not solved. No significant progress had been made by 1873 when Capt.
James B. Eads, a famous construction engineer, advocated a system of parallel jetties. He offered to
open the mouth of the river by making a jetty-guaranteed channel 28 feet deep between Southwest
Pass and the Gulf at his own risk. If he succeeded, his fee would be $10,000,000.

After much debate, in 1875 Eads was directed to begin his work, in South rather than Southwest Pass.
He faced a difficult task, complicated by the existence of yellow fever and unfavorable financial
arrangements; however, he pushed the project to completion. On July 8, 1879, a 30-foot channel was
officially declared to exist at the mouth of the Mississippi.

Levee System Advocated

The importance of the Mississippi River to the Nation had, by now, become firmly established. Congress
had shown an increasing interest in flood control and navigation problems on the Mississippi, and
legislation designed to improve this mighty stream for the use of the Nation was rapidly taking form. In
1874, Congress had authorized certain surveys of transportation routes to the seaboard. Among these
was reconnaissance of the Mississippi River from Cairo to New Orleans, made under the direction of
Maj. Charles R. Suter, an officer of the Corps of Engineers.
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A painting of surveying the Mississippi River.

Five years later, a board of Engineer officers concluded that a complete levee system would aid
commerce during periods of high water only. Their conclusion is noteworthy for considering flood
control and navigation improvements as part of the same problem.

Mississippi River Commission

In that same year, 1879, on June 28, the Mississippi River Commission was created by Act of Congress
as an executive body reporting to the Secretary of War. The Commission is composed of seven men
nominated by the President of the United States and confirmed by the Senate.

Since the enactment of the Flood Control Act of May 15, 1928, the Commission has served as an
advisory and consulting - rather than executive - body responsible to the Chief of Engineers, U.S.
Army. The general duties of the Commission include the recommendation of policy and work programs,
the study of and reporting upon the necessity for modifications or additions to the flood control and
navigation project, recommendation upon any matters authorized by law, making inspection trips, and
holding public hearings. The work of the Commission is directed by the President of the Commission,
acting as its executive officer, and carried out by U.S. Army Engineer Districts at St. Louis, Memphis,
Vicksburg, and New Orleans.

Lower Mississippi Valley Division

The President of the Commission also serves as Division Engineer, U.S. Army Engineer Division, Lower
Mississippi Valley, headquartered in Vicksburg. The jurisdiction of this Division extends from about
Hannibal, Missouri, to the Gulf of Mexico. Work within the Division is carried out by the Engineer
Districts listed above.
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A map of the Lower Mississippi Valley Division
and Mississippi River Commission.

[Click to view larger map.]

Improvements for Navigation

In 1896, Congress authorized a navigation channel 9 feet deep and 250 feet wide at low water between
Cairo and Head of Passes. In 1928, the width was increased to 300 feet, and in 1944, the authorized
channel depth from Cairo to Baton Rouge was increased to 12 feet at low water, with the authorized
width remaining at 300 feet. (The 12-foot channel is to be obtained by a program of bank stabilization
and maintained by dredging. Progress is being made on developing this channel, and a 9-foot depth is
now being maintained.)

Early improvements of the Mississippi River above Cairo consisted mostly of removal of snags and
closure of sloughs to confine low-water flows to the main channel.
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A painting of dredging the Mississippi River.

Then in 1907, Congress adopted a project depth of 6 feet between the Missouri River just above St.
Louis and Minneapolis, to be obtained by dredging and the construction of wing dams to contract the
low-water channel.

As development of inland navigation continued, it became apparent that a depth of 6 feet on the upper
Mississippi would not allow it to keep pace with the growing traffic on the 9-foot channels of the lower
Mississippi and the Ohio. In 1930, following a careful study of the merits of improvement of the river,
Congress authorized construction of a 9-foot channel between Minneapolis and the mouth of the Illinois
River, just above St. Louis, providing for the construction of locks and dams. The act was modified in
1932 to provide for some modifications to the improvement plan. Since that time, additional
modifications have been made to the basic project.

Under the plan of improvement, 36 locks and 29 dams were constructed. There are no locks and dams
below St. Louis.

After the mouths of the Mississippi River had been opened and maintained in a navigable state,
Congress authorized in 1945 the development of a navigation channel for oceangoing traffic in the
lower reaches of the river. The depths and widths of the channel between Baton Rouge and the Gulf of
Mexico are:

Baton Rouge to New Orleans - 40 by 500 feet
Port of New Orleans - 35 by 1,500 feet, with portion 40 by 500 feet
New Orleans to Head of Passes - 40 by 1,000 feet
In Southwest Pass - 40 by 800 feet
In Southwest Pass Bar Channel - 40 by 600 feet
In South Pass - 30 by 450 feet
In South Pass Bar Channel - 30 by 600 feet
Mississippi River-Gulf Outlet - 36 by 500 feet
Mississippi River-Gulf Outlet Bar Channel - 38 by 600 feet

[Continue to River Commerce]
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Climatic Variability and Flood Frequency of the Santa 
Cruz River, Pima County, Arizona 

By Robert H. Webb and Julio L. Betancourt 

Abstract 

Past estimates of the 1 00-year flood for the Santa Cruz 
River at Tucson, Arizona, range from 572 to 2,780 cubic 
meters per second. An apparent increase in flood magnitude 
during the past two decades raises concern that the annual 
flood series is nonstationary in time. The apparent increase 
is accompanied by more annual floods occurring in fa ll and 
winter and fewer in summer. This greater mixture of storm 
types that produce annual flood peaks is caused by a higher 
frequency of meridional flow in the upper-air circulation 
and increased variance of ocean-atmosphere conditions in 
the tropical Pacific Ocean. 

Estimation of flood frequency on the Santa Cruz River is 
complicated because climate affects the magnitude and fre
quency of storms that cause floods. Mean discharge does 
not change significantly, but the variance and skew coeffi
cient of the distribution of annual floods change with time. 
The 1 00-year flood during El Nino-Southern Oscillation 
conditions is 1 ,300 cubic meters per second, more than 
double the value for other years. The increase is mostly 
caused by an increase in recurvature of dissipating tropical 
cyclones into the Southwestern United States during El 
Nino-Southern Oscillation conditions. Flood frequency 
based on hydroclimatology was determined by combining 
populations of floods caused by monsoonal storms, frontal 
systems, and dissipating tropical cyclones. For 1930-59, an
nual flood frequency is dominated by monsoonal floods, 
and the estimated 1 00-year flood is 323 cubic meters per 
second. For 1960-86, annual flood frequency at recurrence 
intervals of greater than 10 years is dominated by floods 
caused by dissipating tropical cyclones, and the estimated 
1 00-year flood is 1 ,660 cuhic meters per second. For design 
purposes, 1 ,660 cubic meters per second might be an ap
propriate value for the 1 00-year flood at Tucson, assuming 
that climatic conditions during 1960-86 are representative 
of conditions expected in the immediate future. 

INTRODUCTION 

Statistical flood-frequency analysis is a commonly 
used method for assessing flood hazards and risks in the 
United States (Interagency Advisory Committee on Water 
Data, 1982; Thomas, 1985). This method uses the annual 
flood series, which is an array of the largest discharges 

that occur each year at a gaging station, to estimate dis
charges associated with various recurrence intervals, such 
as 10, 50, and 100 years. Certain recurrence-interval 
floods, such as the I 00-year flood, are then used in engi
neering design of flood-plain structures or in managing 
flood plains for development. An example of the use of 
flood-frequency analysis is the National Flood Insurance 
Program, which is based primarily on the area of inunda
tion caused by a 100-year flood (Federal Emergency Man
agement Agency, 1986). 

Flood-frequency analysis requires certain assump
tions about the statistical properties of the annual flood se
ries (Interagency Advisory Committee on Water Data, 
1982). The annual flood series is assumed to be composed 
of random events and to be stationary in time; in other 
words, all floods were randomly generated from a single 
probability distribution with stable moments, such as the 
mean and variance. Thus, the floods that compose the an
nual flood series are assumed to be derived from the same 
population. Climate is assumed to be invariant, and the ef
fects of watershed changes on flow conveyance must be 
negligible (Interagency Advisory Committee on Water 
Data, 1982). Climatic fluctuations, however, are a source 
of uncertainty and can lead to misjudgment and misuse of 
flood-frequency analyses (Dunne and Leopold, 1978, 
p. 31 1). 

Many of the assumptions required for flood
frequency analysis are not routinely tested and thus 
could be violated. Obvious hydrologic changes com
monly result from urbanization and other forms of inten
sified land use. Influence of climatic variability on flood 
frequency, however, may be subtle and more difficult to 
detect. Mixed populations of floods commonly occur, 
such as those caused by dissipating hurricanes and run
off from snowmelt. Even where this is demonstrably 
true, flood-frequency analysis has been used to opera
tionally estimate flood-recurrence intervals. 

The flood record for the Santa Cruz River at Tucson, 
Arizona (fig. 1), provides one example of an annual flood 
series (fig. 2; table 1) for which standard flood-frequency 
analyses yield inconsistent results. Past estimates of the 
I 00-year flood for this river, using slightly different meth
ods and lengths of record and assuming different statistical 
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properties of the series, range from 572 to 2,780 m3/s 
(table 2). The wide range of estimates stems partially from 
an extraordinary flood in October 1983 (Saarinen and oth-
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ers, 1984) that had an estimated recurrence interval greater 
than I 00 years (Roeske and others, 1989) and is the largest 
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(Aldridge and Eychaner, 1984) had a recurrence interval 
that, at the time, was estimated to be in excess of I 00 
years. Overall, six of the seven largest floods in the annual 
flood series (1915-86) occurred after 1960. After the 1983 
flood, alternative methods for estimating design floods, in
cluding rainfall-runoff modeling, were proposed and used 
(Michael Zeller, Simons and Li Associates, written com
mun., 1984; Ponce and others, 1985). 

The frequent occurrence of large floods in recent 
years has led several authors to assert that the annual flood 
series for the Santa Cruz River is nonstationary (Michael 
Zeller, Simons and Li Associates, written commun., 1984; 
Hirschboeck, 1985; Baker, 1984; Reich and Davis, 1985, 
1986), thus violating the assumption that all floods are de
rived from the same statistical population. Changes in land 
use have been blamed for the alleged nonstationarity 
(Reich, 1984), but larger floods have also occurred in the 
headwaters of the Santa Cruz River, where land-use 
changes have been negligible. An alternative explanation 
is that low-frequency shifts in climate that occur on a time 
scale of decades have led to a change in the type, inten
sity, and (or) frequency of storms that cause floods. 
Changes in flood frequency on the Santa Cruz River coin
cide with apparent shifts in seasonality and magnitude of 
floods elsewhere in the Gila River basin. 
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Purpose and Scope 

In 1988, the U.S. Geological Survey in cooperation 
with Pima County Department of Transportation and 
Flood Control District undertook a study of changing 
channel conditions and flood frequency of the Santa Cruz 
River. Part of this larger study is an assessment of the ap
plicability of flood-frequency analysis in estimating the re
currence intervals of floods. Whereas much previous work 
addressed the influence of channel change on flood fre
quency, this report uses the hydroclimatic perspective of 
Hirschboeck (1985, 1987, 1988) to evaluate the link be
tween low-frequency climatic variability and changes in 
flood frequency of the Santa Cruz River in Pima County, 
Arizona. 

The hydroclimatology of the Santa Cruz River 
basin is examined with particular emphasis on storm 
types that cause floods. The extent of 20th-century cli
matic variability is analyzed using long-term records of 
sea-level pressure in the Pacific Ocean, upper atmo
spheric circulation patterns, and tropical-storm fre
quency. The time series of these climatic indices are 
compared with weather records from Tucson and stream
flow records from the gaging station, Santa Cruz River 
at Tucson, to show the connection between climatic vari-

:i: ~ 
0 ~ §! ..... 

l!! l!! l!! 

figure 2. Annual flood series for the Santa Cruz River at Tucson, Arizona. Hydroclimatological 
yedr is November 1 to October 3 I . 

Introduction 3 



Table 1. Annual flood series, Santa Cruz River at Tucson, Arizona 

[Water year for annual flood series, November I to October 3 1] 

Date 

Discharge, 
in cubic 

meters per 
second 

12-23- 14 -------------- 425 
1-20-16 ------------- 142 

9-08-17 ------------- 212 

8-07-1 8 ----·----------- 139 
8-02- 19 ---------------- 133 

8-09-20 ------------ 55 
8-01 -21 ---------------- 11 3 
7-20-22 --------------- 57 
8-17-23--------------- 54 

11 -17-23 ------------ 58 

9- 18-25 --------------·-- 96 
9-28-26 ------------ 323 
9-07-27 --------------- 55 
8-01-28-------------- 45 

9-24-29 ·····--· --·-·· 295 
8-07-30 ------------- 50 
8- 10-3 1 -------------- 261 
7-30-32 --------- ----- 11 9 
8-2 1-33 ---------------- 173 

8-23-34 ------------ 170 
9-0 I -35 -------------- 292 
7-26-36 ----------------- 153 
7 - I 0-37 ----------------- 93 
8-05-38 --------------- 255 

'Estimated. 

