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ABSTRACT

A regional synthesis of paleoflood chronologies on rivers in Arizona and

southern Utah reveals that the largest floods over the last 5000 years cluster into

distinct time periods that are related to regional and global climatic fluctuations. The

fine-grained flood deposits used to reconstruct these flood histories selectively preserve

evidence of only the largest events. Large floods were frequent on rivers throughout

the region from 4.8-3.6 ka (14C yrs). In contrast, the period from 3.4-2.2 ka is marked

by a significant decrease in the number of large floods on virtually all of the rivers.

The frequency of large floods increased after about 2.2 ka, with particularly prominent

peaks around 1 ka and after 500 yrs BP, separated by a sharp decrease between 600

and 800 yrs BP.

The storms that generate large floods (^ 10-year) in this region fall into three

general categories: 1) winter North Pacific extratropical storms, 2) late-summer and

fall storms that draw on moisture from recurved Pacific tropical cyclones, and 3)

summer storms, mainly convective thunderstorms. Winter storms and tropical

cyclones are associated with the very largest floods on the rivers with paleoflood

records, and are the most probable causes of the late-Holocene paleofloods. Floods

from both winter storms and tropical cyclones occur when deep mid-latitude troughs

steer storm systems into the region. Composite anomaly maps of daily 700-mb

heights and monthly sea-level pressure indicate that the winter floods are associated

with a low-pressure anomaly off the California coast and a high-pressure anomaly over

the Aleutians or Gulf of Alaska. Shifts in the locations of the low- and high-pressure

anomalies over the North Pacific appear to control which subregions of the

southwestern U.S. experience floods. Composite 700-mb anomalies during tropical-
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cyclone floods show a similar pattern, with a variation to a blocking high-pressure

anomaly in the central North Pacific and a low-pressure anomaly over the western

U.S. There is a strong connection between the negative phase of the Southern

Oscillation Index and the large floods associated with winter storms and tropical

cyclones.

Over the last 5000 years, the episodes of more frequent large floods coincide

with cool, wet, neoglacial periods. Warm periods are times of dramatic decreases in

the number of paleofloods. Although the floods record individual extreme storms,

they cluster in times of generally moister conditions in the region. A clear positive

relationship exists between floods and low-frequency variations in El Nifio over the

last 1000 years. Warm coastal sea-surface temperatures indicative of El Nirio-like

conditions are associated with more frequent large floods over at least the last 2000

years. The paleoflood records demonstrate centennial-scale variations in the conditions

conducive to the occurrence of large floods in this region.
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CHAPTER 1. INTRODUCTION

Extreme hydrologic events, namely floods, have a direct and often disastrous

effect on human populations. Under a scenario of climatic change, greater impacts are

likely to accrue through potential changes in the frequency of extreme events than

through slow changes in mean conditions (Parry, 1978, Wigley, 1985). From a

geomorphic standpoint, the large, rare flows exert the major control on channel form

in many bedrock rivers (Baker, 1977; O'Connor et al., 1986b; Baker and Costa, 1987;

Wohl, 1992). In arid and semiarid regions, a single flood may permanently alter the

channel (Wolman and Gerson, 1978). Yet even without invoking the issue of

anthropogenic climatic change, traditional efforts to define the probability of rare

floods by extrapolation from short time series of presumably random, homogenous

events is largely futile (Klemeg, 1987).

To believe in [the] legitimacy of the effect of the three lowest points on the
upper tail of a probability distribution of floods.. .presupposes that a belief in
the proposition that maximum annual flows are a random sample from an a
priori specified homogeneous probability distribution is much stronger than a
belief that they are hydrologic events (Klemeg, 1986, p. 1854).

This project delves into the long-term geologic records of floods to further

understand the nature of these extreme hydrologic events in the context of various

climatic conditions. The principal goal is to examine the relationship between large

floods and climate in the southwestern U.S. This overall goal is pursued through a

series of more specific objectives:

1. Define temporal and spatial patterns in the occurrence of large floods on rivers

throughout the southwestern U.S. over the last 5000 years.

2. Identify the specific atmospheric circulation patterns and other global or regional

climatic phenomena associated with the largest floods in the modern record. This
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procedure places the extreme hydrologic events into the context of larger-scale

atmospheric and oceanic processes, thus establishing the first link with regional or

global climatic conditions.

3. Combine the results of the first two objectives to examine the relationship of the

patterns in the paleoflood record with paleoclimatic conditions.

4. Determine the effect of regional climatic fluctuations (100s to 1000s of years) on

long-term variations in the frequency of large floods.

5. Propose what the patterns in the occurrence of large floods reveal about large-

scale atmospheric circulation and climatic conditions during specific periods in the

last 5000 years.

The objectives of this study are addressed by synthesizing three basic types of

information:

1. A paleohydrologic analysis of flood deposits on a series of rivers in Arizona and

southern Utah to develop a 5000-year record of when and where the floods

occurred (Chapters 2 and 3).

2. A hydroclimatological analysis of the modern meteorological and climatic

conditions associated with extremely large floods on the rivers in this region

(Chapter 4). This section examines the storm types and large-scale atmospheric

circulation anomalies associated with floods in different parts of the region, and

compares the temporal distribution of large historic floods from different storm

types with global climatic phenomena such as El Nifio and the Southern

Oscillation.

3. A compilation of other regional and global paleoclimatic and paleohydrologic

records that have impacted the western United States over the last 5000 years,
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including proxy records of vegetation changes, lake-level chronologies, glacial

advances, El Nifio, and sea-surface temperatures, among others (Chapter 5). How

do variations in these records relate to 1 and 2 above?

Several recent studies have analyzed synoptic-scale meteorological processes

associated with floods (Maddox et al., 1979, 1980; Hirschboeck, 1985, 1987a,b; Webb

and Betancourt, 1992). These flood-generating processes operate within the context of

the general atmospheric circulation patterns that largely control the position, frequency,

and persistence of moisture-delivery pathways from dominant airmass sources

(Hirschboeck, 1991). Shifts in dominant circulation patterns and variations in other

large-scale phenomena such as the El Nifio/Southern Oscillation (ENSO) affect both

the moisture availability and potential for flood-generating storms in a region such as

the southwestern U.S. (Hirschboeck, 1991; Webb and Betancourt, 1992; Cayan and

Webb, in press).

The prevailing climate in a region over an extended period is a composite of

shorter-term meteorological conditions. In this sense, 'climate' determines the clothes

that comprise your wardrobe, but 'weather' determines the clothes you pull from the

closet on a particular day (Moss and Tasker, 1987). Individual extreme events fall

outside the generally accepted definition of climate as 'mean weather conditions', yet

variance is an integral element of climate. Within a particular climatic region, such as

the southwestern U.S., there can be periods of greater variability brought on by

changes in general atmospheric circulation patterns, such as a change from zonal to

meridional flow (Dzerdzeevski, 1969). These conditions may be more conducive to

the occurrence of anomalous extreme events (Granger, 1984; Hirschboeck, 1991).
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Do large-scale atmospheric and climatic conditions also influence variations in

the frequency of extreme floods over extended periods of centuries to millenia? The

only means of addressing this question is through a regional paleohydrological

investigation that reveals the temporal distribution of large floods. Paleohydrological

records are the results of a "natural experiment" in which "the controlling variables of

climate, vegetation, and land-surface type have progressively altered, yielding

variations in run-off and sediment yield." The scientific challenge is to use physical

theory to reconstruct the conditions of this past "experiment" (Baker, 1991). This type

of paleoclimatic analysis based on extreme hydrologic events has been conducted in

the north-central U.S. (Knox, 1983; 1985; 1988). By examining these

paleohydrological "experiments" in different geographic and climatic regions of the

globe, we can begin to reconstruct the large-scale circulation patterns that prevailed

during specific periods in the past.

Many different paleohydrological techniques offer ways to lengthen short

hydrological records of streamflow, drought, or floods (Costa, 1986; Patton, 1987;

Stedinger and Baker, 1987; Jarrett, 1991). This study focuses on slackwater flood

deposits, which record individual extreme floods and preserve evidence of multiple

events on each river (Kochel and Baker, 1982; 1988; Baker et al., 1983). The

semiarid climate and numerous bedrock canyons in Arizona and southern Utah favor

the preservation of the flood deposits, providing a broad sample from several rivers.

A synthesis of the paleoflood records throughout the region revealed strong temporal

clusters in the occurrence of large floods.

Numerous proxy paleoclimatic indicators have provided evidence of persistent

regional and global fluctuations in average climatic conditions at intervals throughout
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the mid- to late-Holocene (Bradley, 1985). The large-scale atmospheric processes

associated with the modern floods are the key to understanding the link between the

paleofloods in the Southwest and these broader climatic conditions over the last

several thousand years.

Chamberlain's appeal in his 1897 address entitled "A group of hypotheses

bearing on climatic changes" remains extremely relevant to issues of climatic change

today. He aptly describes the evasive link that is the ultimate focus of attack in this

study, and should be at the forefront of investigations into long-term climatic change

and hydrologic processes:

While the atmosphere is the most active of all geological agencies, it has
received the least careful study from geologists. Its very activity destroys its
relics almost as soon as formed and gives them peculiar evanescence. This has
invited the neglect of geologists laudably prone to concentrate their attention
upon agencies which have left enduring and unequivocal records. The
atmospheric element in geological history bids fair to long remain obscured by
elusive factors and uncertain interpretations. None the less it is an element of
supreme importance and should be persistently attacked until it yields up its
truths (Chamberlain, 1897, 653).

General Climate of Arizona and southern Utah

The climate of Arizona and southern Utah is semiarid. Regional mean annual

precipitation ranges from less than 200 mm/yr in much of western and extreme

northeastern Arizona, to 500-600+ mm/yr in the high elevation mountain ranges and

and in parts of central Arizona. Most of the intervening areas of southeastern and

northern Arizona and southcentral Utah average about 350-400 mm/yr. (Sellers and

Hill, 1974).

Precipitation and temperature in the region are largely controlled by

topography. The high-relief Mogollon Rim escarpment sweeps diagonally across



22

northeastern Arizona (Fig. 1), intercepting moist winter Pacific air masses from the

southwest and increasing winter precipitation in central Arizona on the windward side

of the escarpment (Hansen and Schwarz, 1981). The influence of this topographic

barrier on winter precipitation, including the extreme events, decreases toward the

north and south. Although the amount of summer precipitation is similar in central

and southeastern Arizona (Fig. 2), winter precipitation is substantially lower in the

southeast, resulting in relatively fewer winter floods. The orographic effect of the

Mogollon Rim also enhances summer convective storms and tropical storms from the

southwest, increasing the overall precipitation in central Arizona. The relative

percentage of summer precipitation decreases toward northwestern Arizona and Utah

(Fig. 3), which fall near the western limit of the summer monsoon airmass (Mitchell,

1976). Precipitation in southern Utah occurs in all seasons (Webb, 1985), but with the

exception of the Virgin River in the southwestern corner of the state, the largest floods

occur almost exclusively during the summer and fall.

The majority of the precipitation occurs during two seasons, winter (November-

March) and summer (July-September). The winter season is dominated by North

Pacific frontal storms that cause widespread precipitation across the region. The

winter storms are usually persistent within a season and each one covers a broad area.

Thus, although winter precipitation in Arizona is highly variable from year to year, the

spatial variability within a year is low (Sellers and Hill, 1974). In contrast, summer

precipitation arrives mainly in the form of isolated thunderstorms that are triggered in

response to intense surface heating and the presence of moist air from the Gulf of

Mexico or eastern tropical Pacific. These conditions are commonly referred to as the

southwestern U.S. summer monsoon. Although this 'monsoon' is not completely



Figure 1. Major high-elevation topographic features of Arizona, southern Utah, and
southern California (shaded areas). The central Arizona highlands and the
Mogollon Rim escarpment form the high-elevation boundary that sweeps
diagonally across Arizona and separates the relatively high Colorado Plateau to
the north and east from the generally low-elevation areas toward the south and
west.
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Figure 2. Mean monthly precipitation at Benson (southern Arizona) and Payson
(central Arizona) represented (a) in centimeters and (b) as a percent of annual
precipitation.
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Figure 3. Seasonal distribution of precipitation at selected sites in the Southwest;
vertical scale = percent of annual precipitation, horizonal scale = months from
May to May (modified from Dean, 1988).
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comparable to the classic Asian monsoon, there are some similarities in their behavior

(Tang and Reiter, 1984). Summer precipitation shows great spatial variability but

occurs fairly regularly from year to year (McDonald, 1956). The spring and fall are

generally dry, but moisture drawn into the area from dissipating eastern North Pacific

tropical cyclones occasionally produces intense storms during the late summer and fall

(August-October) that are a major cause of large floods.

Most storms associated with floods on rivers in this region fall into three very

broad categories: 1) winter North Pacific storms that are usually steered into the

region during a southerly shift of the mid-latitude westerly storm track, 2) storms

associated with moisture from late-summer and fall eastern North Pacific tropical

cyclones that veer over northwestern Mexico, and 3) summer storms, usually local

convective thunderstorms. The largest floods on the rivers in the paleoflood are

mainly associated with the storms in the first two categories. The relations of these

flood-generating storm types to large-scale atmospheric and oceanic conditions link

extreme floods in the southwestern U.S. to regional and global climatic processes.

Method of Paledlood Analysis

Fine-grained deposits that accumulate in areas of reduced flow velocity during

large floods were the principal source of information used to construct the paleoflood

chronologies in this study, both those developed specifically for this project and those

from previous studies. These flood deposits are often termed slackwater deposits

(Kochel and Baker, 1982), and were probably first utilized and described as paleostage

indicators by J.E. Stewart in 1922 on the Skagit River, Washington (Stewart and

Bodhaine, 1961). Earlier, J.D. Dana (1882a,b) had proposed that terraces in the
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Connecticut River valley were the result of a large flood from the melting of

Quaternary glaciers. Although his interpretation of the terraces later turned out to be

incorrect, his ideas and techniques for using flood deposits to reconstruct the hydraulic

variables of the associated flood are similar to those used paleoflood reconstructions

today (Costa, 1986). Also in the 1920s, J Harlan Bretz recognized slackwater deposits

associated with the enormous Pleistocene outburst floods from glacial Lake Missoula

that formed the scablands of eastern Washington (Bretz, 1929; Baker, 1973). Analysis

of slackwater flood deposits to reconstruct the frequency and magnitude of past floods

on present-day rivers has been extensively applied in the last two decades, beginning

with rivers in central Texas (Baker, 1975) and the Pecos River in southwestern Texas

(Patton and Dibble, 1982; Kochel et al., 1982). Since that time, the method has been

successfully tested on rivers of various sizes and channel morphologies in a wide

range of environments, including sites in North America, Australia, India, Asia, and

the Middle East (e.g. Baker et al., 1983; Ely and Baker, 1985; O'Connor et al., 1986b;

Baker and Pickup, 1987; Partridge and Baker, 1987; Webb et al., 1988; Wohl, 1988;

Wells, 1990; House, 1991). The analysis of slackwater deposits has become a

standard tool of paleohydrological research, and the applications, advantages, and

limitations of the method have been described in detail in numerous publications (Ely

and Baker, 1985; Baker, 1987; Kochel and Baker, 1988; Webb and Rathburn, 1989).

Therefore, I will summarize only briefly the standard methods used to analyze the

flood deposits, concentrating on those aspects that were newly discovered or tested

during the course of this study.

During floods in stable, bedrock river channels, fine-grained sand and silt settle

out of suspension in areas where the flow velocity markedly decreases. Bedrock or
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non-erodible well-cemented alluvium confines the flow and prevents lateral erosion of

the channel during large flood flows. These channels create a relatively large increase

in flood stage as discharge increases. The slackwater deposits accumulate and are

preserved in protected ineffective flow areas along the main river channel such as

back-flooded tributary mouths, caves and alcoves, hydraulically ponded reaches, and

eddy zones that form upstream and downstream of channel irregularities, obstructions,

meander bends, and rapid expansions and constrictions. The optimum conditions for

forming and preserving these slackwater deposits have been documented in the field

and in flume studies (Kochel, 1980; Baker and Kochel, 1988; Kochel and Ritter,

1987).

Discharge Calculations 

Under conditions with an adequate supply of fine sediment being pumped

continually into the slackwater site and a high stage-discharge relationship, the

elevation of the upper surface of the flood deposit closely approximates the peak flood

stage (Webb, 1985; Kochel and Ritter, 1987; Baker and Kochel, 1988). In other

situations, the slackwater deposits are covered by an unknown depth of water during

the flood that emplaces them. By treating the heights of the flood deposits as

representative of minimum peak water-surface elevations, minimum discharge

estimates of the associated floods can be calculated with a hydraulic step-backwater

flow model such as the HEC-2 (Feldman, 1981; Hydrologic Engineering Center, 1982;

Hoggan, 1989). The discharge estimates require multiple channel cross sections along

a reach, altitudes of slackwater flood deposits or other paleostage indicators, and

estimates of hydraulic roughness (Manning's n values) and energy loss coefficients.
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Water-surface profiles for a series of discharges are generated with the flow model and

compared with the water-surface elevations along the reach delineated by the set of

correlated paleostage indicators associated with each paleoflood. The best match

determines the discharge or range of discharges associated with each paleoflood. The

application of hydraulic models to paleoflood analysis has been examined in detail by

O'Connor and Webb (1988).

Most previous paleoflood studies have concentrated on extending the records of

large floods to obtain more accurate estimates of flood frequency and to identify the

magnitude of largest flood within a period of hundreds to thousands of years

(Stedinger and Cohn, 1986; Baker et al., 1987; Stedinger and Baker, 1987; Ely et al.,

1991a). Estimating the discharges of the paleofloods is an essential element of these

studies. The present study is different in that the timing of the floods, rather than the

exact magnitudes, is of primary importance. This focus on the flood chronologies has

some advantages. Many sites of flood deposits or other high-water indicators provide

a stratigraphic record of floods, but are unsuitable for accurate discharge

reconstructions because of complex hydraulics or an unstable channel geometry.

These marginal sites could be included in this study, because knowledge of the

occurrence of floods over a particular threshold, regardless of the precise magnitude, is

valuable information for paleoclimatic purposes. Discharge estimates were not

attempted at most of the sites analyzed for this study; however, discharges from

previous studies were included when available.
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Stratigraphy 

Each site generally preserves evidence of multiple floods. Flood that overtop a

site lay down successive stratigraphic layers over the existing deposits, creating a

vertically accreting sequence of individual flood units. Smaller floods that do not

overtop the existing deposits often leave a series of lower inset deposits (Fig. 4). The

deposits from the oldest and highest floods are farthest from the river, and the inset

deposits serve as a buffer against erosion from subsequent floods or undercutting by

low flows (Ely and Baker, 1985). Therefore, this setting selectively preserves

evidence of the largest events.

The individual deposits are delineated by several stratigraphie indicators (Fig.

5). The most common indications of boundaries between deposits from separate

floods are changes in the character of the sediments themselves, such as abrupt

changes in grain size, color, or sediment type. Many of the flood deposits in this

setting have a distinctive basal silt layer, which forms an abrupt contact with the

underlying deposit and grades gradually upward into fine or medium sand. The upper

surface of the underlying deposit is often irregular, and the silt drapes over the

microtopography, usually without eroding the previous deposit. The sediments of

some flood units fine upwards from sand to silt, or contain silt layers at both the upper

and lower boundaries. A fining-upward stratigraphy was common in the deposits on

the Pecos and Devils Rivers in Texas (Kochel, 1980; Kochel et al., 1982), but was

rare in the deposits in Arizona and Utah that were described for this study. Organic

material floating on the surface of the flood water caps some flood deposits (Baker et

al., 1983). Again, this feature was not common in the deposits described for this

study. Evidence of an extended period of subaerial exposure between deposits also
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Figure 4. Schematic representation of a series of inset flood deposits typical of sites
on the Verde River. Modified from Ely and Baker, 1985.
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delineates separate flood units. This type of evidence includes mudcracks, incipient

soil development, bioturbation, organic litter accumulation, vegetation rooted in the

deposit, or evidence of human occupation (i.e. artifacts or hearths).

At sites that were analyzed during the course of this study, stratigraphic units

within a sequence of deposits were only considered separate flood deposits if they

were distinct and laterally continuous, or if there was no doubt that the surface had

been exposed for some time, e.g. the existence of an aboriginal hearth at the boundary.

I applied the same criteria in scrutinizing the stratigraphic descriptions from previous

studies by other investigators that I included in the regional paleoflood synthesis.

Age Determination 

Precise and accurate dating of the deposits is integral to developing the flood

chronologies that form the crux of this study. Therefore, I have devoted particular

attention to dating techniques and interpretations. The ages of the deposits were

determined mainly through radiocarbon dating of organic materials within or between

the flood units; diagnostic cultural artifacts on the surfaces of a few deposits provided

further age constraints. Analysis of the 137Cs content of sediments was evaluated as

an alternate method for distinguishing betweeen sediments that pre- and post-date the

onset of nuclear testing around AD 1950 (Ely et al., in press).

Radiocarbon Dating

Standard radiocarbon analysis assumes a constant atmosphericur-C ratio14,, /17

through time. While an organism is alive, the constant free exchange of carbon with

the atmosphere creates an equilibrium in the amount of 14C in the organism and the
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atmosphere. Upon death, the exchange ceases and the amount of 14C in the organism

decreases through radioactive decay. By measuring the present decay rate of the

radioactive 14C in an organic sample and assumuing a constant exponential decay rate

of 14C through time, the radiocarbon age of the sample is calculated and reported in

years before 1950 (yrs BP) (Stuiver and Polach, 1977). In practice this theory is

complicated by outside factors that affect the 14 C/--12C ratio, such as differential

fractionation of carbon isotopes by different plant species, natural fluctuations in

atmospheric 14C content, carbon input from burning of fossil fuels.

It is now standard practice in many radiocarbon dating laboratories to take into

account isotopic fractionation by different plant species by calculating a correction

factor based on the 13C/12C ratio in the sample, which has a direct relationship to the

original 14C112C ratio (Bradley, 1985). All dates reported in this study have been

corrected for isotopic fractionation unless otherwise indicated.

The explosive increase in the use of fossil fuels since the beginning of the

industrial revolution has distorted the ratio of atmospheric carbon isotopes from the

assumed constant. As a result, precise age determination of samples from the last 300

years is virtually impossible with radiocarbon analysis. Natural production of

atmospheric 14C is also far from constant through time, being directly affected by a

number of factors (Stuiver et al., 1991). The production of 14C is modulated the

effects of changes in solar activity and the earth's magnetic field on the rate of cosmic

ray bombardment. A strong solar wind or geomagnetic field deflects cosmic rays and

decreases the production of 14C. Fluctuations in atmospheric 14C over the last 5000

years (the period of this study) have caused differences of up to 800 years between

radiocarbon ages and the true calendar-year ages (Fig. 6). In recent years, efforts have
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been made to correct for these discrepancies between radiocarbon and calendar-year

dates. Dendro-calibration of radiocarbon dates has revolutionized radiocarbon dating

of organic materials from the last several thousand years by using systematically dated

samples from established tree-ring chronologies (e.g. Stuiver and Reimer, 1986). This

procedure allows the radiocarbon dates to be calibrated to calendar years, and accounts

for fluctuations in atmospheric 14C. Due to these 14C fluctuations, some standard

radiocarbon ages represent a wide range of actual calendar years. Both standard

radiocarbon dates and calendar-year dates are reported in this study.

The increase in atmospheric 14C as a result of nuclear testing has actually

improved the resolution of radiocarbon dates on post-AD 1950 material. For pre-1950

dates, the best resolution of radiocarbon dates is generally about ±50 yrs. With the

advent of atmospheric testing of nuclear weapons after 1950, 14C activity in the

troposphere rapidly increased, reaching a peak of 100% above normal in the early

1960s (Nydal and Lovseth, 1983), which was followed by a gradual decline. These

documented variations in the atmospheric 14C create a potential for high-resolution, in

some cases even annual, dating of post-bomb flood deposits (Baker et al., 1985; Ely et

al., in press).

An additional source of uncertainty in determining the ages of flood deposits is

the type of material that is dated. The radiocarbon age of organic materials entrained

in a flood deposit may differ significantly from the actual age of the deposit,

depending on the residence time of the organics within the environment. Thus the

type of organic material available constrains the accuracy of the resulting dates (Ely et

al., in press). In particular, detrital wood and charcoal can predate fluvial deposits by

several hundred years (Blong and Gillespie, 1978; Long and Rippeteau, 1974; Atwater
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et al., 1990). Charcoal that is burned in place shows less age discordance than detrital

charcoal, but can still exceed the age of the host deposit by over 100 years (Atwater et

al., 1990). Fine organic debris such as leaves and twigs has been assumed to have the

closest association with the actual ages of the deposits because it is seasonally

produced and readily decomposed (Kochel and Baker, 1988; Webb et al., 1988). The

14C activity of several different types of seasonally-produced plant materials (leaves,

twigs, needles and cones) from a single 1980 flood deposit on the Paria River in

northern Arizona yielded ages within one to eight years of the actual age of the flood

deposit (Fig C-14 curve form Cesium paper), and the accuracy was species-dependent

(Ely et al., in press).

The 14C activity of samples of undifferentiated fine organic debris and mixed

wood from post-1950 flood deposits on several rivers in Arizona consistently fell

between 1958 and 1961 on the post-bomb 14C curve regardless of the actual ages of

the deposits, which ranged from 1972 to 1983 (Ely et al., in press). This cluster of

samples at the lower end of the post-bomb 14C curve is probably due to mixtures of

pre- and post-bomb organic materials. Undifferentiated mixtures of fine organic

detritus are often the best available samples for 14C dating of flood deposits.

However, even this optimum sample material can predate deposits by 20 years or more

in an arid environment (Ely et al., in press).

I classified each radiocarbon date used in this study (Appendix 1) into one of

the following categories according to the type of organic material and how it

constrains the age of the associated flood deposits:

Maximum limiting age: flood-transported charcoal (C), flood-transported wood (W).
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Contemporaneous with flood: flood-transported fine organic detritus (leaves, needles,

twigs) (0), some flood-transported wood (W).

Hiatus between floods: in situ archaeological charcoal or surface burn (CA), charcoal

hearth (CH), organic litter accumulated on the surface or vegetation growing

out of a deposit (OA), insoluble soil organics (S).

Minimum limiting age: soil humates (SH).

Cesium-137 Dating

An offshoot of this study was an experiment on using the presence or absence

of 137Cs in sediment samples to distinguish between pre- and post-1950 deposits (Ely

et al., in press). Cesium-137 is an unnatural radioactive isotope produced by nuclear

testing. The production of 137Cs began in 1945, but it was introduced into the

stratosphere and redistributed globally with the first high-yield thermonuclear

explosion in 1952 (Perkins and Thomas, 1980). The accumulation of 137Cs in

sedimentary deposits throughout the world therefore began by the early to mid-1950s

(e.g. Popp et al., 1988; Bishop et al., 1991). The penetrating gamma emission during

the decay of 137Cs can be measured directly from a sample of sediment (Grootes,

1983). This characteristic is a major advantage of 137Cs as a dating tool in alluvial

deposits, where organic material for 14C dating is often scarce. This method is useful

for corroborating dates derived with other methods or for obtaining initial age

approximations.

Cesium-137 is strongly adsorbed to clay particles, particularly in the alkaline

environment of most desert rivers, and is transported with the suspended load rather

than in solution (McHenry and Ritchie, 1977). The detectable activity of 137CS is
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related to the clay content of the sediments (McHenry and Ritchie, 1977; Grootes,

1983; Popp et al., 1988), which poses a potential problem when the technique is

applied to alluvial deposits with relatively low clay content, such as these flood

deposits composed predominantly of well-sorted sand and silt.

The primary test of 137Cs as a dating tool was conducted on a sequence of

slackwater flood deposits on the the San Francisco River in eastern Arizona (Ely et al.,

in press) (for a detailed description of the site, see Chapter 2, Fig. 29, site 4). The

river has a long gage record (U.S.G.S. gaging station, San Francisco River at Clifton,

Arizona, 1911-present) and estimates of historical peaks since 1891. All of the large

floods in this record occurred in two periods, 1891-1916 and 1965-1983, which clearly

pre-date and post-date the beginning of 137Cs production.

The date of deposition, rather than particle size, leaching, or direct fallout,

controlled the presence or absence of 137Cs in these flood deposits. In the upper four

deposits, which were all post-1950, 137Cs was detected even in the sample with the

lowest clay content, although the amount of 137Cs activity was directly correlated with

the clay percentage. In contrast, no 137Cs was detected in any of the older flood

deposits underlying these four recent deposits, regardless of their clay content.

Developing Paleoflood Chronologies 

Correlations of individual flood deposits or series of deposits between sites

along the same reach of a river are based on radiocarbon or other dates, relative

stratigraphic positions, and similar sediment characteristics. In this study, the

information derived from all of the sites along a river reach was combined to create a

single flood chronology for that reach. The flood chronologies were then plotted on
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time lines indicating the most probable time range for each flood. When multiple

chronologies were developed on the same river, the information from both records was

synthesized into one, to avoid counting the same flood twice in the regional analysis.

In the cases in which paleoflood chronologies were developed on separate rivers in

different parts of the same drainage basin, I included both chronologies in the regional

analysis. Flood records for the individual rivers were combined to create the series of

regional flood chronologies discussed in detail in Chapter 3.

Completeness of the Paleoflood Records

Temporal patterns in the occurrence of floods are of primary interest in using

paleoflood chronologies to examine the relationships between floods and climate.

Periods of relatively few floods as well as periods of frequent floods contribute to

understanding the link between extreme events and climatic variations. One point that

must be addressed in this type of analysis is whether the deposits represent a complete

chronology of large floods over the period of record. Several of the paleoflood

records in this study contain long periods in which no deposits have been preserved.

Do these depositional breaks represent decreases in the number of large floods? or are

there other more likely causes?

The most likely causes of gaps in the flood-deposit records are erosion by the

main river or tributary, changes in the channel morphology that suspend deposition at

a site, and an increasing threshold of preservation as a site fills up and the height

above the river increases. On rivers where recent large floods have occurred, previous

deposits were not eroded. For example, the flood of October, 1983, was the largest in

the historic record on the San Francisco River and caused extensive damage in some
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reaches of the river (Hjalmarson, 1990). Yet, in the slackwater sites, it passively laid

down a new layer of sediment without disturbing the preexisting deposits. With few

exceptions, the stratigraphic boundaries between flood deposits at the sites described or

visited during this study are nonerosive. This observation is logical, since these

deposits are all located in backwater or low-velocity areas. Erosion of layers off the

top of a sequence of deposits by lateral planation is highly unlikely in these settings.

There is evidence of bank erosion and undercutting of flood deposits at several sites.

Inset deposits close to the river are most susceptible to this type of erosion, but these

deposits are left by relatively small floods that are not the primary concern of this

study. If erosion continues, the entire deposit may be removed, but not selective

portions of a continuous vertical sequence. If the morphology of the site remains

constant, erosion is unlikely to cause a gap in the depositional record of the largest

floods.

In vertical sequences of deposits, the discharge necessary to overtop the

deposit and emplace a new flood unit progressively increases through time. This

factor results in discharges that could have been recorded in the early part of the

sequence being too small to be preserved in the latter part of the record. In all of the

sites from this study with long paleoflood chronologies, the most significant decrease

in the number of flood deposits occurred in the middle of the records. The sites

apparently did not fill up and exclude all subsequent floods, and the gaps in the

records actually represent times of fewer large floods, with increases in the frequency

both before and after.

A change in the morphology of the channel or the site itself could alter the

hydraulics at the site enough to eliminate the entire sequence of deposits or prevent



42

accumulation of subsequent deposits. This is the most likely non-climatic cause for a

hiatus in a series of flood deposits. Aggradation or degradation of the channel would

alter the discharge necessary for a flood to overtop the site and leave a deposit, thus

affecting which floods are recorded. Even if all other factors are constant, the vertical

accumulation of the flood deposits incrementally raises the discharge threshold that

must be exceeded by subsequent floods.

