
WATER RESOURCES RESEARCH, VOL. 29, NO. 7, PAGES 2287-2297, JULY 1993 

Paleoflood Evidence for a Natural Upper Bound to Flood Magnitudes 
in the Colorado River Basin 

YEHOUDA ENZEL 

Department of Physical Geography, Institute of Earth Sciences, Hebrew University, Jerusalem 

LiSA L. ELY, P. KYLE HOUSE, AND VICTOR R. BAKER 

Arizona Laborators, for Paleohydrological and Hydroclimatological Analysis, Department of Geosciences, Universi.ty 
of Arizona, Tucson 

ROBERT H. WEBB 

U.S. Geological Survey, Tucson, Arizona 

The existence of an upper limit to the magnitude of floods in a region is a long-standing and 
controversial hypothesis in flood hydrology. Regional envelope curves encompassing maximum flood 
magnitudes stabilize with progressive increases in the areal coverage and period of observation 
(Wolman and Costa, 1984). However, the short lengths of conventional gaging records limit substantial 
advances in testing whether this stabilization is evidence of an upper limit. In the Colorado River basin 
there are 32,120 station years of gage data, but the average period at a gaging station is only 20 years, 
with most stations having less than 70 years of observation. Paleoflood magnitudes derived from 
sediments of large prehistoric floods from 25 sites on rivers in Arizona and Utah provide additional 
data to extend the records of the largest floods. The paleoflood data identify the maximum flood 
discharges that have occurred on individual rivers over the last several hundred to several thousand 
years. Even with this increase in the observational period, the largest paleofiood discharges do not 
exceed the upper bound of maximum peak discharges delineated by the envelope curve derived from 
the available gaged and historical records. This result accords with the hypothesis of an upper physical 
limit for flood magnitudes and suggests that, for the Colorado River basin, the upper limit can be 
approximated by existing systematic and historical data for large floods. Similar relationships also hold 
when paleofloods and gaged records are presented for the subregion of southern Arizona. 

INTRODUCTION 

Envelope curves encompassing the maximum flood peaks 
experienced in a region have often served as guides in 
seeking rules to aid prediction in flood hydrology [Creager, 
1939; Crippen and Bue, 1977; Georgiadi, 1979; Crippen, 
1982; Wolman and Costa, 1984; Dooge, 1986]. Like other 
regionalization techniques, this graphical and empirical ap- 
proach is based on the assumption that the maximum flood 
per unit drainage area in one basin is likely to be experienced 
in a nearby basin which is subjected to similar hydroclimatic 
controls [Mutreja, 1986, p. 676]. The conceptual basis for the 
construction of envelope curves is essentially deterministic 
and relies on the ergodic principle of space-for-time substi- 
tution. Implicit in the approach are the assumptions that 
there are physical limits to the supply of precipitation to a 
basin and to the watershed response during a flood- 
producing storm [Yevjevich and Harmancioglu, 1987]. In 
contrast, a purely stochastic perspective on the hydrology of 
extreme floods implicitly assumes that the upper bound of a 
fitted distribution cannot be determined in most cases with 
sufficient accuracy; thus in the most commonly used un- 
bounded distributions there is an implicit assumption that 
there is a nonzero probability that a larger flood will occur in 
a given basin. Several distributions indicate a gradual in- 
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crease in flood magnitude as recurrence interval increases 
beyond 10,000 years and are considered bounded distribu- 
tions [Boughton, 1980]. These fundamental differences be- 
tween the deterministic and the stochastic approaches to 
flood hydrology center around the existence of and the 
ability to determine a hydroclimatological upper limit to 
flood magnitude in a specific basin or a region [e.g., Horton, 
1936; Yevjevich, 1968; Dooge, 1986; Klemeg, 1987]. 

There are three basic approaches in estimating the magni- 
tude of extreme floods: (1) statistical methods including 
fitting a frequency distribution to a short series of flood 
measurements and extrapolating to rare (usually unmea- 
sured) event magnitudes and regional flood frequency anal- 
yses, which have been shown to be superior to the fitting of 
a distribution to short flood series [Potter, 1987; National 
Research Council, 1988], (2) deriving flood magnitudes from 
the estimation of hydrologic parameters for rainfall-runoff 
models, and (3) applying empirically derived relationships 
between flood discharges and drainage basin characteristics 
and/or regional climatic characteristics. According to Dooge 
[1986, p. 53S] none of the three approaches has proven 
markedly superior to the other. Additional data from paleo- 
flood studies (see below) can contribute to improving each of 
these approaches [National Research Council, 1988]. 

Usually, the statistical approach assumes either no bound 
or an indeterminate bound to flood magnitude so that the 
upper tail of the frequency distribution includes discharges 
greatly in excess of any observed flood. Use of this approach 
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results in assigning a nonzero exceedence probability to a 
flood of any magnitude. The rainfall-runoff approach is 
exemplified by the derivation of the probable maximum 
precipitation (PMP) and probable maximum flood (PMF). 
This procedure uses the deterministic "worst case scenari- 
os" and assumes upper bounds to hydroclimatological pro- 
cesses [Hoyt and Langbein, 1955; Costa, 1987; Yevjevich 
and Harmancioglu, 1987]. 

