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ABSTRACT

Hell Canyon and Sycamore Canyon are major ungaged tributaries in the upper
Verde River basin of central Arizona. Gage data imply that the record discharge of 1507
cms on February 20, 1993 at the Verde River gage near Clarkdale, Arizona was derived
primarily from these tributaries.

Reconstructions of 1993 flows measure 800-900 cms in Sycamore Canyon and
600-700 cms in Hell Canyon. Historic and pre-historic flood sequences were examined in
various stratigraphic exposures in these canyons; as many as 11 floods are recorded at any
one site. The 1993 floodwaters typically overtop all prior flood stratigraphy; however,
dendrochronology suggests that similar floods occurred prior to the gage record. These
results confirm that Hell Canyon and Sycamore Canyon are major contributors to floods

on the Verde River in both the historical and paleoflood record.



INTRODUCTION

Scope and Purpose

Paleoflood hydrology is an interdisciplinary approach used to study historic and
prehistoric records of floods in river systems around the globe and is applicable to a wide
range of scientific topics and practical problems. By extending the flood record beyond a
relatively short historical data set, geologists are able to extract more representative
samples of the largest floods for flood frequency analysis and to address long-term issues
such as aggradation and degradation in the fluvial system, as well as flood-climate linkages
for a particular region . The method produces results which are very useful and needed in
urban planning, flood control procedures, and reservoir operation (Stedinger and Cohn,
1986; Hereford, et al., 1996; Graf, et al., 1991; Patton, 1977; Costa, 1978; Mackilin, et al.,
1992).

The slackwater deposit-paleostage indicator (SWD-PSI ) technique in paleoflood
hydrology allows for indirect discharge measurements following a flood by using features
which record the height of the flood waters (Baker, 1987; Kochel and Baker, 1982;
Patton, et al., 1979). Slackwater deposits are fine-grained deposits, typically composed of
silt and sand, which accumulate in backwater zones where reduced velocities allow fine
particles to fall from suspension. Reaches most conducive for preserving slackwater
deposits include those that have fixed channel boundaries and features which initiate flow
separation, such as alcoves, channel constrictions, minor tributary mouths, or bedrock

obstructions. Paloestage indicators include all other high water marks such as flotsam



piles and mats, scour lines, non-exceedance indicators, water stains on trees and bedrock,
and tree scars.

High water evidence is used to estimate peak flow by fitting surveyed high water
marks to water surface profiles computed from slope-area analysis or the step-backwater
method (O’Connor and Webb, 1988). HEC-2 or HEC-RAS programs (Hydraulic
Engineering Center, 1995) utilize data in a step-backwater modeling routine. This model
is very efficient when experimenting with several values of discharge or other variables,
since numerous water surface profiles can be generated simultaneously.

Recent storms in Arizona during the winter of 1993 provided an opportunity for
utilizing the SWD-PSI technique to reconstruct discharges in ungaged river reaches and
furthermore, to use them as guides for interpreting the paleoflood record. In the Verde
River basin, central Arizona, these storms resulted in large-scale floods unprecedented in
the historic record. House and Hirschboeck (1997) designate four primary storm events
during the winter of 1993: January 6-9, January 13-19, February 7-10, and February 18-
21 (House and Hirschboeck, 1997). These storms varied in their intensity throughout the
basin; timing of gaged flows pinpointed the basin areas hit hardest by each storm and
demonstrated that source areas for peak flows on the Verde may comprise only a small
fraction of the entire basin (House, et al., 1995).

On the upper Verde River, the late February flood generated record peaks at
USGS stream gages. Antecedent conditions, as well as rain on snow in the upper
elevations and high daily rainfall totals on the 19" and 20™ were the primary factors in the

resultant record runoff volumes measured on February 20, 1993 at the Paulden, Clarkdale,



and Camp Verde gages along the Verde River, estimated at 657, 1506, and 3370 m’s™,
respectively (House and Hirschboeck, 1997). Tributaries between the Clarkdale and
Camp Verde gages also recorded large-magnitude flows; however, their record-breaking
events occurred during January of the same year (Table 1).

