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Abstract

In September 1997, a dissipating tropical storm caused a flood with an estimated maximum discharge of 240 m®/s along
Yuma Wash, an ephemeral braided system draining 186 km? in southwest Arizona. Older high-water marks that record a flood
peak of 1280 m’/s provide a reasonable estimate for the probable maximum flood along the wash. Detailed channel cross-
sectional surveys during 1995 and again in 1998, <6 months after the 1997 flood, facilitated examination of downstream
hydraulic geometry and channel adjustment during the flood. Channel width increased substantially downstream (exponent of
0.78), presumably because of low bank resistance, whereas hydraulic depth and velocity had modest downstream increases
(0.15 and 0.14, respectively). Channel aggradation generally occurred along wider, braided reaches; moreover, degradation
occurred in narrow reaches with fewer channels. Aggradation and degradation also appeared to be governed by a threshold
relationship between flow depth and vegetated bars. Degradation occurred where flow was confined within a channel or
subchannel. At discharges sufficiently high to overtop vegetated bars, greater roughness facilitated sediment deposition and
channels aggraded. A discriminant function correctly classified nearly 90% of the cross-sections as scoured or filled using a
single hydraulic variable, maximum depth of flow during the dissipating tropical storm.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Previous studies of downstream hydraulic geome-
try relations for some ephemeral arid-region rivers in
the southwest US suggest that increase of down-
stream rates are greater for width and velocity and
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lesser for depth than average values for rivers world-
wide (Leopold et al.,, 1964; Wolman and Gerson,
1978; Knighton, 1998) (Table 1). The differences in
rate of change in width have been attributed to a
flashier discharge regime, relatively high peak flows,
and large volumes of sand transport, which tend to
promote the formation of wider channels (Osterkamp,
1980) in ephemeral systems. Slightly more rapid
downstream increases in velocity have been attrib-
uted to downstream increase in suspended sediment
concentration and consequent damping of turbulence
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Table 1

Downstream hydraulic geometry exponents at bankfull or near-
bankfull discharge (after Leopold and Miller, 1956; Leopold et al.,
1964; Park, 1977)

Width Depth Velocity

Worldwide range 0.03—0.89 0.09-0.70 —0.51-0.75
Arid regions 0.5-0.63 0.2-0.3 0.17-0.20
Gravel bed 0.45-0.55 0.33-0.42 0.08-0.20

(ephemeral

and perennial)
Average value 0.5 0.4 0.1
Yuma Wash 0.78 0.15 0.14

(Leopold and Miller, 1956). Studies of downstream
hydraulic geometry along channels in other arid
regions indicate that channel width may: decrease
downstream (Mabbutt, 1977; Dunkerley, 1992;
Tooth, 1999a,b); approach a fairly universal asymp-
tote value of 100-200 m once catchment area
exceeds approximately 50 km? (Wolman and Gerson,
1978); or have oscillations superimposed on an over-
all downstream increase in width of the valley train
(Thornes, 1977). These differing downstream trends
have been explained as resulting from exterior versus
interior drainage, differing rates of transmission loss,
presence or absence of riparian vegetation, and differ-
ences in effective storm size and percent contributing
area (Tooth, 2000). Existing case studies are not yet
sufficient to formulate general rules describing down-
stream hydraulic geometry of arid-region channels as
a function of potential control variables.

Tooth (2000) noted a tendency to regard dryland
channels as being non- or disequilibrium systems,
with transient behavior as the norm rather than the
exception, and the morphology being a result of a
continually changing relationship between form and
process. This arises from the recognition that channel
adjustment along ephemeral rivers is inherently an
episodic process because of the episodicity of flow.
Various investigators have examined the importance
of flood magnitude and frequency in this adjustment
(Wolman and Gerson, 1978; Graf, 1983b; Begin and
Inbar, 1984; Kresan, 1988; Reid and Laronne, 1995).
Graf’s (1983a, 1988b) studies of dryland channels in
the southwest US have documented decadal- to cen-
turies-long episodes of moderate floods and channel
aggradation, alternating with episodes of large floods
and channel erosion. Kochel (1988) identified flashy
hydrographs, steep gradients, coarse bed load, and