We concentrate here on the seemingly much simpler 
empirical approach to the understanding of extreme floods as 
expressed in the compilation of regional envelope curves of 
maximum flood discharges versus drainage area. Several 
researchers have noted that incremental increases in the 

temporal and spatial base of the observational record impart 
progressively smaller changes in the form and position of 
envelope curves of peak discharge versus drainage area 
[e.g., Creager, 1939; Matthai, 1969; Crippen, 1982; Wolman 
and Costa, 1984; Costa, 1987]. While this phenomenon can 
be explained by probablistic reasoning [Yevjevich and Har- 
mancioglu, 1987], it has also been hypothesized that the 
apparent recent stabilization in the curves enveloping the 
maximum floods in the United States is indicative of the 

existence of an upper limit to flood magnitudes [Wolman and 
Costa, 1984; Costa, 1987] and is not simply a stochastic 
phenomenon. It has also been hypothesized [e.g., Wolman 
and Costa, 1984; Costa, 1987] that the upper limit of flood 
magnitudes is dictated by hydroclimatological processes and 
basin characteristics. The hypothesis of an upper limit to 
floods has been difficult to substantiate because of obvious 
limitations on the rate of accumulation of observational data. 

In this study we present a means of overcoming these 
limitations by the addition of results from 25 palcoflood 
hydrology studies in the Colorado River basin to the data 
base previously composed of only modern and historical 
data [see Webb et al., 1988]. This augmentation of the flood 
record extends the effective length of observation at individ- 
ual sites by hundreds to thousands of years and thereby 
allows for an independent evaluation of the hypothesis that 
an enveloping curve with a sufficiently broad spatial and 
temporal data base stabilizes at a position approximating a 
natural upper bound to flood magnitudes in a given region. 

The combined gaging records in the Colorado River Basin 
total 32,120 station years. This total number of station years 
appears impressively large, yet accepting these data as 
equivalent to real durations requires an untested assumption 
of validity in space-for-time substitution. The real duration 
of observation at any site in this basin is typically limited to 
less than 70 years, with an average of only 19.8 years. Even 
the addition of fragmentary historical observations extends 
individual records to no more than 130 years. The value of 
the palcoflood data lies in the extension of the real duration 
of observation [Baker, 1987a, b]. Identifying the maximum 
floods that have occurred over periods of hundreds to 
thousands of years provides a way to test the validity of 
substituting space for time in this region. 

The extension of the temporal data base of extreme floods 
with palcoflood data will test for consistency with the upper 
limit hypothesis as expressed by the regional envelope 
curves. If this large increase in record length does not raise 
the envelope curves based on modem data, then it is likely 
that the regional synthesis of modern data is sufficient to 
define the upper limit of flood magnitude that can be ex- 
pected on a fiver, given its drainage area. Of course, the 

conclusion would have to be limited to the prevailing phys- 
iographic and hydroclimatological conditions of the region 
and the time scale that characterize the data base leading to 
that conclusion. In contrast, if the paleoflood discharges 
exceed the modern curve, then the hypothesis can be 
considered false. 

DATA, METHODS, AND ASSUMPTIONS 

Our study focuses on drainages within arid and semiarid 
parts of the Colorado River Basin in Arizona and southern 
Utah (Figure 1), where a large number of paleoflood studies 
have been conducted. Modern and historical data were 
obtained from the U.S. Geological Survey WATSTORE 
data base. Gaged records were used regardless of the station 
length of observation or whether the data were from several 
gaging stations within the same subbasin; consequently, the 
areal distribution of the gaging stations may either underrep- 
resent or overrepresent several subregions in the Colorado 
River basin. We included published peak discharge esti. 
mates for ungaged basins as well as estimates for gaged 
basins that were not part of the regular station records. For 
the sake of clarity, we included from this last type of data 
only those data points with magnitudes similar to or larger 
than the gaged data. 

Accuracy of Systematic Discharge Estimates 
and Curve Construction 

Accurate discharge measurements of the largest floods are 
critical for proper definition of the envelope curves. Inves- 
tigation of each modern flood magnitude that controls the 
shape of the envelope curve (Figure 2, Table 1) revealed that 
all are based either on indirect discharge estimates, on less 
accurate estimates of historical floods, or on extrapolation of 
rating curves derived from much smaller floods. Most of 
these discharge estimates were rated as "poor" when orig- 
inally carried out by the U.S. Geological Survey for reasons 
such as the complexity of hydraulic settings and instability of 
flow hydraulics during the flood. Several of these were 
subsequently evaluated by hydrologists as substantially 
overestimated [e.g., Carmody, 1980; Malvick, 1980] (see 
below). We did not eliminate any estimated flood magnitude 
from our analysis, even if they were criticized by other 
researchers. Most of the palcoflood discharges (see below/ 
used here were estimated at sites in relatively stable bedrock 
canyons at reaches specifically chosen to exhibit simpler 
hydraulics to increase the accuracy of the calculated dis- 
charges. 

We used the procedure adopted by Costa [1987] to con- 
struct the envelope curves. This involves simply selecting 
the uppermost data points representing the largest peak 
discharges over the entire range of drainage basin areas. An 
unsmoothed curve was drawn to encompass each chosen 
data point, so the resulting envelope includes some abrupt 
changes in slope. The purpose of this study was not to 
determine an exact relationship, so equations for the result- 
ing curves were not determined. 

Assumptions 

In this approach it is assumed that drainage area is the 
most significant factor affecting maximum flood discharge 
from a specific basin [Horton, 1936; Matthai, 1990]. 'I'3fis 
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Fig. 1. Locations of extremely large flood discharges reported in the paleoflood, historical, or gage records in 
Arizona and southern Utah. The inset map shows the entire Colon•do River basin and ,,e•erai of the main •tem 
Colorado River gages (solid triangles). Large solid circles denote the location.,, of paleofiood sites (explanation of letters 
in Table 2). Small solid circles denote locations of the largest single flood peak discharges in the gaged and historical 
records in Arizona, southern Utah, and southv,.estern Calitbrnia. •,hich affect the envelope curves (explanation of 
numbers in Table 1). TM represents the location of five small basins in the Tortolita Mountains where paleofiood studie,• 
have been performed (see Table 2). 

a.•umption has been criticized because some floods are 
known to respond to partial or limited contributing area 
[, latthai, 1990]. Alternatively, it has been justified by dem- 
onstrating that, in specific regions, the largest floods are 
related to and perhaps can be predicted from the drainage 
area le.g., summary by Dooge [1986]). Fhis perspective can 
be traced to classical studies in hydrology, including the 
•ork of Horton [1936, pp. 437-438], who stated 

Flood magnitudes air, ays continue to increase a• the recurrence 
inter•,al increases, but they increase toward a definite limit and 
not to•,• ard infinity. This is believed to be the more rational form 
of expression. No terrestrial .,,tream can produce an infinite 
flood. A small stream cannot produce a major Mississippi Ri• er 
flood, for much the same reason that an ordinary barnyard fowl 

cannot la5 an egg a .•ard in diameter: it would transcend 
nature',s capabilities under the circumstances. 