Timing of peak flows on the upper Verde River show that the upstream gage at
Paulden almost always peaks after the peak at Clarkdale. Thus, little runoff from the
upper basin contributed to the record peak at Clarkdale, making ungaged tributaries
between the two gages responsible for the primary portion of floodwaters at the Clarkdale
gage. Reconnaissance of Hell Canyon and Sycamore Canyon, the dominant tributaries
between the gages, revealed surficial evidence of extreme recent flows. Stratigraphic
sequences of flood deposits present in each canyon also document historical and
prehistoric large floods. This project utilizes the preservation of paleofloods and recent
extreme floods to document the historical and paleoflood record in tributary canyons and
to evaluate their potential for generating large floods on the Verde River.

During the course of this study, I employed a number of different strategies,
including hydraulic modeling, stratigraphic analysis, dendrochronology, and gaged data
examination. Section 1 reviews previous work and describes the setting of the study area
in terms of physiography, basin morphometry, channel bedload characteristics, and general

meteorology. Section 2 analyzes the February 18-21,



Verde near Paulden 657 0945
Verde near Clarkdale 1507 0400
Oak Creek near Cornville 736 0330
Wet Beaver Creek 107 0130
West Clear Creek 195 0100
Verde near Camp Verde 3370 1100

Table 1. Discharge gage data and timing of the late February flood event. Shown are
selected gages on the mainstem and tributaries of the Verde River.
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1993 flood of record. Section 3 catalogues tributary slackwater sediments, while Section
4 discusses late Holocene terraces. Finally, Section 5 summarizes the project’s overall

results and implications.

Physiography

The Verde River basin encompasses diverse terrain, extending from the Basin and
Range province through the Central Highlands and into the southernmost portion of the
Colorado Plateau in northern Arizona. The main stem of the Verde River originates above
Chino Valley and flows southeast to Paulden, where it begins its descent through the
Verde River canyon (Figure 1). Adopting a more southerly drainage route, it enters the
Central Highlands below Verde Valley and after passing through Horseshoe and Bartlett
Reservoirs below Tangle Creek, it joins the Salt River east of Phoenix. The Salt River
then joins the Gila River near Laveen, Arizona.

The study area encompasses Sycamore Canyon and Hell Canyon and comprises
some of the most diverse topography and greatest relief in the Verde watershed. Both
drainages flow to the south; Hell Canyon enters the Verde along with two other small
drainages, MC Canyon and Bear Canyon, just downstream of Paulden, Arizona.
Sycamore Canyon meets the Verde River approximately 2.2 km (1.4 miles) north of

thegage near Clarkdale. These currently ungaged' watersheds constitute the primary

! During 1965-1972, the U.S. Geological Survey maintained stream gages in Hell Canyon and Sycamore
Canyon at Hell Canyon near Williams, Arizona and Volunteer Wash near Bellmont, Arizona,
respectively.
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portion of watershed area between the Paulden and Clarkdale gages, and are major

contributors to floods in the upper Verde River basin.

Previous Work

Previous work in paleoflood hydrology on the Verde River has focused on
documenting flood records on the lower portion of the unregulated Verde River
downstream of the gage at Camp Verde, while ongoing research addresses the basin as a
whole.

Ely and Baker (1985) examined the paleoflood record on the mainstem between
the gage below East Verde River and the gage below Tangle Creek. This study provided
evidence for the validity of the SWD-PSI method, in which hydraulic reconstructions for
the 1951 and 1980 floods matched well with gaged data downstream, underestimating
flow by 15-20% at the most. A maximum of 10 distinct floods were documented, the
highest having a peak discharge of 5000-5400 cms and dating at 1010 + 95 years B.P.
The second highest deposit in the stratigraphy, interpreted as the 1891 flood deposit, had
an associated radiocarbon date of 223 + 70 years B.P. and a peak discharge of 3500-3800
cms. A flood frequency curve was fitted to the paleoflood data and historical records,
placing the largest of these events at a 1000-year recurrence interval and the 1891 event
at a 500-year recurrence interval.

In an attempt to test the reproducibility of the latter study, O’Connor, et al. (1986)
documented a reach near Red Creek, upstream from the reach of Ely and Baker (1985).

Although the relative chronology and magnitude of events was consistent between sites,
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discharge estimations for historic floods, such as the 1891 flood, were significantly less; in
addition, evidence for the oldest and largest flood in the Ely-Baker reach was not found.