channel geometries conducive to highly turbulent
flow as among the characteristics of channels domi-
nated by high magnitude floods, which sufficiently
exceed the threshold of channel-boundary resistance
to cause significant erosion. These characteristics are
present along many ephemeral rivers. The consensus
is that these ephemeral rivers are highly sensitive to
the effects of large floods because of lower channel-
boundary resistance and a high ratio of small to large
floods (Graf, 1988a; Tooth, 2000). However, Tooth
and Nanson (2000) describe ephemeral channels in
central Australia which have a long duration of floods
with moderate to low unit stream power and high
boundary resistance resulting from indurated terraces,
cohesive sediments, and vegetation. These channels
are stable, and have strong correlations between form
and process variables, suggesting that the channels are
better described as displaying equilibrium. Tooth and
Nanson (2000) conclude that dryland rivers may be
equilibrium or nonequilibrium systems, depending on
drainage area, gradient, flood duration, unit stream
power, channel confinement, sediment cohesion, and
bank strength.

Channel adjustment has also been examined in
terms of spatial controls such as boundary resistance
or valley geometry (Baker, 1977; Wohl et al., 1994).
As might be expected, more resistant boundaries and
steep, narrow geometries tend to promote erosion of
bed alluvium at the thalweg; whereas erodible boun-
daries and lower gradient-wide valleys promote bed
deposition. However, the influence of larger scale
substrate and geometry may be of secondary impor-
tance where patterns of vegetation strongly influence
hydraulic roughness, substrate stability, and thus
channel adjustment (Graf, 1978; Graeme and Dunker-
ley, 1993; Tooth and Nanson, 1999).

In this paper, we document and interpret the down-
stream hydraulic geometry relations and channel
adjustment during a moderate flood along Yuma Wash
in southwest Arizona. Yuma Wash is an ungagged
ephemeral channel network for which direct measure-
ments of downstream hydraulic geometry do not exist.
However, the completion of channel surveys shortly
before and after a flood produced by a dissipating
tropical storm allowed us to (i) use evidence of peak
stage during the flood to estimate peak discharge
associated with the storm; (ii) document downstream
hydraulic geometry during the flood; and (iii) analyze
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correlations between channel change and potential
control variables at the cross-sectional, reach, and
basin scales. Yuma Wash may be taken as representa-
tive of ephemeral streams throughout the lower Col-
orado River basin because the wash shares with other
streams in the region characteristics such as an exter-
nally drained channel with a braided planform, a
flashy hydrograph, and a sand and gravel bed with
some lateral bedrock control and riparian vegetation.

2. Study area

Yuma Wash is an ephemeral channel with a sand
and gravel bed draining 186 km? in southwest Ari-
zona (Fig. 1). Although the channel is formed primar-
ily in alluvium, discontinuous bedrock outcrops along
the valley walls are more common in the upper
reaches. The drainage basin is bordered to the north

North Fork Basin

West Fork Basin

Colorado River

and west by Tertiary andesites in the Trigo and
Chocolate mountains. Minor exposures of Mesozoic
schists and Quaternary basalt occur along the valley
walls in the middle and lower reaches of the basin
(Wilson, 1960). The basin drains south at approx-
imately 27 km from the Mohave Peak (427-m eleva-
tion) to the Colorado River (56-m elevation).

The region receives a total annual average rainfall
of 93 mm (NOAA, 1998) from convective thunder-
storms, frontal systems, and dissipating tropical
storms. A majority of the summer rainfall comes from
isolated convective storms that cause localized flash
flooding. More extensive floods are likely to result
from tropical storms during the autumn months, the
effects of which are the focus of this paper.

Hurricane Nora entered the US near the Califor-
nia—Arizona border on 25 September 1997. The
hurricane produced 64% of the total 1997 precipita-
tion in Yuma Wash during a period of 10 h on 25

Yuma Wash
East Fork Basin
— Re-surveyed cross section

O Modeled study reach

M Meteorological station
114°10°

1 1
0 3000 m TN ‘l_”"“”

