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profile with two undular hydraulic jumps, one in the upper portion of the reach and the other at
the downstream end due to the constraint provided by the constriction. The discharge estimate for
this reach is 120 m® s (4240 f* s).

Bronco Creek Site

The Bronco Creek site differs from the previous ones in that it contains no control section. In
trying to maximize the contributing drainage area we were limited to one relatively short reach
characterized by nearly vertical bedrock walls and a flat bottom. The reach is essentially a deep,
smooth, bedrock chute so we used a composite # value of 0.035 for the entire reach. Equation (1)
predicts a composite value ranging from 0.07 to 0.11 for this reach; however, the hydraulic radius
for each section is slightly larger than the maximum value for which the equation was verified.

We modeled flow through 4 cross-sections in a reach approximately 15 m (49 ft) long.
Because of the characteristics of the reach (short, steep, straight, and smooth), we concluded that
a supercritical profile would be the most appropriate. We achieved a good match of the profile for
350 m® s (12,360 ft* s™) with several deposits of flotsam located along the margin of a horizontal
bed‘rock bench along the right margin of flow approximately 6 meters above the channel bottom
(figure 3c). The relatively high discharge estimate obtained for this reach is supported by
extensive channel modification in Bronco Creek in the upper basin and in the long alluvial reach
above the confluence with Bronco Wash. The assumption of supercritical flow in this reach makes

the discharge estimate a definite maximum.

The Role of Contributing Drainage Area in Affecting the Peak Discharge

Site selection in this analysis was a compromise between identifying reaches with stable
~ boundaries and maximizing the contributing drainage area to each site. This resulted in an 18%
decrease in the drainage area contributing to our sites as compared to that contributing to the site
of the original estimate. It may generally be expected that the smaller contributing drainage area
associated with our estimate would produce a correspondingly lower peak discharge; however,
we believe that the sub-basin estimates probably account for most, if not all of the flood runoff.

Small-scale aerial photos (1:129,000) taken approximately 1 year after the flood reveal
striking channel modifications wrought in portions of the Bronco Creek watershed and adjacent

basins. Stereoscopic analysis of these photos under 4x magnification allows for a qualitative
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assessment of channel change due to the flood and therefore of the likely source area for the
runoff. The photos show that tributary channels in the upper and middle portions of the basin and
the entire length of the trunk streams that convey runoff out of the basin were subject to severe
modification due to the flood runoff. Evidence for modification includes cleared channels
appearing as bright white streaks in black and white photos and altered channel patterns evident
from comparison with earlier photographs. For example, in an alluvial stretch of Bronco Creek in
the upper Bronco Creek sub-basin there is clear photographic evidence for major channel
modifications where the channel is crossed by Chicken Springs Road (see figure 2). We visited
this site and found abundant geomorphic evidence attesting to the large magnitude of the 1971
flood. No tributary reaches in the lower portion of the basin appear to have been similarly
modified. Using this evidence of channel change, the photos suggest that the majority of the flood
runoff originated in the upper and middle portions of the basin. Therefore, our estimates probably
include most, if not all of the drainage area that contributed to the flood. Field inspection by one
of the original investigators several weeks after the flood corroborates our conclusion (H.-W.
Hjalmarson, written communication, 1994 and unpublished data, 1971).

Our analysis of the post flood photographs also indicates that two basins adjacent to the
divide of the Bronco Creek watershed, Devils Canyon and Groom Spring Wash, and at least one
further to the west, Graveyard wash (see figure 1), may have been affected by the same series of
storms and experienced large floods. In the case of the Devils Canyon and Groom Spring Wash
watersheds the relation is the most clear and direct due to its contiguity to the upper portion of
the Bronco Creek watershed where the storm was probably concentrated; however, evidence for
flooding in the non-contiguous basin, though clear in photo comparisons, cannot be as easily
related to the Bronco Creek event. This information coupled with the lack of obvious channel
changes in tributaries draining the lower portion of the basin argues for an upper basin source
area.