Renewed interest in the Verde in the 1990’s was precipitated by extreme floods
during the winter of 1993 whose magnitude was unprecedented in the gaged record on the
Verde River. The occurrence of record peaks at many of the stream gages provided a
unique opportunity to study paleofloods on the Verde in the context of a large magnitude,
record-breaking event.

House, et al. (1995) studied the January and February flood peaks of 1993,
focusing on the Red Creek ( O’Connor, et al., 1986) and Ely-Baker (1985) reach in order
to resolve discrepancies between the reaches, evaluate and refine discharge estimates with
different types of water surface indicators, and place the 1993 flood in the context of flood
chronologies and hydraulic reconstructions of the 1980’s. Fitting water surface profiles to
slackwater deposits and high water marks, House, et al. 91995) found that flow is
underestimated by approximately 30% when using the tops of slackwater deposits versus
diagnostic high water indicators (i.e., flotsam) in well-confined reaches such as the Red
Creek reach and by 5-10% in wider reaches with lower gradients as in the Ely-Baker
reach. Discharge estimates from previous studies as well as their own study are revised
based on these findings. Putting their discharge calculations into flood frequency analysis,
they estimate 100-year flood discharge and 500-year flood discharge as 4,020 m’s™ and
5,350 m’s™ at Tangle Creek.

Based on adjusted flow values and an additional slackwater site in the Red Creek

reach, the study also resolves discrepancies in flood magnitude and stratigraphy between
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the reaches. The study reinterprets the O’Connor, et al. (1986) 1891 deposit as that of
1938 and provides evidence for a higher 1891 deposit as well as two floods >1000 yrs.
B.P., the youngest of which was tentatively correlated to Ely and Baker’s >1000 yrs. B.P.
unit. All three of these units are shown to be larger than the 1993 floods.

House, et al. (1995) also examined the gage record of the 1993 floods and
demonstrated that peak flows at an upstream gage may follow peak flow at downstream
gages so that peaks in the upper basin have variable contribution to flood peaks in the
lower basin. This relation is due to the interplay between basin shape and the distribution
of meteorological events over the watershed, in which a very small portion of the basin
may contribute the majority of flow to the peak discharge. This type of system behavior
has been documented by other flood studies in Arizona as well (Aldridge and Eychaner,
1984; Aldridge and Hales, 1984; Chin, et al., 1991).

House and Hirschboeck (1997) described the factors that culminated in extreme
flooding events in Arizona in the winter of 1993. These factors can be separated into
three categories: local, short term events, such as precipitation events, regional or long-
term conditions such as climatic variables and patterns, and watershed physiography.

Within the Central Highlands portion of Arizona, where the study area is located,
mechanisms which generate the largest floods are related to winter frontal storms
enhanced by orographic effects, in which antecedent moisture followed by heavy
precipitation produces extreme events. Rain-on-snow scenarios, common in Central
Highland basins, are especially important and are associated with rapid warming and

cooling trends which accumulate snowpack and melt snowpack in conjunction with high
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daily rainfall totals. These types of conditions provide the optimum scenario for generating

an extreme event such as those which occurred in 1993 (House and Hirschboeck, 1997).

Basin Geology

Major units which comprise the Sycamore Canyon watershed include Paleozoic
sedimentary rocks such as the Tapeats sandstone, Martin limestone, Redwall limestone,
Supai Formation, Coconino sandstone, Toroweap Formation, and Kaibab limestone. Of
these formations, canyon walls are mainly composed of the Martin and Redwall, which are
the cliff-formers, and the Supai Formation, which is somewhat recessive above the canyon
walls. Also constituting canyon walls and portions of the watershed are Cenozoic basalts
and sedimentary rocks, such as the late to middle Miocene (Reynolds, 1988) Hickey
Formation, composed of interfingering relict channel deposits, basin fill, and volcanic
flows. In the vicinity of Sycamore Canyon, the basalts cap Black Mountain and other high
elevations. The Verde and Perkinsville Formations are similar to the Hickey Formation in
that they also contain intertonguing basalts and gravel deposits; however, the Verde
Formation also contains extensive lacustrian deposits, which are late Tertiary, or Plio-
Pleistocene in age (Jenkins, 1923; Mahard, 1958, Lehner, 1958). Basalts intermediate in
age between the Hickey and Verde/Perkinsville Formation, cap the northern wall near the
mouth of Sycamore canyon. In the uppermost portion of its watershed, Sycamore Canyon
drains volcanic rocks of the San Francisco volcanic field, which range from Holocene to
late Pliocene in age. These rocks are mainly basalt with minor rhyolitic and andesitic