Benson [1964] concluded that drainage area is b.• far the 
most important basin characteristic in estimating flood mag- 
nitude in •everal states of the ,•outhx•estern United States. 
Roesl, e [1978, p. 33] concluded that lbr estimating the 
magnitude and fi-cqucnc5 of fiood• in Arizona, drainage area 
is the onl) •,tatisficall.s significant variable at the set level in 
regression anal.• sos. Other • ariable,, which .,,lightl.• impro•, e 
the prediction of flood magnitudes b:• the regres4on equa- 
tions tbr Ari,,ona were a•erage basin elevation and mean 
annual precipitation. For the same region, 3Iah'i•'i• [!%o] 
identified basin area as a major s, ariable and determined an 
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Fig. 2. Largest modern, historical, and palcoflood peak discharge data for each station or site in the Colorado River 
basin and the envelope curves: the entire United States (curve A) the palcoflood data (curve B), and the Colorado River 
drainage basin (curve C) from U.S. Bureau of Reclamation [1990], which constructed the curve for drainage basins with 
areas >250 km 2. We extended the curve (dashed line) to encompass basins with smaller drainage areas. Triangles 
and circles denote all the data available for the largest flood magnitudes at each gaged or ungaged site; circles denote 
those data points which can affect the envelope curves (Table 1, Figure 1). Solid squares denote the palcoflood data 
(Table 2, Figure 1). 

upper envelope curve for the gaged record of floods, which 
also encompasses all estimated historical floods in the re- 
gion. Malvick claimed that the addition of average elevation 
and mean annual precipitation does not significantly change 
the results. 

The principal limiting factors controlling the magnitude of 
extreme floods are the amount, intensity, duration, and 
distribution of precipitation over the entire drainage basin. It 
can be assumed that during all the largest flood-producing 
storms the contributing areas from a specific basin will be 
similar or, alternatively, that the basin produces large floods 
in a similar manner (e.g., high elevation area within the basin 
contributes to the runoff or integration of flood peaks from 
several tributaries). For example, integration of runoff oc- 
curs in arid drainage basins mainly during extremely rare and 
intense rainfall events [Wolrnan and Gerson, 1978]. These 
assumptions underlie both the envelope curve construction 
and the determination of a design flood by modeling basin 
hydrology. 

A related assumption underlying these approaches is that 
the largest recorded floods resulted from precipitation pat- 
terns that were optimal for runoff generation in a particular 
basin and that the preferred precipitation patterns for gener- 
ating floods are therefore included in the data. This implies 
that the data that define the envelope curve are from basins 
that produce the lai'gest floods because their shape, orienta- 
tion, elevation, and vegetation distribution are optimal for 
flood generation. It should be emphasized that the limiting 
flood hypothesis does not imply that all drainage basins in 
the selected region have the potential to produce a discharge 
at the level of the regional envelope curve, but rather it 
indicates that they will not naturally produce floods that 
exceed the curve. 

Palet:ttoods Hydrology 

In appropriate settings, fine-grained flood deposits and 
other paleostage indicators (e.g., silt lines and scour line•,• 
provide a long record of large floods. During large floods in 
stable bedrock canyons, fine-grained sand and silt fall rap- 
idly out of suspension in areas of markedly reduced flo• 
velocity, such as back-flooded tributary mouths and eddies 
at channel irregularities [Baker, 1975; Patton et al., 1979; 
Kochel and Baker, 1982; Kochel et al., 1982: Baker, 1987a: 
Baker and Kochel, 1988]. At some sites, stratigraphic 
records of multiple floods span several centuries or millen- 
nia, and the individual flood deposits can be distinguished 
through sedimentological criteria. Evidence of the largest 
floods is selectively preserved; deposits from smaller floods 
lie closer to the active river channel and are more likely to be 
removed by subsequent erosion [E/y and Baker, 1990]. A 
close distance between paleoflood study sites and gaging 
stations is desirable to calibrate and compare between the 
two types of data. Unfortunately, such coincidence i• rare 
and only a small number of the paleoflood data are from the 
same sites as the historical and modern floods. In this .•tud.•, 

only the largest flood recorded at a site by flood deposits 
and/or other paleostage indicators is considered. The ages of 
the floods were determined for most paleoflood studie, b.• 
radiocarbon dating of associated organic or archeological 
material. These dates establish the flood chronology and aid 
in determining the total length of the record chronicled b) 
the paleoflood deposits. 