Fig. 1. Location map of Yuma Wash, indicating sites of resurveyed cross-sections, remote weather stations, and hydraulic modeling reaches.
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September. Precipitation associated with the storm
was recorded at two remote weather stations in Yuma
Wash. Thirty-one millimeters of precipitation fell over
a period of 10 h on 25 September, with a maximum
intensity of 9 mm/h. This was preceded by 22 mm of
precipitation on 5 September and 26 mm on 14
September, which likely produced high antecedent
soil moisture at the time of Hurricane Nora. Because
of the high spatial variability of precipitation in the
vicinity of Yuma Wash and the limited number of
long-term weather stations in the area, calculations of
the recurrence intervals of storms of various magni-
tudes are approximations. Daily total precipitation
recorded at the Yuma Proving Ground weather station,
located 21 km south of Yuma Wash, equaled or
exceeded the total precipitation recorded during Hur-
ricane Nora 13 times over the period of record (1958—
1997; NOAA, 1998). The largest storm on record
occurred in 1972 and was nearly three times the
magnitude of Hurricane Nora. These records indicate
that the recurrence interval of a storm equal to the
magnitude of the Hurricane Nora event is approxi-
mately every 3 years for the region. However, the
large spatial extent of the rainfall associated with
Hurricane Nora created a larger contributing area
within Yuma Wash than is likely associated with many
of the other rain events recorded at nearby weather

stations. The resulting flood along Yuma Wash is thus
likely to have a much longer recurrence interval than 3
years because of spatial variability in precipitation.
Inserting the Yuma Wash drainage area into five
equations developed to estimate the magnitude of
the 100-year discharge in Arizona or the southwest
US (House and Baker, 2001) produces discharge
values ranging from 14,900 to 38,900 m’/s. The
1997 flood along Yuma Wash is thus best described
as a moderate flood.

At its headwaters, Yuma Wash has a relatively
narrow valley (approximately 50 m wide) with a
single dominant channel. The wash is incised into
andesite and is laterally confined. Further down-
stream, valley width exceeds 450 m; and multiple
braid channels are formed in sand and gravel. The
outer edges of the braided channel pattern are defined
by Holocene and Pleistocene terraces and have verti-
cal or nearly vertical walls formed in moderately
indurated alluvium. Vegetation cover in the upland
areas of the drainage basin is 1-5%, but increases to
an average of 31% within the wash itself. Dominant
vegetation in the channels is composed of xeric
woody species and phreatophytes such as ironwood
(Olneya tesota Gray), blue palo verde (Cercidium
floridum Benth.), mesquite (Prosopis juliflora
(Swartz) DC), smoke-tree (Dalea spinosa Gray), and

Fig. 2. Photograph of Yuma Wash at the time of the resurvey. Note the linear bands of woody vegetation. Photo taken from the left of the river,

looking upstream (person at bottom center for scale).
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catclaw acacia (Acacia greggii Gray) (nomenclature
follows Kearney and Peebles, 1964). Higher surfaces
in the wash and uplands surrounding the wash are
characterized by creosote bush (Larrea tridentata
(DC) Coville), brittlebush (Encelia farinosa Gray),
and a variety of cactus species. Clumps of vegetation
occur in linear or lemniscate patterns defining depo-
sitional surfaces on the valley bottom and shallow
interfluves between braid channels (Fig. 2). The
woody species growing on bars in and adjacent to
active channels are resistant to removal by scour and
are likewise adapted to survive flooding. Trunks of
woody species tipped in a downstream direction,
abrasion scars, sediment deposition around patches
of vegetation, and piles of woody debris upstream of
trunks were all common features in the wash.

The Yuma Wash drainage basin includes three
large tributary basins: the East Fork (34 km?), the
West Fork (43 km?), and the North Fork (43 km?)
basins (Fig. 1). Reach-scale bed gradient averages
0.02 throughout the study area. The thalweg profile
of Yuma Wash surveyed in 1995 is relatively constant,
but does include minor variations associated with
tributary confluences. A steeper reach below each
confluence probably reflects increased discharge and
transport capacity. This reach extends up to 600-m
downstream from the confluence, with up to a meter
of bed incision below the projected constant-grade
thalweg line. Transmission losses farther downstream
create a zone of aggradation downstream from this
steeper reach. This zone extends up to a kilometer
downstream and has up to a meter of bed aggradation
above the projected thalweg line.

3. Methods

As part of the Legacy Resource Management
Program, in 1995, the Department of Defense initiated
a baseline study of the geological and biological
resources within the Yuma Proving Ground. This
included a geomorphic characterization of the Yuma
Wash by Ayres Associates (1996) during which 22
cross-sections were surveyed and monumented along
the wash. In January 1998, <6 months after Hurri-
cane Nora, we resurveyed nine of these cross-sections
along a 19-km reach of the wash (time limitations
prevented us from resurveying more cross-sections).