components (Lehner, 1958).
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Hell Canyon has a similar stratigraphic sequence, although a significantly greater
portion of its watershed drains basaltic rocks of Pliocene to late Miocene in age. From
Drake, Arizona to the confluence of Hell Canyon and the Verde River, channel walls are
composed of the Redwall, Martin, and Supai Formations successively downstream; above
Drake, canyon walls and the surrounding drainage area are formed in basalts with tuff and
agglomerate present locally. Patches of Kaibab Limestone and Coconino Sandstone dot
the upper watershed, as well as andesite flows, dikes, and plugs on Bill Williams
Mountain. Remnant Quaternary surfaces of sand, silt, and gravel are also found in the
lower to middle portions of Hell Canyon watershed (Arizona Bureau of Mines, 1958;

Moore, R.T., and others, 1960).

Basin Morphometry

Basin morphometry may be an important factor for some drainage basins in their
ability to generate large floods in conjunction with meteorological conditions (Baker,
1977, Patton and Baker, 1976; Costa, 1987; Gregory, 1976). Morphometric parameters
for ungaged tributaries in the study area were compared to those for gaged streams on the
middle Verde River in order to assess their capability for generating large floods.

The following morphometric characteristics were calculated for Sycamore Canyon,
Hell Canyon, MC Canyon, and Bear Canyon within the study area and Oak Creek Canyon,
Wet Beaver Creek and West Clear Creek outside of the study area (Table 2; Figure 2):
basin area (4), drainage density (DD), gradient (S), relief (R), relief ratio (RR), ruggedness

number (Rg), and elongation ratio (Re). Methods used to calculate parameters follow the



Units

km

kn/km

km/km m km/km km/km
Sycamore Canyon 1,229 8.0 0.015 1650 14.9 0.026 0.63
Hell Canyon 613 5.0 0.016 1580 7.1 0.049 0.87
MC Canyon 162 4.3 0.036 1080 4.6 0.042 0.55
Bear Canyon 86 6.5 0.026 1110 7.0 0.043 0.40
Oak Creck Canyon 919%* 6.2 0.007 1386 8.6 0.019 0.46
Wet Beaver Creek 624* 5.4 0.013 1367 7.4 0.032 0.66
West Clear Creek 287* 5.5 0.023 1495 8.2 0.026 0.33

* Parameters derived from basin area above the gaging station of each tributary.

Table 2. Morphometric parameters for selected tributaries in the upper and middle Verde River basin. Basin morphometry,
independent of meteorological variables, shows that Sycamore Canyon has the greatest potential of any of the studied basins to

generate large floods. This evaluation is based on its relative size, shape, relief, gradient, and ruggedness number.
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procedures of Schumm (1956), Melton (1957), Strahler (1957), and Costa (1987).
Drainage density was calculated by the line intersection method, which estimates drainage
density by measuring the number of intersections per unit map distance along a transect
and derives a relation between this measurement and the drainage density parameter
(Carlston and Langbein, 1960; Mark, 1974; McCoy, 1971). Based on the findings of
Patton and Baker (1976), I use the following equation developed by McCoy (1971),
where:
Drainage Density (DD) = 1.8 + 1.27N/L €))
where N=number of stream intersections along a transect
L=length of transect (miles)
Comparison of Hell Canyon and Sycamore Canyon with gaged tributaries of Oak
Creek, Wet Beaver Creek and West Clear Creek suggests that the basins share similar
characteristics but also show important differences. Sycamore Canyon exhibits the
greatest area, relief, drainage density, and ruggedness number, suggesting that it has the
greatest potential to generate large flows. Its high elongation ratio attests to its overall
circular shape and points to a flashy flood response; the headwaters of the basin are even
more equidimensional so that runoff should rapidly concentrate in the upper canyon and
move efficiently through a relatively straight channel in the lower canyon. It is most
similar to the Oak Creek Canyon drainage, which has experienced peak flows up to ~800
cms in recent decades. Oak Creek is smaller in size and gentler in gradient than Sycamore
Canyon; morphometric parameters indicate that peak flows may be reduced in size relative