Paleoflood discharge estimates are calculated by compar- 
ing the heights of flood paleostage indicators with •,tter 
surface profiles calculated by the step-backwater method 
[O'Conno• and Webb, 1988]. The elevation of a g•ven 



ENZEL ET AL.: EVIDENCE FOR A NATURAL UPPER BOUND TO FLOOD MAGNITLtDES 2291 

TABLE 1. Floods That Control the Position of the Envelope Curve of Arid and Semiarid Parts of the Colorado River Basin 

Station 

Number Peak 

in Drainage, Discharge, 
Name Figure 2 Area, km' m 3 s -• Year 

9487100 

9484570 

'9498870 
9478500 
9515500 
9473000 
9512800 
9471000 

9473100 
9426000 
9508500 
0512170 
9519500 
9380000 
9402500 
9424C•30 
9521000 

Copper Hill Wash at Globe, Arizona a 
San Pedro Tributary near Pomerene, Arizona': 
Little Brawley Wash, Arizona a 
Bronco Creek near Wikieup, Arizona a't' 
Eldorado Canyon at Nelson Landing, Nevada c 
Dragoon Wash at St. David, Arizona "'b 
Tonto Creek Below Kohl's Ranch, Arizona a'a 
Black Canyon Wash near Wickenburg, Arizona '•'t' 
Mescal Arroyo near Pantano, Arizona a 
Picacho Wash at All American Canal, California e'a 
Rye Creek near Gisela, Arizona d'a 
Queen Creek at Whitlow Damsite near Superior, Arizona 1;a 
Hassayampa River at Box Damsite near Wickenburg, Arizona a 
Aravaipa Creek near Mammoth, Arizona h 
Agua Fria River near Rock Springs, Arizona 
San Pedro River at Charleston, Arizona a'i 
Agua Fria River at Lake Pleasant, Arizona aJ't 
San Pedro River below Aravaipa Creek near Mammoth, Arizona 
Bill Williams River below Alamo Dam, Arizona a'l 
Verde River below Tangle Creek, Arizona 
Salt River at Arizona Dam near present Granite Reef Dam a'm 
Gila River below Gillespie Dam, Arizona 
Colorado River at Lees Ferry, Arizona 
Colorado River near Grand Canyon, Arizona 
Colorado River Near Topock, Arizona 
Colorado River at Yuma, Arizona 

I 4.1 91 1904 
2 9.7 !87.9 1948 
3 30 390 1962 
4 49.2 2080 1971 
5 59.3 2152 1974 
6 86 1530 1975 
7 62 521 1970 
8 73.8 905 1964 
9 99.4 765 1958 

10 107.4 1050 1939 
11 315 1255 1970 
12 375 1215 1957 
13 1080 1645 1970 
14 1390 2005 1983 
15 2875 2405 1919 
16 3195 2775 1926 
17 3780 2975 1916 
18 11,240 3910 1983 
19 11,995 5665 1891 
20 15,175 4250 !891 
21 34,240 8500 1891 
22 128,540 7080 1891 
23 289,440 8500 1884 
24 366,590 8500 1884 
25 456,420 11,330 1862 
26 628,840 7080 1916 

Data have been provided by U.S. Geological Survey 
WATSTORE data base, except when specified. 

"Discussed in detail by Carmody [1980]. 
bAldridge [ 1972] and/or Aidridge [1978]. 
CGlano, and Harmsen [1975]. 
dSee U.S. Geological Survey Water Supply Paper 2052. 
eSee U.S. Geological Survey Water Supply Paper 967-A. 
fU.S. Geological Survey microfilm, reel 454. 

gRecent field work and step-backwater calculations indicated 
that the peak is overestimated (G. Benito-Ferrandez, L. L. Ely, 
Y. Enzel, unpublished data, 1990). 

hRoberts [1987] estimated the peak of this flood to be much lower. 
/See U.S. Geological survey microfilm, reel 151. 
JFrom Smith and Heckler [ 1955]. 
•U.S. Geological Survey microfilm, reel 198; 
{See also U.S. Geological Survey Water Supply Paper 1049. 
mU.S. Geological Survey microfilm, reel 392. 

deposit provides a minimum estimate for the peak stage of 
the associated flood. However, in several cases, the heights 
of the deposits closely approximate the actual stage of the 
flood peak. This has been demonstrated by flume studies 
[Kochel and Ritter, 1987: Baker and Kochel, 1988], obser- 
vations of modern and historical flood deposits, comparison 
with gaged discharges, and field observations of the close 
relationship between flood deposits and diagnostic high- 
water marks such as scour lines and silt lines plastered on 
channel walls [Ely and Baker, 1985; Baker, 1987a; Partridge 
and Baker, 1987; O'Connor et al., 1986a, b; R. H. Webb, 
unpublished data, 1992]. Kochel [1980] estimated that de- 
posit height was 10% less than actual water surface elevation 
and R. H. Webb (unpublished data, 1992) has documented 
silt lines {high water marks) 50 to 90 cm higher than 
associated deposits. In several of the paleoftood studies cited 
in Table 2, the results are based on silt lines, scour lines, or 
debris that indicate maximum flood stage. Thus the quoted 
discharges are directly associated with the largest flood that 
has occurred at the site over the period of the paleoflood 
record. While we stress that the paleoflood discharges based 
,solely on the height of flood deposits are minimum estimates 
of the peak discharge, considerable experience demonstrates 
that :discharge underestimation is probably 20% or less [e.g., 
Kochel et al., !982]. Baker [1987a] reviews the field obser- 
vations that justifies this conclusion. 

Hydraulic complications can arise from the nature of a 
specific fiver reach. The expanding alluvial reach of the Salt 
River, near Phoenix, Arizona posed the largest problem for 
the hydraulic modeling of the paleoflood discharges {Table 2) 
[Fuller, 1987]. This reach was studied in part to extend the 
paleoftood methodology described above to more problem- 
atic settings. Other than this one study, the paleoflood 
methodology used for data reported herein corresponds 
strictly to the "slackwater deposit and paleostage indicator" 
(SWD-PSI) technique [Baker, 1987a] applied either to sta- 
ble-boundary reaches or to reaches with well-known geom- 
etry. Data obtained through other paleoflood reconstruction 
techniques, including regime-based procedures and paleo- 
competence studies, are not included in the maximum peak 
paleoflood discharge data base {Table 2). 