No flows occurred between Hurricane Nora and our
resurvey. We also established two detailed survey
reaches for hydraulic modeling (Fig. 1): six cross-
sections were surveyed approximately 2 km upstream
from the most upstream of the resurveyed cross-
sections in a stable, bedrock-controlled reach 100-m
long; and five cross-sections were surveyed along a
reach 400 m in length around a cross-section with
lateral bedrock control. Surveying was conducted
with a Topcon CTS-2 total station. Organic material
and silt and fine sand deposits were used to define
water-surface profiles for the Hurricane Nora flood;
the top of each deposit was assumed to equal peak
stage. Maximum depth of scour was estimated by
measuring depth to a consolidated, resistant layer of
caliche in the bed alluvium that would substantially
impede bed erosion.

3.1. Discharge estimation and downstream hydraulic
geomelry

The one-dimensional, step-backwater program
HEC-RAS (HEC, 1996) was used to model flood
hydraulics for the two detailed survey reaches. HEC-
RAS uses the Bernoulli energy equation to route user-
specified discharges through surveyed channel geom-
etry. Resultant water-surface profiles are then matched
to surveyed water-surface profiles in an iterative
procedure until the discharge producing the best
match is identified.

There are many limitations to the use of one-
dimensional flow models for simulating flow in flashy
streams with multiple flow paths. The energy equa-
tions used in the one-dimensional, step-backwater
modeling are based on the assumption of steady,
uniform flow. Flash flooding is by definition unsteady.
Flash flood hydrographs often exhibit vertical or near-
vertical rising limbs, indicating instantaneous change
in discharge associated with a flood wave or flood
bore (Schick, 1970). In order to minimize the error
associated with violations of these assumptions, we
selected straight reaches with relatively uniform chan-
nel geometry and lateral bedrock control and assumed
that high-water marks represented a peak stage that
could be modeled as steady uniform flow over a
period of minutes. Discharge was also estimated using
the Manning equation (slope-area method) for the two
hydraulic model reaches.
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Six high-water marks were used along the up-
stream detailed survey reach, and 33 along the down-
stream reach. Roughness coefficients for each reach
were calculated using the additive method of Cowan
(1956):

n=(n,+n +ny+n3+ns)m

where n;, is a base value of n for straight, uniform,
smooth channels in natural materials (0.012—0.07), n;
is a correction factor for the effect of surface irregu-
larities (0—0.02), n, is a value for variations in shape
and size of the channel cross-section (0—0.015), n3 is a
value for obstructions (0—0.05), ny4 is a value for
vegetation and flow conditions (0.002—0.1), and m is
a value for meandering of the channel (1—1.3). Base
values of n were estimated using the median grain size
of the bed material and calculating grain roughness
using an empirical equation developed by Strickler
(1923):

n=0.0151DL°

where Dso is median grain size in millimeter. The
Strickler equation is recommended for use on coarse-
bedded, dryland streams because it was developed
using data from gravel-bed streams (Graf, 1988a).
Field notes, photographs, and values calculated for
other ephemeral streams in the region were all used
in estimating n for Yuma Wash (Arcement and
Schneider, 1987; Phillips and Ingersoll, 1998; Phillips
et al., 1998). Sensitivity analyses were performed by
adjusting n within a range of reasonable values
(0.03<n<0.06) and recording discharge for each
step-backwater trial.

Peak flow was also estimated at each of the
resurveyed cross-sections throughout the wash using
slope-area calculations. Water-surface elevation was
plotted at the level indicated by high-water marks at
each cross-section. Maximum depth flow was esti-
mated from pre-flood cross-sectional geometry, likely
maximum scour depth as defined by the resistant layer
in the channel bed, and post-flood high-water marks.
Several hydraulic parameters (hydraulic or average
depth, wetted perimeter, wetted cross-sectional area,
and water-surface width) were measured from each
cross-sectional plot using the hydraulics module of
Scour and Fill, version 7.1 (USDI, 1995).

Estimated discharge from each cross-section was
used to develop exponential power functions to eval-
uate downstream hydraulic geometry in Yuma Wash
during the flood. For braided reaches, flow width was
the sum of individual channel widths and did not
include areas above high water.