to Sycamore Canyon.
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Hell Canyon can be compared to Wet Beaver Creek and West Clear Creek. These
basins are similar in all parameters except elongation ratios, such that Hell Canyon is more
equidimensional, and may concentrate its flow more rapidly to generate larger peaks.
Based on this, Hell Canyon should be capable of generating peak flows on the order of
500-700 cms which correspond to maximum peak flows at Wet Beaver Creek and West

Clear Creek stream gages.

Bedload Characterization

For Hell and Sycamore Canyons, a random sampling technique was employed to
characterize bedload. This data was used to estimate channel roughness and to perform a
paleocompetence study in reaches used to model the 1993 peak flow in Hell Canyon and
Sycamore Canyon. Three separate samples were taken for each canyon: a general
sampling of the channel, and more detailed samples of two model reaches in each
canyon. We sampled every 15 meters during the general channel survey and every 5
meters within the model reaches. The long, intermediate, and short (a, b, and c) axes of
each particle were measured and recorded along with the lithology and color of the
particle. In the event that a particle was partially buried and too large to unearth,
minimum diameters were measured. Sample sizes ranged from n values of 200 for each
general sampling and 100 for each study site. We also sampled the 25 largest clasts for
each study site to document the maximum bedload size available to be transported;
although only the 5 largest particles were used in the analysis, a sample size of 25 ensured

that we would obtain the largest in the channel.
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Results of the bedload sampling are shown in Figures 3 and 4, where cumulative
frequency, expressed in percent greater than a given measurement value, is plotted against
b-axis measurements. Although the modeled reaches in both Sycamore Canyon and Hell
Canyon are less than one mile apart along the distance of the main channel, lower reaches
display a decrease in sediment size when compared to upper reaches. This is a well-
accepted concept in geomorphology, where particle size decreases with distance from the
source (Brierley and Hickin, 1985; O'Connor, 1993; Pettijohn, 1949; Parker, 1991a;
Parker, 1991b; Paola, et al., 1992). Particle size differs between canyons, in that all
measured clasts in Sycamore Canyon are smaller than or equal to 70 cm in intermediate
diameter, whereas bedload in Hell Canyon measures up to 240 cm in diameter in the
general sampling data set. Selecting only samples from Hell Canyon with a b-axis of 70
cm or less shows that Hell Canyon still has a higher percentage of larger particles within
this range, presumably due to shorter transport distances. (Figure 3).

Bedload in the modeled reaches in Hell Canyon is significantly smaller than that of
overall channel sampling (Figure 4), as these reaches were chosen partly for their smaller
bedload size to reduce turbulence in the channel. In Sycamore Canyon, bedload sizes
generally bracket the random channel sampling; b-axis measurements range from 0.1 to 70
cm, in which 90% of particles are less than 30 cm in the downstream reach and less than

47 cm in the upstream reach.



General Bedload Characteristics
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Figure 3. General bedload sampling, Sycamore Canyon and Hell Canyon.
Percent greater than a given measurement is plotted against b-axis measurements
for particles with diameters of 70 cm or less. Although bedload size distribution
is similar, Hell Canyon contains a greater percentage of large particles.
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Figure 4. Bedload Characterization for Sycamore Canyon (A) and Hell Canyon (B). Hell Canyon
modeling reaches have a smaller bedload compared to the general sampling, while Sycamore Canyon
model reaches bracket the general sampling. Note that particle size decreases from upstream

to downstream reaches.
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General Meteorology of Storm Events

Regional meteorological and hydrological data from storms that have impacted the
upper Verde River basin show similar large-scale mechanisms and basin responses to
recent large-magnitude events. Large storms and floods in the gage record of both
Paulden and Clarkdale include: Feb.28-Mar.6, 1978, Dec. 17-23, 1978, Feb. 14-16, 1980,
Feb. 18-21, 1980, Jan. 7-9, 1993, Feb. 18-21, 1993, Feb. 14-17, 1995, and Mar. 5-8,
1995.