Watershed characteristics such as vegetation cover, antecedent moisture

conditions, and even urbanization could potentially play a role in the generation of

runoff or the sediment supply and thus affect the magnitude of the flood peak or

whether the flood waters are sufficiently charged with sediment to leave a deposit. I

am defining clusters of floods on a time scale of centuries, which is sufficient for

vegetation changes to take place in the watershed as a response to climatic conditions.

This type of change in the watershed is more influential during small to moderate run-

off events. However, these factors are probably overcome during the truly exceptional

events by the sheer intensity and amount of precipitation and runoff exceeding the

infiltration capacity of the surface. Studies on a mid-sized watershed in southern

Arizona show that during floods, antecedent conditions such as soil moisture are much

less significant in determining the magnitude of the peak runoff than the rainfall and

physical characteristics of the watershed (Schreiber and Kincaid, 1967; Michaud,

1992).

It is difficult to discern conclusively the completeness of a paleoflood record

from a single site alone. Intervals of lower, fewer, or no flood deposits could be

related to a site-specific geomorphic or hydrologic cause. If the paleoflood

chronologies from multiple sites in the same region exhibit similar patterns, this



repetition affirms the claim of a regional climatic cause for the variations in the

frequency of floods through time. A strong similarity exists among the paleoflood

records in the portion of the southwestern U.S. included in this study.

43
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CHAPTER 2. DESCRIPTIONS OF FLOOD DEPOSIT SITESES

The primary purpose of this study, as put forth in Chapter 1, is to explore

relationships between paleoclimatic variations and floods by synthesizing paleoflood

data from several rivers throughout the southwestern U.S. This type of regional

analysis of paleoflood data became feasible only after a large number of individual

paleoflood studies had been completed in the region, as the time and expense of

developing multiple flood chronologies on such a large number of rivers throughout

the region is prohibitive for a single study. Much of the paleoflood data used in this

study was synthesized from a number of previously published papers, theses,

dissertations, and unpublished reports (Table 1). Additional flood deposit sites were

described and analyzed as a part of this study.

The regional analysis was based on paleoflood chronologies from 18 rivers in

Arizona and southern Utah (Table 1; Fig. 7). Paleoflood data from the Colorado River

in the Grand Canyon, which drains a large portion of the interior western U.S. (Fig.

8), and from previous studies on the Pecos and Devils Rivers in southern Texas

(Kochel, 1980, 1988; Patton, 1977; Patton and Dibble, 1982), were included for

comparison with the southwestern region (Fig. 9; Table 1). All of the flood deposit

sites used in this regional study are described separately later in this chapter, with

particular emphasis on those that were analyzed in the course of this study and are not

published elsewhere. Radiocarbon dates from all of the sites are listed in Appendix A.

Previous paleoflood studies in the region focused primarily on flood frequency

analysis or the geomorphic implications of paleoflood records. In incorporating

information from these studies into the current paleoclimatic study, I relied on the

basic stratigraphic and radiocarbon data, rather than solely on the previous
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Table 1. List of paleoflood sites included in this study. Numbers refer to locations in
Figures 7 and 9.

River/reach Drainage area
at site (km 2)

Reference

1. Lower Virgin River 10,300 this study; Enzel, unpublished data
2. East Fork Virgin River 840 this study; Enzel, unpublished data
3. Kanab Creek 5550 this study
4. Buckskin Wash 950 this study
5. Paria River 3400 R.H. Webb, unpublished data
6. Boulder Creek 450 O'Connor et al., 1986b
7. Escalante River 820 Webb, 1985; Webb et al., 1988

*8. Colorado River, Axhandle site 279,350 this study; O'Connor et al., unpub. manuscript
*9 • Colorado River, Hislops site 275,680 this study
10. Little Colorado River —68,700 this study
11. Big Sandy River 7100 this study
12. Burro Creek 1650 this study
13. Bill Williams River 12,300 this study
14. Oak Creek 1210 Meus, 1990
15. Verde River, reach 1 15,000 Ely and Baker, 1985
16. Verde River, reach 2 14,600 O'Connor et al., 1986a
17. Tonto Creek 1630 O'Connor et al., 1986a
18. Salt River, reach 1 11,150 O'Connor et al., 1986a
19. Salt River, reach 2 Partridge and Baker, 1987
20. San Francisco River 7100 this study
21. Gila River 17,750 this study
22. Aravaipa Creek 3160 Roberts, 1987
23. Redfield Creek 285 Wohl, 1989

*24. Pecos River —91,000 Kochel, 1980, 1988
*25. Pecos River (Arenosa shelter) Patton, 1977; Patton and Dibble, 1982
*26. Devils River 10,260 Kochel, 1980

* Rivers not included in the construction of the paleoflood chronology for the southwestern U.S.



Figure 7. Location of paleoflood sites in the southwestern U.S. that are included in
this study. The numbers refer to Table 1.
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Figure 8. Drainage basin of the Colorado River upstream of the paleoflood sites.
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Figure 9. Location of the paleoflood sites in southwestern Texas that are discussed as
a comparison to the principal sites for this study in Arizona and Utah. The
numbers refer to Table 1.
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interpretations of the paleoflood chronolgies. This does not mean that I consider the

earlier interpretations incorrect, but as they were constructed for different purposes, the

authors concentrated on different aspects of the records. In most cases, previous

studies emphasized the number and magnitude of the floods over the timing of the

floods, yet the basic data contained additional information useful in constructing a

regional flood chronology. I have also calibrated all previously reported standard

radiocarbon dates to calendar years using a computer program (Stuiver and Reimer,

1986) that was unavailable when most of these studies were conducted (Appendix A).

Virgin River

The Virgin River drains the southwestern corner of Utah and the northwestern

corner of Arizona, joining the Colorado River at the Lake Mead Reservoir. Paleoflood

sites were studied in two parts of the basin: the Virgin River Gorge on the lower

portion of the mainstem Virgin River, and the East Fork in the upper basin. The work

in the Virgin River basin was conducted in conjunction with Yehouda Enzel.

Virgin River Lower Gorge 

Downstream of St. George, Utah, the Virgin River flows through a canyon cut

into the Beaver Dam Mountains. In the mid-1960s, a new route was constructed for

Interstate Highway 15 through the Virgin River gorge. The highway construction

destroyed much of the original channel morphology, but in most areas only one bank

has been affected. Several sites of paleoflood deposits were found throughout the

gorge (Y. Enzel, personal communication). Three paleoflood sites on the left bank

were chosen for study in a 500-meter reach about midway through the canyon,
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immediately upstream of the confluence with Sullivans Canyon (36 °56'24N Lat.,

113 °49'2"W Long.).

As part of the highway project, the Arizona State Museum and the Museum of

Northern Arizona were jointly contracted to excavate an archaeological site on the

river bank in this reach. The original geological report (I. Lucchita et al., unpublished

data, Arizona State Museum, 1968) and the archaeological site reports (Staley, 1969;

Carmichael, 1980) did not identify the sediments comprising the site as flood deposits.

However, an examination of the field notes, site reports, and photographs of the

excavation reveals that the site consisted of a series of fine-grained Virgin River flood

deposits interbedded with cultural layers from human occupation during the periods

between floods (Fig. 10). Almost all of the deposits were removed during the

excavation, but the existing remants were sufficient to verify in the field that the

sediments are indeed flood deposits. Several distinct flood layers from the original

stratigraphic description (Staley, 1969; Carmichael, 1980) were still identifiable in the

field in 1991. This site, known as the Wild Goose Site, was the major source of

paleoflood information for the Virgin River lower gorge.

The Wild Goose Site consisted of a sequence of fine-grained sand and silt

deposits in a embayment within a bedrock protrusion that has protected the sediments

from erosion by subsequent flows (Fig. 10a). The main stratigraphie section contains

8-10 flood deposits associated with archaeological materials (units A-I, Figs. 10b and

11), and possibly one younger, undated deposit. In almost all cases, the original

division of the section into stratigraphie units based on the cultural layers

corresponded exactly to separate flood deposits, and the stratigraphie designations used

here are taken directly from the original stratigraphy in the archaeological report



Figure 10. Photographs of Virgin River flood deposits comprising the Wild Goose
archaeological site; (a) overview of the site, (b) detailed stratigraphy of the
flood deposits (photographs by R.G. Vivian, Arizona State Museum, 1968).
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(Staley, 1969; Carmichael, 1980). The original stratigraphic description notes thick

layers of culturally sterile, uniform sand (the flood deposits) between zones in which

the artifacts were concentrated (hiatuses between floods). In places, units A, C, and I

contained artifacts throughout, probably from mixing during the period of occupation.

A thin (1 cm), sterile layer of sand, silt, and clay separates units D and E, and a

similar layer may separate units A and B. The description of these layers

(Carmichael, 1980) correponds to the fine-grained basal silt layers found in many other

slackwater flood deposits (e.g. Ely and Baker, 1985). They are very likely the initial

deposition of sediment associated with the overlying units, although they could

indicate separate floods.

The dates of the diagnostic ceramics and lithics from the cultural horizons

furnished ages for the intervening floods (Appendix B1). The uppermost culturally-

dated deposit (unit A) dates to AD 1150-1300. Above unit A and against the bedrock

wall is a small remnant of a possible separate unit, which is not associated with

cultural materials. This possible additional flood deposit is younger than unit A, but is

otherwise undated. Below unit A are 4-5 flood deposits, units B-E, that occurred in a

relatively short time period between a minimum date of AD 900-1000 and a maximum

of AD 1150-1200. Unit F falls into the same age range, but it is a clay layer that

settled out of suspension in quiet, ponded water, and is not a flood deposit. This layer

probably formed when the river was partially or fully dammed for a short period of

time, perhaps by a debris flow from a side canyon.

The ages of units G-I were less tightly constrained by dates from cultural

materials. Ceramics on the upper surface of unit G place it before AD 1150-1200.

Units H and I contain lithic artifacts and other evidence of human occupation, but no
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ceramics. The Museum of Northern Arizona generously released three charcoal

samples from the Wild Goose Site collection for radiocarbon dating, since no

radiocarbon dates were obtained at the time of the excavation. The three dates were

completely contrary to the stratigraphy, with the oldest date from the stratigraphically

youngest deposit (Fig. 11; Appendix A). The date of 2005±-75 BP from unit C was

apparently contaminated with older material, and was disregarded. Although there is

an age reversal between the lower two dates, the la ranges overlap and the dates are

not inconsistent with the time range delineated by the cultural materials. The younger

date (1480±75 BP) from unit I is therefore used as a maximum age for units G and H

and a minimum for unit I. The date of 1700±165 from a hearth between units G and

H was possibly contamined by the burning of older wood in the hearth.

Several older underlying units that were devoid of cultural material were not

described during the archaeological investigation and could not be included in the

paleoflood study. Three to four lower inset sand units (Fig. 11) are probably historic,

as correlative units several meters upsteam contained live tamarisk branches in 1968

(Carmichael, 1980). The uppermost of these is probably from the largest flood in the

gaged record, which occurred on December 6, 1966. The height of this deposit

matches the modeled water-surface elevation for a discharge of 920 m3s-1 , which is

very similar to the official discharge estimate of 996 1113S-1 for this flood (Y. Enzel,

personal communication, 1992). A rockshelter in the bedrock wall about 10m above

the river contained cultural materials and fine-grained sediment. The deposits here

were very mixed and disturbed, and neither the stratigraphic descriptions from the

excavation report nor the remaining sediment in the field gave a clear indication of the
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origin of these sediments. Judging from their height above the river, they are unlikely

to be flood deposits.

Site VR-362, the Metate Terrace, is a large bench of fine-grained flood

sediments located in a backwater zone just upstream of the bedrock protrusion that

contains the Wild Goose Site. The clay layer (unit F) is also present in the

stratigraphy of this site (Fig. 12a), providing a correlation between the two adjacent

sites. Several metates (grinding stones) on the surface indicate that all of the deposits

in this site are pre-historic. The stratigraphy is consistent with the Wild Goose Site,

although a few more flood deposits are preserved here. There are 8-12 flood deposits

younger than unit F, one contemporaneous with unit F, and 2-5 below unit F (Fig.

12a; Appendix B1). A single radiocarbon date of 3495±160 BP from the second layer

below F is questionable in light of the stratigraphy from the Wild Goose Site, and was

not considered reliable without additional corroborating dates from the same section.

Paleoflood discharges for these sites were estimated by using channel cross

sections derived from photogrammetry of aerial photographs taken before the canyon

was altered by the highway construction. The following discharge data was provided

by Y. Enzel (personal communication, 1992). The uppermost inset unit at the Wild

Goose site corresponds to a discharge of 920 m3s-1 , which is very similar to the

largest natural discharge in the gaged record (December 6, 1966). The highest

deposits in the Wild Goose and Metate terrace sites correspond to a discharge of 1750

m3s-1 , almost twice as large. Debris from a comparable flood of 1730 M3S-1 that

occurred on January 1, 1989 was found across the surface of the Metate Terrace and at

many points along the reach. This flood was caused by a dam rupture at the Quail

Creek reservoir upstream of St. George and can not be directly compared with the
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natural record.

The final paleoflood site from this reach, site VR36-3B, is 500m upstream in a

small embayment in the left canyon wall. The flood deposits here are also interbedded

with archaeological materials, although this is not an excavated site. The deposits at

this site are younger than most of the units at the Wild Goose Site (Fig. 12).

Radiocarbon dates on cultural charcoal delineated 2-3 flood deposits between about

450 and 700 yrs BP, 1-4 between about 300 and 450 yrs BP, and one after 300 BP

(Appendices Al and B1).

East Fork

The East Fork is an upper-basin tributary to the Virgin River. This study

focused on three flood deposit sites and several silt lines along a 120-meter reach in

Parunaweap Canyon (Fig. 7), a narrow sandstone canyon in the middle reach of the

East Fork River. The bedrock is highly jointed, which creates numerous crevices that

are suitable sites for the accumultation of fine-grained flood deposits. The principal

site is in a especially narrow portion of the canyon at the downstream end of the

reach, and consists of a large split crevice with two stacks of flood deposits (EF-2 and

EF-2A) separated by a large bedrock protrusion (Fig. 13). This site is on the right

bank in the middle of a reach where the river runs almost due north-south

(37°10'47"N Lat., 112°51'17"W Long.). Site EF-2B is immediately across the river

from EF-2 and 2A. Site EF-3 lies 120m upstream in a wider section where the river

trends east-west at the opposite end of the study reach.

Both EF-2 and EF-2A contain distinctly separate upper and lower sequences of

flood units (Figs. 14 and 15). The upper set ranges in age from approximately 800 to
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Figure 13. Photograph of sites EF-2 and EF-2A on the East Fork of the Virgin River
(photograph by Y. Enzel).
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5600 yrs BP, and is composed of up to 12 flood layers at EF-2 and up to 6 at EF-2A.

(Stratigraphic units 2 and 5 in EF-2A are organic material associated with the

underlying layers and are not separate floods).	 Site EF-3 also contains separate

upper and lower sets of flood deposits (Fig. 16a). The 3 upper deposits are isolated

silt and sand layers within a narrow crevice in the bedrock wall. The highest deposit

in all of the East Fork sites is a sand deposit at the top of EF-3. A radiocarbon date

of 1605±-75 was obtained from a riparian plant (Equisetum sp.) entrained by the flood

and incorporated into this deposit. There is also an undescribed sand deposit at the

same elevation across the canyon. Organic material buried by a flood silt 3m lower in

the crevice yielded a date of 4480±90 BP. The lowest silt deposit could not be dated

and was not included in the flood chronology.

Individual flood layers from the upper deposits at EF-2 and EF-2A could not

be traced directly between the two sites. However, to be conservative in estimating

the number of floods, deposits from EF-2, EF-2A and EF-3 that fall into the same

time range were assumed to be from the same flood. Similarly, a high silt line that is

not directly associated with any of the deposits was not counted as a separate flood, as

it is probably represented in the stratigraphic section as well. The resulting combined

chronology for the upper group of flood deposits at these three sites is one deposit at

about 5600 BP, 11-14 deposits around 4000-5000 yrs BP, a substantial time gap with

1-2 undated deposits, then the highest deposit at about 1600 yrs BP, and finally one

deposit around 800 yrs BP (Appendix B2).

All four sites in the reach contain a series of lower, younger deposits.

Stratigraphic units 12-22 in EF-2 correlate with units 9-17 in EF-2A. (Units 17 and

18 in EF-2 are from a single flood and unit 12 is not present in EF-2A.) Site EF2-B,
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directly across the river from EF-2 and EF-2A, has 21 flood layers (Fig. 16b). Of

these, units 1-6 definitely correlate to units 9-14 at EF-2A and units 12-19 at EF-2,

based on the distinctive character of the uppermost unit in the sequence, a very well-

indurated, coarse-grained light tan sand. Together the low deposits at these three sites

record 15-19 paleofloods within approximately the last 300 years, 5-7 younger floods,

probably historic, and 5 older, undated floods. The low deposits at EF-3 were avoided

due to the particularly dense mat of poison ivy covering the site. Discharge

calculations for the flood deposits (Appendix B2) were obtained from Y Enzel

(written communication, 1991).

Southern Utah

The southern Utah rivers included in this study form a west-east transect (Fig.

7). All are located on the Colorado Plateau, which covers a large portion of southern

Utah and northern Arizona (Fig. 1). The canyons characteristic of many rivers on the

Colorado Plateau are particularly conducive to the accumulation and preservation of

slackwater flood deposits due to their narrow, bedrock-controlled channels; relatively

shallow gradients; abundant supply of silt and sand-sized sediment; and frequent

protected alcoves and crevices.

Kanab Creek 

Kanab Creek flows south from Utah into Arizona, and joins the Colorado River

in the Grand Canyon (Fig 7). For the upper 2/3 of its length, Kanab Creek runs

through an alluvial channel. A series of three floods on Kanab Creek in the early

1880s initiated the incision of a 30-m deep arroyo at the town of Kanab where
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formerly there had been a shallow, meandering channel (Smith 1990; Webb et al., in

press). Paleochannels preserved in the stratigraphy of the arroyo walls show that the

channel has incised and refilled three times over the last 5200 years (Smith, 1990).

South of the Arizona border, Kanab Creek enters a bedrock canyon that

continues to the Colorado River. The paleoflood site for this study is approximately

71un upstream of the mouth (36°24'50"N Lat., 112°37'27"W Long.). The canyon at

this point is deeply incised into Paleozoic limestone. The flood deposits are preserved

in a rockshelter set back about 20m from the left bank of the channel on the outside of

a sharp meander bend (Fig. 17). The top of the deposit is approximately 9m above

the channel bed. Large boulders up to 5m in diameter fill the channel immediately

downstream of the site, preventing accurate hydraulic modeling and discharge

calculations. The boulders are not rounded, and are possibly from a nearby rockfall.

This event may have created the backwater ponding conditions necessary for flood

sediments to begin accumulating in the rockshelter.

Eleven flood deposits are preserved at the site (Fig. 18; Appendix B3). At the

base of the section is a thick layer of very hard, indurated sand and gravel, which was

not considered a flood deposit. The remaining deposits consisted of red and tan fine-

to medium-grained sand; several capped with silt layers. Boundaries between the units

are abrupt and distinct. Unit 9 is an exception: the lower 20cm consists of tan,

medium-grained sand at the base, coarsening up to coarse sand and matrix-supported

gravel up to lcm in diameter. The upper 20cm is very hard, reddish, medium-grained

sand with faint laminations. The contact between the upper and lower portions is

fairly abrupt in places and gradational in others, leading me to believe that they are

from a single event. The sequence is probably from a hyperconcentrated flow in
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Figure 17. Photograph of the Kanab Creek site.
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which the sediment concentration initially increased through time, and then decreased

to a less sediment-rich flow and deposited the upper portion of the unit, which is more

characteristic of a typical slackwater flood deposit. This gravelly deposit is evident at

several sites along the canyon, and has been traced to a tributary approximately 10

miles upstream (R. Webb, personal communication, 1991).

A hearth on the surface of unit 2 constrains the age of the oldest flood deposit

to pre-810±-65 BP. This date is followed by a period with no deposits until the next

flood layer was deposited around 400 years ago. Dates on the remaining deposits

show no strong evidence of any major temporal gaps. Flood debris associated with

the uppermost deposit contains cattle dung and milled lumber, so the deposits continue

through historic times. Two age reversals resulting from dates of 3810±70 from unit 8

and 440±195 on unit 3 were disregarded because they were inconsistent with the

remaining dates and stratigraphy.

Additional information on large floods in Kanab Creek is provided by flood-

scarred trees from a site upstream of Kanab, Utah, analyzed by McCord (1990). Five

years in the 500-year tree-ring record show evidence of flood scars on more than one

tree: 1520, 1866, 1882, 1910, and 1916, which compares well with the record of

known historic floods in 1882, 1883, 1909, and 1916 (McCord, 1990; Smith, 1990;

Webb et al., in press). The occurrence of the large flood in 1520 AD followed by a

hiatus and then a cluster of floods in the late 1800's is similar to patterns in floods on

the Paria and Escalante Rivers (Webb, 1985; Webb, unpublished data, 1991). When

scars that occur on single trees are considered, the number of floods increases to 18.

The dense cluster of floods in the late 1800s and early 1900s still stands out very

prominently, as does a long period of no flood scars from 1520 to the mid-1600s. The
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scarred trees probably record some of the same floods as the deposits in the Kanab

Creek site, so I did not directly add the two records together. However, the

information from the trees was used to refine the precision in establishing the timing

of the flood deposits. Smith (1990) also reported a sequence of 12-14 flood deposits

over the last 500 years at a site several kilometers upstream of the site in this study.

The discharges associated with these deposits ranged from 400-600 m3s-1 , about four

times greater than the largest discharge in the short gaged record at Kanab (Appendix

C), but well downstream.

Paria River 

Stratigraphy and radiocarbon dates from the Paria River flood deposits are

unpublished data from R.H. Webb (1991).

The Paria River drains a total area of 3650 km2 in south-central Utah, flowing

south from the Paria Plateau and joining the Colorado River at Lees Ferry, Arizona

(Fig 7). The principal flood-deposit site is approximately 30 km upstream of the

mouth (36°59'N, 111 °47'W). The river at this point flows through a relatively narrow

sandstone canyon. The fine-grained flood deposits have accumulated in a protected

site, informally named Bonza Alcove, underneath a large overhanging section of the

sandstone wall on the outside of a meander bend. Evidence of 12 floods over the last

4300 years, and at least one older flood is preserved in a sequence of vertically

stacked and inset deposits (Fig. 19). Several of the deposits can be directly correlated

to silt lines on the wall of the alcove.

A clay layer, dated at 4280±80 BP, forms the base of the dated chronology of

flood deposits. Unlike the slackwater flood deposits, which form horizontal
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Figure 19. Stratigraphy of Bonza Alcove on the Paria River. Individual flood layers
are not depicted, as the exact thickness is unknown; the numbers indicate the
stratigraphic units included in each vertical sequence of deposits. Shaded units
are known to be historic. Appendix B4 contains a detailed description of the
flood chronology at this site. Based on unpublished data from R.H. Webb,
U.S. Geological Survey, 1991; and on Ely et al., in press.
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stratigraphic units, the clay forms a drape that closely follows the topography of the

underlying surface, and it probably settled out of suspension in a pool of standing

water. The remains of a rockfall a short distance downstream may indicate the source

of a temporary dam on the river (R.H. Webb, personal communication, 1991).

The floods on the Paria River cluster into distinct time periods: there is

evidence of 2 floods around 4200 yr BP, a long hiatus with only one undated flood

deposit, 2-3 floods around 500 yr BP, and 6 modern floods (Appendix B4). Five of

the modern flood deposits are from historic floods, probably ranging from AD 1925-

1980; these form the lower, inset levels (Fig. 19). The date of the oldest and largest

modern flood (unit 1, Fig. 19) is constrained to the last 300 years, although it may be

historic as well.

Buckskin Wash 

Buckskin Wash is a tributary of the Paria River (Fig. 7). In the upper portion

of the basin, the wash runs through a wide alluvial valley. The channel is incised into

the valley alluvium, forming a deep arroyo. Below this reach, the channel enters a

limestone canyon devoid of flood deposits. After another relatively wide reach, the

stream abruptly enters an extremely narrow, deep sandstone canyon that extends to the

confluence with the Paria River. Two flood deposit sites were described near the

upstream end of this canyon. Site 1 is at a point where the canyon widens slightly at

the confluence with Wire Pass Wash, a small tributary (37°1'10"N Lat., 112°1'17"W

Long.). Site 2 is about 1.5 km upstream of Site 1 on Buckskin Wash, immediatley

upstream of the point where the stream first enters the narrow canyon (37°2'41"N Lat.,

112° 1'4"W Long.). Both sites are in backwater areas above abrupt channel
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constrictions, where water is temporarily ponded during large floods. Each contains

spectacular sequences of multiple fine-grained flood deposits (Fig. 20), with over 20

individual flood layers, as many as 45 at Site 2.

The -100-m reach at Site 1 contains several separate stacks of flood deposits,

and a few very distinct tan-colored marker beds present in all of the stratigraphie

sequences allowed for correlation between the sections. The deposit with the most

complete record of floods, shown in Figure 21, is representative of the sections at this

site. An organic sample from the basal unit yielded a date of 340±-45 BP, indicating

that the entire sequence of -27 flood layers was deposited within the last few hundred

years (Appendix B5). This surprisingly short time span of deposition is corroborated

with successively younger dates in the upper units (Fig. 21; Appendix A).

The flood with the highest stage is recorded by a silt line on a short section of

overhanging wall above one of the flood deposits. The silt line is approximately 2.5m

higher than the uppermost flood deposit. A radiocarbon date of 280±55 BP was

obtained from fine organic detritus, mainly juniper leaves, plastered against the wall

along with the silt.

Site 2 consists of a single depositional sequence of 5 sets of inset flood

deposits (Fig. 22). Because the site is located upstream of a constriction, backwater

ponding of floodwaters to the height of the existing deposits is probably fairly

frequent, although no hydraulic calculations were made to estimate the discharge

necessary to overtop the site. Several of the flood units were tentatively correlated in

the field to flood units at Site 1 with similar color, sediment type, and relative

stratigraphie position, and are labeled Tan 1, 2, and 3 in Figures 21 and 22.

Radiocarbon dates from the upper stratigraphie units were consistent with Site 1.
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Figure 20. Photograph of site 1 on Buckskin Wash.



= red sand flood unit

= tan sand flood unit

= radiocarbon date

= radiocarbon date

from correlative unit

in another section

BUCKSKIN WASH SITE 1
Sections 1 and 2 combined

73

Depth (m)

o -

A 280t55 (sift line) 

28

27

26 	TAN 3

25
24 	
23 	
22 	
21 	TAN 2

20

A99.4% modern carbon 
	fr	 _

7Ot35

0

1

2

3 ^

14 TAN 1

4 -

5 -

6 -

1-10

7_ 1-8
1-7

1-2
8 - 1-1 ...41n340-t45 silt

9

Figure 21. Stratigraphy of site 1 on Buckskin Wash.



BUCKSKIN SITE 2

TAN 3?

50t 4$

9 TAN 1?

8 A 3895t 95 

7

6

4b

2 	

1330t 80 not exposed

5 N28

4 Red Colluvium
	3

not exposed

11

E . red sand flood unit

E . tan sand flood unit

= green silty sand

= eolian sand

• = radiocarbon date

VA*

74

Figure 22. Stratigraphy of site 2 on Buckskin Wash.



75

Unfortunately, problems with age reversals and contamination of the

radiocarbon dates at Site 2 limited the amount of information that could be extracted

on the timing of the older floods in the section. The post-1950 AD date on the fifth

oldest flood layer (unit 1-5) is inconsistent with pre-1950 dates from stratigraphically

younger units, and probably resulted from younger organic material being plastered

against the deposit. The second unit above this (unit 1-7) yielded a date of 3895±-95

BP, which is also inconsistent with the rest of the section. The basal unit at this site,

which is similar in color, sediment, and stratigrahic position to the basal unit at site 1,

yielded a date of 13301.-80 BP. There is an obvious discrepancy between these dates.

Either the two deposits are not from the same flood or even the same relative part of

the flood chronology, or one of the dates is incorrect. Because of the other problems

with dating at this site, it was not possible to evaluate the validity of the basal date

from Site 2. As a result, the Buckskin flood chronology included in the regional

analysis was based mainly on Site 1 (Appendix B5).

Escalante River

Paleoflood data for the Escalante River were obtained from Webb, 1985 and

Webb et al., 1988.

The Escalante River heads in the Aquarius Plateau and flows to Lake Powell

Reservoir on the Colorado River, with a total drainage area of 4800 km2. Webb

(1985) described 8 flood deposit sites along the 135-km length of the bedrock canyon

portion of the Escalante River, downstream of the town of Escalante. For the regional

paleoflood study, I have included paleoflood data from two of these sites, the Alcove

and Anasazi Alcove, which contain the greatest number of individual flood deposits
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and the longest record of floods. The radiocarbon dates and stratigraphy of the other

sites corroborate the chronologies developed from these two sites (Webb, 1985).

The Alcove and Anasazi Alcove are 3.2 and 7.8 km downstream of the

Escalante River gaging station at Escalante (Fig 7). At both sites, flood sediments

have accumulated in low-velocity zones under large protective rock shelters, and silt

lines demarcating maximum flood stages are preserved on the overhanging canyon

walls (Webb et al., 1988). Many of the flood deposits were correlated between the

two sites (Webb et al., 1988), and together these sites comprise a record of at least 20

floods spanning the last 2000+ years (Fig. 23; Appendix B6).

The dating resolution is poor for the deposits prior to about 1500 14C years BP.

The floods over the last 1500 14C years BP fall into distinct clusters. There are 6

flood deposits between approximately 1500 and 1200 yrs BP. When compared to the

overlying deposits, the thin layers and fine-grained nature of these deposits suggests

that they are from relatively small floods, perhaps associated with a higher channel

bed (Webb, 1985). No discharge calculations were made for these flood units. An

increase in flood magnitude occurred between 1200-1000 BP. Three flood deposits

are preserved from this period, including the largest flood in the record, with a

discharge of 720 m3s-1 calculated from a silt line elevation at the Alcove site (Webb,

1985). There was a period of quiescence from 900-600 BP with no preserved

evidence of large floods. There are 3 flood deposits from 400-600 years BP; this

period was followed by another hiatus and then 4 large floods between AD 1909 and

1932. Based on the heights of the deposits and silt lines, the 1932 flood was the

second-largest in the record, and all 4 historic floods were larger than the 400-600 BP

floods (Webb, 1985; Webb et al., 1988).
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Boulder Creek 

Paleoflood data for Boulder Creek were obtained from O'Connor et al., 1986b.

Boulder Creek is a tributary of the Escalante River with a drainage area of 450 km2 .

The flood deposit sites described by O'Connor et al. (1986b) lie within a 0.6-km reach

immediately upstream of the confluence with the Escalante River (Fig. 24). Like the

Escalante River, Boulder Creek flows through a deep, narrow canyon with nearly

vertical walls cut into the Navajo Sandstone. The flood deposits preserve evidence of

8 to 9 floods over the last 500-600 years (Fig. 24; Appendix B7). A discharge of 400

m3s-1 was calculated from silt lines left by the two largest floods, which occurred

within the last 300 years (Appendix B7). These two silt lines cover petroglyphs on

the canyon walls that probably date to AD 1000-1275, and the floods are most likely

the largest since that time (O'Connor et al., 1986b).