In Table 2 the discharges are listed according to the ranges 
reported by the original researchers, and they are the largest 
paleoflood discharges in each of the studied basins in Utah 
and Arizona {Figure !). All of these paleoflood studies 
involved past and present researchers at the Arizona Labo- 
ratory for Paleohydrological and Hydroclimatological Anal- 
ysis (ALPHA) in the Department of Geosciences at the 
University of Arizona. Because no evidence was cited by the 
original authors to suggest causes of floods other than 
precipitation, we assume that all the listed paleofloods were 
formed through rainfall-runoff processes {i.e., no natural 
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TABLE 2. Summary of Estimated Paleoflood Magnitudes 

River/Site a 

Maximum Peak 

Code in Discharge of Largest 
Figures Drainage Paieoflood, Flood, in 
2 and 3 Area, km2 m 3 s - • years Data Source 

Colorado River, Arizona 

Verde River, Arizona 
Salt River, Arizona 

Salt River, Arizona b 

Tonto Creek, Arizona 
Aravaipa Creek, Arizona 
Redfield Creek, Arizona 
Oak Creek, Arizona 

Virgin River 
East Fork, Utah 

Virgin River, Arizona 
Kanab Creek, Utah 

Escalante River a, Utah 

Boulder Creek, Utah 
Tortolita Mountains, 

Arizona 
Cochie 
Wild Burro 

Ruelas 

Prospect 
Cafiada Agua 

White Tank Mountains 
Arizona 

Tiger Wash., Arizona 

C 279,350 13,600-14,200 -•4000 

V 14,240 5000-5000 2000 
S 11,150 4100-4600 2000 

P 33,650 8500-9900 1000+ 
11,300-12,700 

T 1630 800-1000 •500 
A 3160 970 •900 
R 285 350-400 •1000 
O 1213 1350 >)100 

E 840 800-850 1000 + 

Vi 10,306 1700-1900 1000+ 
K 5370 400-600 c --500 

Es 820 700-750 1000+ 

Es 1990 1250-1550 
Es 3290 1850-2100 
Es 4430 860-940 
B 450 350-450 
TM 

500+ 

C1 9.8 60-80 "' 
WB 11.1 120-150 "' 
WB 18.1 200-300 "' 
RU 6.0 80-100 --' 
Pr 9.6 40-50 600+ 
Ca 4.7 30-50 
WT 14.6 57-142 --' 

TW 220 283-382 

Sierra Estrella, Arizona SE 2.8 21-29 

Ely et al. [1991] J. O'Connor, L. Ely, E. Wohl and 
others (unpublished data, 1993) 

Ely and Baker [1985]' O'Connor et al. [1986a] 
Partridge and Baker [1987] and O'Connor et al. 

[1986a] 
Fuller [ 1987] 

O'Connor et al. [1986a] and Ely et al. [1988]. 
Roberts [ 1987] 
Wohl [ 1989] 
Melis [1990] and T. S. Melis (personal 

communication, !991) 

Y. Enzel, L. L. Ely, and R. H. Webb 
(unpublished data, 1990) 

Enzel et al. [1993] 
Smith [1990] and S.S. Smith (personal 

communication, 1991) 
Webb [1985]; Webb and Baker [1987]; and Webbet 

al. [ 1988] 

O'Connor et al. [1986b] 
House [1991]' P. K. House (unpublished data, 

1992) 

House et al. [1991] 

P. K. House (unpublished data, 1992), CH2MHilt 
and French [1992] 

P. K. House (unpublished data, 1992), CH2MHill 
and French [1992] 

P. K. House (unpublished data, 1992), CH2MHill 
and French [1992] 

aSee Figure 1 for locations. The paleofloods are plotted in Figures 1, 2, and 3 according to site code except for the Tortolita Mountains 
paleoflood estimates which are represented in Figure 1 as TM. 

bSalt River downstream of the confluence of the Verde River; Explanding flow can cause large overestimation. 
CThe actual largest flood was larger than reported by Smith [ 1990]. He identified field evidence for a larger flood located in a channel reach 

which is difficult to model (S.S. Smith, personal communication, 1991) 
aDifferent sites on the fiver. 

dam failure). Thirteen of these paleofloods are the largest in 
at least the last 500 years and eight are the largest during the 
last 1000-4000 years (Table 2). Flood frequency analyses 
based partly on the inclusion of paleoflood magnitudes for 
the Salt, Verde, and the Colorado Rivers, have shown that 
these floods have recurrence intervals of > 1000 years [Ste- 
dinger et al., 1988; Webb and Rathburn, 1989; Ely et al., 
1991]. 

RESULTS AND DISCUSSION 

Figure 2 shows the magnitudes of the largest maximum 
peak discharges recorded in each gaging record from drain- 
age basins with areas greater than 1 km 2 in the entire 
Colorado River basin. The largest floods, which directly 
affect the position of the envelope curve, are marked in 
Figures 1 and 2 and listed in Table 1. Curve A in Figure 2 
encompasses all of the largest flood magnitudes in the United 
States as reported by Costa [1987]. Curve B is defined by the 

paleoflood data from the Colorado River basin. A compari- 
son between the United States curve and the gaged and 
historical data from the Colorado River basin indicates that 

drainages in the Colorado River basin produce systemati- 
cally smaller maximum flood peaks than drainage basins in 
other regions of the United States. The U.S. Bureau 
Reclamation [1990] envelope curve for the largest floods in 
the Colorado River basin is also plotted in Figure 2, and we 
use it as the envelope curve for gaged and historical floods. 
This curve was originally constructed only for drainage 
basins with areas greater than about 250 km 2, and it• 
extension to the smaller drainage basins was estimated for 
the purpose of this study. This extension is some•hat 
problematic, because it excludes the three largest 
magnitude estimations (Bronco Creek near Wikieup. Ari- 
zona; Eldorado Canyon at Nelson Landing, Nevada: and 
Dragoon Wash at St. David, Arizona; points 4, 5, and 6 in 
Figure 2). Costa [1987] suggested that any flood estimate that 
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falls above the envelope should be carefully reexamined, 
especially if it occurred in an area prone to debris flows or 
hyperconcentrated flows, such as the steep canyons of the 
southwestern United States. Although Costa referred to the 
United States curve, we use his suggestion also for the 
regional curves. 