Dale 

Discharge, 
in cubic 

meters per 
second 

8-03-39 --------------- 227 
8- 14-40 ----------- 320 
8-14-41 -------------- 71 
R-09-42 ---------------- 47 

8-02-43 ---------------- 128 

8-16-44 ------------ 185 
8-10-45 --·------------- 306 
8-04-46 ---------------- 121 

8- 10-4 7 ------------ 48 

8-16-48 ----------- 109 

8-08-49 ----------------- 108 

7-30-50 ---------------- 269 
8-02-51 ------------ 142 

8-16-52 -----········- 108 
7- 15-53 --·-------------- 167 
7-24-54 --------------- 271 

8-03-55 ------------ 309 
7-29-56 ------------- 74 
8-3 1-57 -------------- 86 
7-29-58 ---------- 180 
8-20-59 -------------- 125 
8- 10-60 ----------------- 174 
8-23-61 -·-----------·- 470 

9-26-62 --------- --- 141 

Dale 

Discharge, 
in cubic 

meters per 
second 

8-26-63 ----------------- 132 
9- 10-64 -----·----- 368 

7- 16-65 ---·---·----- 34 

8-19-66 -------------- 156 
7- 17-67 --------------- 166 

12-20-67----------- 456 

8-06-69 ------------- 247 
7-20-70 ---------------- 242 
8- 17-71 --------------- 227 

I 0-19-72 ----------- 133 

3-14-73 ---·----------- 54 

7-08-74 ------------- 225 
7- 12-75 ------------- 70 
9-25-76 - ---··------- 201 

I 0- 10-77 -······-········ 671 
8-02-78 -------------- 142 

12-19-78------------ 382 
8- 13-80 -------------- 78 
7-27-81 -------------- 76 

8-23-82 ----------------- '283 
10-02-83 ---------- "" 1;193 

12-28-84 -----·---------- 283 
7-21 -86 -----·---------- 54 

ability and hydroclimatology of southern Arizona. Also 
examined is the influence of climatic variability on the 
frequency and severity of storm types that cause flood
ing in southern Arizona. Flood frequency is analyzed 
using several different methods and assumptions about 
the data that are based on the hydroclimatic analysis. 
A mixed-population analysis made on the basis of 
hydroclimatic segregation of floods and maximum
likelihood analysis is used to estimate flood frequency 
for floods caused by different storm types in different 
periods of the 20th century. 

K.C. Young of the University of Arizona gave access to 
his collection of National Oceanic and Atmospheric Ad
ministration Daily Weather Maps, and D.R. Cayan pro
vided office space and logistical support at Scripps 
Institution of Oceanography. 
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Hydrologic Setting 

The Santa Cruz River is primarily an ephemeral 
desert stream and drains 22,200 km2 in southern Arizona 
and northern Mexico. From its headwaters in the moun
tains of southern Arizona, the river flows southward into 
Mexico and loops north to re-enter the United States just 
east of Nogales. The river flows I 05 km from Nogales 
to Tucson (fig. 1). During major floods, the Santa Cruz 
River below Tucson flows another 155 km to join the 
Gila River near Phoenix; however, this reach is typically 
dry or contains treated sewage or irrigation-return flow. 
The headwaters of the Santa Cruz are at an altitude of 
2,885 m above sea level, the confluence with the Gila 
River occurs at 31 0 m, and the average basin altitude 
above Tucson is 1,234 m above sea level (Roeske, 
1978). The basinwide precipitation for the Santa Cruz 
River basin is 430 mm/yr. Several large historic floods 
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Table 2. Estimates of the 1 00-year flood on the Santa Cruz River at Tucson, Arizona, 
made by previous investigators after 1970 

[--, no record I 

100-year 
flood, 

Method or in cubic 
Years of probability meters per 

Reference record distribution second 

U.S. Army Corps of Engineers ( 1972)------------ ( '> 1,280 
Ruc::,kt: ( 1978) --------------------------------------- 1915-75 e> 575 

1915-75 (l) 640 
Malvick ( 1980) --------------------------------·---- 1915-78 cJ) I.R IO 
Federal Emergency Management 

Agency ( 1982) ------·--------------------·----- 19 15-78 t2> 850 
Boughton and Renard ( 1984) ·-·------------------- 19 15-79 (4) 572 

19 15- 79 e> 666 
19 15-79 (5) 2.180 

Michael Zeller (Simons and Li Associates, 
written commun .• 1984) ------------------------- (6) 1,420 

Eychaner ( 1984) ----------------------------- 1915-81 e> 626 
IYI5-H I e> 657 

Reich ( 1984) ----------------------------------------- 1960-84 e> 1,530 
1960-84 e> 2.730 
1962- 84 e> 1,420 
1962-84 e> 2.780 

Ponce and others ( 1985) -------------------------- 824 1.660 
848 1.900 
ti96 1.330 

Hirschboeck ( 1985} ----------------------------- 1950-80 e> 736 

'Curve, comparison with floods in other watersheds in southern Arizona. 
2Log-Pearson type Ill distribution. method-of-moments fitting. 
3Log-Pearson type Ill dislribution plus regression analysis. 
4Log-Pearson type Ill distribution plus envelope c urve. 
5Log-Boughton distribulion, melhod-of-momenl~ fitting. 
bRain, estimaled from 100-year rainfall. 
7Log-Extreme Va lue distribution, method-of-momems fining. 
8Model, estimated from rainfall-runoff model with I 00-year, 24-.48-. and 96-hourduration slorms. This value 

is c urrently being used by Pima County for compliance with Federal Emergency Management Agency 
regulations. 

on the Santa Cruz River have been described previously 
(Knapp, 1937; Lewis, 1963; Aldridge, 1970; Aldridge 
and Eychaner, 1984; Saarinen and others, 1984; Roeske 
and others, 1989). 

Three long-term gaging stations have been main
tained on the Santa Cruz River in Pima County. The 
gaging record for the Santa Cruz River at Tucson is the 
longest but is discontinuous because of a complicated sta
tion history. Although the first gaging station was installed 
in 1905 (Schwalen, 1942), the continuous gaging record 
began in 1915. The station was discontinued in 1981 and 
was re-established in 1986 (Wilson and Garrett, 1989). In 
this report, streamflow records for 19 15-86 were evalu
ated, and annual peak discharges were measured or 
estimated for all years during 1915-86 (fig. 2; table I). 
Peaks above a base discharge of 48 m3/s (the partial-dura
tion series) were measured for 1930-81; however, peaks 
above base discharge are not known for July and August 

1984 or for water year 1985. The mean annual streamflow 
is 0.64 m3/s at Tucson from a drainage area of 5,755 km2 

(Wilson and Garrett, 1989). 
The gaging station, Santa Cruz River at Cortaro, Ari

zona (fig. 1), has a record from 193~7 and 1950-84, after 
which the station was discontinued (White and Garrett. 1987). 
The drainage area above this gaging station is 9,073 km2• Dis
charges for both the annual flood series (table 3) and the par
tial-duration series are available for all years of record. The 
base discharge for the partial-duration series is 76 m3/s. A 
record from the gaging station, Santa Cruz River at Continen
tal, Arizona, was not analyzed for flood frequency. Discharges 
for many floods at this gaging station are inaccurate because 
flow in an overflow channel around the gaging station was 
not measured (H.W. Hjalmarson, hydrologist, U.S. Geological 
Survey, oral commun., 1989). 

Averages of monthly discharge for the Santa Cruz 
River at Tucson indicate that runoff occurs mainly from 
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Table 3. Annual flood series, Santa Cruz Rive r at Cortaro, 
Arizona 

[Water year for annual flood series, November Ito October 3 1] 

Date 

Discharge, 
in cubtc 

meters per 
second 

8- 14-40------------ 48 1 
12-3 1-40---- 221 
8-09-42----------- 43 
9-24-43 - - --------- 155 

8- 16-44 -------·---- 160 
8-10-45 -------------- 396 
8-04-46------------ 125 
8-15-47------------ 2 12 
7-30-50-------------- 365 
7-25-51------------- 193 
8- 14-52------------ 172 
7-14-53 ------------- 305 
7-24-54 ------------ 259 
8-03-55------------ 470 
7-29-56 ------------ 89 
9-01-57-------------- 124 
9-01-57 -------------- 124 
8- 12-58---------- 223 
8-20-59-------------- 226 
8- 1 1-60-------------- 181 
8-23-61 ------------- 416 
9-26-62---------- 3 17 

Date 

Discharge, 
in cubic 

meters per 
second 

8-26-63 ------------ 205 
9- 10-64 ----- --------- 450 

12-22-65 --------------- 475 

8-19-66 -------------- 169 
7- 17-67 --------------- 162 

12-21 -67 ---------------- 447 

8-06-69 ------------- 238 
7-20-70 --------------- 317 
8-20-71 ------·-------· 257 

I 0-19-72 -------------- 255 
2-22-73----------- 104 
7-08-74 -------------- 33 1 

7-12-75 ---------·------- 147 
9-25-76 ------------ 300 

I 0-10-77 ------------- 651 
3-{}2-78 ---------------- 221 

12-18-78 -------------- 532 
7-19-80 -------------- 75 
9-22-8 1 ------------- 122 

8-23-82 --------------- 376 
10-02-83 · ·-- -- --------- 1,841 
8-16-84 ------------- 145 

December through February and July through October 
(fig. 3). Variability in monthly streamflow is high, and 
coefficients of variation range from 1 to 6 (fig. 3). Be
cause the nonnally defmed water year of October 1 to 
September 30 artificially separates the fall runoff season, 
a hydroclimatic water year was defined for this report as 
November 1 to October 3 L Redefinition of the water 
year, which satisfies the assumption of interannual inde
pendence in annual floods, shifts some floods that occur 
in October, such as the flood of October 1983, to the 
previous water year. 

Precipitation in southern Arizona has distinct peaks 
in summer and winter (Sellers and Hill, 1974). Tucson 
has one of the longest precipitation records (1868-1989) 
in Arizona, although, like other long-tenn southwestern 
stations, it has a complicated station history (Durrenberger 
and Wood, 1979). The University of Arizona has main
tained precipitation records since 1891 , although the sta
tion has been moved to five locations within a 15-kilometer 
radius. There were major station moves in 1894, 1956, 
1966, and 1968; the effect of these moves on the statisti
cal properties of the time series has not been detennined. 
Mean annual precipitation recorded at the University of 
Arizona in Tucson is 291 mm for the 119-year record. 
About 129 mm of rain falls between November and June, 
and 162 mm of rain falls between July and October. 

The predominant land use is for livestock grazing, 
which has occurred tor several centuries. Bottomlands are 
used for agriculture, primarily alfalfa and pecans. Copper is 
mined in several areas of the drainage basin, mainly near 
Green Valley, Arizona (fig. 1). Urbanization affects Nogales, 
Sonora, in Mexico: and Nogales, Green Valley, Tucson, 
and Marana in Arizona. Green Valley and Tucson incorpo
rate flood-prone properties along the Santa Cruz River. 

HYDROCLIMATOLOGY OF SOUTHERN 
ARIZONA 

Recent hydroclimatological research in southern Ari
zona links various flood-producing stonn types to large
scale atmospheric-oceanic interactions (Hansen and others, 
1977; Maddox and others, 1980; Hansen and Schwarz, 
1981; Hirschbucck, 1985, 1987; Smith, 1986). Three prin
cipal types of flood-producing storms and associated 
upper-atmospheric circulation patterns are described 
below. 
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Figure 3. Average mo nthly streamflow and monthly stream
flow variability, Santa Cruz River at Tucson, Arizona. 
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Frontal and Cutoff Low-Pressure Systems 

Winter storms in southern Arizona originate from 
large-scale low-pressure frontal systems embedded in the 
westerly winds from the Pacific Ocean. The storm track 
moves southward in conjunction with seasonal expansion 
of a low-pressure cell, called the Aleutian Low, that occurs 
in the North Pacific. During dry winters, the westerlies fol
low a path around the north side of a ridge of high pres
sure off the west coast of North America and into the 
Pacific Northwest. In wet winters, this ridge is displaced 
westward, and a low-pressure trough develops over the 
Western United States. Storms then tend to follow the pre
vailing winds along the west coast and enter the continent 
as far south as San Francisco. An example of a frontal 
system that caused a flood on the Santa Cruz River is the 
storm of December 17-18, 1978 (fig. 4A, B). The rainfall 
during this storm ranged from 70 to 250 mm in central 
Arizona and caused widespread flooding (Aldridge and 
Hales, 1984). 

When a high-pressure ridge in the Pacific is well de
veloped, low-pressure systems can stagnate and form cut
off low-pressure systems (fig. 5). The atmospheric 
conditions that produce cutoff low-pressure systems are 
discussed in the section titled "Changes in Circulation of 
the Upper Atmosphere." Cutoff lows that affect Arizona 
typically form between latitude 30° N. and 45° N. and lon
gitude 105° W. and 125° W. and have spring and fall 
maxima (fig. 6). Cutoff lows may intensify off the coast of 
California before moving inland into Arizona, where they 
can produce substantial rainfall (Sellers and Hill, 1974; 
Pyke, 1972; Hansen and Schwarz, 1981 ). In fall, cutoff 
low-pressure systems may stall over warm tropical waters 
and steer dissipating tropical cyclones inland, creating con
ditions for the idealized probable-maximum precipitation 
in Arizona (Hansen and Schwarz, 1981 ). 