Correction for Omitted Area

We applied a correction factor to account for the 18% difference in drainage area in the
unlikely event that it did contribute significant runoff to the flood peak. The omitted area is
slightly smaller than the drainage area of the Greenwood Wash sub-basin, so we multiplied it by

the unit discharge of Greenwood Wash to obtain the value 113 m® s™* (4020 ft* s™). Adding this to
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the other sub-basin estimates gives the total estimated basin runoff value of 800 m* s™ (28,200 ft®
s'). Because this correction may give an exaggerated estimate by invoking flow that did not
occur, we believe that it effectively accounts for potential uncertainties in each of the flow
estimates, and that the composite value represents a reasonable maximum.

There are several aspects of our composite peak discharge estimate that make it relatively
generous: (1) we assume that the hydrographs from each sub-basin combined such that the total
peak is equal to the sum of the three peaks; (2) in the correction for the omitted drainage area
described above, we used the unit discharge of a discrete sub-basin to estimate the discharge
associated with a non-integrated portion of the watershed that corresponds almost entirely to
hillslope source areas in the lower basin; (3) in estimated the peak discharge at each site, we
assumed critical and supercritical flow conditions, thus resulting in maximum estimates; (4) in
estimating the cumulative discharge, we are assuming negligible infiltration and attenuation in the
alluvial reaches below each site and in the wide, 3 2 km alluvial reach that leads to the bridge; and
(5) we used roughness coefficient values in portions of the reaches that may be underestimated by

as much as 50%.

Other Constraints on the Peak Discharge

There are three additional constraints on the peak discharge of the Bronco Creek flood. Each
is independent of the reconstructions performed in carrying out this study and is supportive of a
lower discharge than that originally reported.
Highway 93 Bridge Crossing

The US Highway 93 bridge crossing provides an independent means of assessing the relative
accuracy of the original discharge estimate and the composite estimate from our analysis. The
bridge causes a major contraction and has a stable geometry (except for the bed elevation). Thus
the bridge opening served as a hydraulic control on the flood. The original investigation used this
site as support for the slope-area estimate; however, the assumed critical-depth section was
located upstream of the constriction (Aldridge, 1972, 1978; and USGS, unpublished data, 1972).
It is more likely that the critical section would be located somewhere within the constricted reach

(e.g. Chow, 1959, p. 475).
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In addition to the geometry of the bridge crossing, there is more specific evidence attesting to
the hydraulic constraint provided by the contraction. The original field survey notes show that the
drop in the water surface through the bridge constriction approached 5.8 m (19 ft) (Aldridge,
1978). Furthermore, local ponding or “pile-up” of flow at the upstream side of the bridge can be
inferred from the original survey data, an eyewitness account, and post-flood photographs. Given
these lines of evidence, it is reasonable to assume that critical depth was probably crossed
somewhere within the bridge constriction. The reach hydraulics probably consisted of supercritical
flow some distance upstream of the bridge (including the slope-area reach) that eventually passed
through a hydraulic jump to subcritical flow where the impinging flow was backed-up at the
upstream side of the bridge. The radical drop in the water surface through the bridge marks the
transition back to supercritical flow which probably continued downstream until the channel
reached the Big Sandy River floodplain (see Chow 1959, p. 475 figure 17-14d, for a
representative profile). The original critical section was located at a site of probable subcritical
flow above the bridge.

We also evaluated our estimate with a simple analysis of the flow hydraulics through the
bridge. Using the stable bridge geometry and a discharge of 800 m® s (28,200 ft* s™) we
calculated a critical depth of approximately 3 m (10 f) associated with the geometry of the
constriction. Figure 4 shows the water surface profile above and below the bridge as taken from
the original survey notes and from figure 3 in Aldridge (1978). The profile shown through the
bridge is our inference. The location of the original critical section upstream of the bridge is
identified and the critical depth profile associated with 800 m® s™' through the constriction is also
shown. Clearly, the flow profile crossed this depth somewhere in the constriction. This is not
conclusive evidence for that specific discharge, but the most plausible hydraulic situation inferred
from this scenario is commensurate with a lower discharge. In fact, an early report on the original
study noted that a velocity in excess of 23 m s ( 75 ft s™') would have been required to convey
the estimated discharge of 2080 m® 5™ at the estimated depth of 1 m in the reach just downstream
from the bridge (Aldridge 1978). This physically untenable situation should have been interpreted