Little Colorado River

The Little Colorado River basin covers a large part of northeastern Arizona and

a portion of northwestern New Mexico (Fig. 7). The drainage area at the paleoflood

site for this study is —68,700 km 2. The site is on the left bank of the river 7km

downstream of Cameron, Arizona (35°55'20N Lat.,111°30'23"). The canyon in this

reach has a wide, sandy bottom flanked by high, vertical sandstone walls. The flood

deposits are at the mouth of a small tributary, which is probably following a fault that

has broken the otherwise sheer canyon walls. This is one of the few points of access

to the river from above, which probably explains why it has been the site of such

extensive human activity.
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The base of the section is about 4m above the present channel bed. The flood

deposits are interbedded with cultural layers that provided ample charcoal for dating,

as well as some diagnostic ceramic sherds. There are 17-19 flood deposits preserved

at the site, spanning the last 5000 years (Fig. 25; Appendix B8). At the base of the

section is a cluster of 8 deposits from —4000-5000 BP. The sedimentological character

of these deposits, most with basal silt layers grading up to sand, is indicative of

deposits from discrete flood events. However, because the oldest deposits are lower

and thinner than the upper deposits in the section, they may be associated with smaller

floods or a different channel position. After a long gap with only 1-2 undated deposits

(18A and B), there is a second cluster of 3 deposits around 1800-2000 BP.

This temporal gap of 2000 years with few, if any, flood deposits could be the

result of erosion, although there is no evidence of erosional contacts within the

deposits themselves. All of the sediments are fine-grained sand and silt typical of

passive deposition in a low-velocity backwater area. Units 18A and B may be the

same deposit, but the connection between the two is obscured by a younger deposit

that dips down the face of the exposed section. The only possibility of erosion is

before the deposition of 18B, which dips gradually over the edge of the underlying

horizontal layers. If erosion did occur, it would have removed sediments laterally

rather than vertically, and is therefore unlikely to have resulted in the hiatus apparent

in this single stratigraphic section.

In the upper half of the section, there is a break in slope above unit 26, and 4

higher deposits set back against the bedrock wall (Fig. 25). The entire surface of this

slope has been disturbed, creating a blanket of loose sand (unit 27) that is not a

separate flood deposit. Pot sherds that litter the surface of the flatter portion of the
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slope are mainly from the Kayenta Anasazi. The earliest date to about AD 700-875

(Lino gray), and a large group falls between about AD 1000-1200 (e.g. Tusayan white

ware, Moenkopi corrugated ware, Walnut black on white). Many of these ceramics

are eroding out from the upper surfaces of units 28 and 29, which agrees with the

radiocarbon date of 940±130 from unit 30. Unit 28 dips down the slope, and is

probably the same as unit 26 in the lower section, although the contact was obscured.

The youngest deposit in the section (unit 31) is only a small remnant, and has no

minimum bounding age.

Pockets of flood sediment in high crevices and shelves in the bedrock walls are

very common throughout this reach. The highest of these deposits is 6.35m above the

top of unit 31 in the stratigraphic section. These ubiquitous deposits are almost

certainly from a large flood on September 20, 1923. The peak discharge of this flood

was amplified by the rupture of the dam at Lyman Lake Reservoir a few hundred

kilometers upstream. Even without the addition from the dam break, in all probability

this flood would remain the largest on the Little Colorado River in the historic record.

In summary, the paleoflood record from this site on the Little Colorado River

shows a large cluster of floods between 4000 and 5000 years BP followed by a hiatus

of about 2000 years with very few flood deposits. After a small cluster of deposits

around 2000 BP, the flood record continues, ending with a concentration of floods

around 1000 years ago and one younger undated deposit. A large historic flood in

1923 left several very high deposits along the reach.
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Central Arizona

Most of the rivers in this study from central Arizona are in the Gila River

basin. The Verde River, Tonto Creek, the Salt River, and the San Francisco River

flow southward from the Mogollon Rim, the high escarpment that forms the southern

edge of the Colorado Plateau and extends diagonally across the northeastern corner of

the state. The site on the Gila River receives runoff from both north and south. The

other Arizona rivers included in this region are in the Bill Williams River basin, which

empties directly into the Colorado River in western Arizona.

Verde River Basin 

Paleoflood studies have been conducted on two reaches of the lower Verde

River by Ely and Baker (1985) and O'Connor et al. (1986a), and are summarized in

Ely et al. (1988). The Verde River valley is quite wide in these sections, but large

floods are laterally confined by a combination of bedrock and high, indurated,

Pleistocene and Pliocene terraces (Pope, 1974). In both study areas many of the flood

deposits are broad benches of fine-grained sediment in ineffective flow areas along the

channel margins, although there are also several deposits in backwater zones at the

mouths of tributaries (Fig. 26). Most of the flood deposit sites in these two studies

consist of one or more high deposits against the valley wall and a series of lower,

younger deposits inset against them next to the river (Fig. 4).

Reach 1

The downstream study (Ely and Baker, 1985) consists of several sites along a

3.5-km reach of the river upstream of Horseshoe Reservoir (downstream end is at
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Figure 26. Photograph of slackwater flood deposits in the mouth of a tributary along
Reach 1 of the Verde River; typical of many sites on rivers in central and
southern Arizona.
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34°6'27"N Lat., 111°43'0"W Long.) (Fig. 7). Collectively, these sites contain deposits

from at least 10 floods over a 1000-year period (Appendix B9). The largest and oldest

flood in the record occurred around 1000 years ago, based on an age of AD 950-1000

for ceramics on the surface (A. Lindsay, Arizona State Museum, personal

communication 1984), and a radiocarbon date of 1010±-95 BP. This deposit is

preserved in an isolated notch in the Pleistocene terrace. The continuous stratigraphic

record of floods in the riverside deposits could extend as far back as AD 1300, but

more likely covers only the last 400 years (Table 10; Fig. 27). This record consists

of three or more deposits in the upper level, the youngest of which may be from a

large historic flood in 1891. There are at least 6 younger inset flood deposits; the last

three correspond to large floods in March and December, 1978 and February, 1980.

Reach 2

Eight kilometers upstream of Reach 1 is a second study reach (O'Connor et

al., 1986a) that contains several flood deposit sites (downstream end is at 34°10'N,

111 °42'45"W Long.). The stratigraphic records of the two studies correlate reasonably

well, although there is no evidence in this reach of the large flood 1000 years ago.

Combined information from multiple sites in reach 2 reveals 2 flood deposits prior to

500-600 BP, one deposit after this date, and a group of three younger flood deposits

that are probably all from the 1800s. The uppermost of these could be from the 1891

flood. There are 11-12 lower, inset deposits, all of which are probably historic.

Again, the youngest are from 1978 (2) and 1980 (O'Connor et al., 1986b). The oldest

of the 11-12 historic deposits may not be from very large floods (Appendix B10).
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The combined paleoflood chronolgy from the two Verde River studies indicates

1 flood at 1000 BP; 1-2 prior to about 500-600 BP and 1 (possibly 2) after; 3 floods

in the 1800s, including 1891; and 11-12 historic floods, including 3 from 1978 and

1980.

Additional Studies in the Verde River Basin

Melis (1990) conducted a paleoflood study on Oak Creek, a tributary of the

upper Verde River (Fig. 7). There are three flood deposits at this site in a

configuration similar to those on the lower Verde River: two flood layers form a high

bench away from the river and a lower deposit is inset against them (Melis, 1990).

The deposits probably all date to the last 300 years. A radiocarbon date of 190 BP

was obtained from the younger of the two high deposits (Melis, personal

communication, 1991). The inset bench is modern and has been overtopped by

several floods in this century (Melis, 1990).

McCord (1990) used flood-scarred trees to construct a flood chronology in

Rattlesnake Canyon, a 64-km2 stream in the upper Verde River Basin. Precise dating

of flood events over the last p460 years was possible with scarred trees. Although the

length of the record is limited, longer paleoflood chronologies in the current study

have indicated that this is an important period of increased flooding on several rivers

throughout the region. Because of the poor resolution in radiocarbon dating of flood

deposits over the last few hundred years, the greater resolution in the temporal

distribution of floods over this period provided by flood-scarred trees is particularly

useful.
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Flood events on Rattlesnake Canyon were identified from 1828, 1831, 1852,

1890, 1905, 1919, and 1970 (McCord, 1990). Although Rattlesnake Canyon is a very

small drainage, these floods correspond well with the known flood record on the

mainstem Verde River. Large floods occurred on the Verde River in 1891, 1905,

1920, and 1970. The floods in 1891 and 1920 occurred in the winter before the

growing season had begun and were recorded by the tree ring from the previous year

(McCord, 1990). Because of this close correlation, it is probable that the three earlier

floods in the Rattlesnake Canyon chronology also affected the main Verde River. At

least two of these floods may be the same as floods from the 1800s recorded by the

deposits in reach 2 of the Verde River (Appendix B10).

Salt River Basin 

Paleoflood studies on the lower Salt River have been conducted by O'Connor

et al. (1986a), Partridge and Baker (1987), and Fuller (1987), and on Tonto Creek by

O'Connor et al. (1986a). The results from these studies are summarized in Ely et al.

(1988).

The principal paleoflood sites studied on the Salt River are in two adjoining

reaches upstream of Roosevelt Reservoir. The upstream reach is approximately 10km

upstream of the reservoir (see Partridge and Baker, 1987), and the downstream study

reach (O'Connor et al., 1986a) is contiguous with it. The channel morphology in this

section is similar to the Verde River: the river flows through an alluvial channel

during low discharges, but is confined by a combination of well-indurated river

terraces and bedrock valley walls during floods. As on the Verde River, most deposits
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accumulate in tributary mouths or in large benches along the river channel, and many

consist of a high stack of flood sediments with lower deposits inset against it.

Reach 1

The paleoflood record at the downstream site (O'Connor et al., 1986a) covers

the last 300-500 years (Appendix B11). There are 5 flood deposits between about AD

1660 and 1955 that probably pre-date the gaged record. One older flood deposit may

have occurred over 400 years ago. There are also 4-5 recent deposits from floods in

this century. The largest flood in the entire depositional record occurred in 1952.

Reach 2

Site 2 upstream (Partridge and Baker, 1987) records 7-8 floods within at least

the last 500 years, and probably as far back as 1000 years (Appendix B12). The

largest flood in the record (4100 m3s4)is recorded by a scour line on the granite slope,

and could not be directly dated. Since there is no evidence that the floods in the

depositional record reached the level of the scour line, Partridge and Baker (1987)

assumed that this scar represented an older flood. According to seasonal discharge

reconstructions from tree rings for the Salt and Verde Rivers, 899 AD had the highest

winter discharge below the confluence of the two rivers in records that spanned 740-

1370 AD (Graybill, 1989; Nials et al., 1989). This information agrees with the timing

of the largest paleoflood on the Verde River, and suggests that the largest flood on the

Salt River may have also occurred between 800 and 900 AD, a period with several

high-flow years (Graybill, 1989). In this case the paleoflood record would cover 1000

years.
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Seven later floods are recorded by the flood deposits at multiple sites along

reach 2 of the Salt River. The oldest and highest of these occurred prior to AD 1200-

1400, based on Mogollon-culture ceramics on the surface (Partridge and Baker, 1987).

This deposit could be from the same flood as the scour line, but for the current study

it was considered a separate event. There is one paleoflood deposit from the last 400

years, and one younger deposit with well-established vegetation that may be from the

1891 flood. The youngest 4 deposits are from this century.

The combined flood record from the two reaches shows the largest flood

probably around 1000 years ago; 1 flood deposit prior to AD 1200-1400; 4 flood

deposits within the last 300 years, including the 1891 flood; and 4-5 historic flood

deposits.

Fuller (1987) conducted a study of slackwater flood deposits and possible flood

deposits in prehistoric canals in the Phoenix basin downstream of the confluence of

the Salt and Verde Rivers. Eight floods are recorded in the slackwater site, and at

least 5 of these occurred within the last 410-±-100 years BP. The canal sediments

record up to 26 possible floods over the last 1000 years. The age resolution of these

deposits is poor and the deposition of the canal sediments by floods is not certain.

Because the paleoflood records from the upstream sites on the Verde and Salt Rivers

include most of the drainage basin, this chronology was not included in the regional

analysis for the current study.

Tonto Creek

Tonto Creek is a tributary of the Salt River that flows into Roosevelt Reservoir

from the north (Fig. 7). O'Connor et al. (1986a) conducted a paleoflood study at a
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site near the Tonto Creek gaging station. The depositional record revealed 5 floods

within the last 300 years, and 4 deposits from large floods since AD 1950 (Appendix

B12).

San Francisco River

The San Francisco River drainage basin covers 7200 km2 in eastern Arizona

and western New Mexico. The flood deposits for this study are located in a 3-km

long reach 15km upstream of Clifton, Arizona (Fig. 7). The deposits form extensive,

mesquite-covered benches along the channel margins, similar to those on the Salt and

Verde Rivers. These sites contain a record of 11 floods, all within the last 400 years

(Appendix B13). The three major site are located as follows: site 2 is on the right

bank at 33°8'38"N Lat., 109°16'37"W Long.; site 4 is on the right bank at 33°8'57"N

Lat., 109°16'34"W Long.; and site 7 is on the right bank at 33°9'16"N Lat.,

109°16'0"W Long., the upstream end of the reach.

Site 4 served as a test for using 137Cs to delineate pre- and post-1950 alluvial

deposits, and an analysis of both the 137Cs and 14C activity in these deposits clearly

defined 4 post-1950 flood deposits (Fig. 28) (Ely et al., in press). Deposits from the

largest flood in the 80-year gage record, which occurred in October 1983, are readily

identifiable throughout the reach and cap each sequence of flood deposits. Two thick

deposits that consistently appear immediately below the 1983 deposit are from large

floods in 1972 and 1978. The fourth post-1950 deposit is probably from a smaller

flood in 1967.

There are at least 2 earlier historic flood deposits (site 4, units 5 and 6) that

bury a barbed wire fence implanted in the underlying deposit. The six oldest flood
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deposits probably all occurred since the 1500s, although three of them could have

occurred prior to this time (Appendix B13).

Gila River 

The Gila River forms a transition between central and southern Arizona, but

unfortunately very few good paleoflood sites were found here. One site was described

on the left bank of the river about 4km downstream of the confluence with the San

Francisco River (32°57'46"N Lat., 109 °24'1"W Long.). Most of the drainage at this

point in the basin is from the north. The site is a large bench along the channel

margin comprised of 11-12 flood deposits in a single vertical sequence (Fig. 29). A

radiocarbon date from a hearth on the surface of the second oldest deposit indicates

that all of the floods probably occurred within the last 400 years, although the lower

two could be older (Appendix B13). Extensive mixing and bioturbation at the upper

surface of unit 4 and several of the overlying deposits was probably caused by cattle.

I have noted this distinctive disturbed character of the upper few centimeters of recent

deposits at many sites where cattle are present. In this case, the upper 6-7 units are

probably historical.

Western Arizona

Flood deposits were described on three rivers in central-western Arizona: the

Bill Williams River, Big Sandy River, and Burro Creek (Fig. 7). The sites contain

relatively few flood deposits and organic material for radiocarbon dates is scarce.

The site on the Bill Williams River is in a tributary mouth on the left bank of

the river 3km downstream of Alamo Dam (34°14'6"N Lat., 113 °37'54"W Long.). The
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construction of the dam eliminated large floods in this reach after 1968. The deposit

consists of a vertical sequence of 6 flood layers (Fig. 30; Appendix B14). All

probably occurred within the last 300 years. A radiocarbon date of 1945±55 BP from

the basal unit is probably erroneous, considering the exposed setting of these deposits

and the high potential for erosion by the tributary.

The Big Sandy River is a major tributary of the Bill Williams. A paleoflood

site was described about 15km downstream of the confluence with Burro Creek, on the

right bank of the river and on the downstream side of a small tributary (34°27'14"N

Lat., 113°37'33"W Long.). Eleven flood layers are preserved at this site in a series of

3 insets (Fig. 31; Appendix B14). The highest flood bench supports a dense grove of

mature mesquite trees, which have not been buried by subsequent floods. A

radiocarbon date places this deposit within the last 300 years, and based on the size of

the mesquites it is probably no younger than the first part of this century. A series of

7-8 lower inset flood deposits also contain mesquite trees that are buried by one or

more of the flood layers. These deposits are probably all younger than the upper

bench, and certainly occurred within the last 300 years. The lowest inset bench is

comprised of two deposits from recent floods.

Burro Creek is a major tributary of the Big Sandy River that flows through a

narrow bedrock canyon. Only one flood deposit site was found; in a tributary mouth

on the left bank about 3km downstream of the Highway 93 bridge at a bend in the

Creek marked as "Andy's Hole" on the USGS topographic map (34°32'43"N Lat.,

113 °29'14"W Long.) (Fig. 7). There are 5-6 flood deposits preserved in 3

stratigraphic sections at this site. A radiocarbon date from the second oldest flood

layer yielded a post-1950 date (Appendix A). Since all of the deposits are apparently
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quite recent, Burro Creek was not included in the regional analysis.

Southern Arizona

Aravaipa Creek 

The paleoflood study on Aravaipa Creek was conducted by Roberts (1987).

Aravaipa Creek drains 1400 km2, including parts of the Galiuro and Pinaleno

Mountain ranges. It cuts through a canyon in the volcanic rocks of the northern

Galiuro Mountains and enters the San Pedro River. The study site is a 1.4-km reach

near the downstream end of the incised canyon. There are deposits from 5-6 floods

(Appendix B15), the majority in a single site at the mouth of a right-bank tributary

called Painted Cave Creek. Three of these are post-1955, including abundant debris

and deposits from a recent flood in October 1983, the largest in the gaged record.

Two older deposits at the same site lie farther back from the main channel. The lower

deposit exhibits incipient pedogenic carbonate accumulation, and charcoal from this

unit yielded a maximum age of 1080±110 BP. The overlying deposit was not dated,

but the calculated discharge for this elevation matches that of a large historic flood in

1919, and the deposit may be from this flood (Roberts, 1987). The highest deposit

identified by Roberts (1987) is a small accumulation of sand on the opposite hillslope.

My visit to the site caused me to question whether this deposit was flood-derived, and

since it was not dated I excluded it from my analysis.

Redfield Canyon 

The paleoflood study in Redfield Canyon was conducted by Wohl (1989).

Redfield Canyon is a relatively small, ungaged drainage that heads in the Galiuro
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Mountains and flows to the San Pedro River (Fig. 7). Flood deposits were described

and analyzed in three separate reaches within a 13-km stretch of the canyon. Each

reach contains multiple deposits, and their combined paleoflood records show at least

3 floods of different ages within the last 1100 years (Appendix B15). Throughout the

canyon there is abundant evidence of a large flood in October 1983. Two older

deposits also appear at several sites. The first dates to about 1100 years ago, and the

second occurred within the last 300 years. The calculated discharges for these floods

were comparable to that of the 1983 flood.

Colorado River

The Colorado River drains a large part of the western U.S. (Fig. 8), and

therefore can not be categorized into one of the above regions. From a paleoclimatic

standpoint, it provides an interesting comparison to the smaller rivers in the Southwest

because it integrates such a large region. Paleoflood sites were analyzed in two

reaches near Lees Ferry, Arizona at the upstream end of the Grand Canyon (Fig. 7).

Downstream Reach 

The downstream reach is 3 km downstream of Lees Ferry, where the river

flows through a relatively narrow canyon in the Kaibab Limestone. There are two

flood deposit sites on opposite sides of the canyon. The principal site is a rock

shelter, informally termed Axehandle Alcove, on the left bank of the river

(36°50'59"N Lat., 111°36'41"W Long.). Axehandle Alcove preserves deposits from

15 floods interbedded with cultural layers from human occupations (Fig. 32; Appendix

B16). Detailed dating of the stratigraphic sequence was made possible by the
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Figure 32. Stratigraphy of the Axehandle Alcove site on the Colorado River
downstream of Lees Ferry. Based on data from O'Connor et al., 1992,
unpublished manuscript.
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abundant cultural charcoal. The stratigraphy and flood frequency implications of this

site are briefly summarized in Ely et al. (1991a,b) and O'Connor et al. (unpublished

manuscript, 1992). The site on the right bank was described by L.E. Stevens, National

Park Service, and T.S. Melis (unpublished data, 1990). The flood stratigraphy of the

right-bank site is more complex and scarce organic material prevented precise dating

of the older deposits, so the paleoflood chronology is based mainly on the Axehandle

Alcove sequence. However, several radiocarbon dates of flood debris from the upper

units in the right-bank site (Appendix A) supplemented the Axehandle Alcove

chronology (Appendix B16).

The combined chronology from these two sites reveals 15-16 floods over the

last 4000 years. The three oldest deposits date to about 3500-3900 yrs BP. This

group of floods is followed by a 1000-year period with only one flood deposit, and

then a cluster of 4 deposits between about 2100 and 2500 yrs BP. The largest flood in

the record is preserved as pockets of sediments in crevices above the main deposits.

Two radiocarbon dates place it at about 1400 yrs BP. The wooden handle from a

stone axe tool was found on the surface of the deposit, probably in situ. A deposit

from this flood is probably also included in a series of 6 deposits in the main

stratigraphic sequence at Axehandle Alcove that range between about 2100 and 300

yrs BP. Another of these flood deposits probably correlates to a deposit on the right

bank that occurred between about 1300 and 300 yrs BP, and is stratigraphically closer

to the older end of this time range. Finally, calibrated radiocarbon dates that span a

range between AD 1440-1800 were obtained on organics from 2 deposits in the right-

bank site. These deposits may be from a single flood. The upper one is a gray silt

that is draped over the surfaces of both of these sites and is evident at several places
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along the river. Although the radiocarbon dates indicate a slightly earlier time for this

deposit, it may be from the 1884 flood, which is the largest in the historic record.

Upstream Reach 

The upstream reach is on the outside of a meander bend on the left bank of the

river near a large alcove called Hislops Cave, about 5km upstream from Lees Ferry

(36°50'51"N Lat., 111°33'50"W Long.) (Fig. 7). This is the downstream limit of Glen

Canyon, which is incised into the Navajo Sandstone Formation. Four stratigraphic

sections were described in separate deposits at the mouth of Cave Creek (Fig. 33).

About 100m upstream is a long, continuous bench of flood deposits interbedded with

eolian and colluvial sediments. The stratigraphy is exposed in two gullies, tributaries

1 and 2 (Figs. 34 and 35). The depositional chronology was quite complex because

none of the stratigraphic sequences could be directly correlated in the field. With the

results of the radiocarbon dating I developed two flood chronologies, one for the Cave

Creek deposits and the other for tributaries 1 and 2 (Appendix B17).

For the regional paleoflood analysis, I developed a single flood chronology for

the Colorado River sites. I based this synthesis primarily on the deposits in the

downstream reach, where the record is longer and more straightforward. I used

information from the upstream sites to get better resolution on the timing of the 6

floods at Axehandle Alcove that fall between 2100 and 300 yrs BP, because several of

the deposits from the upstream reach occurred in this period. However, in order not to

count any floods twice, the total number of floods included from the upstream sites for

this period did not exceed the six floods recorded at Axehandle Alcove over the same

period. The Cave Creek site has preserved the greatest number of flood deposits from
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COLORADO RIVER
Hislops Cave: Cave Creek Sites
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Figure 33. Stratigraphy of the Cave Creek sites near Hislops Cave on the Colorado
River upstream of Lees Ferry.
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Figure 34. Stratigraphy of tributary 1 near Hislops Cave on the Colorado River
upstream of Lees Ferry.
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Figure 35. Stratigraphy of tributary 2 near Hislops Cave on the Colorado River
upstream of Lees Ferry.



106

the last few hundred years, so this record was used for the final part of the Colorado

River chronology. This sites in the upstream reach are also capped by a high gray silt

deposit, probably the same as the uppermost unit at Axehandle Alcove, as it occurs

throughout this entire section of the river. This deposit served as a temporal link

between the sites.

Pecos and Devils Rivers, Texas

Patton (1977) and Kochel (1980) were the first to apply a thorough analysis of

slackwater paleoflood deposits toward developing long-term flood chronologies of

modern rivers. Their extensive work on rivers in southwestern Texas, particularly the

Pecos River, laid the groundwork for many subsequent paleoflood studies (Kochel and

Baker, 1982; Kochel et al., 1982; Patton and Dibble, 1982). Although these Texas

rivers fall outside the climatic region in the southwestern U.S. that forms the core of

this study, I included these paleoflood chronologies to compare with the main region.

Arenosa Shelter 

The Pecos River drains —91,000 lun 2 in New Mexico and southwestern Texas

(Fig. 9). Arenosa shelter is a large rockshelter above the Pecos River near the

confluence with the Rio Grande. The site contains numerous flood deposits from the

Pecos River interbedded with human occupation layers. The shelter is now beneath

water impounded by the Amistad Dam, but a detailed archaeological excavation was

carried out at the site before it was submerged, and this information was used to

reconstruct the history of flood sedimentation (Patton, 1977; Patton and Dibble, 1982).

I identified 36 separate flood layers from the stratigraphy presented in these two
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publications (Fig. 36; Appendix B18). The flood sedimentation history at this single

site covers over 9500 years, but I concentrated on the record after 5000 yrs BP, since

that is the maximum length of the other flood chronologies in this study. At the

degree of dating resolution available from radiocarbon dates on the intervening cultural

layers, the flood deposits appear fairly evenly distributed through time, with one

notable exception. The last well-dated paleoflood layer was deposited 1900 years ago,

and another was probably deposited shortly thereafter, but definitely before 1380 BP

(Fig. 36). After a period of 1000-2000 years with no flood deposits, a flood on June

25, 1954, overtopped the site and left the uppermost deposit. This immense flood,

caused by Hurricane Alice, was the largest historical discharge ever recorded in Texas

and was nearly eight times the previously recorded peak discharge on the Pecos River

(Patton and Dibble, 1982).

Lower Pecos River Sites 

Kochel (1980) described and correlated several paleoflood sites along the lower

Pecos and Devils Rivers. The data I summarized for this project is from Kochel

(1980) and Kochel (1988). The combined paleoflood depostional records from these

sites reveals 11-13 floods in the last 2000 years, and at least 2 older deposits (Fig. 37;

Appendix B19). With the dating resolution available, the floods are fairly evenly

distributed through that time period. There may be increases in the number of flood

deposits near the beginning of the record, about 2000 years ago; around 500-700 years

ago; and very recently, since 1950. The 1954 flood is also the largest in these

paleoflood records.
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Figure 36. Stratigraphy of Arenosa Shelter on the lower Pecos River, Texas.
Modified from Patton and Dibble, 1982.
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I combined the flood chronology from Kochel's sites with the record from

Arenosa shelter for the regional analysis. At the points where the chronologies

overlapped, I considered the deposits to be from the same floods.

Devils River 

Kochel (1980; 1988) also described flood deposits on the Devils River, a

tributary of the Rio Grande that drains 11,150 lcm2 in southwestern Texas (Fig. 9). A

record of 7-9 floods over the last 3000-4000 years is preserved at the sites on this

river (Appendix B20). Again, the 1954 flood deposit is definitely present, but the

dates of the earlier floods are poorly constrained. The flood-origin of the two oldest

deposits of gleyed sediment is questionable.
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CHAPTER 3. REGIONAL PALEOFLOOD CHRONOLOGY

The goal of developing this regional paleoflood chronology is to gain insight

into the large-scale temporal and spatial aspects of rare, extreme floods that are not

detectable from the relatively short observational record. Combining the records from

multiple rivers highlights major variations in the frequency of large floods at time

scales of hundreds to thousands of years. Large-scale variations are often unapparent

in the paleoflood records from individual rivers. When temporal patterns emerge in

the paleoflood chronology from a single river, it is difficult to determine whether

changes occurred in the floods or in the depositional environment of the site (see

Chap. 1).

The paleoflood chronologies from multiple rivers within the southwestern U.S.

consistently show similar patterns in the distribution of floods. These changes in the

frequency of floods are thus attributed to widespread climatic factors that influence

flood-generating storms in the region. The regional paleoflood synthesis, along with

the hydroclimatic analysis of modern floods, reveals similarities and differences in the

long-term paleoflood patterns among different subregions of the Southwest.

Method

The paleoflood records from the rivers in the study area were combined in

200-year increments to create a regional flood chronology. The 200-year interval was

chosen to best detect pronounced broad-scale changes in the frequency of floods over

the several-thousand-year record. A smaller time increment could have obscured the

larger-scale patterns by focusing too closely on the details of the individual records,

besides exceeding the limit of resolution in dating the paleofloods.
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Flood Chronologies of Individual Rivers 

The first step in synthesizing the paleofloods throughout the region was to

standardize the presentation of the flood chronologies so that they could be

systematically combined. Figures 38-44 graphically summarize the flood chronologies

for each river. In cases where two reaches were studied on the same part of a river

basin (e.g. Salt, Verde, and Colorado Rivers), information from both was combined to

make a single chronology without increasing the number of floods represented by one

reach during any time period. Two flood chronologies were constructed for each

river, one based on conventional 14C dates in years before present and a second based

on the dendro-calibrated 14C dates in calendar years (Stuiver and Reimer, 1986). As

mentioned in Chapter 1, a single conventional radiocarbon date sometimes represents a

wide range of possible calendar years due to fluctuations in atmospheric 14C through

time, and the dendro-calibration takes into account these 14C fluctuations. The

calibrated dates thus provide a more accurate depiction of the age of a flood, but with

a wider range than the conventional radiocarbon dates. Interpreting a flood as

occurring within a range of time, perhaps several hundred years, rather than as

occurring at a single point in time based on a conventional radiocarbon date, could

alter the resulting paleoflood chronology. By building both types of flood

chronologies, I was able to discern whether they resulted in substantial differences in

the regional flood patterns after the floods were grouped into 200-year intervals.
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Regional Paleoflood Chronology 

The number of floods within each 200-year interval were tallied to convert the

graphical representations of the individual flood chronologies to numerical series

(Tables 2 and 3). Specific criteria were employed to make the process of categorizing

the floods as objective and consistent as possible. Each flood was assigned to only

one time interval. In both the calendar-year and radiocarbon-year chronolgies, most

floods are constrained to a range of time rather than a single date. Where these ranges

overlapped more than one 200-year interval, the flood was assigned to the interval that

included the largest portion of the range. When a singe range of time included

multiple floods, they were assumed to be evenly distributed through the time period

unless evidence indicated otherwise. These were proportionally assigned to the 200-

year intervals intercepted by the range. Single floods that fell within very long time

ranges (>1000 years) were disregarded, as they could not be assigned confidently to a

single time interval. Floods with only a minimum or maximum limiting age were

assumed to fall within 200 years of that date.
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Paleoflood Chronology for Arizona and Southern Utah

The resulting chronologies in Tables 2 and 3 represent the most probable

distribution of floods on each river, based on the above criteria. Figure 45

summarizes the paleoflood information from the southwestern rivers, excluding the

Colorado River. With a few minor differences, the distribution of floods in the

chronology based on the calibrated dates is basically the same as in the radiocarbon

chronology at this level of resolution. The use of calendar years smoothed the pattern

somewhat, since the dates are depicted as ranges rather than single points in time, but

the major changes coincide. Most previous studies that examined Holocene climatic,

hydrologic, or other environmental variations were based on conventional radiocarbon

dates. Paleoflood chronologies based on conventional dates are preferable for

comparing with these results, as the conversion rate between calendar years and

radiocarbon years varies through time. Comparing the paleofloods with other

paleoclimatic and paleohydrologic indicators for the same period is essential for

determining the relationship between paleofloods and paleoclimate. The consistent

comparison between the chronologies derived by the two dating methods allowed me

to rely on the flood chronology based on the conventional 14C dates without

sacrificing accuracy. For consistency, all of the discussions, comparisons, and

analyses of the paleofloods are based on the chronology from the conventional 14C

dates (Fig. 45a) unless otherwise indicated.