Dissipating Tropical Cyclones 

Occasionally in late summer and early fall, widespread 
and intense rainfall occurs in southern Arizona because of 
northeastward penetration of tropical cyclones, which in
clude hurricanes and tropical storms, from the tropical North 
Pacific Ocean. An average of 14.1 tropical cyclones are 
generated each year in the eastern North Pacific Ocean (fig. 
7; Rosendal, 1962; Cross, 1988). July and August have the 
largest number of tropical cyclones-3.4 and 3.5 cyclones 
per month, respectively (fig. 6). The main area of cyclone 
generation is off the west coast of Mexico between latitude 
10° and 15° N. and between longitude 95° and 100° W.; 
most tropical cyclones originate more than 300 km south of 
Cabo San Lucas, the southernmost point in Baja California 
(Eidemiller, 1978; Cross, 1988). 

After leaving their area of origin, most tropical cy
clones curve west-northwestward and may intensify into 

tropical storms or hurricanes. Farther north and west, the 
storms are dissipated by wind shear and colder water. 
Some tropical cyclones recurve toward the north and east, 
steered either by southerly winds ahead of a low-pressure 
trough, centered over the Pacific Northwest, by a weak 
trough between two subtropical high-pressure cells, or by 
circulation associated with a cutoff low-pressure system. 
These cyclones dissipate over Mexico and the United 
States, causing intense precipitation and regional flooding 
(Smith, 1986). Precipitation from dissipating tropical cy
clones can range from several millimeters to more than 
300 mm in 2 to 4 days (Smith, 1986). 

Recurving cyclones that have affected southern Ari
zona were generated most frequently in September and Oc
tober- 72 percent-compared with July and August- 27 
percent (Smith, 1986). Between 1965 and 1984, an average 
of 1.4 tropical cyclones per year caused precipitation in the 
Southwestern United States (Smith, 1986). Tropical Storm 
Octave in late September and early October 1983 is an 
example of the interaction between a tropical cyclone and a 
cutoff low-pressure system (fig. 4C) that caused flooding 
on the Santa Cruz River (Roeske and others, 1989). 

The disparity between seasonality of cutoff low
pressure systems and generation of tropical cyclones ex
plains the greater incidence of recurvature during fall (fig. 
6). Although generation of tropical cyclones is at a maxi
mum in July and August, cutoff low-pressure systems have 
a maximum incidence in October: The greater incidence of 
recurvature in fall also is associated with the weakening and 
southern migration of the Pacific subtropical high and the 
more frequent appearance of midlatitude troughs at lower 
latitudes (Eidemiller, 1978). These two phenomena can be
have synergistically, because dissipating tropical cyclones 
may contribute moisture to early fall extratropical cyclones 
from the North Pacific. 

Monsoonal Storms 

The summer rainy season in Arizona is preceded 
by strong zonal flow and aridity under direct influence 
of subsidence from the subtropical high-pressure cell in 
the eastern Pacific Ocean, which remains displaced to 
the south during spring and early summer. Near the end 
of June and early July, the subtropical high-pressure 
cells shift rapidly northward and induce advection of 
moist tropical air into Arizona. These synoptic-scale 
surges (Carleton. 1986) that abruptly break the early 
summer drought have been likened to monsoonal circu
lation elsewhere (Tang and Reiter, 1984 ). The resultant 
monsoonal storms are characterized by isolated or com
plex groups of thunderstorms that have a duration of less 
than several hours (Maddox and others, 1980; Hansen 
and Schwarz, 1981). Analyses of broad-scale patterns in 
precipitable water (Reitan, 1960), water-vapor flux 
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A 
120" 115" 

B 

Figure 4. Meteorological conditions on days during which three example floods occurred on the 
Santa Cruz River at Tucson, Arizona. (Maps from the Dai ly Weather Map series of the National 
Ocean ic and Atmospheric Adm inistration, 1988.) A, A frontal system passed through Arizona on 
December 18, 1978. Contours in mi llibars. 8, On December 18, 1978, a large low-pressure trough 
off the Cal i fornia coast was associated w ith the frontal system shown in A. Contours m feet above 
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sea level. C, On October 1, 1983, a cutoff low-pressure system was over the California 
coast. At the same time, Tropical Storm Octave was off the southwestern tip of Baja 
California. Contours in feet above sea level. 0, On August 23, 1988, genera lly weak 
upper atmospheric conditions were associated with monsoonal precipitation in Arizona. 
Contours in tens of meters above sea level. 
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(Rasmusson, 1967), low-level winds (Tang and Reiter, 
1984 }, and regional precipitation (Hales, 197 4; Pyke, 
1972) suggest that much of the moisture originates from 
the Pacific Ocean and Gulf of California. Hansen and 

Zonal flow 

Meridional flow 

Cutoff low pressure 

Figure 5. Schematic definitions of general circulation flow 
types. 

Schwarz ( 1981) asserted that although the Gulf of 
Mexico may be the source for much of the day-to-day 
summer precipitation in the Southwest, it is not the 
source of moisture for extreme precipitation. Floods 
caused by monsoonal storms have occurred in almost 
every year of record for the Santa Cruz River. An ex
ample of the weak upper-atmospheric circulation of a 
typical monsoonal storm occurred on August 23, 1988 
(fig. 4D). This storm dropped about 70 mm of rainfall in 
I hour in parts of southwestern Tucson. 

CLIMATIC VARIABILITY IN THE 20TH CENTURY 

Large-scale climatic phenomena affect the hydrocli
matology of southern Arizona and the watershed of the 
Santa Cruz River. Location of the watershed in a climatic 
transition zone between temperate and tropical latitudes 
contributes to distinct seasonal precipitation and 
streamflow. Streamflow may be a less ambiguous measure 
of climatic variability than precipitation because it inte
grates weather phenomena over space and time. In large 
watersheds such as the Santa Cruz River basin, floods of
ten occur under a special set of climatic conditions that 
combine general circulation over North America and sea
surface temperatures in the Pacific Ocean (Hansen and 
others, 1977). Thus, floods can integrate climatic informa
tion that might be difficult to detect in more direct mea
surements of the climate system. 
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Figure 6. Seasonality of cutoff low-pressure systems over 
the Western United States (lat 20° to 45° N., long 100° to 
140° W .) and generation of tropical cyclones in the tropi
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to 120° W.). 
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Teleconnections and 20th-Century Variability Ocean, warming occurred in the Southern Hemisphere 
in Global Climate and cooling occurred in the Northern Hemisphere before 

_L 'M;, -<• L 'ncn• -" • nL"' 
.. 

;n rert";" n"rt' nf the mnr1n ll"nllonn onn nther. 1 OR/i· r"v"n 1 OR/i\ T~~ Por;f;r 

are teleconnected, or related over long distances Ocean also cooled after the early 1960's. This cooling 
(Ropelewski and Halpert, 1986). For example, the South- coincided with anomalous upper-atmospheric pressure 
western United States occasionally has abundant precipi- patterns in the central North Pacific Ocean and south-
tation while the Northwestern United States undergoes ward displacement of the winter storm tracks across 
~IUU~IJI \';'HIS, ~:oo;. TIY~Ul~L UDHOU ~ r'!onn \uuugtas anu mners, '"o.<; nau-

'""~ . ' 
"6'" '6 ' • "Y 

lively teleconnected. Propagation of teleconnections world- mean temperatures for the United States (Diaz and 
wide suggests that the same climatic process may control Quayle, 1980) show significant breakpoints about 1921, 
concurrent flooding in Arizona and Florida or in India 1930, 1952, and 1960. These studies suggest that the 
and Australia. middle third of this century (about 1930-60) appears to 

Teleconnections provide a network for studying the be climatically distinct from periods before 1930 or after 
WUTIUWIUO n 01 1ow-rrequency cumanc nuc- 1 "ou. 
tuations. Using precipitation as an example, summer 
rainfall in the positively teleconnected areas of India Frequency of El Nino-Southern Oscillation 
(Mooley and Parthasarathy, 1984), west Africa (Ojo, Conditions in the 20th Century 
1987), and the Sahel (Folland and others, 1986) was 
above normal for 1930-60 and below normal before and The El Nino-Southern Oscillation (ENSO) involves 
after 1930-60. Changes in ocean temperatures appear to the appearance every 3 to 5 years of anomalously warm 
preceae life cnanges m preCipitatiOn. In Tile AITanuc water\E!Ntno) m the equatonal eastern and central 
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storms. Full detection began after 1965 with daily satellite coverage (data from Cross, 1988). 
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Pacific (Rasmusson, 1985; Enfield, 1989). During ENSO 1960-86. The seasonality during which ENSO conditions 
events, the sea-surface temperature anomalies are accom- are present has changed during the 20th century. For 
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equatorial Pacific Ocean (Rasmusson, 1984). The term interval between ENSO conditions was as long as 7 years 
"La Nifia" refers to anomalous cooling in the equatorial (table 4). Between 1960 and 1986, ENSO conditions typi-
Pacific (Bradley and others, 1987). ENSO affects various cally began in the middle of the year and lasted until the 
meteorological and oceanographic conditions worldwide. early or middle part of the following year, and the longest 
1 eteconnecuons are pamcutany pronounceu uunng mrerva1 oetween """v conuirions was o years \taOJe '+J. 

.. • • • -' • .£ ,L • -. . 
Angell, 1988). Tahiti pressure difference (fig. 8) reflect decadal changes 

Several indices have been developed that indicate in ENSO conditions. The mean pressure difference is 0.3 
ENSO conditions. The difference in sea-level pressure be- millibar (mbar) for 1930-59 and -{).2 mbar for 1960-86. 
tween Darwin, Australia, and Tahiti (fig. 8) is commonly Although the means are not significantly different, the 
used to create an index of the Southern Oscillation. The intermonthly variance in sea-level pressure increased from 
pressure mrrerence nas a stgmncant montn-to-montn per- '1.> moar uunng to ou moar aner 1 YOU. we m-
sistence, as indicated by serial autocorrelation coefficients crease in variance after 1960 is statistically significant at a 
that are significantly different from zero for 8 months. Sev- 95-percent confidence level using the nonparametric 
eral variations of this index have been developed (Troup, Squared Ranks Test (Conover, 1971, p. 239-241). Elliott 
1965; Wright, 1984; Rope1ewski and Jones, 1987). The most and Angell ( 1988) also found reduced variances in sea-
common, the Southern -Qscillation Index (SOl), is the pres- level pressure at Darwin and Tahiti for about 1920-50. 
sure difference between' Darwin and Tahiti normalized to a The increased frequency of ENSO conditions suggests an 
mean of zero and a variance of one (Ropelewski and Jones, mcreased occurrence of high sea-surface temperatures, 
1987). Negative values of the Darwin-Tahiti pressure dif- which may affect the occurrence and (or) intensity of fran-
ference indicate ENSO conditions. tal storms in the extratropicallatitudes. 

Precipitation in the Line Islands of the equatorial Pa- Precipitation in the Line Islands shows seasonal 
cific Ocean Oat 0° to 10° N. lonQ 160° W.l also has been chanQes after 1960. AveraQe orecioitation from AuQUSt 
used as an index of ENSO conditions. Distinct orecioita- through February increased after 1960. For September 
tion surges occur in these norma1ly dry islands under through December, the increases ranged from 12 to 23 
ENSO conditions (Wright, 1984; Douglas and Englehart, percent. The mean for 1960-82 is only 6 percent greater 
1984). Positive values of the index of Line Island precipi- than the record mean; however, the mean for 1976--82 of 
tation (fig. 9) indicate ENSO conditions. This index is sig- 127 percent of normal precipitation illustrates the persis-
nificantly autocorrelated for 7 months, similar to the tent ENSO conditions during this period. This scenario is 

· -Toh;t; nre«ure · !'ewer '"'""' nf nre. · nt with the virtual absence without nrecedent in 
cipitation occurred in the Line Islands during 1930-63 the 20th century, of La Niiia conditions during 1975-87 
(Reiter, 1983). (Bradley and others, 1987). 

One of the problems in analyses of ENSO-related ENSO conditions affect the hydroclimatology of the 
phenomena is the use of different criteria for identifying southwestern United States, particularly Arizona (Andrade 
ENSO conditions, such as sea-surface temperatures in and Sellers, 1988; Douglas and Engelhart, 1984 ). Areas 
n. ~• ,, ~"' . '. ,, " .. 