3.2. Channel change

Channel change at each cross-section between the
1995 and 1998 surveys was quantified using four
measures (USDI, 1995): area of cross-sectional scour
(m?), area of cross-sectional fill (m?), net change in
channel area (m?), and change in thalweg depth (m).
Measures of channel change were obtained by over-
laying 1995 and 1998 cross-sectional surveys in Scour
and Fill, version 7.1 and measuring deviations from
the 1995 baseline. Hydraulic variables (Table 2) were
calculated from cross-sectional and water-surface data
for each cross-section surveyed in 1995 and resur-
veyed in 1998. Physical characteristics (Table 3) were
measured from survey data, field notes and photos,
and 1:24,000-scale topographic maps. Rate of change

Table 2
Hydraulic variables measured from pre-hurricane cross-sectional
geometry using the water-surface elevation at peak flow during
Hurricane Nora flood along Yuma Wash; water-surface elevation
was estimated using high-water marks at each resurveyed cross-
section

Hydraulic variable Units Equation

Water-surface width, W m > (water-surface width
of subchannels)

Wetted perimeter, P m > (wetted perimeter
of subchannels)

Hydraulic depth, Dy, m Dy=AIW

Wetted area of flow, 4 m> A=Dy\W

Maximum flow depth, D,,, m —

Hydraulic radius, Ry, no units  R,=A/WP

Flow velocity, V' m/s V=(Ry:*75"%)/n, where
s is the energy slope
(approximated by
water-surface slope) and
n is the hydraulic
roughness coefficient

Discharge, Q m¥/s 0=r4

Shear stress, T N/m? T=7Rys, where y is the
specific weight of water

Total stream power, Q W/m Q=y0s

Unit stream power, o W/m? w=Q/W




D.M. Merritt, E.E. Wohl / Geomorphology 52 (2003) 165—180 171

Table 3
Physical variables measured for each cross-section resurveyed along
Yuma Wash

Physical variables  Units Description

Drainage basin km?  drainage basin area above each
area cross-section
Distance km distance downstream
downstream from the most upstream cross-section
(25)
Valley width m valley width at the cross-section

Rate of change in  m/m
valley width

the rate of change in valley width
upstream from the cross-section;
calculated by dividing the difference
in valley width 200 m above the
cross-section and at the cross-section
by 200 m

binary variable; value of 1 if bedrock
confinement was noted on at least
one side of the channel at the
cross-section, and 0 if bedrock was
not present through the 200-m reach
above the cross-section

bed slope through the reach 200 m
upstream and downstream of the
cross-section

number of channels and subchannels
at a cross-section

percent of the cross-section width
vegetated, estimated from oblique
photographs

Bedrock -

Valley slope m/m

Number of -
channels
Percent vegetation %

in valley width was calculated from measurements of
valley width at the resurveyed cross-section and
measurements of valley width 200 m upstream of
the cross-section. These measures were taken from
1:24,000-scale topographic maps. Percent of the
cross-section vegetated was estimated visually by
examining the percentage of the cross-section occu-
pied by woody plants. Bedrock confinement of the
channel was a binary (dummy) variable: 1 if one or
both sides of the valley was comprised of bedrock, 0 if
bedrock was not exposed on either side of the valley.

Stepwise regression was used to determine which
of the physical and hydraulic variables best explained
the net change in cross-sectional dimensions associ-
ated with the Hurricane Nora flood. Spearman rank
correlation was performed prior to regression model
selection to eliminate collinearity between variables.
Independent variables used in the correlation analysis
are shown in Tables 2 and 3. After eliminating
variables expressing collinearity (Table 6), the final
list of variables used for model selection included

three hydraulic variables (wetted perimeter, maximum
flow depth, and flow velocity) and all of the physical
variables shown in Table 3 with the exception of
distance downstream. p-value of 0.15 from an F-test
of the significance of each variable for entry into the
model was selected. The same significance level
(p<0.15) was selected for a variable to remain in
the model (SAS Institute, 1999).