The temporal distribution of the floods exhibits a strong pattern of clusters of

floods through time. There is a cluster of floods from 5-3.6 ka l (3800-2200 BC) that

lka = thousands of radiocarbon years before present.
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peaks at 4.6-4.2 ka (3400-3000 BC). This flood period is followed by a marked

absence of large floods on any of the rivers from 3.6-2.2 ka (2200-400 BC). After 2.2

ka, the number of floods gradually increases, although there is a slight decrease around

1.8-1.6 ka (200-400 AD). The number of floods rises to a peak at 1-.8 ka (1000-1200

AD). This peak is especially notable in that the largest floods on several rivers

throughout the region fall between 1.2 and .8 ka (800-1200 AD). Many of the floods

in the cluster actually occurred close to the center of this interval, between about .9

and 1.1 ka (Figs. 38-44). The break between the 200-year intervals falls in the midst

of this group of floods, which slightly distorts the depiction in Fig. 45. This

distinctive period of flooding is followed by an equally pronounced drop in the

number of floods from .8-.6 ka (1200-1400 AD).

From .6 ka (1400 AD) to the present, the number of floods jumps off the scale

of the graphs. The absolute magnitude of this increase relative to the earlier periods is

difficult to determine. The number of rivers represented in the sample progressively

decreases farther back in time, as there are naturally more deposits preserved from

relatively recent floods (Fig. 46). Steps were taken to determine whether the last few

hundred years represents a true increase in the frequency of floods. The sites on a few

rivers only contained deposits that yielded modern (calibrated age ranges from —1660-

1950 AD) or post-1950 14C dates. These sites may not be suitable for long-term

preservation of flood deposits. The low deposits that are inset against the higher

deposits at some of the sites also increase the number of recent floods in the record

(Fig. 4). These deposits are closest to the effective flow of the rivers and may be

flushed out relatively frequently compared to the higher, older deposits farther back

from the river. Similar inset deposits from earlier floods are not preserved.
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To effectively compare the peak in floods over last few hundred years to the

earlier flood periods, floods from sites that only record the last 400 years BP

(Buckskin, Oak Creek, Bill Williams, Big Sandy, Tonto, San Francisco, and Gila

Rivers) were omitted. Any recent inset deposits that appeared to be associated with

smaller floods than the older deposits at the same site (includes deposits from the

Paria, East Fork, Virgin, Verde, and Salt Rivers) were also subtracted from the total

number of floods. These cuts reduced the total number of floods in the last two

intervals in Table 2 to 24 and 35, and the last 3 intervals in Table 3 to 15, 16, and 39,

listed from oldest to youngest. The number of floods in each 200-year interval were

then divided by the number of rivers represented in that interval (Fig. 46). The

resulting histograms (Fig. 47) still show a substantial increase in floods over the last

600 years, especially in the last 200-400 years. This procedure shows that the recent

peak in floods is probably real, but it may unreasonably exaggerate the magnitude of

the earlier flood clusters. The raw data (Fig. 45) is therefore employed in the

remaining analyses.

Evidence from tree-ring and historical records indicates that many large floods

in this time span occurred during two periods: around 500 BP and in the mid-1800s

to early 1900s AD. Many rivers in Arizona and southern Utah experienced an

exceptionally high frequency of large floods between 1905 and 1941 (Appendix C).

Historic observations also record several floods in the latter half of the 19th century

(Durrenberger and Ingram, 1978; Sellers et al., 1986; Dobyns, 1981; Webb, 1985)

(Appendix C). As discussed in Chapter 1, it is very unlikely that increased human

activity, such as grazing or urbanization, during this period would have had a

significant influence on the exceptionally large floods, which probably override the
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Table 2. Number of floods on each river in 200-year intervals, based on conventional

Ka BP
.2-0
.4-.2
.6-.4
.8-.6

1.0-.8
1.2-1.0
1.4-1.2
1.6-1.4
1.8-1.6
2.0-1.8
2.2-2.0
2.4-2.2
2.6-2.4
2.8-2.6
3.0-2.8
3.2-3.0
3.4-3.2
3.6-3.4
3.8-3.6
4.0-3.8
4.2-4.0
4.4-4.2

4.8-4.6
5.0-4.8
5.2-5.0
5.4-5.2
5.6-5.4
5.8-5.6

radiocarbon dates.

Es Bo Pa Bu Ka

4	 6	 6	 18	 6
1	 8	 3

3	 1	 3	 1

1	 1
2
4
2
1
1
2

1
1

River
EF Vi LC BW BS Ve Sa To Ok

11	 4	 1	 5	 11	 15	 7	 9	 2
20	 4 	13	 112

3	 3	 1
1	 2

4	 3	 1
1	 1	 1
1	 1
1

1	 0
2
2

2

1
1
6	 1
2	 3

3

1

SF

11

Gi

10

Ar

4

1

Rd Co

2	 4
 6

2
1	 1

1
1

3
1
1
1

1
2

Pc Dv

4	 1
2
3
1
1

1
2

2
2

1
1	 1
2	 1
1	 1
1	 1
1	 1
1
2	 2
1
1
4

1	 1
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Table 3. Number of floods on each river in 200-year intervals, based on
dendrocalibrated calendar year dates.

cal yr
Es Bo Pa Bu Ka EF Vi LC BW BS

River
Ve	 Sa To Ok SF Gi Ar Rd Co Pc Dv

AD 1800-1990 4368 6 17 4 1 2 11 15 8 7 2 6 6 4 2 1 5 1
1600-1800 3 14 2 14 1 2 2 2 1 2 5 2 1
1400-1600 2 1 3 4 1 5 1 21 41 61
1200-1400 1 1 1 2 1 1 2 3
1000-1200 1 1 5 2 1 1 1
800-1000 3 1 1 1 1 1 1 1 2
600-800 3 1 1 1
400-600 2 1 1 2
200-400 1 1

0-200 1 2 1
BC 200-0 1 1 22

400-200 1 1 2
600-400
800-600 1
1000-800 1 1 1

1200-1000 1
1400-1200 1 1
1600-1400 1
1800-1600 2
2000-1800
2200-2000 1 1
2400-2200 1 1 2
2600-2400 1 1 2
2800-2600 1 1 1
3000-2800 1 1 1
3200-3000 2 2
3400-3200 3 2 2
3600-3400 3 3
3800-3600 2 1
4000-3800
4200-4000
4400-4200
4600-4400 1
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Figure 47. Regional paleoflood frequency on combined southwestern rivers in which
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floods after 400 BP (a) or 1400 AD (b) were omitted. The last 400 years still
show a high frequency of floods, indicating that this increase is not solely due
to better preservaton of recent events. The relative importance of earlier flood
periods is probably incorrectly distorted by this normalization process, thus no
further conclusions were drawn from this depiction of the data. * = largest
flood on one of the rivers.
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effects of minor changes in vegetation by the sheer magnitude of the precipitation.

The long-term significance of this cluster of floods is difficult to evaluate with

the historic records alone, but other studies indicate that the turn of the century was

one of the most important periods of large floods in at least the last few hundred

years, and perhaps the last 1000 years. A study of flood-scarred trees on Kanab Creek

in southern Utah (McCord, 1990; Webb et al., in press), several of which have records

extending back to AD 1500, shows multiple scarred trees from AD 1520 and a dense

cluster of floods from 1866-1910. During the intervening years, the trees contain

relatively few scattered flood scars. A combination of flood deposits and historic

records show the same bimodal pattern on the Escalante River (Webb, 1985) and Paria

River (R.H. Webb, unpublished data) in southern Utah and the Salt River (Partridge

and Baker, 1987; O'Connor et al., 1986a) in central Arizona. Rattlesnake Canyon in

the Verde River drainage (McCord, 1990) also shows a period of multiple flood-

scarred trees between 1828 and 1919 and none in the previous 100 years.

Previous studies have reconstructed annual or seasonal streamflow over the last

few hundred years on several rivers in the study area using time-series analysis of tree

rings (Stockton, 1975; Stockton and Jacoby, 1976; Smith, 1981; Smith and Stockton,

1981; Graybill, 1989). Seasonal streamflow does not correspond directly to floods, but

these studies shed additional light on the patterns indicated by the limited flood data.

This method is especially relevant in central Arizona, where the largest historic floods

are from winter storms (see Chapter 4), and tend to coincide with years of above-

average total winter streamflow (Smith, 1981).

Seasonal streamflow (October-April) was reconstructed for the Verde and Salt

Rivers in central Arizona for AD 740-1370 and 1800-1979 (Graybill, 1989) and AD
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1580-1979 (Smith, 1981; Smith and Stockton, 1981). On both rivers, the period from

1905-1920 had the greatest frequency of years with above-average winter discharge in

the 400-year record (AD 1580-1979) (Smith and Stockton, 1981), and there was an

increased frequency of high-flow years from the late-1700s through early 1900s

relative to the previous 200 years (Smith and Stockton, 1981). The period from 1905-

1920 also stands out as one of the highest-flow periods when compared to the

reconstructed streamflows from 740-1370 and 1800-1979 (Graybill, 1989). On each

river, six of the ten highest seasonal flows in Graybill's (1989) reconstruction occurred

between 1830 and 1920, and several more coincided with the earlier cluster of

paleofloods between 800 and 900 AD. (Table 4). The highest seasonal streamflow in

the earlier period of this reconstruction occurred in 899 AD (Nials et al., 1989). The

largest paleoflood on the Verde River, and probably the Salt River as well, also

occurred around this time (Appendices B9 and B12; Fig. 41). Many of the lowest

seasonal streamflow reconstructions occurred during a severe historical drought from

1892-1904 and between 1200 and 1300 AD (Table 4), a time of a sharp decrease in

large floods throughout the region (Fig. 46). Unfortunately the period with a possible

increase in large floods around 500 years ago is not covered by either study.

Paleoflood Patterns in Different Subregions

Southwestern Region 

The flood records for the northern and southern portions of the study region are

remarkably similar during the period in which they overlap (Fig. 48). Both show the

cluster of particularly large floods around 1 ka, a period of relative quiescence from

.8-.6 ka, and a substantial increase in the last 600 years. The longest paleoflood
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Table 4. Highest and lowest reconstructed October-April streamflows on the Salt and
Verde Rivers during the combined periods AD 740-1370 and AD 1800-1979.
(data from Graybill, 1989).

Verde River,
AD 740-1370;

Year AD

highest discharges
1800-1979

Seasonal Discharge

Verde River,
AD 740-1370;

Year AD

lowest discharges
1800-1979

Seasonal Discharge
(hundreds of acre-ft) hundreds of acre-ft)

1906 15063 1857 726
1920 12826 954 886
1868 11748 1227 982
899 10021 1902 1003

1866 8921 1263 1004
805 8250 1286 1016

1849 8211 1121 1044
803 8184 1067 1047

1917 8156 1822 1049
1080 8070 809 1055

Salt River,
AD 740-1370;

Year AD

highest discharges
1800-1979

Seasonal Discharge

Salt River,
AD 740-1370;

Year AD

lowest discharges
1800-1979

Seasonal Discharge
(hundreds of acre-ft) hundreds of acre-ft)

1868 20452 1864 744
1911 14646 1360 751
1839 14506 1227 766
1979 12799 1904 771
1129 12590 1254 777
899 12096 1067 811

1838 11869 1286 815
1358 10860 1263 830
1914 10482 1347 877
1865 10139 1902 880
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records in the region are mainly from the northern portion of the study region, on

rivers that flow through deep canyons cut into the Colorado Plateau--the Virgin, Paria,

Escalante, and Little Colorado Rivers (Fig. 48a). The similarity between the two

halves of the study area in the last 1000 years, together with the hydroclimatic

analysis of modern floods in different subregions (Chap. 4), provide evidence that

these longer records are representative of the region as a whole in the earlier portion

of the chronology. Many of the large floods in central Arizona are from winter

storms, those in southern Arizona and Utah are mainly from tropical cyclones and

summer storms, while those on the Little Colorado and Virgin River are more of a

mixture. However, the largest floods in the modern records from rivers throughout the

region are mainly associated with tropical cyclones or winter storms, and occur under

similar large-scale atmospheric and climatic conditions (Chap. 4).

Colorado River 

The Colorado River drainage at Lees Ferry integrates a large region of the

western U.S. from the Rocky Mountains to the Great Basin (Fig. 8). Most of the large

historic floods at this location are from late-spring snowmelt (Appendix C) and

represent snow accumulation during multiple winter storms in the upper basin. In

contrast, the majority of the floods on the other rivers in the Southwest are direct run-

off from single storms. Nonetheless, the paleoflood record from the Colorado River

site supports the patterns from Arizona and southern Utah (Fig. 45a and 49a). There

is a period of floods between 4 and 3.6 ka, followed by a hiatus of about 1000 years.

The second group of floods begins at —2.8 ka, earlier than on the southwestern rivers,

and continues sporadically with a slight peak around 2 ka. The last 1000 years are
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very similar to the records from the southwestern rivers: a slight peak around 1 ka, a

hiatus from .8-.4 ka, and a marked increase over the last 400 years. Annual

streamflow reconstructions from tree rings show that once again, 1906-1930 was the

greatest period of high flows in the last 450 years for the Colorado River at Lees

Ferry (Stockton and Jacoby, 1976).

The Colorado River paleoflood record provides evidence that the long-term

changes in the frequency of floods are not confined to the southwestern rivers, but

represent large changes that affect a substantial portion of the western U.S.



143

Pecos and Devils Rivers, Texas 

The major floods at these sites are produced by Atlantic hurricanes and tropical

storms that move into Texas from the Gulf of Mexico. The distribution of the

paleoflood deposits on the Pecos and Devils Rivers in southwestern Texas is fairly

uniform through time (Kochel, 1980, 1988; Patton and Dibble, 1982) (Fig. 49b). This

pattern is partly due to the resolution in the radiocarbon dating, but probably reflects

climatic conditions as well. Despite the poor resolution in radiocarbon dating, the

increases in flood frequency appear to coincide with those in the southwestern rivers:

4.6-4.4 ka, 4-3.8 ka, possibly 3-2.8 ka, and after 0.6 ka. There is a notable increase in

both the frequency and magnitude in the most recent time interval (last 200 years).

The 1954 Hurricane Alice flood was the largest in the historic record and very

possibly the largest on the lower Pecos River in the last few thousand years (Kochel et

al., 1982; Patton and Dibble, 1982).

Patton and Dibble (1982) noted that changes in the sedimentological character

of the flood deposits in Arenosa Shelter were consistent with regional climatic changes

(Bryant and Shafer, 1977). The flood deposits before 9.5 ka and from 3.2-2.4 ka are

thin and fine-grained, corresponding with periods of wetter climatic conditions in the

region. The thicker, coarser-grained deposits from approximately 9-3.2 ka and after 2

ka correspond with more xeric conditions. Patton and Dibble (1982) interpreted the

latter as deposits from larger floods that were apparently less frequent (on average)

because of the generally greater accumulation of cultural materials between the flood

deposits (Patton and Dibble, 1982). However, there are short episodes of numerous

floods in these intervals (Fig. 49b). Thus, the more arid periods are associated with
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larger floods that occurred sporadically, while the humid periods are associated with

more frequent small floods.

The intervals with different types of flood deposits on the Pecos River coincide

with major changes in the flood chronology from Arizona and southern Utah (Fig

45a). The period of humid climate and frequent moderate-sized floods from 3.2-2.4 ka

coincides with the virtual lack of large floods on the rivers in the southwestern U.S.

The larger floods but drier climate in Texas before and after this period were times of

increased floods and wetter conditions in the Southwest. Thus, the major periods of

large floods in the two regions correspond in time, although the average climatic

conditions associated with the flood periods differ. Thus, both regions experienced

large floods during the same extended time intervals, although the general climatic

conditions in the two regions differed during these periods.

Summary

A regional flood chronology for the southwestern U.S. was constructed by

combining the floods from all of the rivers in 200-year increments. The resulting

5000-year chronology revealed flood periods from 5-3.6 ka and after 2.2 ka, with

particularly prominent clusters of large floods at 4.6-4.2 ka, 1.2-.8 ka (especially 1.1-.9

ka), and after .6 ka. There was very little evidence of paleofloods from 3.6-2.2 ka and

.8-.6 ka. Within the last 600 years, two periods of large floods stand out, one

approximately 500 years ago and one from the mid-1800s to early 1900s AD. The

paleoflood record from the Colorado River supports the temporal pattern of floods on

the southwestern rivers. Changes in the sedimentological character of the flood

deposits on the Pecos River also coincide with major changes in the southwestern
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paleoflood records. The long-term periods of extreme events in the two regions

correspond in time, although the general climatic conditions during these times differ.

The synchroneity of the major changes in all of the regional flood chronologies

indicates that the variations in the frequency of large floods reflect changes in global-

scale climatic factors.
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CHAPTER 4. HYDROCLLMATOLOGY OF MODERN FLOODS

Flood hydroclimatology places hydrologic events within their climatic context,

considering them as part of the series of indvidual short-term events that taken

together form the longer-term, broader-scale conditions that comprise climate

(Hirschboeck, 1988). The commonly held view of climate as the mean weather

conditions in a region downplays the extreme events that are likely to have the

greatest short-term impact on the human population. Variance is an integral element

of hydroclimatology, and is directly tied to the occurrence of extreme events. The

idea that decadal-scale circulation changes can affect the mean, variance, and skew of

flood distributions was proposed by Knox (1983; 1988) and expanded and applied to

the Southwest by Hirschboeck (1985; 1988). The linkage between changes in large-

scale atmospheric circulation and geomorphic processes was also introduced and

subsequently explored in detail by Knox (1976; 1983; 1985; 1988; 1991). Over the

last two decades, others have taken up and built upon these ideas (e.g. Enzel et al.,

1989; Hirschboeck, 1985, 1988; Webb, 1985; Webb and Baker, 1987; Webb and

Betancourt, 1992). For example, on the Santa Cruz River in southern Arizona, the

mean discharge has remained relatively constant over the period of record, but the

variance and skew coefficient of the flood distribution have changed in concert with

decadal-scale changes in prevailing atmospheric circulation conditions over the

northern hemisphere (Dzerdzeevski, 1963, 1969) that affect the frequency of large

floods (Webb and Betancourt, 1992).

Often the interaction of multiple meteorological phenomena creates the

necessary conditions for the occurrence of extreme floods (Maddox et al., 1979, 1980;

Hirschboeck, 1988). One goal of flood hydroclimatology is to gain a broader
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perspective on these rare events, each associated with a unique set of meteorological

factors, and search for common threads that may increase our understanding of the

type of large-scale atmospheric conditions under which they occur. An understanding

of the meteorological conditions associated with modem floods in the Southwest is the

key to making accurate climatic interpretations of the temporal and spatial patterns in

the paleoflood records. Detailed studies of modem floods reveal the specific storm

types and atmospheric conditions that generate large floods in the southwestern U.S.

(Pyke, 1972; Maddox et al., 1979, 1980; Hansen and Schwarz, 1981; Hirschboeck,

1985, 1987; Smith, 1986; Enzel, 1990; Webb and Betancourt, 1992). Once the

meteorological conditions associated with individual events are defined, changes in the

frequency or magnitude of these extreme events over the last century can be viewed in

relation to variations in climatic factors such as precipitation, temperature, broad-scale

atmospheric circulation patterns, sea-surface temperature, or the El Nifio/Southern

Oscillation. The effects of decadal-scale climatic fluctuations on the occurrence of

recent floods illustrate the possible effects of prevailing climatic conditions on the

frequency of extreme floods during specific times in the past.

The central questions that emerge from this discussion form the basis of this

chapter: 1) how do the storms and large-scale atmospheric conditions associated with

the most severe floods vary throughout the study region? 2) how do decadal-scale

climatic fluctuations affect the occurrence of these large floods? 3) are these flood-

hydrological effects similar for longer-term climatic changes lasting centuries to

millenia? The analysis of modern analogues contributes to the interpretation of the

paleoflood records by addressing the first two questions. The paleoflood patterns in

turn are essential for addressing the last question by providing insight into the scales
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over which these relationships between floods and climate operate. With these

objectives in mind, the analysis of the modern meteorological and hydrological data

was intentionally directed toward compiling information that contributed to the

understanding of modern flood hydroclimatological processes, yet remained general

enough to serve as useful analogues to past conditions about which there is only

rudimentary knowledge.

flood-producing Storm Types 

Floods in the southwestern United States are caused by anomalous

meteorological conditions that transport large quantities of moisture into the normally

arid and semiarid environment (Hansen and Schwarz, 1981). The types of storms and

atmospheric circulation patterns associated with floods vary with geographic location

and season. For this study, storms that cause floods in the Southwest were grouped

into three general categories: winter North Pacific storms, late-summer and fall

tropical cyclones from the eastern North Pacific, and summer storms. There are

several subtypes within these general groups; Hirschboeck (1985) recognized 8 types

of flood-producing storms in the Gila Basin of Arizona. However, the selection of a

few very broad storm categories is more suitable for using the modern floods as

analogues of the paleofloods. Most of the floods in southern Arizona and south-

central Utah are caused by tropical cyclones and summer 'monsoonal' thunderstorms

(Hirschboeck, 1985; Webb, 1985; Webb and Betancourt, 1992; Hereford and Webb, in

press). Floods in central Arizona are dominated by winter storms, with a few caused

by tropical cyclones. Floods in the Virgin River and Little Colorado River are caused

by mixtures of winter, summer, and tropical storms.
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Winter Storms

Winter storms that affect the southwestern U.S. generally result from relatively

strong, persistent, large-scale atmospheric patterns over the North Pacific (Weaver,

1962; Pyke, 1972; Hirschboeck, 1985). The wettest years on record in Arizona

resulted from a series of a few intense frontal storms during the winter months (Sellers

and Hill, 1974). These storms are associated with large-scale low-pressure systems

traveling in the upper air westerly wind belt (Fig. 50). During dry winters in the

Southwest, the westerlies flow to the north of a high pressure ridge over the Pacific

off the West Coast and enter the continent over the Pacific Northwest. In wet winters

the high pressure center tends to be displaced to the west, and a low-pressure trough

develops over the western U.S. (Webb and Betancourt, 1992). Occasionally a deep

trough steers major cyclonic centers into this area of the Southwest, raising the

potential for large floods (Hirschboeck, 1985). The specific meteorological features

associated with these extratropical storms are varied, including stagnating cut-off lows,

series of fast-moving occluded fronts from the west, high-latitude lows that move

down the coast from the northwest, and low-latitude lows that incorporate moisture

from the southwest, among others (Hansen and Schwarz, 1981). In a larger

hydroclimatic sense, these variations are less important than the large-scale

atmospheric conditions that allow the storm track to shift to the south and penetrate

the Southwest--highly meridional upper air flow with strengthened westerlies over the

subtropics and weakened westerlies over the mid-latitude North Pacific that raise the

potential for low-pressure anomalies off the western coast of North America.

The entire region experiences winter floods to some degree, although they are

infrequent in south-central Utah. Winter storms are the dominant cause of floods in
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central and western Arizona, and have caused many of the most extreme floods in the

study region, even on some rivers where they are not the most common source of

floods. Because the atmospheric circulation patterns that bring winter storms to the

region often persist through the season, many of the largest floods have occurred

during the course of several successive storms within a single winter. This was the

situation that led to the severe floods in Arizona and southern California during a

series of storms separated by short breaks in January and February, 1980 (Wahl et al.,

1980). Winter North Pacific storms are also often widespread, as with two Pacific

storms in February, 1891. Severe floods ravaged almost the entire state, from the

Santa Cruz and San Pedro Rivers in the south to the Little Colorado River in the north

(Durrenberger and Ingram, 1978; Dobyns, 1981; Sellers et al., 1985). The 1891

storms caused the largest floods in the historic records of several rivers in central

Arizona, including four rivers in the paleoflood study: the Salt, Verde, Bill Williams,

and Virgin Rivers.

Tropical Cyclones

Some of the largest floods on rivers in the southwestern U.S. are associated

with moisture from dissipating tropical cyclones from the eastern North Pacific (Smith,

1986; Webb and Cayan, 1990; Webb and Betancourt, 1992; Cayan and Webb, in

press). Most of these tropical cyclones form off the coast of southern Mexico from

100 to 15° N. latitude and 95° to 100° W. longitude and follow a track to the

northwest before dissipating over the Pacific Ocean when they hit colder water or

strong westerly winds (Eidemiller, 1978). Occassionally the cyclone tracks recurve

toward the northeast and dissipate over land, usually Baja California or western
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mainland Mexico (Fig. 51). Intact cyclones have entered the southwestern U.S. only

three times this century, in 1939, 1972, 1976 (Smith, 1986). The frequency of

recurvature is greatest in the fall (September and October), associated with the

weakening and equatorward migration of the subtropical high pressure center and a

greater incidence of mid-latitude low-pressure troughs at lower latitudes (Eidemiller,

1978). Above-normal sea-surface temperatures off the coast of Baja California also

contribute to this phenomena by permitting the tropical cyclone to form farther off the

coast and remain fully developed farther north than usual (Hansen and Schwarz, 1981;

Cayan and Webb, in press).

The simultaneous occurrence of a deep low-pressure trough or cut-off low

pressure system in the mid-latitude westerly upper-air flow is often the mechanism that

steers a tropical cyclone toward the east and draws the moisture into the inland

Southwest, resulting in intense precipitation and floods (Pyke, 1972; Douglas, 1974;

Sellers and Hill 1974; Hansen and Schwarz, 1981; Smith, 1986; Webb and Cayan

1990; Cayan and Webb, in press). Cut-off lows form when a low-pressure system

separates completely from a deep trough in the upper air mid-latitude flow, creating

closed isobar contours in the 500-mb height patterns (Fig. 52). They generally move

slowly, and those that affect the inland Southwest often organize and intensify off the

coast of central California before migrating slowly to the southeast and over Arizona

(Hansen and Schwarz, 1981; Pyke, 1972). Although the generation of tropical

cyclones peaks in July and August (Eidemiller, 1978), the cut-off lows that affect

Arizona peak in the spring and fall; very few occur during the summer months (Webb

and Betancourt, 1992). As a result, the floods in the Soutwest associated with tropical

cyclones occur in the fall, when the overlap in the occurrence of tropical cyclones and
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Figure 51. Example of tropical storm tracks that recurved toward northeast and
resulted in heavy precipitation in Arizona (from Hansen and Schwarz, 1981).
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Figure 52. Cut-off low in the 500-mb height contours on October 1, 1983 that
coincided with tropical storm Octave and was associated with severe floods on
rivers in southeastern and central-eastern Arizona; most floods peaked on
October 2 (see Appendix C2).
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September 4, 1970
	

(1200 GMT)
	

September 5, 1970
	

(1200 GMT)

September 4, 1970
	

(1200 GMT)
	

September 5, 1970
	

(1200 GMT)

Figure 53. Atmospheric conditions on September 4-5, 1970 leading to extreme floods
in central Arizona on September 5 (see Appendix C2); upper diagrams =
surface weather maps; lower diagrams = 500-mb height contours. The 500-mb
heights for September 4-5 show the tropical storm to the south and the
migration of a cut-off low over the western U.S. (modified from Hansen and
Schwarz, 1981).
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cut-off lows is greatest.

Tropical cyclones are associated with large floods throughout the study area,

but are of particular importance in southern Arizona and southern Utah, where they

have contributed to many of the largest floods on record. Two notable storms that

produced some of the most severe floods in southern and central Arizona on

September 4-6, 1970 (Roeske et al., 1978; Hansen and Schwarz, 1981; Hirschboeck,

1988) and October 2-3, 1983 (Saarinen et al., 1984; Roeske et al., 1989; Hjalmarson,

1990; Webb and Betancourt, 1992), resulted from the synergistic interaction between a

tropical cyclone and a cut-off low (Figs. 52 and 53).

Summer Storms

The summertime rainfall period in the southwestern U.S. and northern Mexico

from July to September is mainly attributable to the southwestern U.S. monsoon. The

southwestern monsoon has been likened to the much stronger Tibetan monsoon; both

are driven by seasonal heating of interior plateaus (Tang and Reiter, 1984). The influx

of moist tropical air from the south coincides with the northward and westward

migration of the Bermuda subtropical high pressure ridge (Bryson and Lowrey, 1955;

Douglas and Englehart, 1990) and the northward migration of the subtropical Pacific

high pressure cell (Webb and Betancourt, 1992) (Fig. 54). The monsoon was

originally attributed to incursions of moisture from the Gulf of Mexico (Bryson and

Lowrey, 1955), but the Gulf of California and eastern tropical Pacific have been

shown to be major sources of moisture as well (Hales, 1972; 1974; Hansen and

Schwarz, 1981). Both sources are potentially possible within a single season

(Carleton, 1985), perhaps with convergence of Atlantic and Pacific airflow into a low-
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A.
August 2, 1951 (1230 GMT)

August 2, 1951
	

(1500 GMT)

Figure 54. Example of large-scale atmospheric circulation conducive to summer
monsoon thunderstorms in the southwestern U.S., showing the subtropical high-
pressure zone over the southeastern U.S., a low-pressure zone over the western
U.S., and a southerly wind direction into Arizona. These particular conditions
on August 2, 1951 were associated with a flood on the San Pedro River in
southern Arizona; A = surface weather map; B = 500-mb heights. From
Hansen and Schwarz, 1981.



158

pressure trough over western Mexico and the southwestern U.S. (Reyes and Cadet,

1988).

Regardless of the source of the moisture, the summer monsoon is associated

with frequent, scattered, convective thunderstorms that are triggered by intense surface

heating and enhanced by orographie effects. These storms often result in local

flooding (Maddox et al., 1980; Hirschboeck, 1985; Carleton, 1985; 1987). Summer

thunderstorms are a major cause of extreme floods on small drainages in the region

(Osborn and Laursen, 1973; Hirschboeck, 1991; House, 1991). The rivers included in

this study all have relativley large drainage basins, and summer storms are mainly

associated with moderate floods, particularly in southern Arizona and southern Utah.

Because of their limited spatial and temporal extent, typical summer thunderstorms are

not a principal cause of the very largest floods on most of these rivers. However, the

large, highly organized, multiple-celled convective systems known as mesoscale

convective complexes are capable of producing floods on larger rivers because of their

greater areal extent and longer duration (Hirschboeck, 1991). In smaller watersheds

summer storms tend to produce the very largest floods (Kyle House, unpublished data,

1991). These events would have a greater importance in the paleoflood records from

this area in a study that included smaller drainage basins, and probably altering the

temporal patterns of the regional paleoflood record.

As with the winter storms, the summer monsoon storms can be related to a

variety of specific meteorlogic conditions, which I have not distinguished for this

study (Hansen and Schwarz, 1981; Hirschboeck, 1985). I have included in this

category the floods between late June and early October that did not coincide with a

tropical storm in the region. Most of these are classic local monsoon thunderstorms
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that result in a large flood on only one river. The large-scale meteorolgical features

associated with the individual thunderstorms are difficult to characterize, as the upper

air (500-mb) patterns rarely indicate a discernable inflow of moisture (Hansen and

Schwarz, 1981). Monthly anomaly maps associated with widespread monsoon floods

better depict the general pattern of northerly displaced high-pressure centers that

allows moisture to move into the the region (Hirschboeck, 1985).

Hydroclimatic Analysis 

The flood hydroclimatic analysis of atmospheric patterns and storms types

provided a link between floods and larger-scale climatic conditions. The analysis

presented here focuses on the atmospheric circulation anomalies associated with only

very large floods (^ 10-year recurrence interval) on rivers in different subregions of

the study area. Atmospheric patterns unique to the most extreme events could be

obscured in an analysis that included smaller floods, such as the annual flood series.

The largest modern floods most likely represent the floods preserved in the paleoflood

records.

The hydroclimatic analysis is presented in three sections as follows:

1) Composite anomaly maps of the atmospheric circulation conditions associated with

floods from winter storms and tropical cyclones were developed for 7 subregions. The

composite anomalies were calculated from daily 700-mb height data (1947-1988) and

mean monthly SLP data (1899-1988) for the dates of the floods with ^10-year

discharges.

2) A daily classification of synoptic atmospheric circulation patterns from 1899-1980

for the western U.S. (Barry et al., 1982) was employed to compare and contrast the
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synoptic patterns associated with extreme floods of all types among the different

subregions.

3) The temporal distributions of large floods from different storm types and in

different subregions were viewed in the context of variations in global and regional

climatic, atmospheric, and oceanic phenomena over the twentieth century.