'•L ' ' 0. "' A. .L 

t;nn Whe.n there ;, o h;oh nn;ten ~t~tP< hove . .. 
nf 

sea-surface temperature in the eastern Pacific Ocean and precipitation (Nicholls, 1988). Winter frontal storms are 
the SO!, strong ENSO years are easily defined. Differ- more numerous and intense during certain ENSO years 
ences arise when defining weaker ENSO years because (Rasmusson, 1984, 1985) because of an intensified Aleutian 
warming occurs without a large reversal in sea-surface low (Yarnal and Diaz, 1986). The probabilities for genera-

.. 
,, • ~HC -' aum a•:~ we ~~:~;~uu L ~~ ~ ' . .. r 

" 
. . ,£ 

'" , 
chronology of 20th-century ENSO conditions (table 4). fuel monsoonal storms is reduced (Reyes and Cadet, 1988). 
The chronology differs on! y slightly from existing chro- Hypothetically, ENSO conditions could reduce the number 
nologies of ENSO (table 4 ), does not have a denotation of of monsoonal storms but increase the number of frontal 
strength, and gives the approximate beginning and ending systems and tropical cyclones that affect Arizona. 
times for ENSO conditions. ENSO affects the variability of tropical-cyclone gen-

.. 
u~,,~ ~~c ,, "' <d~<Co ' r-."";:: 'nnn on C< dUUH. -~H~~ ~~~";. d;'._ 

L 

JH U<C 

-o- . J • ' ' 'J 

every 4.3 years for 1930-59, and every 3.8 years for ellites. On average, fewer tropical cyclones were generated 
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undor ENSO conditions (12.6 tropical cyclones per year) nificant difference at the 95-percent confidence level be-

than under non-ENSO conditions (15.3 tropical cyclones tween the variances of generation of tropical cyclones dur-
· '"~ , n~•or. · · · .,., · · .c 
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tropical cyclones dissipating over Arizona increases during States occurred in the ENSO years of 1925-26, 1939, 
ENSO conditions. The largest numbers of dissipating tropi- 1957-58, 1976-77, and 1982-83 (Smith, 1986). In Septem-
CaJ Storms per year tua• auecteu me "omnwestem uniteu UCl, lHC J''"'" UIUIIUl lUl lC, J.'< "Y' 
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for several stations. Sustained periods with values greater than 100 indicate El Nifio-Southern Oscillation 
conditions. 
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Table 4. Approximate periods of El Nifio-Southern Oscillation conditions in equatorial 
Pacific Ocean 

[Note tendency for El Nifio-Southem Oscillation conditions to begin in the early part ofthecalendaryearbetween 
1930 and 1960, compared to midyear before 1930 and after 1960] 

El Niflo-Southern Oscillation conditions agree with 

Period of time 
Southern line Island Quinn 

OsciiiMion Prf'cioitation ,,,; o>hoc• R<>~rnu ~nn 

From To Index Index (1987) {1984) 

Late 1899 Mid-1900 ------------Yes Yes Yes Yes 
Mid-1902 Early 1903 ------------Yes Yes Yes Yes 

Early 1905 Mid-1906 --- --------Yes Yes Yes Yes 
Mid-1911 Mid-1912 ------------Yes Yes Yes Yes 
Mid-1914 Mid-1915 ----- ------Yes Yes Yes Yes 
Mid-1918 Late 1919 -------- Yes Yes Yes y" 
Mid-1923 Late 1923 ------------Yes Yes Yes Yes 
Mid-1925 Mid-1926 ------------Yes Yes Yes Yes 

Mid-1930 Early 1931 ------------No Yes Yes Yes 
Early 1932 Late 1932 ------------Yes Yes Yes Yes 
Mirl-1919 Eaclv 1942 ------------ Ye< Ye< v •• v •• 

Early 1946 Late 1946 ------------Yes Yes No Yes 
Early 1951 Late 1951 ------------Yes Yes Yes Yes 
Early 1953 Late 1953 ------------Yes Yes Yes Yes 
Early 1957 Mid-1958 ------------Yes Yes Yes Yes 

M;«-191>1 ~"<lv lQh.i ------------ v. v. "· v. 

Early 1965 Mid-1966 ------------Yes Yes Yes Yes 
Early 1969 Late 1969 ------------Yes Yes No Yes 
Mid-1972 Early 1973 ------------Yes Yes Yes Yes 
Mid-1976 Early 1978 ------------Yes Yes Yes Yes 
Mid-1982 Mid-1983 ------------Yes Yes Yes Yes 
Mid-1986 Early 1987 ------------Yes - Yes -

per year were generated during ENSO years compared with Changes in Circulation of the Upper Atmosphere 

2_3 tropical cyclones per year during non-ENSO years. The In the temperate latitudes, the upper atmosphere gen· 
annual number of tropical cyclones generated increased erally alternates between two different types of large-scale 
<•o-12'74', lOJ;< '"lfh.lJ;A-4'.-lnoo oor,-; '7) ' 7, nl ft ' ' <L 

The different recurrences of ENSO durino different snhere ore ·in '~';,o <;) onrl 

periods of the 20th century possibly stem from trends in usually results in fair weather in Arizona. Meridional flow 
upper-atmospheric pressure over the Northern Hemisphere occurs when winds follow an undulating, wavelike path 
(Reiter, 1983). Namias (1986) observed that periods of across the Northern Hemisphere (figs. 4B, 5). Meridional 
high persistence in the westerly winds precede the North- flow creates ridges of high pressure and troughs of low 

... -.. -
,,."a',:' Mal;;' U< U"~~ UJ a_> H~UCH a~ > 

~L ~L '"~' ~ -_r:e- -, ft 

__ .:ur mug uv~:r 

could induce ENSO conditions. Climatic variability on a with tropical moisture and penetrate into the Southwest 
decadal scale could be driven by long-term increases in the The spatial distribution of precipitation in the Western 
mid tropospheric subtropical westerlies and in the fre- United States depends on the axial position, orientation, 
quency of ENSO conditions (Narnias and others, 1988). amplitude, and wavelength of troughs and ridges (Granger, 
Changes in general atmospheric circulation, therefore, 1984). Meridional flow may break down in transition to 

--
,, ,, nL 

_ _.~~ "v' LUUa< HU , m• <JUW--,,_ ~UUl~> lll _"may =-.. - - -r 
tology in Arizona. cutoff low-pressure systems (figs. 4C, 5; Douglas, 1974), 
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The long-term frequency of circulation patterns in the as zonal, meridional, or transitional (fig. 10). The 
Northern Hemisphere has been addressed by Dzerdzeevskii Dzerdzeevskii circulation types shifted to a greater incidence 
\1'-'0'-', 1",:':'!~~~~cKy ~'"'"!· narry anu omers \l'-'01J, anu 01 zona1 now around I ~jU and back to a dommance t>y 

. . . . ,, HU 111 CH~ UJU > \11!\. w, 

than before or after (Dzerdzeevskii, 1969; Kalnicky, 1974; Dzerdzeevskii, 1969). The greater incidence of meridional 
Balling and Lawson, 1982). Dzerdzeevskii (1970) classified flow in the latter part of the series has continued into the 
Northern Hemisphere circulation for each day for 1899--1969 1980's (Balling and Lawson, 1982). 
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F1gure 10. Time series of meridional and zonal flow in upper atmosphere from 1899 to 1970 
(Dzerdzeevskii, 1970). Dotted lines represent the 6-year running mean. 
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The temporal incidence of cutoff low-pressure sys- tradewind inversion and thus allow moist air to penetrate 
terns suggests another measure of fluctuations in general into the Southwest. and (3) cause stronger, more numerous 