Cross-sections were classified as either aggraded or
degraded based on net change in channel geometry
from pre- to post-hurricane surveys. Stepwise discrim-
inant analysis was used to develop a function to
categorize cross-sections as aggraded or degraded
based on the physical attributes of the channel. Step-
wise discriminant analysis was also performed using
the hydraulic variables to categorize a reach as ag-
graded or degraded. Because of the limited number of
observations (i.e. cross-sections used in the analysis
(n=9)), the final discriminant function was limited to
only the two most significant quantitative variables in
the stepwise analysis. An F-test significance level of
p<0.15 from analysis of covariance was used for both
entry of variables into the model and for a variable to
remain in the model with each iteration of the step-
wise model selection process. The set of variables
used to make-up each class (aggraded or degraded)
complied reasonably well with the assumptions of
multivariate normality with a common covariance
matrix (SAS Institute, 1999). SAS/STAT, version 8
was used for all statistical analyses (SAS Institute,
1999).

4. Results

4.1. Discharge estimation and downstream hydraulic
geometry

Calculated hydraulic data for the nine resurveyed
cross-sections are summarized in Table 4. Slope-area
estimates of discharge during Hurricane Nora com-
pared well with estimates from the detailed study
reaches developed with step-backwater methods. Both
datasets indicate an uneven rate of downstream
increase in discharge (Fig. 3), probably associated
with variation in the magnitude and intensity of
contributing flows from each of the subbasins of the
wash. Ignoring inputs from slope runoff and minor
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Physical data and selected computed hydraulic data for resurveyed cross-sections along Yuma Wash

XS Drainage Distance Valley Rate of Bedrock Slope No. of  Percent coverage Width Hydraulic Velocity Discharge
area (km?) downstream width change in (m/m) channels of vegetation, (m) depth (m) (m/s) (m*/s)
(km) (m) valley width Dso (mm)
25 8.5 0.0 162 —0.08 1 0.023 3 22,5 47 042 1.88 37
23 8.9 1.4 159 —0.36 0 0.023 4 67,3 77 0.21 1.18 19
21 158 3.1 170 —0.11 1 0.021 5 38,3 91  0.36 1.16 16
18 62.7 5.7 158 —0.47 1 0.019 4 30, 3.7 94 0.39 1.60 58
14 101.6 9.6 299 0.10 0 0.019 4 26, 1.9 108 0.39 1.65 71
11 105.6 11.7 130 0.29 0 0.019 5 18,3 108 0.37 1.54 61
4 174.0 16.1 205 0.24 1 0.019 7 28,1 198 0.53 1.98 210
2 180.1 18.2 453 0.19 0 0.020 9 24, 0.25 178 048 1.88 161
1 186.2 19.2 399 0.12 1 0.020 8 27, 0.06 377 038 1.66 237

tributaries, the discharge estimates suggest that the
North Fork basin, which enters the wash downstream
of the cross-section at 5.1 km, contributed approx-
imately 41 m’/s (unit discharge of 0.95 m®/s/km?).
The East Fork basin, which enters the main stem of
the wash below the cross-section at 7.7 km, contrib-
uted approximately 12 m?/s (unit discharge of 0.35
m?®/s/km?). The West Fork basin, which enters the
main stem immediately downstream of the cross-
section at 13.7 km, contributed approximately 149
m’/s (unit discharge of 3.46 m>/s/km?). The variability
in the contribution of flow from the subbasins to the

main stem is likely a function of the spatial variability
in the intensity of precipitation during the hurricane
rather than a function of differences in contributing
drainage basin area.

After plotting the high-water marks and reviewing
the field notes, we discerned two distinct sets of high-
water marks throughout the wash. A group of older
high-water marks deposited 20—105 cm above the
more recent deposits associated with Hurricane Nora
provided evidence of a significantly larger flood.
Discharge of this older flow was estimated for com-
parison with the Hurricane Nora flood using step-

250
| —e— Discharge estimated using slope-area method
] A Discharge estimated using HEC-RAS
200
~ ]
A= 150
Ch
qb_)n 4
= _
= i
& 100
Q 4
50
A
0 T T T T T T T T T T T T T 1
0 5 10 15 20

25

Distance downstream (km)

Fig. 3. Maximum discharge as a function of distance downstream during Hurricane Nora flood, as calculated from slope-area and step-
backwater estimates. Approximate locations of confluences with subbasins of Yuma Wash are indicated.
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backwater modeling and the slope-area method at the
detailed survey reaches and the slope-area method for
all other resurveyed cross-sections. Roughness values
were held constant over the range of river stages.
Precisely dating these deposits was impractical, but
precipitation data from the weather station at Yuma
Proving Ground indicated that the three largest storms
on record occurred in 1963, 1972, and 1989 (NOAA,
1998). Considering the relative magnitude, precipita-
tion on previous days, and estimated age of the flood
deposits, we infer that the older high-water marks
noted in this study were deposited during flooding
associated with a frontal storm system (76-mm pre-
cipitation) on 6 October 1972. Estimated discharge
using the modeled water-surface elevation for this
flood indicates a maximum peak value of 1280 m’/s
at the cross-section furthest downstream in the wash.
This value falls on the regional envelope curve of
maximum peak discharges calculated for ephemeral
streams throughout the lower Colorado River basin

100,000
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(House, 1997), and thus provides a reasonable mag-
nitude for the probable maximum flood along Yuma
Wash (Fig. 4).