Previous studies have approached the relationship between large-scale upper-air

atmospheric circulation anomalies and high mean-monthly or seasonal streamflow on

rivers in the western U.S. (Cayan and Peterson, 1989). Hirschboeck (1985) calculated

the monthly 700-mb height anomalies associated with partial-duration series floods

from winter, tropical, and summer storms, and cut-off lows on rivers in southern

Arizona. The results delineate large-scale circulation patterns associated with

moderate to large floods in the southern portion study region.	 The current study

builds on these results by restricting the sample to larger floods, expanding the spatial

coverage. The previously published method for determining the composite mean-

monthly SLP anomalies associated with floods on the Mojave River in southern

California (Enzel et al., 1989; Enzel, 1990) was a model for the approach taken in

developing the circulation anomalies for this study.

Other studies have focused on climatic aspects of floods on individual rivers in

different parts of the current study region (Hereford, 1984, 1986; Webb, 1985; Webb

and Baker, 1987; Betancourt, 1990; Graf et al., 1991; Webb and Betancourt, 1992).

Numerous studies have contributed to understanding the hydrometeorology of the

region by analyzing the meteorological aspects of storms that bring significant

precipitation to the southwestern U.S. (e.g. Weaver, 1962; Pyke, 1972; Douglas, 1974;



Hansen et al., 1977; Maddox et al., 1980; Hansen and Schwarz, 1981; Smith, 1986;

Hirschboeck, 1987a,b).
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Description of Subregions and Flood Data

Subregions 

The study area was divided into six subregions (Fig. 55), and floods on the

largest rivers in each region formed the dataset for the modern hydrometeorological

analyses. The subregions were delineated primarily on the basis of geographic

location and topography, but regional variations in the dominant flood-generating

storm-types also consistently follow these divisions. The subregions are as follows:

1) the Virgin/Muddy region covering southwestern Utah and southern Nevada, 2)

Southern Utah, including the rivers in south-central Utah and extreme northern

Arizona, 3) The Bill Williams drainage in western Arizona, 4) the Little Colorado

drainage in northeastern Arizona, 5) Gila North, including the northern tributaries to

the Gila River, and 6) Gila South, including the southern tributaries to the Gila River.

The Mojave River in southern California was included for comparison with the

primary subregions, using data from Enzel (1990; personal communication, 1991).

All rivers with paleoflood studies that have gaged records were included in the

modern analyses. Rivers that do not contain paleoflood records were added to obtain

a more comprehensive representation of storms that affect each subregion. The Bill

Williams, Little Colorado, and Mojave subregions each consist of flood records from a

single river basin, the Virgin/Muddy subregion has two rivers, and southern Utah has

four rivers. The Gila North and Gila South subregions each consist of five major

tributaries to the Gila River, which forms the boundary between the two. The

mainstem Gila River itself was not considered because the majority of the drainage

basin is included in the separate tributary records.



Figure 55. Subregions of Arizona and southern Utah used in the modern
hydroclimatological analysis; LCR = Little Colorado, BW=Bill Williams, other
subregions as labeled. The Mojave River in southern California was also
included in some of the analyses.
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Flood Data 

The discharge records at U.S. Geological Survey gages were used to derive a

list of large floods from 1900-1988 on each of the selected rivers in the subregions.

These floods formed the basis for all of the modern hydrometeorological analyses in

this study. For a given river, the gaging station with the longest record was chosen as

the primary source of flood data. On some rivers, data from multiple gaging stations

were combined to extend the total period of record or increase the number of floods

by covering different parts of the drainage basin (Fig. 56; Appendix Cl).

On each river, floods that exceeded the 10-year recurrence interval discharge at

the representative gaging station(s) were selected for the modern analyses (Appendix

C). The 10-year peak-annual discharge values were obtained from Anderson and

White (1979) for the gaged records on the rivers in Arizona, and Thomas and

Lindskov (1983) for the rivers in Utah. The 10-year recurrence interval was chosen as

an objective measure to isolate the largest events on rivers of different sizes, but has

no particular hydrological meaning for this study. A fairly regular break in discharge

magnitude at the 10-year return period on many of the rivers made this an appropriate

lower limit.

Analyzing the circulation patterns, especially producing the composite anomaly

maps, requires as many flood dates as possible, so some reasonable exceptions were

made in the above criteria to increase the sample population. Floods that fell slightly

below the 10-year discharge but well above the next-largest event were included

(Appendix C). Most of these floods exceeded the 10-year threshold on rivers in other

subregions. Historic floods were also included when there was evidence that they

were probably large enough to have exceeded the 10-year threshold, even if the exact
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Figure 56. Locations of U.S. Geological Survey gaging stations used in the analysis
of modern floods. Numbers refer to the list of stations in Appendix Cl.
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discharge was unknown (Appendix C2). The date of the flood rather than the precise

magnitude is the important factor in this study. The early part of the century is a

particularly interesting period of frequent large floods, and it was necessary to rely on

historic records of many of these. On the Mojave River, only the most extreme floods

reach the normally dry terminal playa, creating temporary lakes (Enzel, 1992). During

the period of the gaged record, all of the lake-forming floods exceeded the 10-year

discharge at Barstow, California (Appendix C). Therefore, the historic record of lake-

forming events (Enzel, 1990) formed the basis for choosing the floods that predated

the gaged record.

Floods by Storm Type

Most of the floods listed in Appendix C2 were placed into one of three

categories relating to the causal storm type: winter, tropical cyclone, or summer.

Winter floods included all those that occurred between November and March. A few

floods in October and April were also grouped with the winter floods when the

meteorologic conditions were similar to those of other North Pacific winter storms.

Floods that were directly related to moisture from a dissipating eastern North Pacific

tropical cyclone were placed in the tropical cyclone category. These were defined

specifically as floods that occurred during or a few days after the dates of tropical

cyclones that affected the southwestern U.S. (Smith, 1986).

The summer flood category includes the remaining floods from late June

through September. The scattered nature of the summer thunderstorms makes the

summer floods difficult to characterize in terms of larger-scale circulation patterns and

long-term variations. Since the precipitation is largely convective, local air
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temperature anomalies caused by feedbacks such as soil moisture, albedo, and

evapotranspiration in isolated valleys may have a greater influence on the development

of summer storms than the large-scale circulation (Douglas, 1988). In addition, some

storms that occur during the summer months (July-September) are well-developed

cyclonic systems that move in from the Pacific and create more widespread

precipitation. These do not fit the classic definition of monsoon thunderstorms. An

example is the mid-latitude low-pressure system from the Pacific that stalled over

south-central Utah on August 31 and September 1, 1909, causing floods on rivers

across southern Utah (Webb, 1985). The possibility remains that these floods were

associated with a tropical cyclone, since some of the tropical cyclones in the early part

of the century went undetected (Smith, 1986).

The few floods that did not clearly fit into one of the three main storm

categories were left unclassified, including those in August-September 1909 (Appendix

C2). Most occurred during the transition from summer to winter. Of particular

interest were the floods in central Arizona on October 19-20, 1972. These floods were

associated with a trough in the mid-latitude upper air flow, typical of a winter storm

pattern, that occurred two weeks after Hurricane Joanne (September 29-October 6,

1972) (Taubensee, 1973). Joanne was the second tropical storm to move into the

southwestern U.S. in this century and the first to actually enter Arizona (Smith, 1986).

Few rivers experienced large floods during the hurricane, but the heavy rainfall

saturated the ground and possibly contributed to the numerous floods later in the

month (Smith, 1986).
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Storm Types in Subregions of Arizona and Southern Utah 

All of the subregions have a bimodal distribution of mean monthly

precipitation (Fig. 3). Differences in the relative amounts of summer vs. winter

precipitation over distances of a few hundred kilometers are probably controlled by

large-scale topographic features and proximity to air mass sources. These differences

in the seasonality of precipitation are accentuated when only the extreme flood-

generating events are considered. Winter, tropical, and summer storms are associated

with large floods to various degrees in each subregion (Fig. 57; Table 5). Summer

storms and tropical cyclones are by far the dominant causes of large floods in southern

Utah and southern Arizona. Winter floods predominate in the Bill Williams and North

Gila subregions. Floods in the Virgin/Muddy and Little Colorado regions are caused

by mixtures of summer, winter, and tropical storms, although winter storms still

control the greatest percentage of floods on these rivers. These subregional patterns

hold true for the specific rivers with paleoflood records, with a few minor exceptions.

The vast majority of the floods on the Salt and Verde Rivers (Gila North) are from

winter storms and none resulted from summer storms, while the single winter flood in

the Southern Utah subregion occurred in the far eastern part of the region on the Dirty

Devil River, which does not have a paleoflood record (Table 5).

Winter storms and tropical cyclones were responsible for the single largest

flood on almost every river in the dataset (Table 5). The largest flood on Kanab

Creek was not identified, as the gaged record is very short and the peak discharges of

the historic floods are unknown. The largest flood on all of the other rivers with

paleoflood records resulted from either a tropical cyclone or a winter storm. The

exact nature of the largest flood on the Little Colorado River on September 20, 1923
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Figure 57. Classification of floods in each subregion by storm type; horizontal axis =
months from June to May; vertical axis = total number of storms that produced
floods exceeding the 10-year recurrence interval discharge on one or more
rivers in each subregion (from list in Appendix C2).
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Table 5. Storm types associated with modern floods on rivers in this study.

Total
Floods

Number (%) of post-1900 Floods
from different storm types Largest Historic Flood

River

Vu-gin/Muddy

Winter Tropical Summer Date Storm Type

* Virgin 13 6 (.46) 2-3 (.15-.23) 4 (.31) 12/6/66 1 Winter
Muddy 13 6(.46 2(.15) 5 (.38) 8/11/41 Summer

Southern Utah
*1Canab 9 0 3-4 (.33-.44) 5 (.56)
* Paria 9 0 4-5 (.44-.56) 4 (.44) 10/5/25 Tropical
*Escalante 9 0 3-4 (.33-.44) 4-5 (.44-.56) 8/27/32 Tropical
Dirty Devil 4 1 (.25) 0 3 (.75) 11/4/57 Winter

Little Colorado
*Little Colorado 19 9-12 3-4 3 9120/23 Winter?

(.47-.63) (.16-.21) (.16) (dam break)
Bill Williams
*Bill Williams2 15 11 (.73) 2 (.13) 2 (.12) 2/21/1891 Winter

Gila North
* Verde 12 10-11 1-2 0 1/22/1891 Winter

(.83-.92) (.08-.17)
* Salt 14 12-13 1-2 0 1/22/1891 Winter

(.86-.93) (.07-.14)
*San Francisco 12 8-9 1-2 2 10/2/83 Tropical

(.67-.75) (.08-.17) (.17)
Hassayam pa 8 4 (.5) 3 (.38) 1 (.12) 9/5/70 Tropical
Agua Fria 11 7 (.64) 1 (.09) 3 (.27) 1/28/16 Winter

Gila South
*Aravaipa 4 2 (.5) 1(.25) 1 (.25) 10/2/83 Tropical
Santa Cruz 9 3 (.33) 4 (.44) 2 (.22) 10/2/83 Tropical
San Pedro 11 0 3 (.27) 8 (.72) 9/28/26 Tropical
San Simon 5 0 1 (.2) 4 (.8) 8/9/32 Summer
Santa Rosa 2 1 1 0 9/27/62 Tropical

Mojave
*Mojave 10 10 0 0 3r2/38 Winter
Colorado River
* Colorado3 11 19 (.82) 2 (.18) 0 717/1884 Winter (snowmelt)
Southwestern Texas
*Pe,cos 8 0 5(.63) 6/28/54 Tropical Hurricane
*Devils 13 0 6(.46) 9/1/32 Tropical

* River with paleoflood record
1. Historic flood in the winter of 1862 may have been larger, but the exact discharge is unknown.
2. Combined records from Bill Williams, Big Sandy, and Santa Maria Rivers
3. Winter flood category is spring snowmelt
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is ambiguous. The peak discharge was augmented by the rupture of the dam at

Lyman Lake Reservoir on a tributary a few hundred kilometers upstream. However,

the precipitation from that storm was such that it probably would have resulted in the

largest flood regardless. Heavy and almost continuous rain fell over northeastern

Arizona from September 16-18, suspending communication and halting train travel to

that portion of the state. The total rainfall was 4.50 inches as far away as Wickenburg

in the central-western part of the state. (F'rankenfield, 1923; Sellers et al., 1985). This

storm does not fall clearly into one of the three general storm categories. The

widespread, persistent, and intense precipitation rules out a local monsoon convective

thunderstorm. The storm had the characteristics of either an early-season winter North

Pacific cyclonic storm or a storm associated with a tropical cyclone. There is no firm

evidence indicating which is correct, so I left this storm unclassified. The second-

largest flood on the Little Colorado River was a late-season winter storm on April 5,

1929.

In summary, winter and tropical-cyclone floods predominate on most of the

rivers in the study area, particularly when only the largest flood on each river is

considered (Table 5). The exceptions are in southern Utah, and especially on the San

Simon and San Pedro Rivers in the southeastern corner of Arizona, where many floods

result from summer storms. The latter two rivers do not contain paleoflood records.

Flood-Generating Storms in Other Regions 

The Mojave River, Colorado River, and Pecos and Devils Rivers are included

in Table 5 and Appendix C for comparison with the main study region. The relevance

of the Mojave River for this study lies first in the relatively simple hydroclimatology



172

of the storms, as the large floods result exclusively from winter North Pacific storms.

Many of the same storms cause floods on the Arizona and Utah Rivers. Second, the

lake deposits in the terminal playa preserved a record of paleofloods on the Mojave

River. Understanding the relation between the conditions associated with floods on this

river and rivers in Arizona and Utah will aid in interpreting the paleoflood records

from the principal study area.

The Colorado River and the rivers in southwestern Texas were not included in

the detailed analysis of modern floods, but both have long paleoflood records, so their

hydroclimatological setting is described only briefly. Floods on the Colorado River at

Lees Ferry are principally from spring snowmelt following exceptionally wet winters

over the drainage basin, which covers a large portion of the interior western U.S. (Fig.

8). Many of these were years of winter or tropical-cyclone floods on rivers in Arizona

as well. Two of the large Colorado River floods were caused by tropical cyclones. A

flood in October, 1911 resulted from a tropical cyclone that caused heavy rainfall over

the San Juan drainage in New Mexico. The exact discharge of this flood is not

documented, but it may have exceeded the flood in July, 1884, which is generally

accepted as the largest in the historic record (R.H. Webb, personal communication).

Most of the largest floods in southwestern Texas are from Atlantic tropical

storms in the Gulf of Mexico (Kochel, 1988). The huge floods from tropical storms in

1932, 1974, and especially 1954 far surpassed other peak discharges. In some cases

the tropical hurricane moves inland, as with the enormous flood on the Pecos River on

June 28, 1954 (Patton and Dibble, 1982). Catastrophic rainfall is also triggered by the

interaction of deep influxes of tropical moisture with extratropical mesoscale

meteorological features and/or orographic effects caused by the Balcones escarpment
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(Caracena and Fritsch, 1983). The combination of geographic location, proximity to

air masses, and physiography of southwestern Texas create one of the most

catastrophic rainfall-runoff regimes in the U.S. (Patton and Baker, 1976; Costa, 1987).

Circulation Anomalies Associated with Winter Floods and Tropical Cyclones

Specific anomalous atmospheric circulation conditions over the North Pacific

are associated with the major storm types conducive to the occurrence of floods in the

Southwest. Examples of the meteorological conditions during individual floods from

winter, tropical, and monsoonal storms are depicted in Figures 50 and 52-55. The

winter storms and tropical cyclones are both associated with highly meridional upper

air flow in the mid-latitude westerlies, which is the common factor that directs either

the storm fronts or the tropical moisture into the area. Analyses of the composite

atmospheric pressure anomalies associated with these storms support this observation.

These composite analyses highlight the large-scale circulation features common to

each type of flood-generating storm, thus linking the individual events to a climatic

cause.

This section focuses mainly on the atmospheric circulation anomalies

associated with large winter floods. The anomalous atmospheric conditions during

floods associated with tropical cyclones are discussed at the end of the section. The

objectives of the detailed examination of the winter floods are: 1) identify the

characteristic atmospheric circulation anomalies associated with extreme winter floods

in the region, 2) detect possible differences in the circulation patterns associated with

floods in the different subregions (Fig. 55), and 3) compare the circulation patterns for

individual extreme events with the monthly circulation anomalies.
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The meteorological conditions associated with winter floods are described

earlier in this chapter. Winter floods were chosen for the detailed analysis of

subregional variations because they are associated with strong, persistent, atmospheric

patterns. They occur relatively frequently throughout most of the study region, with

the exception of southern Utah, which was excluded from this analysis. Winter North

Pacific frontal storms are the sole source of large floods on the Mojave River. The

headwaters of this basin lie in the coastal mountains of California (Fig. 1), which exert

a strong orographic control on precipitation from westerly storms that move onto the

continent from the Pacific (Enzel et al., 1989). An analysis of the mean monthly SLP

anomalies associated with floods on the Mojave River was conducted previously

(Enzel et al., 1989; Enzel, 1990). The composite anomaly maps of daily 700-mb

heights were developed during this study (Ely et al., 1992).

Procedure 

The winter floods used in this analysis (Table 6) are compiled from the

comprehensive list of floods in the region (Appendix C2). Most occurred in

November to March, although the few from the latter half of October were included.

The method of choosing the largest floods is described earlier in this chapter. The

dates of the floods on all rivers within a subregion were combined, and individual

storms that caused floods on more than one river in a subregion were listed only once.

In all cases the lag time between the maximum precipitation in the basin and the peak

flood discharge is one day or less, confirming that the floods are a rainfall-runoff

response to specific storms. Some of the floods involve rain on snow, but none are

due to snowmelt alone.
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Table 6. Dates of winter storms that produced floods with exceedance probabilities
s0.10 on rivers in this study.

South North Bill Little Virgin/ Mojave Regional
Gila Gila Williams Colorado Muddy Floods1

12/23/142 01/10/05 01/19/16 11/29/05 03/25/06 12/31/09 11/05
11/01/57 11/27/05 02/16/27 01/19/164 02/--/07 01/18/16 01/16
12/20/67 12/03/06 02/07/37 12/15/194 12/31/09 12/21/21 02/37
12/18/78 01/19/16 03/04/3e 02/10/32 10/27/12 03/02/38 03/38

10/14/16 03/14/41 02/09/37 01/02/22 01/25/69 03/78
11/27/194 12/06/60 03/05/38 03/03/38 02/26/60 12/78
02/22/20 02/09/763 03/15/41 3 10/29/47 03/03/78 02/80
02/17/27 03/01/78 01/20/52 12/06/66 02/17/80
02/10/32 12/18/78 12/23/78 01/25/69 03/02/83
02/07/37 02/20/80 01/25/69
03/04/38 03/03/833 03/02/78
03/14/41
12/31/51
01/18/52
12/26/59
12/23/65
03/01/78
11/24/78
12/18/78
01/07/79
02/19/80

1-floods that affected at least four rivers in at least two subregions.
2-floods below the lines were included in the 700-mb circulation analysis.
3-peak discharge was slightly less than the 10-year flood.
4-not included in the atmospheric circulation analyses.
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Composite anomaly maps of daily 700-mb heights and mean monthly sea-level

pressure (SLP) values were constructed to identify the specific circulation features

associated with large (^10-yr) winter floods in each subregion. The composite

anomaly maps were generated by Daniel Cayan of the Climate Research Division of

Scripps Institution of Oceanography using the flood dates supplied by the current

study (D. C,ayan, written communication, 1990, 1991). The analysis is patterned after

the method used by Enzel et al. (1989) to identify the SLP anomalies associated with

large floods on the Mojave River in southern California.

The upper-air circulation anomaly maps were constructed using digitized

gridded daily 700-mb height values over the North Pacific and western North America

on a 5° latitude-longitude grid beginning in 1947. The 700-mb height values for each

day on which a flood occurred were subtracted from the long-term (1947-1972) mean

700-mb heights for that specific month (Namias, 1975) to determine the anomaly

pattern. The composite anomaly maps represent the mean anomaly for all flood dates

from 1947-1988 in each subregion. To survey a longer record of floods, a second set

of monthly composite anomaly maps were constructed in the same manner as for the

daily 700-mb heights using gridded monthly mean sea-level pressure (SLP) values

from 1899-1988 for the months in which floods occurred and determining the

deviation from the 1947-72 mean (Namias, 1975; Trenberth and Paolino, 1980).

Composite daily 700-mb anomaly maps were also developed for ^10-yr floods

associated with tropical cyclones, and monthly SLP anomaly maps were developed for

the floods associated with tropical cyclones and summer storms.
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Regional Upper Air Patterns 

Extreme events are by nature infrequent, and analyses involving such small

sample populations rarely produce statistically significant results. However, all of the

composite anomaly maps show a consistent atmospheric circulation pattern associated

with large winter floods in this area of the southwestern U.S. (Fig. 58). Floods in all

subregions are associated with a low-pressure anomaly off the coast of California and

a high-pressure anomaly over the Aleutian Islands or the Gulf of Alaska. A low-

pressure anomaly this far south along the coast results in enhanced southerly to

southwesterly cyclonic flow (Cayan and Peterson, 1989) that brings moisture into the

interior Southwest.

The general position of the low-pressure anomaly associated with the extreme

events is similar to the position of a low pressure anomaly in winter SLP that

correlates with anomalously high cumulative December-August streamflow in two

southwestern drainages analyzed by Cayan and Peterson (1989): the Salt River (Gila

North subregion) and Arroyo Seco near Pasadena, California (near the Mojave

subregion). Correlations between mean monthly 700-mb heights and total monthly

streamflow on rivers in the Gila Basin (Gila North and South subregions)

(Hirschboeck, 1985) also resulted in upper air patterns similar to the basic pattern

generated in this study by the extreme events alone. 	 Is the specific circulation

anomaly pattern represented by the composite maps a reliable indicator of floods in

the Southwest? This question raises the issue of whether this pattern can occur

without producing floods, and if so, how often. To address this point, the overall

frequency of exceptionally strong negative anomalies from 1947-1987 was determined

at the centers of the lows on the composite maps in Figure 58 (135W,35N=Mojave;
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Figure 58. Composite anomaly maps of daily 700-mb heights (meters) associated with
10-yr winter floods from 1947-88 in different subregions. The maps are

arranged in relative geographic positions. The number of events included for
each subregion differs (see Table 6); the Little Colorado River subregion was
excluded as there were only two post-1947 winter floods.
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130W,40N=Virgin and Bill Williams; 125W,35N=Gila North; and 120W,40N=Gila

South). Three-day averages of 700-mb height anomalies were computed for December

to March at these grid points (M.D. Dettinger, 1991, written communication). The

anomaly values for each date were averaged among the four grid points. The dates of

the 28 most negative anomalies were compared with the dates of the winter floods that

occurred between December and March (Fig. 59; Table 6).

Most of the largest floods in the region between were associated with a strong

low-pressure anomaly at each of the four grid points, indicating that an intense,

relatively widespread low centered at this location is instrumental in generating the

extreme floods. Nine of the 14 post-1947 December-March floods coincided with one

or more of the 28 strongest averaged negative anomaly values (Fig. 59). In other

words, less than 2% of the 700-mb height data for December-March accounts for 65%

of the largest floods in these months. All but one of these floods were actually

associated with the lowest 1% of the data. The five December-March floods in this

study that did not coincide with one of the 28 strongest negative anomalies averaged

among the four grid points were still associated with a negative 700-mb height

anomaly in this region. In 4 of these cases, at least one of the grid points showed a

particularly strong low-pressure anomaly, perhaps indicating that the low-pressure

center was smaller or was located slightly outside the area defined for this analysis.

Fifteen of the 28 strongest low-pressure anomalies (those that extend below the line on

Fig. 59) were not associated with ^ 10-year floods, although three of these were

associated with smaller, ^5-year floods.

Similar analyses using 1) the position of the high-pressure anomaly associated

with the floods, and 2) an index created by subtracting the low- from the high-pressure
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Figure 59. Time series of December to March, 3-day, 700-mb height anomalies
(meters) from 1947-88 averaged among the four grid points representing the
low-pressure centers on the composite anomaly maps (Fig. 58). The 28
strongest negative anomalies extend below the dashed line. Floods associated
with these dates (Table 6) are marked by arrows; the numbers in parentheses
indicate consecutive negative anomalies associated with a single flood. The
floods that do not coincide with one of the strongest anomalies are marked by
asterisks.
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anomaly for each date did not improve upon the percentage of floods associated with

the strongest low-pressure anomalies alone. Of the two major features identified in

the composite maps, the low-pressure anomaly is the dominant factor in determining

the occurrence of extreme winter floods.

In summary, in 54% of the 28 cases a strong negative anomaly developed over

this region of the eastern North Pacific without resulting in a flood on one of the

rivers in the study area. It is apparent from these results that the presence of a low-

pressure anomaly at this location, or even the combination of low- and high-pressure

anomalies shown in Figure 58, is not the sole factor that determines whether a large

winter flood results in the southwestern U.S. However, this atmospheric configuration,

particularly the position of the low anomaly, is a necessary component in generating

the winter floods in the Southwest. All of the December to March floods included in

this study were associated with below-average 700-mb heights at this location, and the

majority were associated with a very strong low-pressure anomaly.

700-mb Patterns for Floods by Subregion 

A comparison of the separate composite anomaly maps in Figure 58 indicates

systematic differences between the atmospheric circulation patterns associated with

floods in each subregion. Although the same broad-scale pattern produces

precipitation in all parts of the study area, regional shifts in the circulation appear to

control which basin experiences extreme floods.

The Mojave and Gila South patterns are the end members of the series, with

the patterns for the other subregions falling between these two extremes. For the

Mojave River floods, the center of the low-pressure anomaly is relatively far offshore
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and extends across the entire Pacific (Fig. 58a). The high-pressure anomaly is small

and centered far north over Alaska. Of all the basins considered here, the Mojave is

closest to the coast and is impacted by storms or moisture that come onto the

continent from the west and southwest and move directly into the southern California

mountains (Enzel et al., 1989). The Virgin/Muddy and Bill Williams flood composite

patterns are fairly similar to the Mojave pattern, with negative anomaly centers

stationed offshore inducing enhanced westerly/southwesterly flow (Fig. 58b and c).

The Gila North flood composite pattern (Fig. 58d) is a hybrid of those for the Mojave

and Gila South; it has less extensive westerly/southwesterly flow than the Mojave, and

the low is not as far onshore as for Gila South.

For floods in the Gila South region, the Gulf of Alaska high-pressure anomaly

extends very far south and pushes the center of the low-pressure anomaly onshore over

the California-Nevada border (Fig. 58e). This high-amplitude pattern causes more

southerly flow, bringing moisture into southern Arizona from the south-southwest.

Gila South is the only subregion in which the floods are mainly caused by summer

and tropical storms, and the winter storms that do produce floods in this region appear

to have a different character than those that affect the other regions. The storm of

December, 1978 is the only flood-generating winter storm in this dataset that occurred

in both Gila South and another subregion, and this is one of the five flood dates that

did not coincide with the strongest low-pressure anomalies represented in Figure 59.

The composite 700-mb height anomalies associated with the Mojave River

floods are much stronger than for the other subregions, indicating that the floods are

caused by a very specific circulation pattern (Enzel et al., 1989). The weaker

composite anomaly patterns associated with the other subregions result from greater
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variation in the individual atmospheric circulation patterns that produce intense winter

storms in these interior areas. Storms are directed onto the continent and into the

interior subregions over a relatively broad range of latitudes, from Baja California,

Mexico through central California. Because the Mojave subregion is so close to the

coast, and perhaps because of the strong orographic control of the coastal mountains

that form the headwaters (Fig. 1), storms that directly impact this basin can only enter

the continent over a very restricted latitudinal range.

For comparison, additional composite 700-mb anomaly maps were developed

for the same subregions using 1) a more restricted dataset of the largest floods, and 2)

an expanded dataset of winter floods that exceeded the 2-yr recurrence interval

discharge. The restricted dataset included only those winter floods from late

November through early March, and eliminated all the floods that were even slightly

below the 10-yr discharge. This change had a negligible effect on the basic patterns in

the original maps shown in Figure 58. In the analysis of all winter floods ^2-yr R.I.

(Fig. 60), the differences among the composite anomaly maps for the separate

subregions diminished and converged on a pattern similar to the Gila North 10-yr

pattern (Fig. 58d). Thus, differences in the circulation patterns associated with winter

floods in separate subregions are evident only when the very largest floods are

considered.

Sea-Level Pressure Patterns 

The advantage to using the 700-mb height values is that the flow aloft is not

complicated by surface influences and the circulation patterns show up much more

clearly than with the sea-level pressure values. However, the 700-mb dataset only
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begins in 1947, which greatly restricts the sample size of extreme events. The period

of frequent large floods in the Southwest in the first four decades of the century

(Webb and Betancourt, 1992) can be included by using monthly SLP data since 1899

(digitized daily SLP maps prior to 1947 were not available).

Although they are much weaker, the composite mean monthly SLP anomalies

for each subregion mirror the patterns in the daily 700-mb composite anomaly maps

(Fig. 61). This relationship attests to the magnitude and persistence of the anomalous

atmospheric circulation conditions associated with the largest winter floods, which are

strong enough to influence the average SLP values over an entire month. The relative

magnitude of the anomalies associated with the Mojave River floods compared with

those of the other subregions are even more pronounced with the monthly SLP values

than with the daily 700 mb height values. The anomaly pattern associated with the

exceptional storms that produced regional floods (Fig. 61g; Table 6) is not notably

different from the patterns of the individual subregions, with the exception of Gila

South.

Tropical Cyclones 

Maps of composite anomalies in daily 700-mb heights were constructed for

post-1947 ^10-year floods associated with tropical cyclones as well. Relatively few

floods fall into this category, so the region was divided into only two parts. The

northern sector (group 1) includes the Little Colorado, Virgin/Muddy, and Southern

Utah subregions, and the southern sector (group 2) includes the Gila South, Gila

North, and Bill Williams subregions. Anomaly maps were developed for the tropical-

cyclone floods in each of these areas (Table 7; Fig. 62).
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Table 7. Post-1947 floods (^10-yr) associated with tropical cyclones (from Appendix
CI

Date Subregion(s) Recurrence Interval

Group 1. Northern subregions
9/21/52 Little Colorado ^10-yr
9/12/58 Southern Utah n

10/7/72*
9/12/76

Little Colorado
Virgin/Muddy

It

tt

9/7/70 Little Colorado ^5-yr

Group 2. Southern subregions
8/29/51 Bill Williams/Gila North ^10-yr
9/27/62 Gila South
9/10/64 Gila South I I

9/5/70
10/9/77

Gila North
Gila South

It

ft

10/2/83
9/10/84

Gila North, Gila South
Gila North

II

tt

7/18/54 Gila South ^5-, yr
7/30/58
9/14/63

Gila South
Gila South tl

10/7/72 Gila North II

9/24/83 Bill Williams I I

* = not included in circulation anomaly maps.
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Figure 62. Composite anomaly maps of daily 700-mb heights (meters) during ^10-yr
floods associated with tropical cyclones from 1947-88 (Table 7). Group 1 =
Little Colorado, Virgin/Muddy, and Southern Utah subregions; group 2 = Gila
South, Gila North, and Bill Williams subregions; a) group 1, day -2, b) group
1, day 0, c) group 2, day -2, d) group 2, day 0.
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The common characteristic among all of the maps is the evidence of highly

meridional flow in the northern hemisphere. In this respect the atmospheric conditions

associated with the floods from tropical cyclones are very similar to those associated

with the winter floods. The floods often occur one to three days after the

disintegration of the tropical cyclone. The composite anomalies for Day 0 (the day of

the flood) thus emphasize the atmospheric conditions that steer the tropical moisture

into the region, while those for Day -2 (2 days earlier) are more representative of the

circulation conditions associated with the cyclone itself.