~,;-'" ,:·v. ,u ,C' •v-~~'J• •u:~ .. -, .,;~·· .... 
~~~OJc\ fr·],,j · .. :o. 

h•-

in the upper atmosphere. Generally, a low-pressure cell tween the index of Line Island summer precipitation and 
is present near latitude 55° N. and longitude 140° W., precipitation in the southwestern United States during Oc-
and low-pressure eddies move eastward from that area to tober, November, and the following February and March 
produce precipitation across the United States. During (fig. 12). These months are also ones in which the inci-
menmona1 r IOW, some ww-pressure eomes move as rar aence or cutorr ww-pressure systems mcreaseu unuer 

. . 
ovuumu•u uo <u<nuuv ~" "· "vu• <uv w"u~ "' uuu ~"' 

-

westerly circulation pattern, and stagnate before slowly nia yield the highest positive correlations for each of these 
drifting eastward. months for latitudes south of 40° N. (fig. 12). 

For 1945-59, the number of cutoff low-pressure sys- For 1900--82, seasonal teleconnections are reflected 
terns that occurred over the continental and southwestern in the correlation coefficients between monthly precipita-
United States averaged 31.9 and 21.3 per year, respec- tion at the University of Arizona at Tucson station and the 
uvety (ng. 11). t-or l'lt>u--88, this number decreased to index or Lme ISiana prec1pllatwn ror tne current ana pre-
29.3 per year over the continental United States and 19.2 vious (lag I) year. Significant positive correlations were 
per year over the Southwest. Concurrently, the variance obtained between precipitation in the Line Islands for all 
decreased by about 60 percent in both cases, and the de- months from the previous June to the current April and 
crease is significant at the 95-percent confidence level us- precipitation at the University of Arizona from February to 
ing the Squared Ranks Test. These results suggest a May (table 5). Significant correlations were also obtained 
greater continuity of meridional flow after 1960. between Line Island precipitation in summer and fall with 

The incidence of cutoff low-pressure systems in cer- precipitation at the University of Arizona between October 
tain months is significantly correlated with ENSO condi- and November (table 5). Some of these correlations imply 
lions. For example, the number of cutoff lows over the a 4- to 6-month lag in the midlatitude atmosphere-ocean 
Southwestern United States is negatively correlated with response to processes that occur at the equator. Significant 
the sea-level in lr -04fi0). .. in the Line Tolomk and 
March (r- -0.316), and November (r- -0.474). The av- Tucson for the same month, however, suggest a more di-
erage numbers of cutoff low-pressure systems are similar rect link to tropical cloud masses moving northeast from 
during ENSO and non-ENSO conditions; however, season- the central equatorial Pacific Ocean. 
ally, the average numbers of cutoff lows increases slightly Betancourt ( 1990) analyzed the effect of ENSO 
under ENSO conditions for the months of March, October, conditions on Tucson precipitation using a 36-month 
and November. For example, the average numbers of cut- period centered on June of an average year with ENSO 
,ff '' "' · u. ,h , 1< ;, m.i~n "' · " · · . n. · · · · · · · · •o '"" :n 
2.32 for non-ENSO conditions. The joint occurrence of a most months during and I year after ENSO conditions; 
slight increase of cutoff low-pressure systems in the fall precipitation for April through June and October is sig-
with a slightly increased generation of tropical cyclones nificantly higher than for non-ENSO conditions. Sig-
suggests increased incidence of tropical cyclones that dis- nificantly reduced precipitation in August, during 
sipate over Arizona during ENSO conditions. ENSO conditions, indicates a suppression of summer 

.. 

"' ..,;- ra, ;u ..• : ..1 . • f10MI" r;••:ruuuvu ".""v' w"u~. 
L ~ . --

in Southern Arizona tember and July and August precipitation for 1898 to 
1959 in Arizona. Under ENSO conditions, precipitation 

Climate in southern Arizona is teleconnected with begins earlier in fall months in the southwestern United 
the equatorial Pacific Ocean. For example, correlations be- States (Kiladis and Diaz, 1989). Sellers (1960) and 
tween :SUI ana. seasonal. precipitatiOn tor many Anzona tsetancourt \ 1 'I'IU) suggestea mat a1mospnenc . conai-

~· 'J anu -~· v UVHO <HU< a<• <V 

and Sellers, 1988; Ropelewski and Halpert, 1986; and somewhat exclusive of precipitation from dissipating 
Douglas and Englehart, 1984 ). Andrade and Sellers (1988) tropical cyclones. 
found that precipitation in Arizona and western New 
Mexico is enhanced in the normally dry spring and fall Hydrologic Variability in the Santa Cruz River 
during ENSO conditions. They suggested that warm sea- Basin 
surrace temperatures OII tne west coasts or Mexico ana 

. . . 
\ < J p.v HUV <Hv VHV<5J <V< <Hv UV' vi- '~<VUO mU<VVO ~·up<VAJ_ IVVV<UO 

opment of strong west coast troughs, (2) weaken the climate around 1930 and 1960. Because Arizona's climate 

Climatic Variability in the 20th Century 17 



50 I I I I I I I I 

CONTINENTAL UNITED STATES 

40- -

30- -

20 -

<f> 
:;; 

10 -w 
!;; 
> 
<f> 
w 
0: 
::> 
<f> 

w 
0 0: 

~ 
0 
~ 

~ 
50 ~ 

I I I I I I I I 0 .... 
:::> SOUTHWESTERN UNITED STATES u 

0 
0: 

"' :;; 40- -
:::> z 

30- -

20 -

10 -

0 
~ 15 :g iil ill 0 

m ~ ~ 

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 

Figure 11. Annual frequency of cutoff low-pressure systems, which are defined as 2 days 
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nental United States between lat 20° N. and 45° N. and long 65° W. and 140° W. an~ 

0 0 .~ ,, "'"0 " 
""' 140° w. 

18 Climatic Variability and Flood Frequency of the Santa Cruz River, Pima County, Arizona 



45° 

35° 

45° 

35° 

NOVEMBER 

AREA WITH CORRELATION COEFFICIENT 
SIGNIFICANTLY DIFFERENT FROM ZERO 

JANUARY MARCH 

-Q- LINE OF EQUAL CORRELATION COEFFICIENT
Interval is .15 

•+.55 EXTREME CORRELATION COEFFICIENT AND VALUE 

Figure 12. Correlations between the index of Line Island precipitation for the equatorial Pacific Ocean and precipita-
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is linked with these climatic processes, some differences in 
climatic and hydrologic regimes would be expected for 

because they represent approximately equal numbers of 
years. The intensity and amount of precipitation at the 
University of Arizona at Tucson station changed after 
1960. Extreme precipitation events of 1- to 7 -day duration 
mcreaseu stgmticantly atter 1 Y)4 tor :september to Ucto-
v ~·u IU rCUW<U} ' UUH0 , U HH C"H} 

of Arizona, written commun., 1985). Likewise, the fre
quency of days with more than 25 mm of rainfall during 
the summer months increased significantly in the 1950's 
(Betancourt, 1990). Heavy rains were also frequent in the 
late 1800's, when large floods initiated the arroyo that 
now marKs the course ot the :Santa Cruz Ktver. 

Streamflow in the Santa Cruz River also has 
changed during the 20th century. The seasonality of an
nual floods changed after about 1960 (fig. 2). The 
amount of seasonal runoff, in accordance with the annual 
flood series, varies significantly during the 20th century. 
Seasonal cumulative departures from mean streamflow 
(fig. 13) indicate that below-average runoff occurred 
during 1920-60 in winter and fall. Streamflow in winter 
and fall increased episodically in the mid-1960's, late 
1970's, and early 1980's (fig. 13). The graphs in figure 
13 refleCt in thP "-;,nn"J finn~ <PTiP< (fiu )) 

Converselv, summer runoff increased from 1949 to the 
late 1950's and then steadily decreased until 1985. 

Duration analyses of daily streamflow at the gaging 
station, Santa Cruz River at Tucson, reveal marked 
changes with time. Daily discharges in summer months 
that were exceeded less than 2 percent of days were much 
hiuher fnr 1mn <O '""" •~· 1ni< ~o '' ·,o~n 01 '"'· 

14). Conversely, daily discharges in fall months that were 
exceeded less than 2 percent of days were much less for 
1930-59 than before or after. Cumulative-departure curve 
patterns and duration-analysis results reflect the enhance
ment of fall and winter precipitation and the suppression 
·' . . . . . . 

FREQUENCY ANALYSIS OF ANNUAL FLOODS 
IN THE SANTA CRUZ RIVER 

IV •~«O 0 OVVU 

The flood of October 1983 on the Santa Cruz River 
heightened public awareness of flood-frequency estimates. 
Even before the flood of October 1983, estimates of the 
100-year flood for the Santa Cruz River at Tucson were 

,;a (MicnaeJ L.euer, "imons Li ana Associates, 
00 " • . , ~,. .,. \ ') '" 

100-year flood to he 355 m3/s from a record length of 20 
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years. Schwalen (1942) estimated the 100-year flood to be derived by applying different methods and assumptions to 
450 m3/s from a record length of 27 years. Recent esti- varying lengths of record both before and after the 1983 
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Figure 13. Seasonal cumulative departures from mean discharge, Santa Cruz River at Tucson, Arizona. 
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After the flood of 1983, local authorities reacted to using 100-year-frequency rainfall of 24-hour, 48-hour, 
discrepancies in the 100-year flood estimates by com- and 96-hour durations was used in one study (Ponce and 
·· · oh oA · ··a · ,,. 100°<\ Th .Aol ""o hu · · '" 

A deterministic .;mulo,;on model the runoff hvdrooranh of the flood of October 1983. 

1000 I I 

JULY-AUGUST 

100 b ~ 

---' 

--~ ' - - - - -

' ' 10 b ' ' 
~ 

' ' ' ' ' 
' ' ' ' ' ' ' ' ' ' z 1 EXPLANATION •\ 

u 1915 1929 

\~\ 
w 
</) 

"' 193(}-1959 w 
"-
</) ------ 196(}-1981 

"' w 
>-

I I w 

u 

~ 
u 
~ 1000 I I 
w' 
CJ 

"' SEPTEMBER-OCTOBER 
" " u 
</) 

0 
>- I 
~ 

<( 100 ~ 
I 

~ I 
0 

c ........ ~· •• 

10 ~ ·--- .......... ~ ~ 

··········<\ 
1~ EXPLANATION \ I 

' 
1915 1929 \\ 1930-1959 

------ 1960-1981 

I\\_;.. 
0.1 I 

0.1 1 10 100 

PERCENT OF DAYS EXCEEDED 

Figure 14. Duration analyses of daily discharge for two periods, Santa Cruz River at Tucson, Arizona. 
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Some of the assumptions relating to tributary inflow dur- altered flow conveyance, five of the six largest floods oc-
ing the flood of October 1983 have been questioned curred between 1968 and 1983. The annual flood series for 

· o no~' r. .~ ~ · .c ·" ,, " ,.., ,. 
"'' oh . 

mnrlel hnth P;mo onrl the c;tv nf ~ on · in annual oeaks (fi~. 15C. E. Fl. At Tucson 
a "regulatory flood" of 1,700 m3/s and a "design flood" six of the seven largest floods occurred after 1960 and five 
of 1,980 m3/s in 1985 for the reach between the San of these occurred in fall or winter (table l; fig. lSD). 
Xavier del Bac Mission and the confluence with the Although land use and changes in channel convey-
Rillito River (fig. 1). The regulatory flood is used for ance undoubtedly have increased flood discharges to 
compoiance wiuo llle "atiouao rwuu wsuranco -~ . sumo" -•· '·"'"'• • cUCCO>• OH UOC ~~uy ~: ,,,-

• ~ "· ' ~- " ' " C. " ' .C L '~ 
.. b. 'b' 

Cruz River. 0~-l; the very largest floods, as in October and other flood-plain structures. 
1983, are sustained from the headwaters to the juncture 
with the Gila River near Laveen. At Lochiel, flows in 

Effects of Land Use and Channel Change the Santa Cruz River could not have been affected sig-
nificantly by land use, yet peak discharges have in-

"eiCn ]C1M), lVliCUaei LeBer \~!mOns Ll ann ASSO- creaseo since Duu ,dg. un 1. "'" • .,. po· uuuu "' 

ciates, written commun., 1984), and Reich and Davis Lochiel, the peak of record, was larger than the October 
(1985, 1986) attributed the change in flood frequency to 1983 flood, which indicates that the apparent changes 
increased channelization, improved channel conveyance, are not caused by a few isolated large floods. Changes in 
and reduced channel storage upstream from Tucson since the hydroclimatology of the basin are reflected by a shift 
establishment of the gaging station, Santa Cruz River at in the seasonality of annual flood peaks, which is also 
Tucson, in 1915. Changes in channel topography, such as the most striking symptom of the underlymg climatic 
those that evolved trom arroyo-cuttmg along the "Santa contrmmnooo rrequency. 
Cruz River (Cooke and Reeves, 1976; Betancourt and 
Turner, 1988; Betancourt, 1990), are known to alter con-
veyance of flood waves (Burkham, 1981 ). The result Seasonality of Annual Floods 
would be an increase in the oeak dischame downstream 
for the same volume of runoff. The annual flood series of the Santa Cruz River at 

The Santa Cruz River did not have an entrenched Tucson shows a lack of uniformity in the seasonality of 
channel near the south boundary of the San Xavier Indian flood peaks (table I, fig. 2; Keith, 1981; Hirschboeck, 
Reservation (fig. l) in 1915, when the gaging station was 1985; Betancourt and Turner, 1988) that may partly ac-
established at Tucson. In the reservation, the channel deep- count for the increase in annual peaks since 1960. 
ened 3 to 5 m between 1915 and the late 1930's and an- Floods in July and August accounted for 75 percent of 
other ? tn ~ m <;nee then The rhonn•l hottnm at Tucson the annual neaks for 1915 86 and summer had the lam-
incised 3 to 5 m after 1946 (Aldridge and Eychaner, 1984) est and least-variable monthly discharges (fig. 3). For 
apparently because of encroachment of the channel by 1915-29 and 1960-86, however, 53 percent and 39 per-
landfills and highway construction. Hypothetically, the cent, respectively, of the annual flood peaks occurred in 
flood in December 1914, which produced a peak discharge fall (September to October) or winter (November to Feb-
of 425 m3/s, would yield a much higher peak if routed mary). For 1930--59, only 3 percent of the peaks occurred 
'~ '~ • • ·" •L .0. . ,:.. . "· ,, ,i, ·~h• ], •• . '" 

nf 1 .1Q(] m3f< ;n ·, 00~ m;oh:J ~""" i:..en flnnrl oeneo were nroduced bv fall or winter storms and 
much less if it had flowed through the discontinuous ar- five of these occurred in 1960--86. Whereas most of the 