as an indication that the discharge estimate was probably too high.
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Water surface profile of the Bronco Creek flood through the US Highway 93 bridge crossing (data
taken from Aldridge, 1978, and USGS, unpublished data, 1971). The plot identifies the location of the
original critical-depth section and shows the profile corresponding to the critical depth associated
with the new composite discharge estimate of 800 m’s” through the constriction. The water surface
profile through the bridge is an inference based on the estimated depths above and below the bridge
reported by the original field party.
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An Independently Derived Composite Discharge

About 2 weeks after the flood, the chief investigator of the original field party independently
assessed the magnitudes of the flows emanating from the 3 major sub-basins of the Bronco Creek
watershed. He obtained a composite discharge estimate of 1100 m® s™ (38,000 f* ) using 1-
section slope-conveyance calculations in alluvial reaches downstream from the sites that we
studied (H.-W. Hjalmarson, personal communication, 1994, and unpublished data, 1971). This
composite estimate was obtained from alluvial reaches using an approximate method that ofien
exaggerates peak discharge (Jarrett, 1987).

Meteorological and Hydrological Evidence from Other Sites

We noted previously that the Big Sandy River recorded its annual maximum peak discharge of
292 m’ s (10,380 ft’ s™") at 11:00 PM August 19, the day of the Bronco Creek flood. The gage is
less than 31 km (19 mi.) downstream from the mouth of Bronco Creek. Of that length,
approximately 25 % is within a narrow, bedrock canyon, the remainder is in a broad alluvial
channel. If the original discharge estimate for Bronco Creek constituted the bulk of that peak
discharge, it would have been attenuated by more than 85%.

The Bronco Creek flood probably did not constitute all of the runoff on the Big Sandy River
on August 19. Limited regional peak flow data indicates that other small tributary basins
experienced flooding that day. Two meteorological stations within the watershed of Burro Creek
(1580 km®), the largest tributary to the Big Sandy River (see figure 1), recorded 6.1 cm and 2.5
cm of precipitation on the 19th, respectively. Also recall that there is evidence suggesting that
basins contiguous with the Bronco Creek watershed were subject to precipitation from the same
series of storms and probably also experienced large flow events. Streams draining these basins
- enter the Big Sandy River about 21 km (13 mi.) below the mouth of Bronco Creek.

The Big Sandy River hydrograph for the period August 19 through August 21, 1971 has two
distinct peaks (figure 5) that may indicate the occurrence of extreme flooding from both sides of
the drainage divide along the perimeter of the Bronco Creek basin. The first peak at the Big
Sandy gage is probably related to the floods generated in Devils Canyon and Groom Spring Wash,
which enter the Big Sandy channel 6.4 km (4 mi.) and 2.4 km (1.5 mi.), respectively, above the
gage (figure 1). The Devils Canyon and Groom Spring Wash flood waves would reach the gage
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before the Bronco Creek flood wave because of shorter travel distances through relatively high-
gradient tributary channels.

The Big Sandy hydrograph is useful in evaluating the magnitude of the Bronco Creek flood.
The Bronco Creek flood wave was superposed on the latter portion of the Devils Canyon/Groom
Spring Wash flood hydrograph, and probably on portions of hydrographs from other tributaries of
the Big Sandy. Thus, the Big Sandy’s hydrograph is a composite of flood hydrographs from a
variety of sources, not solely Bronco Creek. The argument for attenuating a flood discharge from
2080 to 294 m’ s™ in a 30 km long channel is thus further strained by the necessity to account for

other, potentially large sources of inflow and the consequent superposition of flood hydrographs.