In unpublished reports, Carmo4, [1980] and MaMck 
[1980] reanalyzed the largest reported floods that fall above 
the Arizona regional envelope curve and concluded that 
most of them were overestimated. Carmo•, [ 1980] evaluated 
the two Arizona floods (Bronco Creek and Dragoon Wash) 
and concluded (1) that the hydraulic characteristics implied 
by the Bronco Creek estimate were physically untenable, and 
(2) that the necessary precipitation to generate the Dragoon 
Wash flood did not occur in the region on July 22, 1975. 

There is a significant discrepancy between Carmody's and 
the original investigator's [Aidridge, 1978] findings regarding 
this date and the recorded rainfall amounts and intensities. 

gAdridge claims that the Dragoon Wash flood occurred on 
July 25, 1977, and reports precipitation amounts 3 to 4 times 
greater than those reported by Carmody; however, Aidridge 
[1978] provides a description of the study reach that reveals 
a 2 m discrepancy in the water surface elevation on opposite 
banks and run-up in excess of 3 m on a sloping bank 
perpendicular to flow. These hydraulic conditions make the 
reach inappropriate for slope area calculations, and the 
resulting discharge estimated is highly suspect. 

In the case of Bronco Creek, Carmody bases his criticism 
on the claim made by Aidridge [1972] that the flow was 
subcritical upstream of a bridge constriction used in the 
discharge estimation even though the implied flow condi- 
tions (depth and velocity) results in a Froude number of 1.7 
in that reach. This indicates that the hydraulic situation was 
not characterized accurately. Furthermore, Aidridge [1978] 
reports that, in order to convey the flow through the con- 
striction at the depth indicated by high water marks, a mean 
velocity of about 25 m s -• is required. A velocity of this 
magnitude is highly unlikely if even physically possible. 
Clearly, the discharge estimate for Bronco Creek is ques- 
tionable. The Eldorado Canyon flood estimate was not 
reviewed by Carmody because the drainage lies outside 
Arizona, but it was described as "poor" by the original 
researchers [Glancy and Harmsen, 1975]. 

We did not change the extension of the U.S. Bureau of 
Reclamation's curve to include these floods (Figure 2) and if 
the modern and historical envelope curve is raised to include 
either these flood magnitudes or corrected magnitudes, it 
will not change the basic patterns identified in this study. 

Although we are concerned about the accuracy of these 
critical discharge estimates, we directed our efforts at iden- 
tifying the general position and trend of the upper bound and 
its relation to the palcoflood data. Therefore curve C (Figure 
2) encompasses all of the floods except those which are 
obviously questionable. This curve can be used as a tool to 
identify those floods which warrant a reexamination, similar 
to the suggestion of Costa [1987] and the practice of Car- 
mody [1980] and Malvick [1980]. 

Palcoflood-Regional Envelope Curve Relationships 

In the Colorado River basin, a substantial increase in the 
temporal scale of flood records does not change the position 
of the envelope curve based on the gaged and historical data. 

The palcoflood discharges fall on or below the curve which 
envelopes the largest gaged and historical floods (Figure 2). 
Although these palcoflood discharges represent much longer 
periods of record and are usually larger than modern floods 
in the individual rivers where they were studied, they 
nevertheless are remarkably similar to the magnitudes of the 
largest modern or historical floods in the region. The relation 
between paleofiood discharges and the regional envelope 
curve for the Colorado River basin is consistent with the 

concept that there is a physical or hydrometeorological limit 
on the magnitude of the maximum flood that can be expected 
in a given drainage basin [Costa, 1987]. 

The existence of a natural upper limit would raise ques- 
tions about the basic assumption, intrinsic to frequently used 
statistical flood frequency models, that the upper bound on 
flood magnitudes cannot be determined and that they are 
beyond the range of practical concerns. Arguments against 
an upper limit, or for infinite-tailed distributions, have been 
challenged before." ß ß ß One can sometimes hear that there 
is no [upper] limit since there always could be, say, 1 mm 
more rain than there is in any conceivable rainstorm. This is 
a fallacious argument following from the inability of the 
human mind to stop extrapolating which -- - may easily lead 
a hypothetical ß ß ß analyst to calculate the "probability" of a 
horse-size and even an elephant-size dog" [Klemeg, 1987, p. 
9]. 

Another important result noted by combining these data is 
the potential effect of climatic variations on flood magnitudes 
for the rarest events. The influence of climatic variability on 
the occurrences of extreme floods has been recognized at 
several time scales, and mechanisms to explain this associ- 
ation have been suggested [Knox, 1983; Webb, 1985; Baker, 
1987b; Enzel et al., 1989, Ely and Baker, 1990; E/y, 1992; 
Eb' et al., 1992; Enzel, 1992; Webb and Betancourt, 1992]. 
Climate has also varied over different temporal scales during 
the late Holocene [e.g., Bradley, 1985], the period for which 
palcoflood data are available. However, not one Colorado 
River tributary, where a palcoflood study has been per- 
formed, has produced a flood with a magnitude greater than 
the flood expected from the envelope curve of the modern 
record. For example, during the last 4000 years in the nearby 
Mojave River basin of southern California, episodes of 
frequent large floods with magnitudes comparable to the 
largest modern floods were able to produce perennial lakes 
[Enzel et al., 1989]. However, a hydrologic model of the 
basin and lakes showed that floods that produced these lakes 
could not have been much larger than the largest observed in 
the modern and historical records [Enzel, 1992]. The in- 
creased frequency of the large floods was not associated with 
increased magnitudes as would have been the case if a flood 
frequency distribution had been fitted. Rather, these trends 
are consistent with a frequency distribution that has a 
truncated upper tail. 