The largest floods are from frontal and convective winter storms occur in the
winter months that carry above normal amounts of moisture into the southwest. In this
region, precipitation is enhanced by orographic effects from the Mogollon Rim which
serves as a NW-SE barrier to northeastward-moving moist air. The storms are generally
characterized by anomalous hydroclimatological conditions, in which a blocking high
pressure ridge creates split westerly flow such that a jet stream track occurs further south
than normal, and allows moisture to be delivered to the Southwest. This track becomes
strengthened as the trough deepens and may become stationary, allowing precipitation to
fall over the region for a number of consecutive days. This jet stream condition may occur
many times throughout the winter to steer storms over the region. Rapid warming and
cooling trends create antecedent conditions conducive to flooding as subsequent storms
develop. Some of the antecedent conditions which have been present in the studied floods
include: high soil moisture content, above average precipitation preceding the event, and
high water content in snow. Rain-on-snow conditions are also important at higher

elevations, especially for the 1993 event; however, flooding reports have not documented
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this occurrence for other floods (Aldridge and Eychaner, 1984; Aldridge and Hales, 1984;
Chin, et al., 1991).

For all of the storms studied, runoff derived from a storm has a greater time of
concentration above the Paulden gage than in the portion of the watershed between the
Paulden and Clarkdale gages, such that the peak discharge at Paulden follows the peak
discharge at Clarkdale. This probably does not reflect the timing of the storm event, but
instead a circuitous drainage path and attenuation in Sullivan Lake above the Paulden gage
(Aldridge and Hales, 1984). Knowing this relation, we can assume that most of the peak

discharge at the Clarkdale gage is generated by watersheds located between the two

gages.
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1993 FLOOD ANALYSIS

Meteorological Conditions

The general meteorology of the winter of 1993 is summarized in the following
paragraphs (see House and Hirschboeck, 1997 for a more detailed discussion). The
general circulation pattern during the winter of 1993 was characterized by the
development of a high pressure area in the eastern North Pacific Ocean which generally
persisted through the winter. This persistent high pressure caused a branching of the polar
jet stream and forced the associated Pacific storm tracks further north and south than they
would normally occur. This brought greater cyclonic storm activity across the state of
Arizona. Sea surface temperatures (SST’s) remained above normal from December 1992
through February 1993 such that warm moist air from the eastern Pacific was delivered to
Arizona, increasing rainfall totals during the winter months. Persistence of the large scale
circulation anomaly and the repeated occurrence of split westerly flow also acted to
increase precipitation above normal levels, create antecedent conditions conducive to
flooding, and bring frontal passages through the area, initiating cooling trends and
warming trends. Storms occurred during both warm and cool episodes; rainfall was the
dominant precipitation type during warm events while cool events were associated with
the accumulation of snowpack and at higher elevations. Rapid transitions between
warming and cooling trends produced rain-on-snow events and resultant floods on the
downstream Verde River.

The largest flood ever recorded at the Clarkdale gage occurred on February 20,

1993. Conditions were such that moisture from the southwest into central Arizona
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occurred in conjunction with a warming trend and rapid snowmelt on February 17th. On
February 18th and 19th, two fast-moving frontal passages created high daily totals of

precipitation which fell on snowpack around the Flagstaff area (Figure 5).

Gage data
Precipitation gages

Precipitation gages in the Upper Verde River basin show antecedant rainfall on the
18" and 19™ of February with the highest daily totals on the 19" and extending into the
20" (Figure 6), when the peak of record was measured at the gage near Clarkdale. The
heaviest precipitation was recorded at the highest elevation gages near Flagstaff (Pulliam
Airport), Williams, and Ashfork, Arizona which measured totals of 130 mm, 146 mm, and
37 mm, respectively on the 19" and 20™ of February, 1993. These gages are located near
the headwaters of Sycamore Canyon and Hell Canyon and suggest that rainfall within the
upper portions of these drainage basins was heavy during the February 1993 event. Rain-
on-snow was a factor only at the gages near the Flagstaff area; judging from the research
of House and Hirschboeck (1997), it is likely that the majority of existing snow was

melted during the warming trend on the 17%.
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Figure 6. Regional precipitation pattern of late February, 1993. Although rainfall is
recorded regionally on February 19th and 20th, heaviest events were at high elevations.
Lower elevations, such as Verde Valley and Chino Valley, received lesser amounts of
precipitation (mm).