Impact of Channel Change on Peak Discharge Estimates

The composite discharge estimate from this study differs from the original USGS estimate by
nearly a factor of three. We propose that the major contributing factor to this large difference is
that the original estimate is based on post-flood channel characteristics (roughness and geometry)
not representative of those of the channel when it conveyed the peak discharge. This problem is
particularly critical in the analysis of peak flow in alluvial streams (e.g. Jarrett, 1987; Quick,
1991). Dynamic adjustments that occur in the bed and banks of an alluvial stream during the
passage of a flood wave may result in the final geometric configuration being very different from
that associated with the peak discharge.

The channel segment where the first estimate was made underwent a dramatic change in
morphology as a consequence of the flood (figure 6). Vegetated bars were completely removed or
buried by sediment and the channel pattern was transformed from braided with multiple channels
to a single, wide, straight channel. Varying amounts of bank widening occurred throughout the
reach, and a large fan was deposited below the mouth of Bronco Creek which obliterated riparian
vegetation and buried a meander bend of the Big Sandy River. These facts have been noted
previously(Aldridge 1972, 1978), but their potential impacts on the estimated discharge were not
assessed.

We documented amounts and types of channel modifications in the lower reach of Bronco
Creek using large-scale pre-flood (November, 1963) and post- flood (September, 1971)
photographs (1: 24,000 and 1:8,000 respectively). We used stereoscopic analysis of the two
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photographs in figure 8 to quantify the types and amounts of change that occurred. The principal
types of changes involved removal of vegetated bars and channel widening. Measurements of
change were made at 13 sections along the reach shown in the photos (figure 7). The graphs show
the variation in total channel width and cleared channel width from 1963 to 1971. It is likely that
all of the changes are due to the 1971 flood. The “cleared width” line is the increase in the width
of channel areas with no significant vegetative cover. It is primarily a proxy for the change in
channel roughness, although it probably also accounts for a significant change in channel
geometry. The “total width” line is the amount of bank retreat along the perimeter of the reach. It
represents the amount of channel widening that occurred and is thus primarily a geometric
variable. The locations of each section used in the slope-area computation are also shown on the
plot. The modeled reach was most drastically affected by a change in cleared width, but significant
changes in total width also occurred.

In establishing an indirect estimate for an extreme flood in this type of channel, one must make
some critical, untestable assumptions concerning the timing of the transformations in roughness
and geometry. The most critical assumption is that the post-flood channel geometry is essentially
the same as that during the peak discharge. This assumption is particularly tenuous in alluvial
channels in which the synchronous attainment of maximum discharge and maximum cross-
sectional area is unlikely. Alluvial channels respond dynamically to the passage of a flood wave.
The bed and banks are progressively modified by the flow. The timing of the attainment of
maximum depth, stage, cross-sectional area, and discharge is probably variable both among
different streams and among floods in the same stream. It is possible that, due to lateral and
vertical scour, the maximum discharge in an alluvial channel may actually be associated with a
flood stage lower than that inferred from the highest water surface indicators in the reach. The
highest high-water marks may be emplaced by overbank flow preceding maximum scour in the
channel.

In the reach chosen for the slope-area calculation, channel widening occurred; however, the
most significant change in the reach involved the removal of bars and vegetation. The
morphological alterations of the channel of Bronco Creek must certainly have had a pronounced
effect on the channel conveyance, a fundamental component of the discharge calculation. For

example, if it is assumed in section #4 (see figures 6 and 7) that the depth of flow was 2 m, the
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Comparison of aerial photographs of the lower reach of Bronco Creek. The pre-
flood photo is from November, 1963, and the post-flood photo is from September,
1971. Note in particular the amount of channel clearing, the large fan deposited
below the mouth, and the location of the slope-area reach.
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amount of bank retreat accounts for an area of about 70 m®. Taking an average bar elevation of 1
m, the maximum amount of cross-sectional area accounted for by bar removal is also about 70 m’.
This results in a maximum change in cross-sectional area of 140 m” or slightly more than 56% of
the post flood value of 250 m* (USGS, unpublished data 1971). Combining this with the effect of
the potential underestimation of the roughness coefficient would lower the estimated discharge
considerably.