Data available for the entire Colorado River basin are 

included in Figure 2. The maximum floods that occurred in 
drainage basins within arid and semiarid southern Arizona 
are shown in Figure 3. Excluded from this figure are gaging 
stations on the main stem of the Gila River, basins that drain 
to the Gila River from the north and have headwaters in high 
elevations, and one station that is clearly affected by urban- 
ization in Tucson, Arizona. The resulting curve for the 
southern Arizona subregion differs slightly from curve C for 
the entire Colorado River basin. Smaller basins 10.2-1 km2l 
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Fig. 3. The relationship between the envelope curve for the single largest peak discharges in each station in southern 
Arizona and the paleoflood data for the same region. See Table 2 for explanation of letters. 

were included in the curve for southern Arizona, because the 
paleoflood data for the smaller sized basins are exclusively 
from that region. Paleoflood magnitudes were estimated for 
five small drainage basins in the Tortolita Mountains north of 
Tucson, Arizona, for one basin in the White Tank Moun- 
tains, for Tiger Wash near the Harquahala Mountains, and 
for one basin in Sierra Estrella west of Phoenix, Arizona 
(Figure 1, Table 2) [House, 1991; House eta!., 1991; 
CH2MHill and French, 1992; also P. K. House, unpublished 
data, 1992]. Only one radiocarbon date is available for these 
paleofloods (Table 2). Even so, field evidence and relative 
age dating indicate that they are the largest floods to have 
occurred in these ungaged basins during at least the last 
several hundred years [Baker et al., 1990; House, 1991]. 

All of these paleoflood discharges plot on or below the 
envelope curve constructed from the gaged data from south- 
ern Arizona (Figure 3). The relationship between the paleo- 
flood discharges and the regional envelope curves is consis- 
tent in including an upper limit to flood magnitudes in both 
the entire Colorado River basin and the southern Arizona 

subregion. Initial analysis of other subregions within the 
lower Colorado River basin indicates that they have substan- 
tially different envelope curves. Also, different types of 
storms produce the envelope-shaping floods in each subre- 
gion, indicating that hydroclimatology plays a major role in 
defining the curves. Although it is assumed by the authors 
that hydroclimatology is the cause for the upper limit of 
floods claimed by Wolman and Costa [1984]. Additional 
research on these issues is required. 

Applications of Regional Envelope Curves 

The largest floods axe responses to the most extreme rainfall 
conditions that have occurred in both the historical and prehis- 
torical periods. They represent probably the best natural ana- 
log to a watershed hydrologic model that is available for 
integrated response of a drainage basin to extreme meteorolog- 
ical conditions. The peak discharges from the biggest floods 
that are characteristic of a given region axe those controlling the 
shape and position of the regional envelope curve. Therefore 
we think that these curves embody critical information on the 
nature of regional flood magnitudes. 

Although interesting scientifically, key questions regard. 
ing envelope curves [Wolman and Costa, 1984] are whether 
they can be sufficiently precise, objective, and useful for 
engineering purposes. We do not attempt to answer these 
questions, but we note that agreement between the curves 
and the paleoflood data for this particular region adds a new 
level of confidence to the method. Almost all reports related 
to envelope curves add a disclaimer that they are only useful 
as a first test of expected flood magnitude estimated by other 
means. The intent of such statements is to reduce strict 

reliance on such curves [e.g., Crippen, 1982]. However, 
Costa [19871, who shows more confidence in the significance 
of the information derived from envelope curves, states that 
if a computed flood discharge for a given drainage area plots 
well above the curve, the flood needs to be carefully reex- 
amined. In this presentation we do not intend to develop 
maximum flood relations to be used in hydrological applica- 
tions but rather to point toward a phenomenon borne out 
from the combination of paleoftood and gaged data. The 
results from the Colorado River basin demonstrate that 

much more information is present in the peak discharges of 
the largest floods than is generally acknowledged. 

The observations reported here generally support the 
assumption underlying the design storm approach in which 
an extreme storm is determined for a given basin and the 
discharge of the resulting flood is calculated using rainfall- 
runoff modeling. Nevertheless, specific PMF and 100-year 
flood estimates available to us exceed values estimates from 

the envelope curve, some by a great amount. Consequently, 
they are also in excess of the largest paleoflood discharge 
estimates for the corresponding drainage basins (Table 3}. 
This inconsistency between the PMF estimates and the 
actual regional data (gaged, historic, and paleofloodsl is a 
cause for concern. It may indicate that, for this hydrologic• 
region, either the understanding of extreme rainfall events 
used in constructing the PMP and the subsequent basin 
responses is deficient, or a failure in the model construction, 