The composite anomaly maps of the conditions 2 days prior to the floods in

both sectors clearly show the low-pressure anomaly associated with the tropical

cyclone off the coast of Baja California, Mexico (Fig. 62a and c). The other notable

feature in the Day -2 maps is the strong blocking high-pressure zone that covers the

central North Pacific south of Alaska.

From Day -2 to Day 0 on the anomaly maps for the southern subregions (Figs.

62c and d), the small low-pressure anomaly associated with the tropical cyclone

disappears, but the strong high-pressure anomaly over the Pacific and low-pressure

anomaly over the western U.S. persist. The high-pressure anomaly would tend to

block the cyclone from tracking to the northwest. The low-pressure anomaly is

centered onshore and to the north of the region. This circulation pattern would tend to

direct North Pacific frontal storms into Arizona. At the same time, these features in

the mid-latitude upper-air flow are responsible for deflecting the cyclone to the

northeast and drawing the moisture into southern and central Arizona. This

combination results in the heavy flood-generating precipitation. The 700-mb anomaly
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patterns associated with smaller floods in this sector (greater than 5-yr but less than

10-yr annual recurrence interval) were similar, but much less distinct (not shown).

The 700-mb anomalies associated with the days of the floods in the northern

sector (group 1) are less distinct than for the southern sector (Fig. 62b). However, the

high pressure that was over the western U.S. in the Day -2 map (Fig. 62a) has

disappeared, allowing the moisture to enter the Southwest. A strong low-pressure

anomaly has developed over the central Pacific, similar to the circulation anomalies

associated with the winter floods (Fig. 58). This pattern indicates an extratropical

system, probably a North Pacific mid-latitude frontal storm, moving through the region

and drawing in the tropical moisture. The region covered by the northern sector is

larger and topographically more diverse, perhaps partially explaining the lack of a

stronger composite pattern associated with these floods.

The composite patterns, particularly for the southern subregions, are as

expected based on the conditions associated with individual flood-generating tropical

cyclones--mid-latitude meridional flow drawing in tropical moisture. The results

indicate that a very specific, recurring set of conditions is associated with the largest

floods in the southern half of Arizona. More variable sets of atmospheric conditions

are apparently associated with the tropical cyclones that produce the large floods in the

northern sector and the smaller floods in the southern sector.

Mean monthly sea-level pressure anomalies associated with floods from

tropical cyclones and summer storms were also analyzed for 1899-1988. The resulting

composite anomaly maps did not show strong patterns, and are not illustrated here.

Unlike the winter storms, the SLP anomalies associated with these flood-generating
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storms are not persistent enough to substantially affect the mean sea-level pressure

over an entire month.

Summary 

The composite maps of anomalies in daily 700-mb heights indicate that winter

floods in all of the subregions are associated with a low-pressure anomaly off the

California coast and a high-pressure anomaly over the Aleutians or Gulf of Alaska.

Of these two major circulation features, the presence of the low is the controlling

factor in determining whether large floods will occur. Shifts in the locations of the

low- and high-pressure anomalies over the North Pacific appear to control which

subregions experience floods, with high-elevation topographic features and proximity

to air masses exerting major controls over the specific atmospheric circulation

conditions that generate large floods in each hydroclimatic region. Monthly mean sea-

level pressure anomalies associated with large winter floods since 1899 mirror the

daily 700-mb patterns, but are less intense. Floods from tropical cyclones are also

associated with highly meridional upper-air flow. In particular, tropical-cyclone floods

in the southern portion of the study region are repeatedly associated with a blocking

high-pressure anomaly in the central North Pacific and a low-pressure anomaly over

the western U.S.

Synoptic Weather Types Associated with Floods

A classification of synoptic weather types for the western U.S. from 1899-1980

(Barry et al., 1982) was employed to identify the daily synoptic types most frequently

associated with winter, tropical-cyclone, and summer floods in each subregion. The
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general atmospheric circulation patterns associated with each of these three major

flood-generating storm types have been characterized thoroughly earlier in this chapter

in the analysis of circulation anomalies and discussion of previous studies. The

principal pupose of this exercise is therefore not to refine the descriptions of the

circulation patterns, but to examine the degree of similarity among the different

subregions in the patterns that dominate the floods of a given storm type. That is, are

floods from a particular storm type associated with the same set of dominant synoptic

patterns in all of the subregions? or are the floods in one subregion associated with a

different set of synoptic patterns than in another for the same storm type? Finally,

how do the patterns for the subregions cluster together? The results will illuminate

which paleoflood chronologies are most likely to respond to climatic conditions in a

similar manner. If there is a strong connection between southern Utah and southern

Arizona in the modern record, the same relationship is more likely in the paleoflood

record. The paleoflood records from some rivers are longer that others, especially in

the northern half of the study region. Knowledge of the hydroclimatic links between

subregions is important in using the longer records from a subset of rivers to infer the

response of rivers in other subregions.

Barry et al. (1982) classified daily sea-level pressure patterns over the eastern

North Pacific and western North America into 31 synoptic types for the period 1899-

1980 (Fig. 63). They used the sum-of-squares technique (Kirchofer, 1974; Key and

Crane, 1986) to establish similarities between daily patterns, identify key days to

represent each type, and assign each daily pattern to one of the resulting 31 synoptic

types. They arranged and numbered the synoptic types in order of decreasing

frequency from the most common, type 1, to the least common, type 31.
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Figure 63a. Synoptic types 1 to 16 (from Barry et al., 1982).
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Figure 63b. Synoptic types 17 to 31 (from Barry et al., 1982).
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Approximately 20 percent of the days were unclassified because they did not meet the

similarity criteria for any of the 31 types.

The synoptic types for the day of each flood (Day 0) in Appendix C2 plus the

7 previous days were tallied and grouped by subregion and flood type: winter, tropical

cyclone, or summer. Only floods from 1899-1980 were typed because data set from

Barry et al. (1982) ends in 1980. When a single storm system produced floods on

multiple rivers in a subregion, the day of the latest peak was considered Day 0.

Including several days prior to the floods increases the sample size and ensures that

patterns that persist for several days are taken into account. This method also

incorporates some patterns that are unrelated to the flood-generating storm, but these

fall out as background noise and do not interfere with the recognition of the dominant

patterns.

The synoptic types associated with the floods are displayed by storm type and

subregion in the histograms in Figs. 64-66. Table 8 further highlights the dominant

synoptic types associated with each storm type and subregion. The first aspect of

Table 8 consists of the synoptic types that account for more than 10% or 15% of the 8

days (Day -7 to Day 0) associated with each flood type in each subregion. This

portion of the table identifies the synoptic types that are most frequently associated

with the floods. Some synoptic types show an anomalously high frequency associated

with a particular flood type, but still account for less than 10% of the total dataset of

flood days (Day -7 to Day 0). These less common types are included in Table 8 when

their frequency during the flood days (Day -7 to Day 0) is greater than three times

their average seasonal frequency. A visual examination of Figures 64-66 and Table 8

shows that the dominant synoptic patterns associated with floods differ across the
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Table 8. Dominant synoptic sea-level pressure types associated with the three types of
flood-generating storms in different subregions l .

Synoptic	 Winter	 Tropical Cyclone	 Summer
Typez >10% 3 	>3x avg freq.* 	>10%	 >3x avg freq	 >10% >3x avg freq

NT5 	M,BW,GN,V,LC	LC BW	 Le
1	 GX,SU,BW,GN,LC	 V	 GN,V,SU
2	 SU	 V LC SU GN,GS	 BW GS V
3
4	 BW,GN
5	 BW GN,GS
6	 GS	 GS	 GS LC	 LC
7	 M BW GN GS,V M	 LC,SU
8
9	 GN	 BW GN	 BW,GN

10	 ON	 GN
11	 GS V,SU	 ON
12	 BW
13	 GS	 BW	 BW
14	 V	 BW	 BW,GN,GS	 BW
15	 BW,LC
16	 BW
17	 BW	 BW
18
19	 GS	 GS	 W	 Le	 ON
20
21	 BW,GN	 BW	 BW
22	 GN,BW
23	 GS
24	 BW,LC,GS
25	 SU
26	 V
27
28	 GS
29	 W
30	 M,GN,LC
31

1. Abbreviations for subregions: BW=Bill Williams, GN=Gila North, GS=Gila South, LC=Little
Colorado, SU=Southem Utah, V=Virgin/Muddy, M=Mojave.

2. Synoptic type classification from Barry et al. (1982).
3. Subregions in which a particular synoptic type is associated with >10% (no underline) or >15%

(underlined) of the data set comprised of the flood dates (Day 0) plus the 7 preceding days (Day -1
to -7).

4. Subregions in which the frequency of a particular synoptic type associated with the floods (Day -7 to
Day 0) is greater than 3 times the average seasonal frequency of that synoptic type.

5. NT=no type.
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region, even within the same storm type.

The results support the earlier conclusions drawn about the general atmospheric

circulation conditions associated with each of these three flood-generating storm

categories. Types 5 and 24 are almost solely associated with the summer storms, and

depict a high-pressure center over the southeastern U.S. and a low-pressure center over

the Southwest (Fig. 63). This combination of low- and high-pressure forms the typical

summer-monsoon pattern that is conducive to moisture entering the southwestern U.S.

from the Gulf of Mexico and fueling convective thunderstorms. Types 2, 6, 9, and 14

are associated with both tropical-cyclone and summer-floods (Figs. 63; Table 8). The

important element of these patterns is the low-pressure center over the Southwest that

draws in moisture from the south. Details of the atmospheric conditions that might

determine the source of the moisture are filtered out by the method classification.

Within each subregion, the histograms for the tropical-cyclone and summer-storm

floods are distinctly different (Figs. 64-66).

The dominant winter-flood synoptic types (e.g. 7, 15, 22, 30) show a

characteristic low-pressure center off the coast of California, analogous to the low-

pressure anomaly delineated in the analysis of the 700-mb patterns associated with

winter floods. Types 6, 13, and 19, mainly associated with tropical-cyclone floods, are

important components of winter floods in the Gila South subregion and may indicate a

more south-southwesterly airflow during winter floods in the southern part of the study

region.

The dominance of some of the same synoptic types in very different flood-

generating categories signals one of the major draw-backs in relying heavily on this

type of classification to define the specific atmospheric circulation patterns associated
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with floods. An example is type 14, which is prevalent in all three storm categories in

this analysis (Table 8). Different aspects of this type-pattern probably produced the

similarities with a wide range of daily patterns. The positions of the low- and high-

pressure centers over the southwestern and southeastern U.S. are similar to a summer.

monsoon pattern that brings in moisture from Mexico. Likewise, the position of the

low-pressure off the west coast is similar to the pattern associated with many flood-

generating winter frontal storms from the North Pacific (Fig. 58), as well as the mid-

latitude frontal storms that coincide with tropical cyclones (Fig. 62). The low pressure

centered over the southwestern U.S. in type 14 could cause a similarity with any of

the three storm types. This problem of overlap is largely overcome by examining the

common features of all the synoptic types associated with a particular storm type.

The unclassified category, "no type", is a major component of the winter

storms, and also the summer storms in some regions (Figs. 64-66). This observation

points out the underlying disadvantage in applying this type of synoptic classification

to rare, extreme events that are likely to occur under rare, exceptional atmospheric

conditions. These patterns often end up unclassified. The subtle details that result in

an severe storm may also be lost when these unusual daily patterns are combined into

a synoptic type with a host of broadly similar patterns. Again, this shortcoming is

why I chose not to rely heavily on this classification to define the specifics of the

circulation patterns, but to illustrate general relationships among the subregions.
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Cluster Analysis 

A cluster analysis of this data quantifies the similarities in the synoptic types

associated with floods in the various subregions (Fig. 67). This analysis was

performed by creating a matrix with the seven subregions as the objects and the 31

synoptic types (plus the no type category) as the variables. The number of flood days

(including the week preceding each flood) associated with each synoptic type were

tallied and listed in the body of the matrix. The cluster analysis determined the degree

of similarity among the array of synoptic types associated with floods in the separate

subregions, using the Pearson correlation as the distance measure between objects.

The analysis was run using a combination of all floods in each subregion, and on

floods divided by storm type.

The results from the cluster analysis for the combination of all floods are the

most relevant to the climatic interpretation of the paleofloods, as they emphasize the

general connections between the subregions. The correlations among the subregions

are very high in this analysis of all floods (Fig. 67a). The division of the clusters in

this group (Fig. 67a) is controlled by the storm type(s) that dominate the floods in

each subregion. In contrast, the clusters within the separate storm categories (Fig.

67b,c,d) place more emphasis on the slight variations within a given general pattern.

The subregions cluster as expected when all floods are considered (Fig. 67a).

Those dominated by winter floods (Mojave, Gila North, Bill Williams, and Little

Colorado) form one group, and those dominated by summer and tropical-cyclone

floods (Gila South, Southern Utah, and Virgin) form a second. The flood-generating

synoptic types for Gila North and Bill Williams are particularly closely related (Fig.

67a), which is obviously due to the close correlation between the synoptic types



	1
	I	

	h  

LC
GS

V
SU

GN
BW

C. Tropical

206

Pearson Correlation
1 .9 .8 .7 .6 .5 .4 .3 .2 .1 0
I 	I	 I	 I	 I	 I	 I	 I	 I	 I	 I

	M	
GN al-

BW
	LC	

V
SU

GS

	

LC 	
GN
BW a—

V
m =

GS 	
	SU	             

A. All Floods                         

1--- B. Winter                    

	GN	
	SU	
	BW	

II-1 
  D. Summer

	GS	
	V	
	LC 	

Figure 67. Cluster analysis of the sets of synoptic patterns associated with floods in
different subregions. Horizontal axis = Pearson product-moment correlation
between objects, in which the degree of similarity decreases from 1 (identical)
to 0 (no relation). Subregions: V = Virgin/Muddy, SU = Southern Utah, LC =
Little Colorado, BW = Bill Williams, GN = Gila North, GS = Gila South, and
M = Mojave.
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associated with winter storms in these two regions (Fig. 67). Gila South and

Southern Utah are also closely related when all floods are considered together (Fig

67a). These subregons do not show particularly high correlations in the synoptic types

associated with the separate flood-generating storm categories (Figs. 67b,c,d). In this

case, the combination of patterns from all storm types leads to the close overall

correlation between the two. Floods in the Virgin and Little Colorado subregions are

caused by a mixture of storm types (Fig. 64-66. The cluster analysis in Figure 67a

indicates that the patterns associated with tropical and summer storms bear more

weight in the overall correlation of the Virgin subregion, as it was grouped with Gila

South and Southern Utah. The Little Colorado demonstrated a closer similarity to the

other winter-flood subregions.

Within the separate storm categories, the winter flood patterns show the

strongest correlations among subregions (Fig. 67b). Southern Utah is an exception,

but it is based on only one winter flood and can be disregarded. The strong

correlations among the winter floods in the other subregions result supports the

findings from the analysis of composite circulation anomalies discussed earlier in this

chapter. Of the three storm types, the circulation features associated with winter

floods are the most persistent and show the greatest similarity among separate storms,

resulting in the strongest composite anomaly patterns (Figs. 58, 60-62).

The tropical-cyclone floods fell into three loosely-related pairs (Fig. 67c). The

principal synoptic type associated with these floods differed among the subregions

(Fig. 65), but an examination of these predominant types (2, 6, 9, 11) showed that they

are all slight variations on a basic pattern of a low-pressure center southwest of the

study area, and are probably quite similar (Figs. 63).
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Interestingly, the patterns from summer-flood storms are quite closely related,

especially the Virgin and Gila South subregions. These results were unexpected, as

the summer floods, usually associated with isolated convective thunderstorms, had

been considered the least likely to show strong similarities among subregions.

Consistent large-scale atmospheric features are apparently conducive to the generation

of these storms.

In summary, the synoptic type classification developed by Barry et al. (1982)

proved useful for confirming the links between the atmospheric patterns that are

associated with floods in different parts of the study region. There is a close overall

similarity between the patterns in the Southern Utah, Virgin, and Gila South

subregions, which are dominated by floods from summer and tropical storms, and the

remaining subregions, which are dominated by winter floods (Fig. 67A). These

correlations among the synoptic types associated with floods in the different

subregions are crucial for a meaningful climatic interpretation of the regional

paleoflood chronology. The longest paleoflood records are from rivers in the Southern

Utah, Virgin, and Little Colorado subregions. This analysis shows that the flood-

generating mechanisms operating in these areas are related to those in central and

southern Arizona, where the paleoflood records are shorter.

Variations in Floods and Climate 

Historical Climatic Fluctuations

The last 100 years in North America have been characterized by regional

climatic variations that have persisted for periods of several decades (Diaz and Quayle,

1980; Balling and Lawson, 1982; Douglas et al., 1982; McGuirk, 1982; Barry et al.,
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1981; Granger, 1984; Bradley et al., 1987a). Taken together, these fluctuations in

temperature, precipitation, and atmospheric and oceanic conditions suggest that climate

in the southwestern U.S. from approximately 1930-1960 was distinctly different from

the periods before and after this time (Webb and Betancourt, 1992).

These decadal-scale climatic fluctuations over the twentieth century coincide

with changes in broad-scale atmospheric circulation patterns (Lamb, 1966; Sellers,

1968; Dzerdzeevski, 1963, 1969; Kalnicky, 1974; Barry et al., 1981; Balling and

Lawson, 1982; Granger, 1984; Knox, 1988; Webb and Betancourt, 1992). The

configuration of the upper-air circulation undergoes shifts between two general states

of large-scale motion, the more stable state is dominated by zonal flow, and the more

unstable by meridional flow. In this century, zonal flow prevailed in the Northern

Hemisphere from the 1930s through the 1950s, with predominantly meridional flow

before and after this period (Dzerdzeevdkii, 1969; Kutzbach, 1970; Balling and

Lawson, 1982; Webb and Betancourt, 1992). Zonal-flow conditions are generally

associated with warm average temperatures in the Northern Hemisphere and a reduced

temperature gradient between high and low latitudes. Under conditions of zonal flow

in the Northern Hemisphere, the westerly wind track remains fairly consistently at

higher latitudes (Dzerdzeevski, 1969). This condition results in drier winters in the

southwestern U.S., as the mid-latitude westerly storm track enters the continent far to

the north, in the Pacific Northwest (Balling and Lawson, 1982; Granger, 1984).

During periods of meridional flow, the upper-air westerly winds follow a high-

amplitude wave pattern, resulting in a series of high-pressure ridges and low-pressure

troughs (Dzerdzeevski, 1963, 1969; Hirschboeck, 1988; Webb and Betancourt, 1992).

Meridional flow tends to develop when the temperature gradient between high and low
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latitudes is steepest, and is associated with cooling in the Northern Hemisphere

(Betancourt, 1990). In general, meridional flow is associated with increased winter

precipitation in the Southwest (Cayan and Roads, 1984). One effect of a more

meridional flow pattern is an increased tendency for a deep low-pressure trough to

develop over the western U.S. during the winter months, occassionally steering major

cyclonic storms into this area of the Southwest and thus increasing the chance for

large floods (Sellers, 1968; Hirschboeck, 1985; Webb and Betancourt, 1992). Under

extremely high-amplitude meridional flow, a quasi-stationary long-wave pattern of

very deep high- and low-pressure ridges known as blocking can form, perturbing the

normal zonal flow and diverting or even splitting the westerly storm track. Blocking

patterns often persist for one to two weeks, and play a major role in generating

extreme floods in the Southwest by steering successive storms into the region

(Hirschboeck, 1987a). Blocking breaks down when cut-off low and high eddies form,

leading to a transition back to more zonal flow. It has been suggested that during

periods of increased meridionality, climate becomes more variable in time and space,

perhaps giving rise to the anomalous patterns conducive to the occurrence of severe

floods and causing a temporal clustering of catastrophic events (Lamb, 1982; Granger,

1984; Hirschboeck, 1987a).

The period of zonal flow during the middle of this century was distinguished

by relatively high temperatures in the Northern Hemisphere (Jones and Wigley, 1980)

and low winter precipitation in the southwestern U.S. (Balling and Lawson, 1982).

The high-pressure and high summer temperatures over the Colorado Plateau under

these conditions could be conducive to increased summer 'monsoonal' precipitation in

Arizona and southern Utah. The thermal low created by intense surface heating tends



211

to draw in the subtropical moisture that fuels convective thunderstorms (Hales, 1972,

1974; Sheaffer and Reiter, 1985). Indeed, the period from 1930-1964 was one of

increased regional monsoon rainfall in India (Parthasarathy and Mooley, 1978; Shukla

1987), and the two regions tend to behave similarly in response to summer heating of

plateau landmasses (Tang and Reiter, 1984).

During the period of more meridional flow in the early part of the century, the

southwestern U.S. and the southern Pacific coast of North America were much wetter

and the Northwest much drier than the 100-year average (McGuirk, 1982; Fritts,

1991). The strong tendency for opposite anomalies in seasonal and long-term

precipitation and streamflow patterns in the southwestern and northwestern regions of

the U.S. that is in part related to changes in large-scale atmospheric circulation states

and also variations in El Nifio/Southern Oscillation (Bradley et al., 1987a,b; Meko and

Stockton, 1984; Granger,1984; Cayan and Peterson, 1989; Redmond and Koch, 1991).

Similar patterns of low-frequency variations over the past century are apparent

in other global climatic variables as well. There was a shift from warmer to cooler

Northern hemisphere sea-surface temperatures in both the Atlantic and Pacific around

1960 (Folland et al., 1986; Namias et al., 1988; Gordon et al., 1992). Variations in

the Southern Oscillation Index (SOI) and the frequency and intensity of warm El

Nino/Southern Ocillation (ENSO) events have been documented over the last century

(Elliott and Angell, 1988; Webb and Betancourt, 1992; Cayan and Webb, in press).

These prominent climatic shifts over the 20th century have affected

precipitation in the Southwest, and one would expect to see a signal in the frequency

of extreme floods that follows this temporal pattern. If the extreme events are in

accordance with overall precipitation and streamflow, the middle third of the century
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should show a decrease in floods from winter storms and tropical cyclones and an

increase in summer monsoon floods, while the periods before and after should show

the opposite.

The dates of 10-year floods on rivers in the study area (Appendix C) from

1900-1988 were plotted by storm type to determine whether these changes could be

detected in the frequency of large floods (Fig. 68). Although the patterns in the

occurrence of large floods are too weak to establish a firm connection with climatic

variations, they do not contradict the expected results. The flood records are less

complete during the first few decades of the century, which affects the temporal

distributions of the three flood categories to different degrees.

The record of winter floods is definitely the most complete of the three. The

winter floods are fairly evenly distributed throughout the period, although from the

early 1940s-late 1970s there is a decrease in the occurrence of multiple floods during a

single year, either from several storms or from a single storm. Floods from summer

storms are probably underestimated in the early part of the century. They are often

smaller and less widespread than the other two types and are the least likely to be

recorded prior to the beginning of the systmatic gaged records. However, there is an

apparent increase in summer floods in the region during the middle part of the

century, from about 1920-1955, which corresponds to the period of predominantly

zonal flow aloft. This is the expected response of floods related to monsoon

thunderstorms. The poor data on the occurrence of tropical cyclones during the first

half of the century (Smith, 1986) could partly explain the sparcity of these floods

during this period. It is probably not possible to draw reliable conclusions about the

distribution of tropical storms from these data alone.
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The annual flood series on the Santa Cruz River in southern Arizona is

relatively reliable and complete compared to many rivers in this region. The

distribution of floods on this single river support the weaker results from the combined

records of rivers throughout the region. Webb and Betancourt (1992) found that on

the Santa Cruz River, although the mean discharges of the annual flood series during

three periods, 1915-29, 1930-59, and 1960-86, are not significantly different, the

variance for 1960-86 is significantly greater than for the preceding periods. The

variance for 1930-59 is the lowest of the three. This pattern is explained by the

increased frequency of floods from winter frontal storms and the increased magnitude

of floods from both winter storms and dissipating tropical cyclones on this river after

1960. The frequency of monsoonal floods dropped after 1960 (Webb and Betancourt,

1992).

El Nifio and floods in the Southwest

It is difficult to discuss short-term climate variability anywhere on earth

without considering El Nifio/Southern Oscillation (ENSO) (Cayan et al., 1989). ENSO

is a recurrent coupled ocean-atmospheric phenomenon that primarily affects the

tropical Pacific Ocean, but influences weather patterns around the globe. The

Southern Oscillation refers to a see-saw in atmospheric pressure between the eastern

and western tropical Pacific with accompanying fluctuations in temperature and

precipitation, which was discovered and named by Sir Gilbert Walker (1924; Walker

and Bliss, 1932). El Nino originally referred specifically to the development of warm

sea-surface temperatures in the eastern tropical Pacific and anomalously heavy

precipitation in that normally dry region (Cane, 1983; Rasmusson and Wallace, 1983).
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Work by Bjerknes (1966, 1969) established the link between the two phenomena by

showing that the fluctuations in SST and rainfall were associated with variations in

equatorial trade winds and atmospheric pressure attributed to the Southern Oscillation.

Meteorological and oceanographic characteristics of ENSO have been described in

numerous studies (e.g. Horel and Wallace, 1981; Rasmusson and Carpenter, 1982;

Cane, 1983; Philander, 1983; Kousky et al., 1984; Rasmusson and Wallace, 1983;

Deser and Wallace, 1987; Enfield, 1989). The term 'El Nifio event' has become

synonymous with 'warm ENSO event', and both are used to indicate the combined

conditions of warm SST and low atmospheric pressure in the eastern tropical Pacific.

Both terms are used interchangeably here unless otherwise specified.

The Southern Oscillation Index (SOI) is a commonly used means of denoting

the Southern Oscillation, and consists of the sea-level pressure at Tahiti minus that at

Darwin, Australia (Ropelewski and Jones, 1987). A negative SOI value signifies

below-average SLP in the central and eastern Pacific with above-average SLY in the

western Pacific, and vice versa for a positive SOI. The negative SOI is generally

associated with warm El Nifio conditions (Deser and Wallace, 1987).

The negative phase of the SOI usually corresponds directly with high

precipitation in coastal Peru, drought in the western Pacific, and a weak Asian/Indian

monsoon (Rasmusson and Carpenter, 1982). Many other teleconnections with ENSO

have been recognized around the globe, expressed by patterns of excess rainfall or

drought (Bradley et al., 1987b; Ropelewski and Halpert, 1986, 1987, 1989; Kiladis and

Diaz, 1989).

Warm ENSO events are usually associated with above-average SST along the

coast of western North America (Emery and Hamilton, 1985), and there is a tendency
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for a strong, persistent high-pressure ridge over western Canada and low-pressure

activity to the south during the winter months (Cayan and Webb, in press). These

conditions lead to the opposing patterns of an increase in winter precipitation in the

Southwest and a decrease in the Northwest (Redmond and Koch, 1991). In western

North America, there is a tendency toward increased winter precipitation and/or

streamflow in southern California and Arizona during warm ENSO events (negative

SOI) (Andrade and Sellers, 1988; Cayan and Peterson, 1989; Schonher and Nicholson,

1989; Webb and Betancourt, 1992; Redmond and Koch, 1991) and a corresponding

decrease during cool ENSO phases (positive SOI) (Cayan and Webb, in press).

The warm SST off the western coast during ENSO is particularly effective in

increasing precipitation in the Southwest during the normally dry spring and autumn

(Andrade and Sellers, 1988). Rainfall in the Southwest is enhanced during the autumn

months from incursions of tropical Pacific moisture. The strong West Coast troughs,

weakened trade winds, and warm waters off western Mexico during El Nifio

conditions contribute to the incidence of stronger, more numerous tropical cyclones

affecting the southwestern U.S. (Douglas and Englehart, 1984; Andrade and Sellers,

1988; Webb and Betancourt, 1992). On average, fewer tropical cyclones are generated

under warm ENSO conditions (Shapiro, 1982; Reyes and Mejfa-Trejo, 1991), but a

greater number recurve toward northern Mexico and the southwestern U.S., partly due

to an increase in the number of fall-season cut-off lows (Webb and Betancourt, 1992;

Cayan and Webb, in press).

The persistent low-latitude westerlies during warm ENSO events inhibit the

development of the strong high-pressure anticyclone over the central Rockies that

drives the summer monsoon. El Nirio years are thus typified by summer drought in
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the southwestern U.S. and northern Mexico (Douglas, 1988). August precipitation in

Tucson is significantly reduced during El Nifio years, while there is a significant

increase in precipitation in most other months (Betancourt, 1990). The decrease in

summer precipitation and increase in autumn precipitation during El Nifio years is

consistent with the overall negative correlation between July and August precipitation

and September precipitation in Arizona (Sellers, 1960). Sellers (1960) and Betancourt

(1990) have suggested that the atmospheric conditions conducive to heavy summer

monsoonal precipitation, which predominate during non-ENSO years, are unfavorable

for late-season (autumn) tropical storms and vice-versa.

The effect of ENSO on floods in the southwestern U.S. has been examined by

Webb and Betancourt (1992) and Cayan and Webb (in press). These studies report

that although there is a connection between flood-generating storms and El Nifio

conditions in the Southwest, the effects are not consistent among El Nifio years. Some

El Nifio conditions are conducive to the occurrence of severe winter frontal storms,

while others apparently are not. Many winter floods have occurred in non-El Nifio

years as well (Cayan and Webb, in press). The oceanic and atmospheric conditions

are not identical for all warm ENSO events (Emery and Hamilton, 1985; Fu et al.,

1986), with the result that not all ENSO events produce exactly the same effect on

precipitation anomalies in western North America (Namias and Cayan, 1984; Yamal

and Diaz, 1986; Schonher and Nicholson, 1989; Cayan and Webb, in press).

In spite of the somewhat inconsistent relation between all floods and El Nifio,

an indisputable connection exists between the largest floods and El Nifio. These

floods are the ones that will tend to be preserved in the paleoflood deposits, and are of

greatest interest in this project. Many of the most severe floods on rivers in Arizona
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and southern Utah have occurred during El Nifio conditions (Cayan and Webb, in

press). Table 9 lists the single largest historic floods on the rivers included in the

current study and the status of El Nitlo conditions during each. On all of the rivers

with paleoflood records the largest flood is associated with a moderate to strong El

Nifio event. This is also the case with the vast majority of the other rivers included in

the modern hydroclimatic analysis.

Floods During Periods of Negative SOI 

The winter and tropical-cyclone floods included in this study (Appendix C2)

show a remarkably consistent relationship with the negative phase of the Southern

Oscillation Index (SOI). When compared with a 12-month running mean of SOI, 73%

(22 out of 30) of the November-March winter floods and 75% (15 out of 20) of the

tropical-cyclone floods occurred during negative SOI conditions (Fig. 69). Three of

the winter storms in 1905, 1906 and 1916, and a tropical cyclone in 1906, occurred

during periods of no SOI data at the tail end of negative SOI periods, and probably

coincide with negative SOI as well. The addition of these floods would boost the

above figures to 83% and 80%, respectively. Most notable is the almost complete

lack of floods from winter or tropical storms during periods of strong positive SOI.

Most of those that coincided with positive SOI values occurred immediately before or

after a period of negative SOI.

Variations in the SOI bear no consistent relationship to the largest summer

floods, which occur during both positive and negative phases (Figs. 69 and 70). The

large-scale oceanic and atmospheric conditions apparently exert less influence on the

occurrence of flood-generating monsoon storms than on the other two storm
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Table 9. Coincidence of El Niflo events with the maximum floods on the
southwestern rivers in this study.