royo system that existed in 1915. Preliminary results using annual floods at Nogales occurred in summer (fig. 158), 
a flow-routing model, however, yielded only an approxi- four of the six largest floods occurred in fall or winter. 
mate 15- to 20-percent decrease in discharge by routing These changes indicate that seasonality of flooding is not 

lll~ HUUU U\ 1 '100 ;, om::_ '"''"- _, o. ]f'l.W: 
~L 

. vu uoc ~··~~ v:;" ""~~- fl, .A 
,J., 

' 'J .. 'J' 
after 1960 is n;;;· unique to the Santa Cruz River but also commun., 1989). Local channel erosion, therefore, is not 

the sole reason for changes in the annual flood series. occurs on other streams in southern and central Arizona 
Annual floods have increased in size at all gaging that have drainage areas larger than about 2,000 km2

• 

stations on the Santa Cruz River (fig. 15). At Lochiel, a Rillito Creek (Slezak-Pearthree and Baker, 1987), San 
flood in August 1984 was larger than the flood of October Francisco River (Hjalmarson, 1990), and the Gila and San 
o'1oo vig. DllJ. "u signiticam cnango irr tanu use nas oc- reu~u ~ ·:, flc A:•u uu<e<>,. <707) =c ovo oc c- -

C. • • < .L' ' 

-r . o"o"'" · 
Nogales (fig. l5B), where land use in Mexico could have 

'P' ' ~o-

in fall and winter, although annual peaks also occur in 
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summer. The storm types that are responsible for these The change in seasonality of annual floods indicates 
floods are dissipating tropical cyclones, cutoff low- low-frequency climatic variability as the principal reason 

' ,- ; " , -~ ~ ~- -~ -n, 
~ OJ oy 
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though land-use practices may have produced a modest in- l 00-year flood. Although the mean and variance do not 
crease in discharges, climatic variability is the only pos- change significantly with addition of successive annual 
sible reason for changes in the seasonality of flooding. As floods the skew coefficient increases from -D.29 to 0.30 
will be shown, the best explanation for the change in sea- for 1971-86 (fig. 17) because of the preponderance of 
sonality is a shift in the type of storms that cause floods. large floods. Despite the moderating effect of weighting 
Storms in fall and winter after 1960--related to dissipating the sample skew coefficient with a generalized skew coef-
tropical cyclones, cutoff low-pressure systems, and frontal ficient of -D.2 (Interagency Advisory Committee on Water 
systems--<:aused floods that were larger than floods be- Data, 1982), the larger skew coefficient underlies the in-
" 1010 ~ 10<0 fr · th 1 ()()_ n, .~ 

Estimates of 1 00-Year Discharges Using Trend Analysis of the Annual Flood Series 
Method of Moments, 1970-85 

According to Reich (1984), the annual flood series 
The stability of 100-year flood estimates is one in- changed about 1960 to a regime of increased flood size. 

dication of stationarity in an annual flood series. In Using a Kruskal-Wallis nonparametric test (see Conover, 
1070, th 1. oth ,f th ol n, ·" . fr I 071 000\ "' fr t.h . . <;:, r, 

station, Santa Cruz River at Tucson, was 55 yea~s.o B; 
'r, ' 

River at Tucson, Reich (1984) concluded that annual 
using the method of moments and assuming a log- floods for 1915-59 were derived from a different popula-
Pearson type III distribution, addition of successive an- tion than annual floods for 1960-84. H.W. Hjalmarson 
nual floods after 1970 affected 100-year flood estimates (U.S. Geological Survey, written commun., 1985) detected 
(fig. 16; Interagency Advisory Committee on Water a positive trend in the annual flood series for 1915-84 
~u•u, uu~';,, • u~

3 
•vv-J~= uvvu •v .. ,. .. , " - .. , uuu 

flood of October 1983 is appare~t in the 50-percent in- - . I . I Pearson product -moment correlation resu ts were h1gh y 
crease in 100-year flood estimates-from 577 to 872 influenced by the 1983 flood, whereas the nonparametric 
m3/s-for 1971-86. The 100-year flood estimated from tests were not. Hjalmarson's results also suggest that an-
annual peaks for 1915-86 is larger than the band be- nual floods were larger after 1960. 
tween tne 1 u- ana ~u-percent connaence Intervals tor the Althougn the means tor 1~15 -L~, ~~~u-~~. ana 
ValUO . ITUIII poaKS IUr l:f D--t I )Iig. 10). ,. are nor signidcanuy uiuerem, mo mean 01 mo 

Changes in the standard deviation and skew coeffi- annual flood series is 147 m3/s for 1915-29 and 267 m3/s 
cient of the log-Pearson type III distribution (fig. 17) indi- for 1960-86 (table 6). The variances for 1915-29 and 
cate the statistical cause for changes in estimates of the 1930-59 are significantly less than the variance for 1960-

86 at a 95-percent confidence level using the Squared 

1200 -- Ranks Test (Conover, 1971). These results suggest that the 

: annual flood series at Tucson may result from weak 
0 stationarity of order l-the mean is time invariant al-z I 
0 I 
u I though the variance and skew coefficient change with time w I V> (Box and Jenkins, 1971, p. 30). The annual flood series at a: 1000 - I -
w 90-Percent I Cortaro yields similar results because the correlation coef-0. confidence interval I 
V> I ficient between the two series is 0.938 (r = 0.785 without a: ----
>- / ',' r- the flood of 1983). w ,- ......... 

BOO - ' ' "'' ...... , 

l---
- Trend analysis was performed on the annual flood 

"' --"' '"'"' "' series using two nonparametric tests. Kendall's tau-b ::> 
u 

(Conover, 1971) and Spearman rank-correlation analyses 
~ 

100-Yea~ 
w' ~ischarge were used to detect any significant trends in the annual 

"' 600 c--.... I - fl, .~ .~ lnr\ nf th. fl,wl , •• ; Mnct a: 
:;, .,... ___ ... ,' of the analvses did not vield significant trends at the 95-
V> , ......... 

1 0-Percent percent confidence level (table 6). Kendall's tau-b analy-iS ... ___ ...... ......... --"' confidence interval 

400 I I I I I I I I I I I I I I I I I 
ses indicate no significant trends in or between any of 

m ;:: M ~ ~ m ;;; M ~ ~ the periods. Using the Spearman rank correlation, only ID ~ ~ ~ ~ "' "' "' :e :e :e :e :e :e :e :e :e :e floods for 1915-29 had a significantly negative trend 

Figure 16. Chronology of 1 00-year flood estimates for the 
(table 6). Lack of significant trends for most periods 
•nul" hP h• o locL- nf · '"· "; oan1a uuz "'ver aL 1ucson, "rJZona, ,;u-oo. 1 ne s•ew 

· · · · · ;I; rl oC -"' ' among the mean annual floods of the various periods 
of -0.2 with a mean-squared error of 0.302. which trend analysis is designed to detect. Changes in 
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the variance and skew apparently are not large enough to 
yield significant trends in or between the periods. The 
•' e • • 

three segments of the annual flood series may have 
arisen from a homogeneous population. 

Flood Frequency During El Nino-Southern 

The annual flood series of the Santa Cruz River is 
also affected by ENSO conditions. Four of the five largest 
and six of the ten smallest annual floods at Tucson occurred 
during ENSO conditions. For ENSO conditions, the mean 
discharge and standard deviation for 27 annual floods at 
1 ucson are LLtJ ana L~~ m0 /S. l'or non-bN:SU conatttons, 
the mean and standard deviation for 44 annual floods are 

181 and Ill m3/s. The means of the respective series are 
not significantly different, but the variance during ENSO 
y 

the variance for ENSO years is significantly greater than 
that for non-ENSO years at the 95-percent confidence level. 

Flood frequency was estimated using procedures 
given in Interagency Advisory Committee on Water Data 
\l~~L) tor b1~:>u ana non-b1~:>u years (Tig. 1~). A renu-

I' 
required for the frequency analysis. A generalized skew 
coefficient of -0.2 was used to weight the station skew. 
The estimated I 00-year floods for ENSO and non-ENSO 
years are 1,300 and 628 m3/s, respectively, at Tucson 
(table 7). The frequency relations begin to diverge substan-
!IaHy above aoout a D-year recurrence mtervat (ttg. 1 ~ ). 
At Cortaro, the estimated 100-year floods for ENSO and 
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Fi2ure 17. Chronology of moments of the log-transformed annual flood series of the Santa Cruz 
River at Tucson, Arizona, 1970-86. Values were estimated using U.S. Water Resources Council 
(1981 I methods and a generalized skew coefficient of -0.2 with a mean-squared error of 0.302. 
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Table 6. Statistical properties and trend-analysis results for five periods of the 
annual flood series, Santa Cruz River at Tucson, Arizona 

Mean Standard 
Co 

Number in cubic in cubic logarithm deviation 
of meters per meters per of of log 

Period years second second discharge discharge 

All ~~~~~~~~~~~~~~~~~~~~~~~~~ 71 199 JaR 7>7 O<JQ 

I Y 1)-LY ~~~~~~ - --------- ]) 147 117 2.05 .321 
1930-59 ----------~--------- 30 166 85 2.16 .248 
1960-86- ------------------ 26 267 292 2.27 .371 

ENSO years --------------- 27 226 288 2.18 .368 
Non-ENSO years --------- 44 181 Ill 2.17 .288 

Kendall's tau-b Spearman rank correlation 

Probability of Probability of 
Period Tau-b significance 1 significance1 

1915-29 --~---~---~--------- -D.36 0.067 -D.64 '0.014 

1960-86 -------------- ~ .01 .98 .019 .98 
1915-86--- ---------------- .13 .12 .19 .12 
1930-86 ~~-~---~---~---~~-~- .09 .34 .12 .38 

1Probability of significance refers to the probability level at which the null hypothesis of no 
significant slope can be rejected. 

2 A significant trend was determined at the 95-percent confidence level. 

non-ENSO years are 1,620 and 746 m3/s, respectively. types that cause floods are enhanced before 1930 and 
Whether or not ENSO conditions occur has an important after 1960, whereas other storm types may occur less 
effect on flood frequency regardless of fluctuations in frequently. The low-frequency temporal shifts in hydro-
20th-century climate. climatology support the empirical observation that 

chanoes in annual flood series are caused bv temnoral 

HYDROCLIMA TIC FLOOD-FREQUENCY changes in variance and (or) skew coefficient, instead of 

ANALYSIS OF THE SANTA CRUZ RIVER the mean. Larger floods caused by frontal systems and 
tropical cyclones could be offset by a decrease in inci-

Analyses of oceanic and atmospheric processes that dence of the more common floods caused by monsoonal 
lead to storms and subsequent flooding in Arizona suggest storms. This possible offset suggests that annual flood 
IhM Ihe 00Ih hoc M leocl three · · ·• . · . oh • •'- c. •'- ; f". o· ,. "T'. _ 

matic neriods 1900-29, 1930-59 and 1960--86. Transi- son lfil!. 2). are weak!' stationarv and have a chanoino 
tions between these periods appear to be gradational instead variance and (or) skew coefficient. 
of abrupt. The increased frequency of ENSO conditions after One means of estimating annual flood frequency for 
1960 has apparently enhanced the generation of tropical a river such as the Santa Cruz might be to consider floods 
cyclones in the eastern North Pacific Ocean, and the rela- caused by different storm types as independent popula-

. c . • • -' c £C 
~~ uvuo. """TI1C" u~/''~'c p~puld· 

,,;,h '"''~() 
. . ., .. 'f, 

recurvature of tropical cyclones into North America. Fron- caused by different storm types may be stationary for 
tal storms are enhanced by an increase in meridional circu- 1930-60 and 1960--86. Because no partial-duration series 
lation, a deepened Aleutian low, and greater moisture is available before 1930 and the length of the period is 
availability from the North Pacific Ocean. The duration of only 15 years, this period was not considered separately. 
the period that began about 1960 is unknown, but the period Samples from the separate periods can be fitted to prob-

L .L ~'-' ,•, ,, •nM . . . . . . . 

ThP<P rP'""' nncP o ~hollPncrP fnr flnnn. 
:,u•m] mou.,, ,CC. , •• W~~~ •L 

""" .. ·" 
frequency analysis of rivers in Arizona. Certain storm h .' sp enc processes on their statistical properties. The 
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separate populations can then be combined using mixed-popu
lation analysis to estimate annual flood-recurrence intervals. 

Hirschboeck (1985) analyzed the hydroclimatology 
of floods for 1950-80 in the Gila River basin of which 
the Santa Cruz River basin is a part. She identified 
popmar!ons ot noods caused oy snowmelt and eight 

station records, including Santa Cruz River at Tucson 
and Santa Cruz River at Cortaro, in the partial-duration 

and Atmospheric Administration, ]'988), 700- and 500-
millibar heights, tropical cyclone reports, and precipita
tion data (Hirschboeck, 1985). 

Hirschboeck's (1985) classification scheme cannot 
oe applied to uooos Detore 1 '14~ oecause ot me aosence 
u< 'vu- auu Jvu- ue<~m ua<a. w vu1am cvu><>-
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Figure 18. Flood frequency for years with and without El Nino-Southern Oscillation conditions, Santa Cruz 
K1ver at I ucson, Anzona. I he skew coettiCient 1s weighted usmg a generalized skew coetticient of 0.2, 
with a mean-squared error of 0.302. 
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Table 7. Estimates of the 1 00-year flood for the Santa Cruz and seasonality of annual floods (fig. 2). The magnitude 
River calculated using different methods and based on dif- of floods caused by dissipating tropical cyclones and 
ferent assumptions 

<. ,1 .<o 1 """ ._, '" Tl 

[Methods: MM, procedures specified in Interae:enc Advisorv' 'on ~"""~"] "' "f f)""~< "h"VP h~;:·A,.,. 
Water Resources (1982) and a generalized skew coefficient of --0.2; ML, caused by dissipating tropical cyclones did not change 
maximum-likelihood analysis of type I censored data (Stedinger and others, 

after 1960 (2.9 per decade for 1960-84 compared with 1988): MP, mixed-population analysis of floods caused by monsoonal stonns, 
frontal systems. and dissipating tropical cyclones. Assumptions: A. data are 3.0 per decade for 1930-59). Decadal frequency of 
strictly stationary in time: B, discharge for 1983 flood is not considered as a floods above base caused by frontal systems, however, 