An extension of the channel geometry problem involves channel roughness. In general, the
selection of roughness coefficients is a largely subjective procedure. In a stream with the
morphological characteristics of Bronco Creek there is little basis for making a truly informed
decision (Glancy and Williams, 1994). We are not aware of any study that has verified Mannings
n for an extreme flood in a wide, steep, ephemeral, sand and gravel bedded alluvial channel. In the
case of Bronco Creek, this already tenuous procedure was further complicated by the fact that the
channel underwent a striking morphological transformation during the flood. This profound
change probably had a major effect on the effective roughness of the channel due to the removal
of hundreds of shrubs and small trees as well as changes in channel alignment (figure 8).
Developing an estimate of roughness based on the post-flood configuration of the channel
requires the assumption that the pre-flood roughness elements were completely obliterated before
the peak occurred. This scenario is unlikely because the removal of some material (particularly
rooted plant material) is a progressive phenomenon occurring throughout the passage of the flood

wave.

Regional Flood-Drainage Area Relationships

The over-estimation of the peak discharge of the Bronco Creek flood does not negate the fact
that it was an exceptionally large flood for the region. Each of the new estimates (sub-basin and
composite) is in accordance with the maximum flood discharge-drainage area trend defined by
paleoflood, historical, and gaged flood data from Arizona (figure 8). The envelope curve shown in
figure 8 has been proposed as an approximation of some type of physical limit on flood
magnitudes in the lower Colorado River basin (Enzel and others 1993). The consistency of the
relationship between the new Bronco Creek estimates and the regional envelope supports this

hypothesis. It also underscores assertions made by previous authors that any flood estimate
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exceeding the value approximated by a regional envelope curve with a sufficiently broad spatial
and temporal data base should be evaluated for potential errors in estimation (Wolman and Costa
1984, Costa 1987a, and Enzel and others 1993),

The original Bronco Creek flood estimate is one of two significant regional outliers that
depart sharply from the general trend; the Eldorado Canyon, Nevada flood of September, 1975 is
the other (Glancy and Harmsen 1975). Its estimated magnitude is remarkably similar to that of the
Bronco Creek flood: 2152 m® 5! from 59.3 km? compared to 2080 m® s from 49.2 km?. The two
watersheds are similar in terms of basin morphometry and general location. For these reasons the
two estimates are often presented as mutually reinforcing examples of the potential magnitude of
extreme floods that can occur in small basins in arid portions of the southwestern United States.
Based on the results of our research we believe that the Eldorado Canyon flood is the sole

regional outlier.

' Conclusion

We have presented a variety of hydraulic, hydrologic, and meteorologic evidence indicating
that the original estimate for the Bronco Creek, Arizona flood of August 19, 1971 was
overestimated by nearly a factor of three. The primary reason for this overestimation was the
selection of an alluvial reach for the indirect determination of discharge. The subsequent
acceptance of such an anomalously high discharge was due to failure to critically evaluate it in the
context of other types of readily available information,

In this paper, we have demonstrated a multifaceted approach to assessing the accuracy of
indirect flood discharge estimates. We propose that some variation of this approach should be
used to check flood magnitudes that depart markedly from regional flood characteristics, or that
imply unlikely hydraulic and hydrologic phenomena.

Providing accurate assessments of magnitudes of extreme floods from small, mountainous
basins in the southwestern United States is extremely important. Little data exists for this type of
physical setting even though it is ubiquitous in the region. Much of the development in the
Southwest exists and continues to take place on piedmont areas directly below this type of
drainage basin. Thus the need for reliable data on the magnitudes of rare floods is clear. However,

the need for good data transcends practical questions of public safety and the economics of
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avoiding over-design of hydraulic structures and improperly zoned floodplains. Developing a
realistic perspective on the actual ranges of extreme flood magnitudes in different environments is
of critical importance to the scientific advancement of the study of floods. If the primary data of
interest are not at least approximately correct, then it is likely that any related conclusions are

unreliable.
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