Largest Historic Flood El Nifio
River	 Date	 Storm Type Severityl

Virgin/Muddy
*Virgin	 12/6/66	 Winter	 M+
Muddy	 8/11/41	 Summer	 S

Southern Utah
*Kanab2
*Paria	 10/5/25	 Tropical	 VS
*Escalante	 8/27132	 Tropical	 S
Dirty Devil	 11/4/57	 Winter	 S

Little Colorado
*Little Colorado	 9/20/23	 Winter?	 M

(dam break)
Bill Williams
*Bill Williams3	2/21/1891	 Winter	 VS
Gila North
*Verde	 1 122/1891	 Winter	 VS
*Salt	 1/22/1891	 Winter	 VS
*San Francisco	 10/2/83	 Tropical	 VS
Hassayampa	 9/5170	 Tropical	 no?	 El Nifio conditions earlier in year
Agua Fria	 1/28/16	 Winter	 no

Gila South
*Aravaipa	 10/2/83	 Tropical	 VS
*Redfield	 10/2/83	 Tropical	 VS
Santa Cruz	 10/2/83	 Tropical	 VS
San Pedro	 9128/26	 Tropical	 VS
San Simon	 8/9/32	 Summer	 S
Santa Rosa	 9127/62	 Tropical	 no

*Colorado River	 717/1884	 Winter	 S+
(snow melt)

* River with paleofiood record.
1. Dates and strengths of El Niflo events that coincide with or occurred within 6 months prior to the

floods are from Quinn et ai (1987) and Cayan and Webb (1992). VS=very strong; S=strong;
M=moderate; W/M=weak-moderate; + =between ratings.

2. Gaged record too short to define largest flood.
3. Combined records from Bill Williams, Big Sandy, and Santa Maria Rivers.
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Figure 69. Dates of floods in Arizona and southern Utah from winter, tropical, and
summer storms compared with a 12-month running mean of the Southern
Oscillation Index (Ropelewski and Jones, 1987). Vertical lines = ^10-yr floods
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categories. The summer floods in this dataset are a mixture of spatially restricted

monsoon thunderstorms and more widespread Pacific storm systems, and this mixture

may contribute somewhat to the association of summer floods with different SOI

conditions. Note that there are dense clusters of summer floods during extended

periods of strong positive SOI values in the 1930s and 1950s, but none during the

positive SOI peak in the 1970s (Fig. 70). Whether this pattern in the summer floods

is related to other decadal-scale climatic variations remains a question. The absence

of large floods of any type on these rivers in the early 1970s is unique in the record.

The large floods from winter storms and tropical cyclones tend to cluster

during multiple-year periods with persistent negative SOI conditions (Fig 70). This

relationship is especially apparent during 1978-83, which has a high frequency of

winter floods. The lack of strong positive SOI conditions from 1975-87 is without

precedent in the 20th century (Bradley et al., 1987b; Webb and Betancourt, 1992).

During the wet winters from 1977-80, the eastern equatorial Pacific was not

particularly warm, as it would be under typical El Nifio conditions. However, these

winters were characterized by unusually warm waters in the eastern tropical North

Pacific and strong advections of moist tropical air into the Southwest during winter

storms (Douglas, 1981).

The increased frequency of large floods from winter and tropical storms during

periods dominated by negative SOI, and their absence during the intervening periods

of positive SOI, illustrates the strong influence of persistent ENSO conditions on the

largest floods in the region. Variations in the frequency and intensity of El Nifio

events have been documented over the last 1350 years from historical records on the

western coast of South America and the Nile River (Quinn et al., 1987; Quinn, 1990;
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Anderson, in press). Over at least the last 1000-2000 years, large floods in the

Southwest have been more frequent during centennial-scale periods with an increased

frequency of strong El Niiio events (Anderson, in press), which is consistent with the

results from the modern data (see Chapter 5).

A persistent negative 700-mb height anomaly in the east-central North Pacific

is associated with a highly persistent warm sea-surface temperature (SST) anomaly off

the West Coast during the winter months (Namias et al, 1988). This negative 700-mb

anomaly corresponds with the location of the low-pressure anomaly associated with

large winter floods in the Southwest (Fig. 58). This pattern also resembles the

positive phase of the Pacific/North American (PNA) pattern (Horel and Wallace,

1981), a 700-mb index that characterizes large-scale shifts in atmospheric circulation

over the North Pacific and North America. Several authors have noted a connection

between the frequency or persistence of this particular upper air configuration (positive

PNA), elevated SST in the eastern North Pacific, and warm ENSO events (Douglas et

al., 1982; Horel and Wallace, 1981; Namias, 1986; Yarnal and Diaz, 1986).

Summary 

The storms associated with large floods (^ 10-year recurrence interval) on

rivers in Arizona and southern Utah fall into three general categories: winter North

Pacific storms, tropical cyclones, and summer storms. All three types cause floods

throughout the region, although the relative importance of each varies. Winter floods

predominate in central Arizona. Summer storms and tropical cyclones are the

dominant causes of large floods in southern Arizona and southern Utah. Floods on the

Virgin River and the Little Colorado are associated with more of a mixture of storm
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types, but winter floods still comprise the greatest percentage. Winter storms and

tropical cyclones generate the largest floods, particularly on the rivers with paleoflood

records.

An analysis of daily synoptic weather types (Barry et al., 1982) highlights the

degree of similarity among the subregions in the meteorological conditions leading to

large floods from each storm type. The winter-flood weather types are most similar in

central and western Arizona and the Mojave River (southern California) and are

notably different for southern Arizona. The synoptic types during floods associated

with tropical cyclones also cluster by region, with the exception of southern Arizona

and the Little Colorado. The weather types that produce summer floods are closely

related for southern Arizona and southwestern Utah (Virgin subregion).

Specific anomalous atmospheric circulation conditions over the North Pacific

are conducive to the occurrence of large floods in this region. Winter floods are

associated with a low-pressure anomaly off the California coast and a high-pressure

anomaly over the Aleutians or Gulf of Alaska. Shifts in the positions of these features

appear to control which subregions experience floods. This general atmospheric

configuration, particularly the presence of the low-pressure anomaly, is an essential

component in generating the winter floods in the Southwest. However, the mere

existence of these atmospheric conditions does not ensure that a large flood will occur.

Many large floods are associated with tropical cyclones that recurve and

dissipate over northern Mexico. Moisture from these systems is drawn into the

southwestern U.S. by a deep trough or cut-off low-pressure zone centered over the

region. Atmospheric circulation anomalies associated with these floods show a

blocking high-pressure anomaly in the central North Pacific and a low-pressure
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anomaly over the western U.S. for floods in the southern half of the region. The

composite anomaly pattern for the rivers on the Colorado Plateau is less well-defined

and is more similar to that of winter floods. Both indicate the importance of

extratropical systems moving through the region under highly meridional flow

conditions. These conditions occur in late summer and early autumn, and are

particularly prevalent during El Nifio years.

The negative phase of the SOI definitely exerts a strong influence on the

occurrence of the floods from winter and tropical storms in the Southwest. These

storm types generated the largest floods on most of the rivers, and are therefore the

most likely to be represented in the paleoflood records. A substantial majority of

these floods occurred during periods of persistent or frequent negative SOI values,

even if strong El Nifio events did not fully develop. The single largest floods on the

rivers with paleoflood records occurred under El Nifio conditions. Not all ENSO

events are associated with elevated SST and a positive PNA and vice versa (Douglas

et al., 1982; Emery and Hamilton, 1982). This may partly explain the weaker

relationship between the large floods and SST than with the SOI.

Decadal-scale climatic fluctuations affect seasonal precipitation in the

Southwest and appear to influence the frequency of large floods from different storm

types. Numerous large floods and increased winter precipitation in the first third of

the century and after 1960 coincide with periods of predominantly meridional flow in

northern hemisphere upper atmosphere circulation. Summer floods from monsoonal

storms were particularly frequent during a period of zonal flow in the early 1950s.

These periods also coincide with changes in SST and the frequency and intensity of
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ENSO events, which particularly affect the occurrence of floods from winter storms

and tropical cyclones.

Floods in the Southwest from winter storms and tropical cyclones tend to be

associated with similar conditions, i.e. negative SOI or El Nifio conditions, warm

coastal SST, and highly meridional upper air circulation. The conditions conducive to

these two storm types tend to be less favorable for floods from summer monsoonal

storms, although in general the connection with large-scale climatic processes is less

defined for the summer floods. The next chapter will examine patterns in floods and

climate over the past 5000 years to determine whether the relations exemplified by the

modem data are valid for longer time scales covering all or part of the late Holocene.
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CHAPTER 5. PALEOFLOODS AND LATE HOLOCENE PALEOCLIMATE

In this final chapter, the regional paleoflood record in the southwestern U.S. is

combined with information from the modern hydroclimatological analysis to evaluate

the paleoflood patterns in the context of paleoclimatic variations. The links between

floods and atmospheric conditions established from the modem hydrological and

meteorological records serve as analogues to the causes of the paleofloods (Knox,

1988).

The geologic records of paleofloods provide only rudimentary information

about the nature of the floods. We know only that the floods occurred; the season,

storm type, and in many cases even the magnitude is unknown. Precise recognition of

temporal and spatial patterns in this study is further hindered by the coarse dating

resolution and the forced comparison of rivers of various sizes throughout a large

region of the southwestern U.S. Still, in spite of these numerous obstacles that tend to

obscure the climatic signals in the flood records, the final results from different rivers

are remarkably consistent. The composite flood chronology reveals distinct patterns in

the temporal distribution of floods throughout the region (Fig. 46).

The overall objective of this study is to further explore these broad but definite

patterns in the occurrence of large floods in the southwestern U.S. over the last 5000

years. The analysis of modern meteorological and hydrological records demonstrates

several strong relationships between floods and climatic phenomena. With this

background information, what do the paleofloods reveal about the major climatic shifts

over the late Holocene?

Applying modern flood analogs to the interpretation of the paleofloods involves

the implicit assumption that there have been no major changes in the basic
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atmospheric and oceanic circulation features over the period of interest. This

assumption probably holds true for the last 5000 years, the period of this study. The

large Northern Hemisphere ice sheets had a considerable effect on atmospheric

circulation patterns during the last glacial maximum at 18 ka, perhaps causing a split

in the westerly jet stream across North America (Kutzbach and Wright, 1985). Most

of the ice sheets had largely retreated by 10 ka, but a persistent remnant of the North

American ice sheet continued to exert an influence on Northern Hemisphere

circulation until at least 9 ka (Kutzbach and Guetter, 1986), and perhaps as late as 7

ka (Knox, 1983). One must use caution in directly applying modern climatic analogs

to the early Holocene, as the effects of a residual ice sheet could have resulted in

atmospheric flow trajectories or moisture sources that are uncommon today

(Thompson, 1990). However, the general features of present-day atmospheric

circulation were probably in existence by the mid- to late Holocene (Knox, 1983).

Relatively modern vegetation was established in most of the Southwest between 8.9

and 8.4 ka, and the final modernization of the vegetation in the southwestern deserts

was complete by about 5 ka with the migration of frost-sensitive subtropical species to

their present northern range limits (Van Devender, 1987, 1990 a,b; Van Devender et

al., 1987; Spaulding, 1990).

At present, the largest floods on the southwestern-region rivers in this study

result from winter North Pacific frontal storms or moisture drawn in from dissipating

tropical cyclones. These storm types are most often asssociated with highly

meridional upper air circulation and the negative, or warm, phase of the Southern

Oscillation. Summer convective thunderstorms are a less important cause of the

largest floods on the relatively large watersheds in this study; the opposite relationship
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is probably true for small drainages in this region. Although they bear only weak

connections to decadal-scale atmospheric patterns, floods from summer storms often

occur under conditions that tend to suppress the previous two types: more zonal wind

flow, warm regional temperatures, and non-ENSO conditions. These same three storm

categories were probably the dominant causes of floods over the period of the

paleoflood records on these rivers, although the relative importance of each may have

changed through time. Because these storm types tend to occur under different

prevailing atmospheric conditions, the paleoclimatic context of the paleofloods

indicates whether they were predominantly from winter and tropical storms, from the

summer monsoon, or from both groups at different times.

Holocene Paleoclimate of the Southwest

The Holocene is divided into three climatically distinct periods. There is

disagreement over the delineation of these subdivisions and the nature of the climate

during each, even within a single region. For the purposes of this paleohydrologic

study I will refer to the early Holocene as 10-7 ka, the middle Holocene as 7-5 ka,

and the late Holocene as 5 ka-present.

The late Pleistocene in the Southwest was characterized by increased effective

precipitation, probably due to cool summer temperatures and predominantly winter

precipitation (Van Devender et al., 1987). The early Holocene saw the final retreat of

the continental ice sheets, and was a transitional period between the glacial maximum

and the modem climatic regime. There has been much debate over whether the early

Holocene was a time of increased summer precipitation in the Southwest due to a

summer insolation maximum at 9 ka, or whether these effects were overridden by the
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influence of the disintegrating ice sheet (Davis et al., 1985; Spaulding and Graumlich,

1986; Van Devender, 1987; Davis and Shafer, 1992).

The middle Holocene was a period of relatively warm temperatures in the

Southwest, referred to as the Altithermal (Antevs, 1955). Again there is disagreement

over whether the warmer temperatures were accompanied by increased precipitation in

the southwestern region from a stronger summer monsoon (Martin, 1963; Van

Devender, 1987) or resulted in greater aridity (Hall, 1985; Shafer, 1989; Spaulding,

1991; Davis and Shafer, 1992). In either case, the increased precipitation would arrive

in the form of summer monsoonal storms, which are the least likely to generate

extremely large floods on the rivers in this study. The earliest paleoflood records in

this study begin near the end of this time period, although they are probably associated

with a cool, wet episode immediately after the Altithermal than with increased summer

storms. The basis for this conclusion is discussed in the following sections.

Proxy records from the Southwest and other regions of North America during

the mid-Holocene indicate climatic conditions characteristic of predominantly zonal

flow, with little evidence of low-frequency climatic variations. These conditions gave

way to more frequent occurrences of meridional circulation and the highly variable

global climatic regime that has continued to the present (Knox, 1983; 1985; 1988).

There are scant records of glacial advances in western North America during the early

Holocene and probably none in the middle Holocene prior to about 5.5-5 ka BP

(R6thlisberger, 1986; Davis, 1988; Nesje and Johannessen, 1992). The last 5000 years

contain numerous climatic fluctuations; there have been several periods of neoglacial

advances alternating with relatively warm periods (Denton and ICarlén, 1973). The
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frequency of large floods in the southwestern U.S. has varied over the late Holocene

in direct response to these shifting climatic conditions.

Late Holocene Paleoclimate and Floods

This section compares the variations in the frequency and magnitude of large

floods in the Southwest with climatic fluctuations over the late Holocene. For review,

the regional paleoflood chronology is grouped into 200-year intervals that show the

following patterns (Chapter 3, Fig. 46): 1) a cluster of floods from 5-3.6 ka, with a

peak in frequency around 4.8-4.4 ka; 2) no flood deposits preserved from 3.6-2.2 ka;

3) an increase in the number of flood deposits after 2.2 ka, with a possible minor peak

in frequency from 2.2-2 ka, a decrease to a low at 1.8-1.6 ka, and an increase to a

prominent peak in both frequency and magnitude from 1.2-.8 ka; 4) a sharp drop in

frequency 800 to 600 years ago; and 5) a large increase in the last 500-600 years, with

a notable peak in the late 1800s-early 1900s AD. The gaps with few or no flood

deposits are not necessarily times of no floods, but times in which the floods did not

exceed the threshold of preservation in the depositional sites.

The records of neoglacial advances encapsulate what is known of climatic

variations in the late Holocene. Figure 71 indicates this general relation of floods to

global neoglacial periods. The curve of global Holocene glacial activity illustrated in

this figure is extremely generalized and does not precisely depict the timing or extent

of climatic fluctuations within the region of the southwestern U.S. However, in

general the clusters of floods in the Southwest all coincide with cool, wet periods of

glacial advances. Most, but not all, neoglacial advances also correspond to periods of

increased large floods. This relationship is more evident in the following detailed
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GLACIAL	 FLOOD
ADVANCES PER1009

Figure 71. Comparison of Holocene records of alpine glacier advance (C = cold) and
retreat (W = warm) for the globe (R6thlisberger, 1986; Wigley, 1988) with
periods of increased frequency of large floods in the southwestern U.S.
(modified from Ne,sje and Johannessen, 1992). Shaded areas = flood periods;
black = prominent peaks in the frequency of floods. Many regional glacial
chronologies differ from this generalized global curve. This comparison is
shown to provide a general indication of the relation of floods to cold periods
that is discussed in detail in the text.
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discussions of the paleoclimate of the western U.S.

5-3.6 ka 

The cluster of floods from 5-3.6 ka corresponds to glacial advances in

mountain ranges throughout the western U.S. (Davis, 1988; Grove, 1988) during a

cool, wet period immediately following the warmer mid-Holocene (Lamb, 1982;

Grove, 1988). The best-dated moraines place several of the maximum advances

between 5.1 and 4 ka (Miller, 1969; Beget, 1984; Davis, 1988). Many lakes in the

western U.S. rose to high stands after —5 ka, following a period of extremely low

levels from —5-6 ka (Smith and Street-Perrott, 1983). The specific relation of floods

and lake-level chronologies is discussed in a subsequent section.

In the Southwest, Mehringer et al. (1967) noted a change in the pollen from the

Murray Springs site indicating moist conditions in southern Arizona from .5-4 ka.

Pollen from Montezuma Well in northern Arizona shows cool periods in northern

Arizona centered at 5.1 and 4.3 ka (Davis and Shafer, 1992). Other indicators of

moist conditions include fresh-water intervals in the San Joachin Marsh in coastal

southern California at 3.8 ka, with a peak influx of alluvial pollen, charcoal, and

inorganic sediment into the marsh ca. 5 ka that may represent floods (Davis, 1991),

and higher ground water at Yucca Mountain, southern Nevada from .4.1-3.8 ka

(Benson and Klieforth, 1989). Sand sheets and parabolic dunes in northern New

Mexico around 4-3.7 ka also indicate a change to a relatively moist environment at

this time (Wells et al., 1990). The development of these particular eolian features was

favored by enhanced ground-surface moisture under a mesic, rather than xeric

environment, and coincides with increased ground-water recharge and glacial advances
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in northern New Mexico and southern Colorado (Andrews et al., 1975; Phillips et al.,

1986; Wesling, 1988; Wells et al., 1990).

3.6-2.2 ka 

This time period coincides with a lack of large floods on the rivers in this

study. A period of global neoglacial advances began around 3.2 ka (Fig. 71). This

episode does not correspond to an increased frequency of floods, and actually falls

within the pronounced period of no paleoflood deposits from 3.6-2.2 ka. In the

western U.S., there is evidence of glacial advances after —2.8 ka, but they do not

appear to be as widespread as the earlier neoglacial advances between —4 and 5 ka.

Curry (1969) identified glacial advances in the central Sierra Nevada Mountains

between 2.6 and 2 ka, and this chronology was refined by Scuderi (1984) as multiple

advances at 2.8, 2.2, and 1.85 ka. The latter glacial advances in this series coincide

with the gradual increase in floods in the Southwest after 2.2 ka (Fig. 46). Davis

(1991) cites examples of sites indicating cooler, moister conditions around 2.8 ka in

California, northern Arizona, and the northwestern U.S. The only evidence of a high

lake level in the southwestern U.S. during this interval is from Sevier Lake in central

Utah, which rose to a high stand around 2.5-2.6 ka (Oviatt, 1988).

2.2-1.2 ka 

The frequency of floods increases again after 2.2 ka, reaching a peak in the

number and magnitude of floods from 1.2-.8 ka (Fig. 46). From 2.2-1.2 ka, the

number of floods varies, but no interval stands out as particularly notable. In other

paleoclimatic records, there is evidence of several wet intervals during this period in
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the Southwest (Davis, 1991; Davis and Shafer, 1992), glacial advances in southern

California at 2.2 and 1.85 ka (Scuderi, 1984), and small moraines in the Colorado

Rockies from 2.4-1 ka (Benedict, 1973; Davis, 1988).

1.2-0.8 ka 

The numerous large floods centered around 1 ka coincide with a period of

glacial advances and cool, moist conditions in the western U.S. and other parts of the

globe. Dates on moraines from several sites in North America fall between 1.2-1 ka

(Denton and Karla, 1973; Davis, 1988), including the Sierra Nevada (Curry, 1969)

and the Colorado Front Range (Benedict, 1973). Evidence from pollen, packrat

middens, and arthropods at sites in Arizona indicate a brief period of cool, moist

conditions centered around 1 ka (Van Devender, 1987; Van Devender et al., 1987;

Hall et al., 1990; Davis and Shafer, 1992). Tree-ring chronolgies on high-altitude

bristlecone pines from the White Mountains in California also show a particularly

cool, wet period from —800-1000 AD (1150-950 BP) (LaMarche, 1973; Graybill, 1990,

unpublished data). Nearby Mono Lake, on the eastern flank of the Sierra Nevada in

central California, rapidly rose to a high stand at about 866 calendar years BP —950

radiocarbon yrs BP), after up to 3000 years of relatively low lake levels. The lake

subsequently fell to its lowest level in the last 866 cal years, which it reached by 680

cal BP (Stine, 1990) (Fig. 72).

0.8-0.6 ka 

The existence of a medieval warm period was first noted in Europe, where

warmer temperatures began as early as about 900 AD and lasted in some areas until
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Figure 72. Late-Holocene lake-level chronology of Mono Lake, on the eastern flank
of the Sierra Nevada in central California compared to the paleoflood record
from the Southwest (after Stine, 1990). The record from Mono Lake is the
most detailed late-Holocene lake chronology in the region, and it closely
matches the flood chronology. * = major high/low stands that coincide with a
prominent increased/decreased frequency of floods in the Southwest; the drop
from the highest to the lowest lake level occurred at some point within the time
range indicated by the dashed line.
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after 1300 AD (Lamb, 1982; Grove, 1988). Evidence of warm temperatures

overlapping with some or all of this time range have now been identified in proxy

records from other parts of the world, including North America (Lamb, 1982). There

is little evidence of any glacial advances during this time. Substantial evidence of the

global climatic effects during this period was presented at a workshop on the Medieval

Warm Period in Tucson, Arizona, November 5-8, 1991 (conveners: Henry Diaz,

NOAA and Malcolm Hughes, University of Arizona). Temperatures inferred from

oxygen isotopes records in ice cores from two northern hemisphere sites in China and

Greenland show an increase after —AD 1037 and a maximum in the late 1300s.

Southern hemisphere ice cores from Peru and Antarctica also show warmth from AD

1100-1550 (Thompson, 1991). Evidence from the western U.S. includes maximum

fire frequency in sequoia groves on the western slope of the Sierra Nevada from AD

1000-1300 (Swetnam et al., 1991); warm summer temperatures in the southern Sierra

Nevada from ca. AD 1100-1375 indicated by tree-ring records (Graumlich, 1991).

Pollen records from 700-1100 BP in the southwestern U.S. indicate a warm

period bracketed by two brief cold-wet intervals (Davis et al., 1991). Several other

records from the Southwest also show a cool-wet period ca. AD 1000-1100 prior to a

warm, dry period, e.g.tree-ring chronologies and 613C values from bristlecone pines in

the White Mountains of California (LaMarche, 1973; Leavitt, 1991),

paleoenvironmental and archaeological evidence from southwestern Colorado

(Petersen, 1991), and lake levels in Mono Lake, California (Stine, 1990) (Fig. 72).

The sharp drop in the frequency of large floods in the Southwest from 800-600

BP corresponds to the Medieval Warm Period. As described above, this interval was

preceded by a brief peak in both the frequency and magnitude of floods. The relation
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of this abrupt change in the flood chronology to the broad-scale paleoclimatic

conditions is clear.

0.6 ka to Present 

The last 500-600 years show a substantial jump in the number of floods in the

southwestern U.S. over the previous interval, as discussed in Chapter 3. Again, the

increase is associated with a switch to generally cooler, wetter conditions in the

southwestern U.S. (e.g. Curry, 1969, LaMarche, 1973, 1974; Cole and Webb, 1985;

Davis, 1988; Enzel et al., in press; Grove, 1988; Stine, 1990). The term 'Little Ice

Age', is widely used to describe this cold interval separating the warmer periods of the

Middle Ages and the early twentieth century. It initially referred to a series of

multiple glacial advances and bouts of cold weather in Europe, with the earliest

beginning in the thirteenth to fourteeth centuries and the last terminating by the mid-

1800s (Grove, 1988). Although the exact timing of glacial advances and cool

temperatures during this period is far from synchronous throughout the world, there is

now abundant evidence of climatic changes associated with the general time range of

the Little Ice Age in many sites around the globe (e.g. Thompson et al., 1986). Grove

(1988) has compiled an excellent comprehensive summary of the global climate during

this period.

Late-19th to Early-20th centuries 

Substantial decadal-scale variations in atmopheric circulation, streamflow,

floods, and ENSO conditions within the twentieth century show distinct differences

between the early and middle portions of the century, as discussed in previous
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chapters. High resolution paleohydrologic and dendroclimatic reconstructions from

tree rings show that the early twentieth century was also a period of anomalously high

precipitation and streamflow on a much longer time scale. The period from

approximately 1905 to the 1930s (beginning in 1890 in northern New Mexico and the

Colorado Plateau) was the wettest interval or greatest high-flow period in several tree-

ring records from Arizona, southern Utah, New Mexico, and the upper Colorado River

Basin that span 250 to almost 2000 years (Stockton, 1975; Stockton and Jacoby, 1976;

Smith and Stockton, 1981; Meko, 1986; Dean, 1988; Fritts, 1991; D'Arrigo and

Jacoby, 1991). This is also a period of frequent large floods on the rivers in this

study.

An interesting aspect of this extremely wet interval is that it occurred after or

at the tail end of the generally recognized date for the termination of the Little Ice

Age in the mid- to late 1800s. In this case, the anomalous conditions that brought

about the floods occurred during the transitional period after the core of the cold

interval. This is the only portion of the paleoflood record in which the temporal

resolution is great enough to determine the timing of the floods so precisely, but

previous clusters of large flood events may have also occurred during climatic

transitions when variability is likely to be high.

The observation that large paleofloods are more frequent during cool periods

that last decades to centuries can not be directly transferred to an annual scale. The

occurrence of an extremely cold winter does not mean an increased probability of

winter floods. Roden (1989) identified warm and cold periods in the historic records

of air temperature and sea-surface temperature from the West Coast of North America.

Based on Roden's (1989) classification, floods on the rivers in the current study have
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occurred during both cold winters (e.g. 1862, 1937, 1969) and warm winters (e.g.

1941, 1983, 1977-1984). If anything, floods are more frequent during the warm

winters, which occur mainly during El Nifio conditions. Some of the years with cold

winters and floods had several months with negative SOI (e.g. 1969). Several of the

warm winters were followed by autumn floods associated with tropical cyclones (e.g.

1926, 1958, 1983).

An essential factor in generating floods in the Southwest is a shift in

atmospheric circulation over the North Pacific that steers storms into the area. This

situation can arise from different types of atmospheric disturbances (Roden, 1989),

hence the occurrence of floods in individual winters that are both warmer and colder

than average. On a scale of centuries to millenia, however, the high-amplitude

meridional flow conducive to generating floods from winter and tropical storms is

more likely to occur during extended periods of cool temperatures than under the more

stable, zonal flow conditions prevalent in warmer periods.

Relation to Other Paleohydrological Records

How does the flood record compare with the response of other

paleohydrological indicators, namely lakes? While floods record single storms, lakes

present a cumulative record of precipitation over a longer period. Are the floods more

frequent during times of generally increased moisture in the Southwest? Figure 73

compares the record of large floods to the late-Holocene chronologies of several lakes

and other paleohydrological indicators in the western U.S. The record from Yucca

Mountain shows ground-water recharge, Ash Meadows records a marshy environment,

and the other chronologies are from lakes. Smith and Street-Perrott (1983) compiled
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Figure 73. Comparison of the paleoflood chronology for the southwestern U.S. with
periods of high and low stands on lakes in the south- and central-western U.S.
Periods of more (less) frequent large floods coincide with high (low) lake
levels in the region. References: 1.) Smith and Street-Perrott, 1983; 2.) Born,
1972; 3.) Benson and Thompson, 1987; 4.) Mehringer and Warren, 1976; 5.)
Oviatt, 1988; 6.) Benson and Klieforth, 1989; 7.) Smith, 1979; 8.) Enzel et al.,
1989, in press; 9.) Stine, 1990; 10.) Waters, 1989.
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information from numerous western North American lakes, which is shown at the top

of the figure.

The paleohydrological chronologies correspond quite closely to the flood record

(Fig. 73), considering the degree of resolution in the dating of both type of records.

The earlier period of flooding from 5-3.6 ka coincides with high stands on many lakes

in the region, as does the increase of floods during the 'Little Ice Age'. Some of the

lakes (Walker, Pyramid, and Mono Lakes) show a definite drop to their lowest levels

toward the end of the long interval of no large floods, but most records constrain only

the periods of the high stands. The most detailed late-Holocene lake chronology is

from Mono Lake in central western California (Stine, 1990). Variations in the water-

surface elevation of Mono Lake are remarkably similar to the patterns in the

paleoflood chronology for the Southwest (Figs. 72 and 73). Only one of the lakes in

Figure 73, Sevier Lake, Utah (Oviatt, 1988), contradicts the paleoflood records from

this study. The high stand at 2.5 ka coincides with the one neoglacial period that is

not accompanied by an increase in the number of flood deposits in the Southwest.

Silver Lake, in southern California, forms the terminus of the Mojave River,

which was included in the modern analysis of circulation anomalies associated with

floods (Chapter 4). Winter floods on the Mojave River and the rivers in this study are

associated with similar anomalous atmospheric circulation patterns, and many of the

same storms generate floods in both areas (Appendix C2). Enzel (1990, 1992) showed

that winter floods comparable in magnitude to the largest floods in the modern record

must occur almost annually to generate and maintain the late-Holocene perennial lakes

in this basin. The documented lakes in Silver Lake playa ca. 3600 and 400 BP (Fig.
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73) provide firm evidence of an increased frequency of flood-generating winter storms

in the Southwest during at least two of the flood periods from this study.

Other Paleoflood Records 

The paleoflood record from Colorado River conforms with the patterns from

the southwestern rivers alone (Fig. 49), substantiating the observation that the large

floods in the Southwest occur during periods of increased moisture influx throughout a

broad region of the West. The Pecos and Devils Rivers in southwestern Texas present

an intriguing contrast. The sedimentary character of the deposits at Arenosa Shelter

on the Pecos River indicate more moderate-sized floods during relatively humid

periods before —9.5 ka and from 3-2 ka, and larger floods under increasingly arid

conditions from —9-3 ka and after 2 ka (Patton and Dibble, 1982). When the Pecos

record is interpreted in this manner, the long-term periods of extreme events in the

two regions correspond in time, although the general climatic conditions during these

times differ. The largest floods on the Pecos and Devils Rivers today are caused by

tropical Atlantic hurricanes, which apparently do not vary in concert with the climatic

conditions that increase the long-term average of available moisture in the region.

This interpretation of the paleoflood record in southwestern Texas is speculative at this

juncture and would require further investigation for confirmation. However, the

principal relevance in discussing this possibility is to point out that while large floods

in the Southwest tend to occur during periods of an increase in the average influx of

moisture, this example is not necessarily universal. Identifying this relationship in

diverse regions around the globe would begin to illuminate the similarities and
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differences in the responses of different type of extreme storms to changing climatic

conditions.

An even more intriguing aspect of the comparison between the flood records

from the Pecos and Arizona/Utah is the idea that the certain extended time periods

have been conducive to the occurrence of extreme floods in diverse climatic regions

around the globe. A cursory examination of paleoflood records from sites on several

continents revealed the possibility of broad similarities in the timing of large floods

(Smith, 1992). One example that apparently refutes the idea of simultaneous flood

periods around the globe comes from the north-central U.S. (Knox, 1985; 1988; 1991).