- p• , , ., • ., . iouary or tue neany uouu1eu nom ~.v per uecaue m ,,,v-J,, 10 o.~ 
indicated period and future flood ootential is similar with · · ;n lh 

period: D. floods caused by different stonn types are assumed to be independent 1 
~ . ..,. 
floods caused by monsoonal storms does not appear to 
change (fig. 19). the frequency decreases from 9.7 per 

1 00-year discharge, in decade in 1930-59 to 7.3 per decade after 1960. These 
cubic meters per second 

results illustrate the inverse relation between the occur-
Years Method Assumptions At Tucson At Cortaro renee of floods caused by monsoonal storms and floods 

All -------------- MM A.B 872 1,150 causeu oy uissipatmg troptcat cyc1ones anu rrontat sys-

ENSO ------------- MM A.B 1.300 1,620 terns. Also. floods caused by different storm types in 
Non-ENSO ------- MM A 628 746 1960-84 should be considered as populations distinct 

from those in 1930-59. 
All .. -------------- ML,MP A.B,D 1,050 1,610 
1930-59 ·--·---·--- ML.MP C.D 323 -
IOAn..R,; M1 uo o,r,n '" Methods of Flood-Frequency Analysis 

tent storm types for the period of record on the Santa Annual floods caused by different storm types can 
Cruz River, Hirschboeck's (1985) storm types were com- be analyzed as type I censored data. Censored data arise 
bined for this study into the three categories of mon- when a known number of observations are missing from 
soonal storms svnootic-frontal and a samole oooulation (Cohn 1986 l. Tvoe I oc-
tropical cyclones. Hirschboeck's (1985) monsoonal- curs when all values larger than a fixed threshold. or 
local, monsoonal-widespread, and monsoonal-frontal censoring level, are observed and all values less than the 
types are classified simply as monsoonal storms. Wide- censoring level are not (Cohn, 1986). The partial-
spread synoptic, fronts, and cutoff-low types are classi- duration series is determined by selecting a base dis-
fied as synoptic-frontal systems. The tropical-storm type charge above which all discharges are determined. 
was redefined as a dissipating tropical cyclone using cri- Therefore, a series that consists of the largest annual 
ter;" nf Sm;th llQRI>\ PJ, .~, f, IQJ<_Q,; •I• - fin"~< o hm<P h"<P ""~ .A h " 

,,, 
fied using these criteria independent of Hirschboeck's storm type is, by definition, type I censored and inde-
(1985) classification. Several discrepancies in the classi- pendent data from a single population. 
fication of floods caused by dissipating tropical cyclones Plotting positions are assigned to the data using a 
occurred, mainly because the primary reference on tropi- generalized equation developed by Hirsch and Stedinger 
cal cyclones (Smith, 1986) was not available when Hir- ( 1987) (Stedinger and others, 1988). Consider the case 
.LL ' • • ' 

w"< then f, -h 
·~ 0 0~0< """""' HVVU 

,f f], '~' In\ th -~ th ·:s· t'., fh A; 

A potential problem with depeddence among storm charge). Discharges that exceed the censoring level are 
types occurs because incursions of dissipating tropical ranked from largest to smallest by i=l,2,3, ... ,n. The 
cyclones are often associated with cutoff low-pressure probabilities of discharges exceeding the censoring level 
systems. Cutoff low-pressure systems, which are lumped are given by 
wim synopric-uoma1 syswms, cannm oe aetectea w1tn-

• o~o0no U"'"' oH~ ~UOVHV>V5J Vo J'; "\'"''I\' WH\' ~ ""'""lh ·--~·""•-'•···· • \. J 

cyclones that is now available (Smith. 1986; Jose 
Arroyo Garcia and others, Circuito Exterior, Ciudad In this report, we use a = 0.44 for Gringorten plot-
Universitaria, Mexico City, written commun., 1989). ling positions (see Hirsch, 1987). The choice of plotting 
however, permits an unambiguous classification of position is inconsequential because the differences among 
floods caused by this storm type. plotting position types are small compared with their sam-

ranerns presen1: m tne ume senes or ~nnua1 pang vanaouny \l'llrscn ana ;:,reomger, 1 "~ 1 J. 1 ne 
VJ UHW O<VHU <JpCO \"5· >7, •c" oooow w> ·~•• • 0 •v• "uvvu oo u•~ nHc.oc v• I' oaow· 

table 8) indicate the cause for the shift in magnitude lated with equation I. 
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Figure 19. Largest annual floods at or above base discharge (~8 m3/~} on Santa Cruz River 
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Table 8. Floods above base discharge, by storm type, Santa Cruz River at Tucson, Arizona 

{Base discharge, 48 m-1/s. Hydroclimatic water year, November I to October 31] 

riClOus causeu uy 

Dissipating 
Frontal storms tropical cyclones Monsoonal storms 

n; 

in cubic in cubic in cubic in cubic in cubic 
meters per meters per meters per meters per meters per 

Date second Date second Date second Date second Date second 

12-23-14-------- 425 9-18-25 -------- 96 9-08-17 -------- 212 8-14-41 -------- 71 8-10-60-------- 174 
1-20-16 -------- 142 9-28-26 ----- 323 8-07-18 -------- 139 8-02-43 -------- 128 8-23-61 -------- 470 

11-17-23 -------- 58 9-24-29-------- 295 8-02-19 -------- 133 8-16-44 -------- 185 8-26-63 -------- 132 
2-16-31 -------- 58 9-21-33-------- 173 8-09-20 -------- 55 8-10-45 -----~~ 306 7-24-64-------- 214 
o-" •->r------- "J o·••·JJ -------- " o-vo-., --- --- "" o-~- •v -------- •., o-' c ·vv -------- OJV 

9-15-44 -------- 87 8-08-36-------- 49 7-22-22 -------- 57 8-10-47 -------- 48 7-17-6 7 -------- 166 
9-27-48 -------- 55 10-01-46 ------ 84 8-17-23 -------- 54 8-16-48 -------- 109 8-06-69 -------- 247 
9-24-54 -- 114 9-10-49 -------- 56 9-07-27 -------- 55 8-08-49 ---- 108 7-20-70 -------- 242 
1-12-60 -------- 91 9-20-52 -------- 64 8-07-30 -------- 50 7-30-50 -------- 269 8-17-71 -------- 227 

12-23-65-------- 137 7-20-54 -------- 191 8-10-31 -------- 261 8-02-51 -------- 142 7-15-72 ------~ 98 
12-20-67 -------- 456 7-29-58------ 180 7-30-32-------- 119 8-16-52 -------- 108 7-08-74 ------- 225 
J- ,.. u --------

~~ >-~~-uv --- 0~ o-LJ·J~ -------- "" OJ·JJ -------- W, - ,.. u -------- 'v 

"-"-"- --- -- --- o· "-"- '" -------- '" 
9-25-76 -------- 201 9-10-64-------- 368 7-26-36-------- 153 8-03-55 -------- 309 8-02-78 -------- 142 

I 0-21-78 -------- 118 9-05-70-------- 81 7-10-37-------- 93 7-29-56 -------- 74 8-15-79 --- ---- 163 
12-19-78 -------- 382 8-12-71 -------- 142 8-05-38 -------- 255 8-31-57 -------- 86 8-13-80 -------- 78 
2-04-83 -------- 1200 10-19-72-- 133 8-03-39 -------- 227 7-29-58-------- 180 7-27-81 -------- 76 

12-28-84-------- 283 10-10-77 -------- 671 8-14-40 -------- 320 8-20-59 ---~-~~ 125 8-23-82 -------- 1260 

>U-UL-OJ -------- \,"J o- • • ,-o~ -------- "" 

1Estimated. 

The censored data for each hydroclimatic type of flood y = the population skew coefficient, 
on the Santa Cruz River (table 9) were fit to the three- F(X,) = the cumulative-density function, and 

' £ L ' 
OVf,-0 '~OVH 'Jt" HO 'OHOf, • b li~~lihood "' 

likelihood analysis. The method of moments was not used The function for discharges that exceed 
because reliable estimates of the mean, variance, and skew base discharge is 
of censored data are more efficiently made using maximum-

LN(~,a,y)= n[f(x,)], likelihood analysis (Pollard, 1977, p. 245-246). Techniques (3) 
used to fit type I censored data to probability distributions !=I 

usmg maxtmum-nKennooo tecnmques were presemeo oy wnere 
'' 

=•u ~v•m 0 uuv, uu> J• =•u ~vuu 0 uuv1 J\A;f "" -u, ,,.~J " ' 
developed a maximum-likelihood function, L, for the com- X = an array of the logarithms of floods that exceed 

' bination of conventional gage and historical data. Because base discharge. 
no historical data are used for the Santa Cruz River at Tuc- The total likelihood function is 
son, the likelihood function has to be slightly modified from 
those given in Stedinger and Cohn (1986) and Stedinger 

/.111 rt vbl. •I. (4) 
ana otners 11 ~M ). 1 ne nKeunooo runctwn, LN, ror 
nonexceedances of base discharge is 

Because equation 4 is maximized over ~. a, and y 
and the maximum of the logarithm of the likelihood func-

LN(~,a,y) = [F(X,)]<h-ol, (2) tion, In L, occurs at the same place as the maximum for 
the likelihood function, L, equation ( 4) becomes 

- nnnuht;nn mPon ' r ' 
,, 0 r ' 

,, 
a = population standard deviation, tnLw,a,y) ~\n n )In[!'\ Xb !j+ ,:-/nlf\Xi )j- \~) 

Hydrodimatic Flood-Frequency Analysis of the Santa Cruz River 31 



Table 9. Floods above base discharge, by storm type, Santa Cruz River at Cortaro, Arizona 

[Base discharge. 76 m-1/s. Hydroclimatic water year, November 1 to October 31] 

Floods caused by 

Dissipating 
Frontal storms tropical cyclones Monsoonal storms 

uiSCI•arge, uiSCJ .arge, u1sc arge, 1sc arge, "oc, 

in cubic in cubic in cubic in cubic in cub1c 
meters per meters per meters per meters per meters per 

Date second Date second Date second Date second Date second 

12-3 1-40 -------- 482 7-16-54 -------- 173 8-14-40-------- 482 8-12-58 ------- 224 7-12-75-- 147 

9-16-44 -------- 122 7-29-58-------- 206 8-08-41 -------- 170 8-20-59-------- 227 9-25-76--- 300 
9-10-46 -- 79 9-26-62-------- 317 9-24-43 -------- !56 8-11-60 -------- 182 9- I 0-77 -------- 133 

3-23-54-------- 143 9-10-64 -------- 450 8-16-44 -------- 160 8-16-84 -------- 146 8-02-78 -- 79 
•-vrJ ---- -- '" rvv· -------- uv u- w-,r·------ J. u-~o-v - --------

10-28-59 -------- 79 10-19-72 -------- 255 8-04-46 -------- 126 8-26-63- 205 8-23-82 -------- 377 
1-12-60-- 176 10-10-77 ----- 651 8-15-47 -------- 213 9-06-64 -------- 203 8-07-83 -------- 176 

12-22-65- 476 10-02-83 --------I ,841 7-30-50------ 365 7-16-65 -------- 77 
12-21-67-------- 448 9-06-84 -------- 83 7-25-51 -------- 193 8-19-66 -------- 169 
2-22-73 -------- 104 8-14-52 ------;-- 173 7-17-6 7 -------- 163 
3-02-78 -------- 222 7-14-53-------- 306 8-06-69 ---- 238 

-~-;~-;~------- J~~ ·-"'-J' -------- ~J7 -~v- •v ------- J 

u m « _ '"" '-"'-" -------- ?<0 

9-11-82 ------- 190 7-29-56 ----- 89 8-12-72 -------- 200 

2-04-83 -------- 216 9-01-57 -------- 125 7-08-74 -------- 331 

l'n .. ot; '" 5 is · maximized hv the (1988) showed an example of two-population mixed-
ooint where aon L)/u, aon L)/acr, and a(ln L)/aYeaual zero population analysis for Colorado. A third population can 
(Stedinger and others, 1988). Details of the numerical meth- be introduced to produce 
ods used to maximize equation 5 are given in Stedinger and 
Cohn (1986), Cohn ( 1986), and Stedinger and others (1988). p /X'a)=P I +P ,+P '-P ,P, -P,P ,-P ,P' +P ,P ,P) (8) 

Mixed-population analysis is a method used to com-
bine different populations of floods that may occur in a By substituting 1/T for P and rearranging, the annual 
aoa;na rernrn tn onnno1 ;nte~o 1< fnr recurrence interval for the mixed nonulation T can be esti-
that river (Kite, 1988, p. 6-7). Distinct populations can be mated as three populations described by T

1
, T

2
, and T, from 

combined in several ways. One approach for estimating the T
1
T

2
T

3 cumulative density function, F,, from m separate cumula- T = (9) a (T
1
T

2
+T,T,+T

1
T

3
-T

1
-T

1
-T,+ I) tive density functions, F;, is given by Waylen and Woo 

(1982) as 

p_()(< r\-nPi¥< r\ IIi\ 
trequency ot tlooas Lausea oy umerent storm 

\ I i=l \ I I YJit:> 

This approach is difficult using maximum-likelihood Three scenarios of flood frequency were analyzed 
analysis, because F would have to be differentiated and for the Santa Cruz River at Tucson. First, probability 
substituted into equations 2, 3, and 5 for solution. A simi- distributions were fit to all data for annual floods 
Jar method given by Kite (1988) and Crippen (1978) sim- caused by each storm type (fig. 19). The moments of 
p1y uses tne assumptiOn or maepenoence or tne popmatwns the filled distribution are given in table 10. Flood-
to estimate the exceedance probability of occurrence. For frequency relations (fig. 20) show the relative impor-
two populations, the composite exceedance probability, tance of each storm type to annual flood frequency_ 
P T' is estimated using Floods caused by monsoonal storms dominate flood fre-

quency for recurrence intervals of less than 10 years. 
P ,(X>--X)=P 1(X'a)+P

1
(X'a)-P ,P 

2
, (7) Floods caused by tropical cyclones dominate flood fre-

quency at recurrence intervals above 20 years. AI-
wnere r,V'"'-"! ana r ,\."-"'-"! are tne exceeaance prooamn- though the frequency of floods caused by frontal 
ties of the independent populations. Jarrett and Costa systems never dominates (fig. 20), it parallels that for 
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tropical cyclones up to the 10-year recurrence interval, 
at which point the two relations diverge. The relation for 
thP ~onto rnn J>;.,Pr ot ';< • ,;: 

The relations shown in fioure 20 do not reoresent an 
accurate statistical analysis of flood frequency on the 
Santa Cruz River. As is apparent for floods caused by 
tropical cyclones and frontal systems, the frequency of 
floods caused by storm types is dependent on the period of 

-~ •'- ' • .L '( ~-· 'n; " ' ' . ' 

homogeneous population is being analyzed. The annual 
flood frequency for this scenario (fig. 20) is probably 
meaningless because flood frequency appears to exhibit 
weak stationarity of order l. For comparative purposes, the 
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EXPLANATION 

ANNUAL FLOODS 

D TROPICAL CYCLONE FLOODS 
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I 

100-yearflood estimated from a mixed-population analysis 
is 1,050 m3/s at Tucson and 1,610 m'/s at Cortaro. 

Tn nhto;n <Pr;P< fnr thP 

tion was made that oooulations of floods caused bv frontal 
systems, dissipating tropical cyclones, and monsoonal 
storms are derived from different populations for 1930-59 
and 1960-86. At Cortaro, only flows for 1960-84 were 
analyzed because only 18 years of data are available be-

·n ' 

figure 21. The same general relations occur as in figure 
20, but discharges for given recurrence intervals are larger 
for the post-1960 relations (fig. 21). Comparison of the es
timated mean, standard deviation, and skew coefficients 
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Figure 20. Mixed-population analysis of floods caused by different storm types between 1915 