Flagstaff Pulliam

Williams, 2057 m -
25 0 Airport, 2135 m
137 50
Ashfork 2, 1564 m
100 0 - 0
18 19 |20 21 1819720 21
50 1
\ 35°30' + N
. : } 5°30

18 19 20 21

Chino Valley, 1448 m
40

20T

o_
18 19 20 21
Prescott, 1586 m

60

30 1

N

+

w

H
,

w
<

20 miles

30 km

£ LEGEND
i @ Precipitation gages
S |
5 c.g = @ stream gages
alal | &
g|& e streams
B
watershed
day of Februaty, 1993 boundaries

Happy Jack, 2280 m
8
4 -
0 =
18 19 20 2
Tuzigoot, 1058 m
10
5 o
0 -
18 19 20 21
Jerome, 1509 m
17 1
0 -

0€



31

Other gages within the region did not have a significant snowpack prior to the 17"
warming event. Although they show accumulations of rainfall during these dates, totals
are lower. For instance, the Seligman gage records a cumulative rainfall of 31 mm, while
Chino Valley received 33 mm on February 19" and 20™. Gages in lower Verde Valley
also record the event with 19 mm at Tuzigoot on the 20" and 10 mm at Happy Jack
Ranger Station. Thus, regional data suggest that storm effects were felt throughout the
study area and correspond to flood peaks measured at the Paulden and Clarkdale gages

(Earth Info., Inc., 1996).

Stream gages

Streamflow data from the Paulden and Clarkdale gages demonstrate the ability of
an elongated drainage basin to experience localized flooding with little or no contribution
to downstream flood peaks. From February 19-22, 1993, gage data shows a pronounced
lag in flood peaks between the Clarkdale and Paulden gages such that the upstream
Paulden gage peaks at 657 m’s™, approximately 5 hours and 45 minutes after the peak of
1507 m’s™ at Clarkdale (Figure 7). This relation holds true for other large floods in the
historic record such as those in 1978, 1980, as well as smaller peaks in 1995 (Figure 8;
Table 3), in which the lag between the Clarkdale and Paulden gages ranges from 5 to 8
hours.

Judging from these data, it is unlikely that discharges from the gage at Paulden

contribute significantly to the peak flow at Clarkdale in the historic record; therefore,
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Clarkdale peak discharges are dominated by ungaged tributaries between the
Paulden and Clarkdale gages. Hell Canyon and Sycamore Canyon are the primary
watersheds between these gages, along with the smaller drainages of MC Canyon and
Bear Canyon. Small tributaries which do not form sizable drainage networks enter from
the south side of the Verde River and between Bear Canyon and Sycamore Canyon

drainages.

Flow Reconstructions
Methods

To quantify each tributary’s contribution to the peak at Clarkdale, the study
reconstructed discharge through Hell Canyon and Sycamore Canyon. Flow was modeled
through each study reach using the HEC-RAS gradually varied flow computation model
(Hydraulic Engineering Center, 1995). The HEC-RAS model uses a step-backwater, or
standard step routine based on the principle of conservation of energy. The flow model
assumes steady uniform flow in a fluid with low sediment concentrations.

Reaches were chosen based on the following criteria:
1. Conformity to ideal conditions for the step-backwater model, such that reaches:

(a) are relatively straight and have lengths of 100 m or greater;

(b) have a fixed boundary, constrained by bedrock or steep colluvuial slopes;

(c) have little vegetation and boulders in the channel which increase turbulence;

(d) have fairly uniform channel widths to minimize contraction and expansion

losses;
(e) have no sizable secondary channels to create divided flow scenarios;

(f) have no large tributaries entering within the reach whose discharge is
unaccounted for (Dalrymple and Benson, 1967).
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2. Presence of slackwater deposits and other high water indicators within the model
reach.

3. Location in the drainage system, preferably in the most downstream portions of the
drainage to capture the full discharge from each basin.