Interestingly, the while the period from —3.5-2.2 ka was characterized by a lack of

floods on the southwestern rivers, over approximately the same interval (-3.0-2.0 ka)

there was an increase in flood magnitudes on certain rivers in Wisconsin. The periods

immediately before and after were times of decreased flood magnitude in that region,

and floods increased in magnitude after about 1.0 ka (Knox, 1985; 1988; 1991). The

resolution in dating of the floods in both regions poses a problem in direct making a

direct comparison of the two records, but it appears that at least during some periods

over the last 4000-5000 years, there is a negative correlation in the occurrence of

extreme floods. The historic increase in floods on the Wisconsin rivers after 1950

(Knox, 1988), when large floods decreased on many rivers in the Southwest, supports

this pattern in the paleoflood record. An investigation combining the two regional

records could further delineate differences in the large-scale circulation patterns, such

as meridional vs. zonal flow, that prevailed during different periods in the past. A

meaningful test of global patterns in the timing of floods awaits a thorough

investigation of the particular atmospheric and climatic conditions associated with



245

floods in several diverse regions, especially those that may be sensitive to fluctuations

in specific large-scale climatic phenomena such as ENSO, monsoons, generation of

tropical storms, etc.

Floods and Long -term Variations in ENSO

As discussed in Chapter 4, the largest floods on the rivers in the Southwest

tend to occur during negative phases of the Southern Oscillation Index, and also

during many El Nifio events. In the historic record, periods with exceptional numbers

of large floods tend to coincide with periods of more frequent El Nifio events or

negative SOI conditions. El Nifio events were particularly frequent from 1925-1932

and 1864-1891 (Quinn et al., 1987) and were also more frequent from 1900-1929 and

1960-86 than in the intervening decades (Webb and Betancourt, 1992). High

interannual variability occurred in the indices of ENSO from 1900-1930 (Webb and

Betancourt, 1992). These are all times of frequent large floods on the rivers in this

study. Substantial geomorphic effects from the increased floods at the beginning of

this century have been documented on several rivers in the Colorado Plateau

(Hereford, 1986, 1987; Webb and Baker, 1987; Graf et al., 1991).

The next step in investigating the persistence of this relationship between

floods and ENSO over longer time scales is to compare the paleoflood chronology

with evidence of past ENSO and El Nifio conditions. A record of El Nifio events back

to AD 1525 has been constructed by Quinn et al. (1987) based on historical accounts

of conditions along coastal Peru. This chronology has been extended by Quinn (1990)

to AD 622 using records of Nile River discharge. The Nile River has a strong

negative correlation with El Nifio in the modern record, and years of extremely low
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discharge in the past were assumed to represent El Nifio occurrences. This record

shows many persistent Nile River deficits (frequent, strong, El Nitio conditions) from

AD 622-1000, especially from AD 930-1091, higher floods in the AD 1100s-1200s

(non-El Nifio), and a transition beginning ca. 1291 back to flow deficits by the 1500s

(frequent El Nifio) (Quinn, 1991).

Anderson (1992) transformed these records of past El Nifio events (Quinn et

al., 1987; Quinn, 1990) to a frequency diagram depicting variations in the number of

unranked El Niiio events per year. The resulting plot shows a sharp peak in the

frequency of El Nifio events from AD 700-950 that coincides with the prominent

period of numerous high-magnitude floods in the Southwest (Fig. 74). The frequency

of El Nitio events drops dramatically to the lowest point in the record from AD 1100-

1300, the Medieval Warm Epoch, and then increases again over the last 600 years.

Again, this pattern mirrors the sharp decrease and subsequent increase in the number

of floods in the southwestern U.S. during those intervals (Fig. 73).

The timing of the initiation of the modern El Nifio is undetermined, but there

is evidence that El Nifio-like conditions have occurred in the South American region

for at least the last 5000 years (Rollins et al., 1986; De Vries, 1987; Enfield, 1989;

Wells, 1990). Warm sea-surface temperatures off the coast of California are also

associated with El Niiio conditions in the modern record (Namias et al., 1988). Pisias

(1978) developed an 8000-year reconstruction of February sea-surface temperatures for

the Santa Barbara Basin off of southern California using radiolarian assemblages from

varved sediments. Modern El Nitios (warm ENSO events) are characterized by a

combination of warm radiolarian assemblages from the eastern tropical Pacific and

cold-water assemblages from the California countercurrent in the Santa Barbara Basin
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Figure 74. Long-term variations in the frequency of El Nifio from AD 622 to present
compared to paleoflood frequencies (modified from Anderson, in press). The
low frequency of strong El Nifio events during the Medieval Warm Epoch and
the relatively higher frequency before and after corresponds with variations in
the frequency of large floods in the southwestern U.S. The sharp peak in El
Nitio events around AD 950 coincides with the prominent peak in the
magnitude and frequency of floods ca. AD 900-1000.
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(Weinheimer et al., 1986). Cold ENSO events, or La Nina conditions, are

characterized only by a strong cold-water fauna component (Casey et al., 1989).

In the 8000-year reconstruction, the periods from 800-1800 cal BP, 3600-3800

cal BP, and before 5400 cal BP were generally warmer than present-day averages

(Pisias, 1978). A comparison of the detailed SST reconstruction with the paleoflood

chronology shows that extended periods of high SSTs coincided with episodes of

increased flooding over the last 2000 years, and this association is especially close in

the last 1000 years (Fig. 75). Peaks in SST at 900 cal BP and from 500-100 cal BP

are separated by an interval of low SST from 800-600 cal BP, paralleling the increase,

decrease, and subsequent increase in floods over the same time span. The warm-water

subtropical and Baja assemblages fall to their lowest levels in the 8000-year record

during the interval from 600-800 cal BP, which corresponds in time to the Medieval

Warm Period.

Prior to 2000 BP, this tight relationship becomes somewhat ambiguous. The

longest period of low SST in the 8000-year record extends from 3400-2000 cal yr BP.

The dates for the SST record were derived from counting annual varves, and

radiocarbon years diverge significantly from these calendar years prior to 2000 BP

(Fig 6). Thus, the interval of low SST from 3400-2000 cal yr BP correlates to

approximately 3100-2000 14C BP, and coincides with the end of the long interval of

no large floods (3600-2200 BP). The prominent peak in SST at 3600-3800 cal yr BP

actually occurs after the earliest flood period in the paleoflood chronology (-5700-

4000 cal yr BP). The early flood episode does not appear to correlate with a

persistent phase of either warm or cold SSTs. The question remains whether this

discrepancy actually reflects a major change in the large-scale oceanic conditions
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(Modified from Pisias, 1978)

Figure 75. Southwestern paleoflood chronology in relation to an 8000-year record of
reconstructed sea-surface temperatures in the Santa Barbara Basin off the coast
of California (modified from Pisias, 1978). The SST record was determined
from radiolaria assemblages in varved sediments (Pisias, 1978). Vertical scale
= calendar years before 1940, derived from varve counts; shaded areas = flood
periods converted to calendar years. Periods of warm SST probably signify El
Nino-like conditions, and coincide with the episodes of increased floods over
the last 2000-3000 years.
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associated with floods, or is a problem with the dating, interpretation, or preservation

of the records.

In summary, frequent large floods tend to occur during extended periods of

more frequent El Nifio events or negative SOI in the historic record. A very clear

relationship between floods and El Nifio conditions exists for the last 1000 years, and

the occurrence of floods during periods of El Nifio-like conditions denoted by warm

coastal SST is consistent over at least the last 2000 years. The break in this

relationship prior to about 3000 years ago may signify a change in the oceanic

conditions associated with large floods. This hypothesis is extremely speculative at

this point, as there is no independent data to suggest this type of large-scale change

and inconsistencies within the datasets have not been ruled out as a potential cause.

Discussion

Low-frequency variations in the conditions conducive to the occurrence of

large floods in the modem record have occurred over the past 5000 years. The

extended periods with numerous large floods coincide with generally cooler

hemispheric temperatures, a greater overall influx of moisture into the Southwest, and

frequent El Nifio conditions in the latter half of the record.

In the modem record, these conditions are also associated with periods of

highly meridional upper air flow, which creates the deep low-pressure troughs that

occasionally steer North Pacific storms into the Southwest. All of these conditions are

conducive to the occurrence of large floods from winter North Pacific frontal storms

or deep low-pressure troughs and cut-off lows that draw in moisture from dissipating

tropical cyclones. The clusters of large floods in the paleoflood record therefore
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probably represent periods with an increased frequency of severe winter storms and/or

dissipating tropical cyclones affecting this region of the Southwest. Floods from

summer monsoon thunderstorms show a much less consistent relation to modern large-

scale climatic processes than floods from the other two storm types. If anything,

warmer temperatures, zonal upper air flow, and positive SOI are more conducive to

these floods, although they also occur under the opposite conditions. Because

paleofloods exhibit a distinct, consistent pattern through time and correspond with cool

periods and El Nifio conditions, they clearly do not represent a dominance of floods

from monsoonal thunderstorms.
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CHAPTER 6. SUMMARY AND CONCLUSIONS

Variations in the frequency of large floods in the southwestern U.S. are related

to global climatic fluctuations over the last 5000 years. Extending the record by

several thousand years revealed low-frequency variations in the occurrence of extreme

floods that are impossible to detect over the short period of direct observation.

Episodes of frequent large floods lasting several hundred years coincide with cooler,

wetter, periods in the late Holocene. Global warm periods, such as the Medieval

Warm Period, are times of dramatic decreases in the number of large floods in this

region. The floods preserve a record of individual extreme storms, but

paleohydrological indicators that reflect more average or cumulative climatic

conditions, such as vegetation, lakes, ground water, or eolian processes, show that the

floods cluster in times of generally moister conditions throughout the Southwest.

The regional paleoflood chronology was developed from flood deposits on

rivers in Arizona and southern Utah. Rivers throughout the region show the same

general pattern in the timing of large floods. The combined flood records from all

rivers grouped into 200-year intervals show the following patterns: 1) a cluster of

floods from 5-3.6 ka, with a peak in frequency around 4.8-4.4 ka; 2) no flood deposits

preserved from 3.6-2.2 ka; 3) an increase in the number of flood deposits after 2.2 ka,

with a possible minor peak in frequency from 2.2-2 ka, a decrease to a low at 1.8-1.6

ka, and an increase to a prominent peak in both frequency and magnitude from 1.2-.8

ka; 4) a sharp drop in frequency from 800 to 600 years ago; and 5) a large increase in

flood frequency in the last 500-600 years, with a notable peak in the late 1800s-early

1900s AD. The gaps with few or no flood deposits are not necessarily times of no
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floods, but times in which the floods were not large enough to exceed the threshold of

preservation in the depositional sites.

The storms associated with large floods	 10-year recurrence interval) in the

modern records from rivers in Arizona and southern Utah fall into three general

categories: 1) winter North Pacific storms traveling in the mid-latitude westerly wind

belt, 2) moisture drawn into the region from Pacific tropical cyclones that recurve and

dissipate over Mexico, and 3) summer storms, mainly convective thunderstorms related

to the 'summer monsoon' in the southwestern U.S. All three storm types cause floods

throughout the region, although the relative importance of each varies. Winter storms

and tropical cyclones generate the largest floods, particularly on the rivers with

paleoflood records.

The winter storms and tropical cyclones that create floods in this region today

are associated with similar large-scale conditions, i.e. negative SOI or El Nifio, warm

coastal SST, and highly meridional upper air circulation with a southerly-shifted

westerly storm track. The conditions conducive to these two storm types tend to be

less favorable for floods from summer monsoonal storms, although in general the

connection with large-scale climatic processes is less defined for the summer floods.

Specific anomalous atmospheric circulation conditions over the North Pacific

are conducive to the occurrence of large floods in this region. The largest winter

floods are associated with a low-pressure anomaly off the California coast and a high-

pressure anomaly over the Aleutians or Gulf of Alaska. Shifts in the position, extent,

or strength of these features appear to control which subregions experience floods.

However this general atmospheric configuration, particularly the low-pressure

anomaly, is an essential component in generating large winter floods throughout the
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study area. The composite 700-mb anomaly patterns for the largest winter floods

(^ 10-yr) in each subregion differ slightly from those for smaller floods on the same

rivers.

The simultaneous occurrence of a deep low-pressure trough or cut-off low

pressure system in the mid-latitude westerly upper-air flow is often the mechanism that

steers a tropical cyclone toward the east and draws the moisture into the inland

Southwest, resulting in intense precipitation and floods. The floods often occur a few

days after the break up of the tropical cyclone, and the atmospheric circulation

anomalies associated with the days of the floods reflect the conditions that draw in the

tropical moisture, rather than the cyclones themselves. Floods in the southern half of

the region show a blocking high-pressure anomaly in the central North Pacific and a

low-pressure anomaly over the western U.S., while the composite pattern for the rivers

on the Colorado Plateau is more similar to the winter flood pattern. Both indicate

highly meridional flow conditions. These conditions occur in late summer and early

autumn, and are particularly prevalent during El Nifio years.

The single largest floods in the modern records from each of the rivers with

paleoflood records occurred under El Nifio conditions. There is a strong connection

between the negative phase of the Southern Oscillation Index and the large floods

associated with winter storms and tropical cyclones. Patterns in the occurrence of the

paleofloods also match low-frequency variations in both El Nifio and warm ocean

temperatures off the coast of California, the latter being characteristic of El Nifio-like

conditions. A clear relationship between floods and El Nifio conditions exists for at

least the last 2000 years, and is particularly evident in the higher-resolution climatic

variations of the last 1000-years.
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What do the comparisons of floods and climate over thousands of years reveal

about the nature of extreme events? Most importantly, the results of this study show

that the extreme flood events are not randomly spaced in time. The temporal

variations in the regional paleoflood chronology are defmitely tied to climate. The

large floods represented in the paleoflood record are most likely from winter storms or

storms related to dissipating tropical cyclones. In the modern record, these storm

types are associated with conditions similar to those that prevailed in the past periods

of increased large floods: 1) frequent or persistent El Nifio conditions, 2) cool periods

conducive to highly meridional flow in the upper atmosphere and a southerly shifted

storm track, and 3) an increase in the overall influx of moisture into the area.

Variations in other paleohydrological indicators that respond to increased winter rather

than summer precipitation, such as certain western lakes and glaciers, indicate

increased winter precipitation during the flood periods. Silver Lake in particular

specifically indicates more frequent flood-generating winter storms entering the

southwestern U.S. during at least two of the paleoflood episodes.

The earliest flood period in this study, which peaks around 4.5 ka, is largely

represented by flood deposits from rivers on the Colorado Plateau. Floods in the

modern records of the rivers in southern Utah are almost all associated with summer

monsoonal storms or tropical cyclones. If these rivers were the sole source of

paleoflood data from that time, there is a possibility that the early flood period could

represent an increase in the frequency or intensity of summer monsoonal

thunderstorms associated with the end of the mid-Holocene Altithermal. However,

floods on the Little Colorado River, which also has a long paleoflood record, are

mainly from winter storms and tropical cyclones. Flood deposits on the Colorado
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River and lake-producing floods on the Mojave River, both indicating predominantly

winter storms, occur near the end of this early flood period. From this and evidence

of glacial advances during that time, it is apparent that the paleofloods preserved from

that time interval are not from local convective thunderstorms under an intensified

summer monsoon, but are related to synoptic-scale mid-latitude or tropical Pacific

storms that are steered into the region.

The paleoflood records demonstrate that the response of large floods in this

region to decadal-scale fluctuations in climate apparently holds true for centennial- to

millennial-scale climatic fluctuations as well. Low-frequency variations in the

conditions conducive to the occurrence of large floods in the modern record are

apparent over the past 5000 years. As in the modem record, the extended periods

with numerous large floods all coincide with generally cooler hemispheric

temperatures, and frequent El Nitio conditions in the latter half of the record.

Increased meridional upper-air flow during these cool periods could have resulted in a

southerly-shifted jet stream and more variable climate, perhaps giving rise to the

anomalous atmospheric patterns conducive to the occurrence of severe floods.

The next stage in understanding the climatic context of these extreme events is

to compare the periods of increased floods in the Southwest with similar records of

floods from climatically diverse regions around the globe (e.g. Wohl, 1988; Wells,

1990; Knox, 1991; Smith, 1992). The temporal and spatial patterns could reveal

connections and shed new light on changes in large-scale atmospheric circulation and

climatic phenomena in the past, as well as raise new questions and test existing

models (Baker, 1991).
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The conceptual model discussed here is a first step toward relating long-term

variations in floods and climate, and the comparisons are highly consistent. All of the

flood periods correspond to cool periods and glacial advances at sites in western North

America, although at least one episode of widespread glacial advance ca. 2.8 ka is not

reflected in the paleoflood chronology. There is also a connection between the flood

periods and variations in El Nifio conditions over the last 2000 years; prior to this time

the relationship is unclear. The unexplained deviations from the expected pattern are

reminders of the risk of completely embracing a relatively simple deterministic model

to resolve the myriad complexities of these dynamic processes. The points at which

the model appears to fail are in many ways the most intriguing from the standpoint of

future scientific progress. These are the exact points that may lead to new discoveries

in the future.
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APPENDIX A. RADIOCARBON DATES

Explanation for Appendices Al to A13.

1. Unit description = Site-Section:Stratigraphic Unit

2. C=charcoal transported in flood, CA=in situ archaeological charcoal or surface burn,
CH-charcoal hearth, 0=fine-grained organics transported with the flood,
0A=organic material accumulated on the surface of or growing out of a deposit,
W=wood transported in flood

3. Pre-1950 dates calibrated to calendar years using Stuiver and Reimer, 1986 (method
B), include ^95% of the intercepted age ranges. Post-1950 dates calibrated with
atmospheric 14C curve (Baker et al., 1985).

4. Date is inconsistent with stratigraphic position.

5. 14C dates not corrected for 13C fractionation.

6. 14C dates corrected by Kochel (1980) for half-life of 5730 yr, 13C fractionation, and
dendrochronology

7. 14C dates corrected in this study for 13C fractionation only, for use in calibration
program (Stuiver and Reimer, 1986) and for consistency with 14C dates from other
rivers in this study.
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Appendix Cl. Rivers and gaging stations used in analyses of modern data, 1900-1988.

Subregion and Rivers
Drainage Area	 Period of

Gaging Station	 (lcm2) 	Gage Record
Historic
Peaks

10-year
Flood (cfs) 1

Virgin/Muddy
Virgin River Virgin, UT 2,419 1910-88 1909 10,300

Littlefield, AZ 13,183 1930-88 1905,-09 14,400
Muddy River Overton, NV 21,186 1947-54 1906 to 1941

Moapa, NV 9,894 1913-88 1907,-09
Southern Utah
Kanab Creek Fredonia, AZ 2,810 1966-80 3,700

Kanab, UT 513 1960-68; 1909
1980-88 1909 to 1958 2,390

Paria River Lees Ferry, AZ 3,652 1924-88 1906 to 1923 11,000
Escalante River Escalante, UT 829 1943-55; 1909 to 1932;

1972-88 1966 2,670
Dirty Devil River Poison Spring, UT 10,772 1948-84 16,800

Little Colorado
Little Colorado R. Combined Grand Falls

and Cameron, AZ 64,750 1926-88 1905 to 1919 17,100
Bill Williams
Bill Williams River Alamo Dam, AZ 12250 1929-68 1916,-27 84,500
Big Sandy River Wikieup, AZ 7,252 1967-88 28,703
Santa Maria River Alamo, AZ 3,937 1939-55 20,200

Gila North
Hassayampa River Morristown, AZ 2,005 1939-47;

1964-88 11,100
Box Damsite, AZ 1,080 1946-82 1925 to 1937 13,600

Agua Fria River Mayer, AZ 1,523 1940-88 12,800
Rock Springs, AZ 2,875 1970-88 1916,-19 39,700

Verde River Tangle Creek, AZ 15,208 1925-88 1905,-16,-20 58,400
Salt River Roosevelt, AZ 11,152 1924-88 1905,-16 51,500
San Francisco R. Clifton, AZ 7,164 1911-88 1905(2),-06 28,000

Gila South
Santa Rosa Wash Vaiva Vo, AZ 4,615 1955-73 8,000
Santa Cruz River Tucson, AZ 5,755 1914-88 1905? 11,300
San Pedro River Redington, AZ 7,612 1931-85 21,600

Charleston, AZ 3,157 1916-88 17,500
Aravaipa Creek Mammoth, AZ 1,401 1919-41;

1965-83 13,200
San Simon River Solomon, AZ 5,677 1931-84 9,950

Colorado River Lees Ferry, AZ 289,562 1921-62 131,400
(5-year) 110,700

Mojave River Barstow, CA 1931-88 1909,-16,-21	 10,000
Pecos River Shumla, TX 91,070 1900-66 1974 88,000

1. Anderson and White, 1979; Thomas and Lindskov, 1983



Appendix C2. Large floods used in analyses of modern data, 1900-1988.

Post-1900 Floods Used in Analyses1'2 	Other Historic Floods2 
Date	 Discharge Storm

of Flood	 (cfs)	 Type'
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VIRGIN/MUDDY SUBREGION
Virgin River

8/31-9/1/D9	 12,000	 U (T?)
12/31/09-IJ1/10	 -	 w

Virgin, UT	 9/30/11	 10,600	 T

	

10/27/12	 12,000	 W

	

8/19120	 11,000	 S

	

3/3/38	 13,500	 W
	8/1/53	 12,900	 S

	

8/25/55	 10,600	 S

	

9/17/61	 13,500	 S

	

12/6/66	 22,800	 W

	

1/25/69	 10,830	 W
Littlefield, AZ	 8/27/32	 18,000	 T

	

3/2/78	 22,000	 W
Muddy River

	2//07 	W
Overton, NV	 3/25/06	 8,850	 W

	1/1/10	 7,000	 W

	

1/2/22	 8,110	 W

	

9/18125	 10,200	 S

	

3/3/38	 10,000	 W

	

8/11/41	 12,000	 S

	

10/29/47	 7,800	 W
Moapa, NV	 7/31/45	 1,310	 S

	

9/7/67	 5,100	 T?

	

9/12176	 1,990	 T

	

8/13/79	 4,860	 S

	

7/22/84	 1,700	 S

SOUTHERN UTAH SUBREGION
Kanab Creek

1/8, 1118, 2/4, 1862
8/11/1881
7/21/1883
3/5-7/1884 (peak probably on 7th)
7/4/1885
12/7-15/1889
8/2/1901
7/25, 8/13, 1902
7121, 7/26, 1904
8/24/1905
8/20/1906

2/ /1905?

Kanab, UT

Fredonia, AZ
Paria River

9/1/09
10/5/25
9/13/27
8M40
8/4/55
8/20/57
9/12/58 -
9/8/61	 3,030

7/18/70	 4,630

U (T?)
T
T
S
S
S
T
S

S

T
U (T?)
S
S
T
T
S
S
T

U (T?)
S
S
T
T
U
T?
S

8/30/1882
7/29/1883
3/12/1884
9/10/1885
4/12, 8/18-31, 1886
7/5/1896

7//1883
3/13/1884

8/13/06
9/1/09

Summer, 1912

	

7/23/23
	 -

	Lees Ferry, AZ 10/5/25
	

16,100

	

9/13/27
	

14,300

	

8/2/29
	

12,000

	

9/6/40
	

14,000

	

9/12/58
	

11,500
Escalante River

8/29-31/09
10/6/16
8/31/21
9/13/27
8/27/32

Escalante, UT	 9/28/49
	

2,790
	8//53 	3,450

	

8/13/55
	

2,980



8/6/1881
12/22-23/1883
2/22/1890
2/22-23/1891

2/22-23/1891

7/13/81 2750
Dirty Devil River

Poison Spring, UT11/4/57 35,000
9/9/61 21,000

9/10/80 25,700
9/6/81 18,300

S

W
S
S
S

LITTLE COLORADO SUBREGION
Little Colorado River

	

11/29/05	 20,000	 W 	31/1884

	

1/19/16	 >25,000	 W	 2/21-22/1890

	

1215/19	 -25,000	 W	 2/22/1891
	Grand Falls and 9/20/23	 120,000 U (W?) dam break 12126-27/1906?
	Cameron, AZ 9/27/26	 28,000	 T

	

6/28/27	 28,000	 S

	

4/5/29	 50,000	 W

	

2/10/32	 31,000	 W

	

2/9/37	 22,000	 W

	

3/558	 38,000	 W

	

7/27/40	 20,009	 S

	

3/15/41	 17,000"	 W
8/9/47	 21,900	 S

	

10/14/47	 18,600	 U

	

1/21/52	 24,900	 W

	

9/21/52	 20,100	 T

	

10/7/72	 21,500	 T

	

10/19172	 22,400	 U (T or W?)

	

12/23/78	 17,800	 W
BILL WILLIAMS SUBREGION
Bill Williams River

Alamo, AZ	 1/19/16	 175,000 	W	 2/21/1891 (200,000 cfs estimate)

Wikieup, AZ	 12/7/66	 28,0004 W
2/9/76	 23,700"	 W
3/1/78	 36,500	 W

12/18/78	 28,400	 W
2/20/80 	38,509
3/3/83	 25,000"	 W

Santa Maria River
Alamo, AZ	 3/14/41	 20,600	 W

8/29/51	 33,600	 T
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2/16/27	 125,000
9/8/30	 90,000
8/551	 100,000
2/7/37	 105,009
3/4/38	 70,000"
91659	 86,000

Big Sandy River

GILA NORTH SUBREGION
Hassayampa River

	

Box Damsite, AZ 9/19/25	 25,500

	

2/26/27	 27,100

	

2/7/37	 22000

	

8/29/51	 27,000

	

9/5/70	 58,000

	

3/2/78	 16,000

	

2/19/80	 24,900
	Morristown, AZ 9/10/84	 26,000

Agua Fria River

	

1/28/16	 105,000

	

11/2'7/19	 >100,000
Mayer, AZ	 3/1/41	 13,000

	

8/3/55	 12,800

	

8/19/63	 12,800

	

9/5170	 19,800

	

12/18/78	 18,300

	

1/7/79	 14,200

	

2/19/80	 33,100

	

8/29/88	 25,500



Rock Springs, AZ 312178
Verde River

Tangle Creek, AZ11127/05 96,000 1/20-22/1874
1/20/16 68,900 12/5/1889
2/22/20 95,000 2/19-22/1890
2/17/27 70,000 2/22/1891 (150,000 cfs estimate)
2/7/37 63,000 12/26-27/1906?
3/4/38 100,000

12/31/51 81,600
9/6/70 61,900

10/20172 63,400 U (TmW?)
3/1/78 91,400

12/19/78 94,000
2/15/80 94,800

Salt River
Roosevelt, AZ	 11/27/05 97,710 11/1862?

1/19/16 100,000 1/20-22?/1874
2/10/32 57,000 12/29/1879 (Moderate?)
2/7/37 88,000 12/22-23/1883
3/14/41 117,000 12/5/1889
1/18/52 111,000 2/19-22/1890

12/26/59 78,200 2/2211891 (150,000 cfs estimate)
12/23/65 68,000 12/26-27/1906?
12/30/65 59,900 W (2nd peak)
10/20/72 70,000 U (F or W?)
3/2/78 89,400

12/19/78 95,800
2/15/80 99,000
10/2/83 59,800

San Francisco River
Clifton, AZ	 1/10/05 60,000 311-11/1884

11/27/05 65,000 2/24/1891
12/3/06 70,000
1/19/16 59,000

10/14/16 60,000
12/23/65 31,500
8/12/67 34,700
10/20/72 64,000 U (T or W?)
9/9/75 30,000

12/19/78 56,000
11/25/78 31,000
10/2/83 90,900

GILA SOUTH SUBREGION
Santa Rosa Wash

Vaiva Vo, AZ	 11/1/57 10,000 W
9/27/62 53,000 T

Santa Cruz River
Tucson, AZ	 12/23/14 15,000 W winter, 1858

9/28/26 11,400 T winter, 1868
8/14/40 11,300 S 9/12/1887
8/23/61 16,600 S 8/5/1890
9/10/64 13,000 T 81/1894
12/20/67 16,100 W 2/ /1905?
10/10/77 23,700 T
12/19/78 13,500 W
10/2/83 52,700 T

San Pedro River
Charleston, AZ	 7/7/19 17,200 S 9/12?/1887

8/(16orl3)/19 25,100 S 8/5?/1890
7/19/21 19,000 S 2/23?/1891
9/28/26 98,000 T 10/1-211896
8/9/31 24,500 S
8/13/40 31,000 S
8/15/54 23,600 S
10/9/77 23,700 T

Redington, AZ	 8/8/47 23,000 S
8/2/51 28,600 5
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	10 12183	 25,400	 T
Aravaipa Creek

	

Mammoth, AZ 8/2/19	 20,000	 S

	

12117/67	 15,300	 W

	

12118178	 16,200	 W

	

1012/83	 70,800	 T
San Simon River

Solomon, AZ	 8/9/31	 27,500	 S
	8//34 	11,500	 S

	

8/1135	 12,000	 S

	

9/10/36	 10,600	 T

	

8/17/41	 13,000	 S

MOJAVE RIVER SUBREGIONS
Mojave River

	

12131/09 	W	 1122/1862

	

1/18/16 	W	 12//1867

	

12121/21	 3/7/1884

	

3/2/38	 64,300	 W	 2/23/1891

	

1/23/43	 26,000	 W no record of lake
	1 125/69	 30,000	 W

2/26/69

	

3/3178	 10,300	 W

	

2/17/80	 11,400

	

3/2/83	 12,300	 W

COLORADO RIVER (^5-yr discharge)

	

Lees Ferry, AZ 10/6411	 T (Webb, pers. comm.)

	

6//17 	156,000	 0	 spring 1862

	

6/1120	 156,000	 0	 spring 1868

	

6/18/21	 220,000	 0	 7/7/1884 (300,000 cfs estimate)

	

7/1/27	 127,000	 0

	

9/13/27	 126,000	 T

	

5/17/41	 120,000	 0

	

6/22/49	 119,000	 0

	

6/12/52	 123,000	 0

	

6/12157	 126,000	 0

	

6/29/83	 97,300	 0 peak reduced by dam

SOUTHWESTERN TEXAS RIVERS
Pecos River

Shumla, TX	 4/6/00	 107,000	 U

	

8/11/06	 90,000	 U

	

9/6/10	 102,000	 H

	

9/1/16	 97,000	 H

	

9/1/32	 116,000	 T

	

7/26/49	 98,500	 U

	

6/28/54	 948,000	 H

	

9/19/74	 577,000	 H
Devils River (floods >120,000 cfs)

Del Rio, TX	 4/6/00	 145,000	 U

	

10/21/14	 220,000	 U

	

9/16/19	 140,000	 H

	

5/29/25	 147,000	 U

	

9/01/32	 597,000	 T

	

6/14/35	 243,000	 U

	

6/24/48	 476,000	 U

	

7/26/49	 128,000	 U

	

6/28/54	 585,000	 H

	

9/21/64	 122,000	 H
	Pafford Crossing 8/15/71	 139,000	 H

	

8/12172	 173,000	 U

	

9/18/74	 250,000	 H

1. The first gaging station listed for each river was the primary source of data for that river. These
records were supplemented by the other gages on the river, but floods at more than one sage on a
river are listed only once. The floods include gage discharges 10-yr (unless otherwise indicated)
and post-1900 historic floods that are believed to be of equal magnitude.
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2. Sources of historic flood data: Abbott, 1936 (Virgin River flood of 1884); Monthly Weather Rev.,
1911; Wooley, 1946; Butler and Marshall, 1972; Myrick, 1%3; Webb, 1985 (Virgin River, Muddy
River, southern Utah); Murphy, 1906; Smith and Hedder, 1955; Durrenberger and Ingram, 1978;
Dobyns, 1981; Sellers et aL, 1985; Betancourt, 1990 (Arizona); San Bernardino County Flood
Control District, 1972; Wells et aL, 1989; Enzel, 1990 (Mojave River, California).

3. W=winter, T=tropical, S-ummer (non-tropical), H=hurricane, 0=nther (probably snowmelt),
U=unclassified.

4. Slightly less than 10-yr discharge.
5. Mojave River floods that formed temporary lakes in Silver Lake playa (F.nzel, 1990) were used in

atmospheric circulation analysis (Chap. 4).
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