and 1986, Santa Cruz R1ver at Tucson, Arizona. Probability distributions were tit using invalid 
assumptions; curves are presented for illustrative purposes only. 

Hydroclimatic Flood-Frequency Analysis of the Santa Cruz River 33 



for post-1960 floods with those estimated for the entire with the post-1960 results; floods caused by monsoonal 
record (table 10) suggests the reason for the increase. AI- storms dominate flood frequency. Although the means for 

1 ALA C>. n. .A L " .A<- 0 ] -
u•v~~u u 

.A h 
'5' 

. ol ,A <imibr fnr •no~ en :.nn nn<t-1Qn0 lt"hle 10). the standard 

storms, the variances for all types increase. The skew deviations are much less for 1930-59 than post-1960. For 
coefficient becomes more negative (table 10), but because 1930-59, the annual 100-year flood is 323 m3/s and is es-
it is poorly estimated, changes in the skew coefficient are sentially the frequency of floods caused by monsoonal 
not considered significant. From mixed-population analy- storms (fig. 22). 
sis, me annual lUU-year Hood tor ~anta cruz ""'ver ac 1 uc- ~ ue TOSUllS U~L U10 uym;_ 

•L 
uvvu-·~, 

"' '· >UH » l,UUU .. ,.,, dll~l l'U' \Ho• lJ• 

annual 100-year flood is 2,030 m3/s after 1960. Both esti- quency on the Santa Cruz River. The probability for floods 
mates are strongly affected by the large flood of October caused by dissipating tropical cyclones, frontal systems, 

1983. and, to a lesser extent, monsoonal storms changed in the 
Results for floods at Tucson for 1930-59 caused by 20th century. The greatest difference among the distribu-

tropical cyclones and frontal systems (fig. 22) contrast lions estimated for 1930-59 and 1960-86 is the increased 
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'" and 1986 for the Santa Cruz River at Tucson, Arizona. 
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Table 10. Statistics for annual series of floods caused by pelling evidence indicates problems with stationarity 
three storm types for the Santa Cruz River at Tucson and within the periods. 
Cortaro, Arizona "'" of the hvdroclimatic flood-freouencv 

~. • L ·"' ·" 
analvses requires an assessment of which period best rep-

76 m1/s for the Tucson and Cortaro stations, respectively, using maximum- resents future climatic conditions. Although no evidence 
likelihood analysis] was found to suggest that the conditions for 1960-86 have 

changed, the maximum length of periods examined in this 

Mean Standard Coefficient study is only 30 years. The question of whether future 
-" ' ' · " · · 1 Q~(l <O 1 ~<n o£ · · _ 

of of log of log ~ee;h1P 'n onou · "' this time. It is also that 
F1ooos causeo oy storm type DISC arge 01scnarge 01scnarge 

a meaningful I 00-year discharge can be estimated from an 

Santa Cruz River at Tucson, Arizona 
annual flood series of only 30 years. 

All tropical cyclones - ---------- 1.264 0.865 -Q.400 

All frontal systems -------------- 1.007 1.118 -1.133 SUMMARY AND CONCLUSIONS 
All monsoonal storms----------- 2.068 .327 -.865 

Tropical cyclones after 1960 --- .730 1.596 1.040 

Frontal systems after 1960 - 1.133 1.297 -1.639 The effects of climatic variability on the annual flood 
Monsoonal storms after 1960 -- 1.979 .423 -.948 series and flood-frequency estimates were evaluated for the 
Tropical cyclones. 1930--59---- .586 1.442 -1.639 Santa Cruz River at Tucson and Santa Cruz River at Cor-
Frontal systems, 1930--59 ------ .800 1.002 -1.501 taro. Previous estimates of the 100-year flood at Tucson. 
Monsoonal storms, 1930--59 -- 2.130 .298 -1.401 calculated using different techniques and assumptions, ranged 

. anta Lruz KIVer ar LOnaro, AriZona trom ~IL to L,1ou m~,s. u>Is uiscrepancy uas ueeu .""'.;u-

All tropical cyclones------------ .523 1.651 .948 
-urem:Ol • ., u~ ' cauoou u y 

All frontal systems -------------- 2.427 .884 -1.112 and land-use changes in the last two decades. The magni-
All monsoonal storms------- 2.214 .313 -1.080 tude of the 1 00-year flood for Santa Cruz River at Tucson, 
Tropical cyclones after \960--- .778 1.675 -1.112 calculated from a log-Pearson type III distribution using the 
Frontal systems after 1960 ----- 1.218 1.296 -1.639 method of moments, increased from 577 to 872 m'/s when 
"ons na s .. 

annual peak discharges between 1970 and 1986 were in-
Cfudeo m Tile calculallons. t<tooa-trequency esumates tor 

variance and, in the case of floods caused by tropical cy- the Santa Cruz River are strongly influenced by an extraor-
clones and monsoonal storms, more negative skew coeffi- dinary flood in October 1983, but it is also true that six of 

cients. Because estimates of long-recurrence interval the seven largest floods at Tucson occurred after 1960. In 
floods are heavily influenced by higher-order moments, addition, the seasonality of annual floods changed signifi-
the 100-vear flood estimate for 1960-86 is more than four cantlv after 1960; whereas floods in summer accounted for 

times larger than that for 1930-59 for the Santa Cruz 97 percent of annual peaks between 1930 and 1959, floods 

River at Tucson. in summer accounted for 61 percent of annual peaks be-
The main problem with the hydroclimatic flood- tween 1960 and 1986. Although changes in land use and 

frequency analysis is the inability to assign uncertainty es- channelization may have affected the magnitude of annual 
timates to discharges at given recurrence intervals. A floods, climatic variability is identified as the main cause 

' ,, ,;_L fr • ' ~•• ~• •~• '""rho""" ;~ flonfl <-

confidence limits for cumulative-distribution functions The annual flood series at Tucson exhibits weak 
using mixed-population analysis. Variances for the floods stationarity of order 1. Analyses for 1915-29, 1930-59, 

caused by different storm types, however, are high, and and 1960-86 showed that the mean does not change sig-

the maximum length of a stationary period is only 30 nificantly; however, the variance and skew coefficient 

years. For example, the uncertainty in the 100-year flood change significantly with time. Trend analyses revealed no 
"'' .~ .. -LO<UUU\LO UV~U ~J >h 

'" fr "~;, 'rrPnrl •• v<e< are · "o to detect 

longer period of~ecord, such as the 71-year annual flood changes in the mean instead of the variance. Changes in 

series for Santa Cruz River at Tucson (fig. 2). variance, which were detected in nonparametric tests, exert 

A second problem results from the assumption that a heavy influence on estimates of long-recurrence interval 
floods during periods are derived from a stationary popula- floods such as the 100-year discharge. 
tion. Climatic information suggests that transitions among In southern Arizona, fluctuations in large-scale oce-

. . . ·~ ~; , . . '" -

Th 

•] ,, ;,, . •p ·::~· .. ; •• ~ 
·~""' 

of1 r · and· I nmhahilitv 

to obtain estimates of population parameters, and no com- of large floods. Twentieth-century climatic variability 
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stems from decadal trends in atmospheric circulation over 
the Northern Hemisphere and in the frequency of El Nino-

on average followed a more meridional path, and ENSO 
conditions occurred more frequently and with greater vari
ability in the equatorial Pacific. By contrast, the westerlies 
followed a more zonal flow, and ENSO conditions oc-
curred Jess trequently w1th less vanab1llty between I Y3U 

CW dUU tu~ 

associated with ENSO conditions enhance Tucson precipi
tation in the winter, spring, and fall and possibly reduce 
summer rainfall. 

Seasonal discharge on the Santa Cruz River is simi
larly related to climatic variability. Winter and fall floods 
account tor ~3 percent of annual peaks bet ore I Y3U, only 3 

I 

EXPLANATION 

ANNUAL FLOODS, 1930-1959 

percent from 1930 to 1959, and 39 percent after 1960. 
Changes in flood frequency on the Santa Cruz River are 

-n ' ,. 

cutoff low-pressure systems and tropical cyclones in
creases the probability for large floods along the Santa 
Cruz River. This joint occurrence tends to occur more fre
quently during ENSO years and during 1960--86. 

Usmg procedures ot the Interagency Adv1sory Com-
lllin= Ull n 0<~1 Ud<d \DOL.}, HUUU .,- Y 0\ I Uc>un 
was estimated for the entire record using years with ENSO 
conditions and years with non-ENSO conditions. Climatic 
analyses suggest that the flood-producing mechanisms are 
not strictly stationary in the 20th century; therefore, analy
ses that require the assumption of stationarity may be in-
valid. Assummg statwnar1ty for the entire record, the 
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100-year flood is estimated to be 872 m3/s. Assuming certain circumstances. For example, because ENSO condi-
stationarity, the 100-year floods for years with ENSO and tions demonstrably affect flood frequency on the Santa 
non-bNSO condllwns are estimated to be I ,JOU and 628 Cruz River, flood plams could be managed tor a spec!lled 

. . 
recurrence imeivcti u1 uuuu> uuring """v conultlons. Ill./>, ay. IIIC dlldlYSI' lUI UIC enure 

record and for ENSO years is strongly affected by the un- Therefore, an appropriate estimate of the 100-year flood 
usually large flood of October 1983. would be I ,300 m'/s at Tucson. A similar scenario could 

The frequency of floods caused by the three general be developed for floods caused by dissipating tropical cy-
storm types~summer monsoonal storms, frontal systems, clones. However, the period of record would have to be 
and dissipating tropical cyclones-was estimated using selected that best represents future or design conditions. 
maxtmum-likelihood analysts and the log-Pearson type Ill Perhaps the best estimate for the I 00-year flood is 
distribution. Annual flood frequency was estimated by as- obtained by assuming that future climate may be similar 
suming independence of the three types of floods and using with that of 1960-86. This assumption may be valid for 
a three-population mixed-population analysis. Floods caused the immediate future but is tenuous when conditions for 
by dissipating tropical cyclones determine the annual flood several decades into the future are considered. Given this 
frequency at recurrence intervals ~realer than about 20 vears assumption, an appropriate ma~nitude for the 100-vear 
for all years and for 1960-86. For 1930-59, floods caused flood is 1,660 m3/s at Tucson (table 7). 
by monsoonal storms dominate flood frequency for all re-
currence intervals. Assuming stationarity, which analyses REFERENCES CITED 
of climate suggest is invalid, the I 00-year flood for all years 
is 1,050 m3/s (table 7). The 100-year flood for 1960-86 is Aldridge, B.N., 1970, Floods of November 1965 to January 

· I tn hP 1 fifi() ml/o oml umo -•· I h" thP 

flood of October 1983. Likewise the 100-vear flood for 
1 ~oo in me ui1a r--iver uasin, i"\.rizona anu 1' ew lVIeXICO, 

. c . . . . . .. 'J 
1930-59 was estimated to be 323 m3/s (table 7). These Water-Supply Paper 1850-C, 176 p. 
analyses do not have an estimated uncertainty; however, the Aldridge, B.N., and Eychaner, J.H., 1984, Floods of October 
uncertainty is expected to be high because of short record 1977 in southern Arizona and March 1978 in central Ari-
length and high variance. zona: U.S. Geological Survey Water-Supply Paper 2223, 

~ -' n , . '" 
'". ·"· _, "-''. . "-<. Aldridoe, B.N., and Hales, T.A., 1984, Floods of November 

"Fr7 ..., 
1978 to March 1979 in Arizona and west-central New statistical flood-frequency analysis to the Santa Cruz 

River. Frequency analysis requires the assumptions of Mexico: U.S. Geological Survey Water-Supply Paper 2241, 

interannual independence and stationarity, neither of which 
149 p. 

Andrade, E.R., and Sellers, W.D., 1988, El Niflo and its effect 
are totally valid for the Santa Cruz River. Separation of on precipitation in Arizona: Journal of Climatology, v. 8. 
the record into ENSO and non-ENSO conditions creates p. 403-410. 
"' -uur-mJ<:', ~- ~raKer, -v.R:, 1984, QuestiOns rmsed by the Tucson flood of 

!em of a variance that changes with time. Separation of 1983: Journal of the Arizona-Nevada Academy of Sciences, 
floods by storm type assumes three independent, stationary v. 14, p. 211-219. 
populations, although long-recurrence-interval floods are Balling, R.C., and Lawson, M.P., 1982, Twentieth century 

estimated from stationary records of 30 years or less. Also, changes in winter climatic regions: Climatic Change, v. 4, 

judicious use of the mixed-population results requires an p. 57-69. 

assessmem Oftuture ClimatiC collilitwns, wliicn IS ques- coy, ., of •h~ ,:,~ooe~ Tin;:~~· <;,,;o ;n :el:;;o~e '" ,[;: 
.--rrnarry, -= '"' . me as-

matic fluctuations during the twentieth century: Journal of sumption that climatic shifts are abrupt, whereas the Climaiology, v. I, p. 97-113. 
climatic data presented in this report indicate that shifts Betancourt, J.L., 1990, Tucson's Santa Cruz River and the ar-
may be gradual. Inclusion of the flood of October 1983 royo legacy: Tucson, University of Arizona, doctoral dis-
also adds to the complexity of the problem. Although this sertation 239 n. 

flood was the largest since at least 1891 and ordinarily Betancourt, J .L., and Turner, R.M., 1988, Historic arroyo-cutting 
woiiiGllave oeen treatea as a nistonc peak (Interagency and subsequent channel changes at the Congress Street 
Advisory Committee on Water Resources, 1982), consider- crossmg, Santa Cruz River, in Whitehead, E. E., 
ations of stationarity prevented extension of a historical Hutchinson, C.F., Timmermann, B.N .. and Varady, R.G., 

record length for this flood. eds., Arid lands today and tomorrow: Boulder, Colorado, 

Flood-frequency estimates for the Santa Cruz River Westview Press. p. 1353-1371. 

need to be used cautiously in design applications. Other Boughton, W.C., and Renard, K.G., 1984, Flood frequency 

methods, such as rainfall-runoff models (Ponce and others, . n .. ll.,;n 00 7<~~~:0 • "'"' nc-

1985), may be appropnate alternatives to flood-frequency Box, G.E.P., and Jenkins, G.M., 1971, Time series analysis: 
analysis. Frequency analysis, however, is appropriate in San Francisco, Holden-Day, 553 p. 
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