With these considerations in mind, I evaluated study sites for each drainage,
choosing two reaches to increase the reliability of discharge estimates. Following reach
selection, we surveyed cross sections to capture channel geometry within the reach, as
well as high water marks and slackwater deposits. The cross sectional data was then
fitted to a straight line to reflect the true width of the channel and entered into the HEC-
RAS model. High water marks were plotted at their appropriate locations and heights on
a longitudinal profile. In choosing a best estimate, water surface profiles were fitted to the
high water marks on the longitudinal profile.

To obtain a reasonable starting point for each HEC-RAS model, flow was assumed
to be at or near critical such that critical depth was computed at the downstream end;
corresponding discharges which fit high water marks along the length of the reach were
used as a starting point. In further runs, Manning’s n values were varied along with
discharge to obtain the best fit. This worked rather well for Hell Canyon reaches which
suggests that peak flow was at or near critical during this event. In Sycamore Canyon,
high water marks were well above critical depth; therefore, depths corresponding to
flotsam and other high water marks at downstream cross sections were used as a starting
known water surface at the most downstream cross section. The models experimented

with a number of roughness coefficients (n) ranging from 0.035-0.060 in order to obtain
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the best fit to the water surface profile. This particular range of coefficients was based on
similarities between channel characteristics and textbook criteria for selecting appropriate
n values (Bedient and Huber, 1992; Chow, 1959). Composite n values were used so that
the entire channel cross section was specified as the main channel. Expansion and
contraction coefficients were maintained at default values of 0.1 and 0.3, as channel
dimensions are fairly uniform within each reach.

Flow models were chosen based on (1) how well they fit the high water marks, and
(2) the robustness of the model itself, such that the energy equation was balanced and few
errors were reported. Because channel gradients are relatively steep (~.015), energy
slopes, conveyance ratios and velocity heads were greater than default values between
cross sections, so that cross section interpolation was used in some cases to diminish error

messages.

Sycamore Canyon

The Sycamore Canyon study reaches are located approximately two to three kilometers
(one to two miles) into the canyon upstream of the confluence of Sycamore Creek and
Verde River (Figure 9). The lower reach was chosen for its downstream location and
preservation of slackwater deposits at both ends of the reach, and fresh high water marks

within the reach.
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A first attempt at modeling was made which incorporated a bend in the reach at its
downstream end. A second model disregarded this bend and began the modeling routine
upstream of the first three cross sections. The latter was chosen to reconstruct the
February 1993 flood.

Using high water marks and the step-backwater procedure, a reasonable
conservative estimate of 800 m’s™ was calculated for the lower reach (Figure 10). The
model fits best in the upstream portion of the reach; no attempt to fit the highest flotsam in
the lowest cross sections was successful. Thus, flotsam in the lower portions of the reach
is actually higher than the conservative estimate and may be due to backflooding as the
channel takes a sharp bend to the northeast and decreases abruptly in width as well as
superelevation of the water surface on the outside of the bend. Extensive slackwater
deposits in this area testify to a large zone of flow separation and backwater effects.

An upstream reach in Sycamore Canyon was also modeled to provide a second
estimate of the February 1993 discharge. A conservative estimate of 900 m’s™ was
computed from the HEC-RAS flow routine, which is fairly consistent with the model of
the lower reach (Figure 11). Although the model is a good fit, a number of high water
marks lie above the modeled discharge; these could be due to local run-up, where flow
over large boulders or vegetation super-elevates flotsam against trees and other
obstructions in the channel (Benson and Dalrymple, 1967; O’Connor and Webb, 1988).

Both models in Sycamore Canyon use a composite n value of 0.045 from a
recommended value of 0.045 to 0.050 for "mountain streams in clean loose cobbles or

rivers with variable section and some vegetation growing in banks“(Ince, 1997); the value
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also fits within Bedient and Huber's (1992) range of 0.045-0.060 for natural channels of
rough weeds and stones. Both models also use an initial water surface elevation based on
the furthest downstream cross sections, as opposed to beginning with critical depth.
Critical depth calculations were much lower than surveyed high water marks; flow models
using this condition at the downstream end or using an initial water surface elevation
higher than 12.3m in the lower reach and 43.2 m in the upper reach produced large and
unreasonable discharges which overestimated high water marks at the upstream end and
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