Both physiographic and hydroc!imatologic factors may 
contribute to the results obtained for the Colorado River 
basin. It is a region of immense variability in relief and 
climate. The high spatial and temporal variability of rainfall 
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TABLE 3. Comparison Between the Magnitudes (in cubic meters per second) of the Largest Flood Estimated Using Envelope Curve 
Published Probable Maximum Floods, !00-Year Floods, and Gaged, Historical, and Palcoflood Data for Selected Drainages 

in the Colorado River Basin 

Maximum Peak Discharge Probable 
Maximum 100-Year 

Drainage Basin Paieofiood Historical Gaged Flood Flood 

13,600-14,200 8500 6230 19,700" 5370 b 
5000-5400 4250 2690 21,640 c 4500 b 

18,970 c 
4100-46(10 4250 3310 19,200 c 4670/• 

28,320 c 
1700-1900 --- 1000 d 1000 2,950 e 1330 f 

'" 2407 1670 515Y r 
800-1000 --- 1747 2860 f 

1350 '.- 748 --- 1220 f 
60-80 ......... 190 ß 
40-50 ......... 185 * 

, 

Colorado River (Lees Ferry, Arizona) 
Verde River, Arizona 

Salt River, Arizona 

Virgin River (Littlefield, Utah) 
Agua Fria River (Rock Springs, Arizona) 
Tonto Creek (near Roosevelt, Arizona) 
Oak Creek (near Cornville, Arizona) 
Cochie Canyon (near Tucson, Arizona) 
Prospect Canyon (near Tucson, Arizona) 

aU.S. Bureau of Reclamation [1990]. 
bAnderson and White [1979]. 

Flood 

Magnitude 
Estimated From 

Envelol•, 
m 3 s-I 

•-13,000 

500O 

290O 
28ffi 
23• 
2220 

2• 
210 

cj. Keane of the Salt River Project (written communication, 1984) provided the PMFs by the U.S. Bureau of Reclamation (top) and the 
U.S. Army Corps of Engineers (bottom) for the Verde and Salt Rivers. See also Brown [1988]. 

dlt is believed that the 1862 flood was comparable in size to the 1966 flood [Butler and Mundroff, 1970], but it also may be larger. 
eFor Bloomington, Utah: smaller than the area which drains to the Littlefield, Arizona, station, U.S. Army Corps of Engineers [1973]. 
œGarrett and Gellenbeck [1991]. 
*House [1991]. 

and runoff, the diversity of runoff-producing processes, and 
other complexities pose severe problems in such a region for 
model parameterization and verification [Pilgrim et al., 
19t•]. Nevertheless, the range of processes also means that 
subregions will exhibit those combinations of factors that are 
optimum for the concentration of overland flow and the 
orientation relative to storm tracks for generating floods of 
the highest magnitude characteristic of the region. Thus the 
variability inherent in the smaller, more frequent floods does 
not extrapolate directly to the properties of the largest rarest 
floods indicated by a very large sample in time and space. A 
deterministic pattern (Figures 2 and 3) emerges for the 
largest and rarest events that cannot be predicted through 
simple theoretical extrapolation of trends apparent in the 
statistics of smaller, more frequent floods. 

The above hypothesis may apply more to semiarid regions 
of high flood variability than to humid regions of low 
variability. A simple rationale can be found in Beard's [1975] 
flash-flood magnitude index F, defined as 

r = k N _ 
where 

X=Xm-M (2) 

and X,n is the annual maximum flood, M is the mean annual 
flood of the annual peak series and N is the number of events 
in the series (Xm, X, M are all expressed as logarithms). 
This index is simply the standard deviation of the logarithms 
of the observed annual flood series, and it is useful measure 
for contrasting regional flood frequency characteristics. Val- 
ues of F in the Colorado River basin range from 0.2 in the 
Colorado Rockies to 0.9 in the Arizona deserts. The latter are 
equivalent to the highest in the United States [Beard, 1975; 
Baker, 1977]. Values in the northeastern United States, in 
contrast, range from 0.2 to 0.3. The value for the arid portion of 

Arizona indicates the high variability of the floods in this 
region. 

For floods in the Colorado River basin, the rarer annual 
peaks can be immensely larger than the more common 
peaks, while for Northeastern floods they are only slightly 
larger. The "barnyard fowl" analogy of Horton [1936] may 
have a corollary that is applicable here. The Northeastern 
fowl with a gradual growth curve of egg size, might not easily 
foresee its egg-laying limit at a reasonable probability level; 
however, the Colorado basin fowl is faced, at least locally, 
with a catastrophic growth curve. There may be limits both 
to eggs and floods but the ability to foresee them may vary 
considerably from region to region. 

A caveat is in order for those whose interest lies in 

identifying an upper limit to flood magnitude in a specific 
watershed. The envelope curve, confirmed by palcoflood 
data from the last few thousands years, is a potential 
indicator of that limit, and in some regions, one that may be 
superior to approaches relying on extrapolation from much 
shorter temporal records. However, the envelope curve will 
not provide the magnitude for the largest flood to be ex- 
pected in a specific basin. Such a determination is best made 
by using site-specific palcohydrological information. 

It must be emphasized that the deterministic and stochas- 
tic approaches are philosophically distinct. The envelope 
represents averaged conditions over a region. It shows the 
habitual natural response of that region in terms of the 
largest, rarest events. The extrapolation of short-term data 
and/or the modeling of parameters idealized to characterize 
the region both convey the specific theoretical response of 
basins considered to be representative of individual cases in 
the region. It is hoped by some in science, without testing, 
that these two approaches will converge on the same results. 
For Colorado River basin peak flood data, conventional and 
palcoflood combined, it seems that the convergence has not 
yet been achieved. 
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CONCLUSIONS 

Discharges reconstructed from paleoflood data in the 
Colorado River basin do not alter the position of regional 
flood envelope curves based on gaged and historical records, 
despite recording several thousand years of extreme events 
at multiple sites. The result is best explained by the exis- 
tence of a physical upper limit to flood magnitudes that has 
persisted through the last several centuries to millennia. The 
result also indicates that extremes in precipitation intensity 
and areal coverage of storms during the last several centuries 
have not been larger than the extremes observed in the gaged 
record. Our primary conclusion is that it is unlikely that any 
drainage in the Colorado River watershed will produce a 
flood that exceeds the curve. Any preliminary flood magni- 
tude estimates that appear to exceed this curve should be 
very carefully reviewed for methodological problems in 
discharge estimation. 
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