Fig. 5 summarizes downstream hydraulic geometry
relations for Yuma Wash. Examining the hydraulic
geometry of ephemeral channels in the southwest US,
Leopold and Miller (1956) found that the downstream
increase along ephemeral channels is approximately
the same for width, less for depth, and greater for
velocity than average values for perennial rivers. They
attributed these differences to the downstream increase
in suspended-sediment concentration, which would
dampen both turbulence and bed erosion. Along Yuma
Wash, width increases substantially downstream, depth
has a lesser increase than average river values, and the
rate of velocity increase downstream is about average.
The downstream increase in width may be attributed to
the composition of the bed and bank material, which
has less than 3% silt and clay. The only factor providing
bank cohesion and flow resistance along Yuma Wash is

3 T A T T T T E
| Envelope of maximum floods in Peak discharge associated with the historic
10,000 L e lower Colorado River Basin (1972) flood in Yuma Wash (1280 m¥s)
< 1,000 .
7 E 3
mE i ]
o i ]
o 100 + -
© F 3
= ]
8 Peak discharge associated with 1
a . o™ a .  Hurricane Nora (237 m%/s)
% 10 F oo + =
g_" o ° ® Maximum discharge from House (1997) 3
i %o O Bronco Creek Data (House and Pearthres, 1995)
1 4 . ¢  Maxmum palecfloods in iower Colorado River Basin
3 + USGS miscetaneous estimates
O USGS estimates from gage stes
R St A— e
0.01 0.1 1 10 100 1,000 10,000 100,000

Drainage Area, km

Fig. 4. Comparison of the maximum peak discharge for a historic flood in Yuma Wash and the Hurricane Nora flood to the regional envelope
curve of maximum peak discharges versus drainage area in the lower Colorado River basin (from House, 1997).



174

1000
E
-]
N
o=
=
51
&8
5
2 100
2
[
=
1
E
=
(=7
D
=}
2]
=
=
«
™
=
T
0.1
3
%
E 2
z
(]
g=
%)
>
1

D.M. Merritt, E.E. Wohl / Geomorphology 52 (2003) 165—180

O
Slope ={0/78
//
O
10 100
Discharge (m3/s)
(o}
o [ —
/../”‘”kej(k Slope = 0.15 ©
10 100
Discharge (m3/s)
O /o/
o1 Slope=0.14 | ©
%
//
10 100

Discharge (m3/s)

Fig. 5. Downstream hydraulic geometry relations in Yuma Wash during the Hurricane Nora flood.

vegetation, but this is apparently not sufficient to gravel-bed material. Depth adjustments to increased
prevent bank erosion and formation of braid channels discharge may not occur because channel width
because of the unconsolidated nature of the coarse absorbs most of the downstream change. The vegeta-
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tion, by substantially increasing channel boundary
roughness, may also limit the rate of downstream
increase in velocity.

4.2. Channel change

Six of the nine resurveyed cross-sections along
Yuma Wash experienced net bed aggradation (net fill),
and three cross-sections had net degradation (net scour)
(Fig. 6). Average net change of aggrading cross-sec-
tions was 12.1 m? (S.E.=+4.5 m?), whereas the
average net change of degrading cross-sections was
—5.8 m? (S.E.=+ 2.3 m?). Average thalweg change
was consistent with this trend; increase in thalweg
elevation occurred at cross-sections that aggraded,
and the thalweg typically scoured at cross-sections that
experienced net scour.

In general, cross-section net aggradation and thal-
weg aggradation occurred along wider valley reaches
and where channels and subchannels were more
numerous, and net scour and thalweg scour were
greater where the valley was narrower and flow was
confined to fewer channels. Net fill was considerably
higher in cross-sections furthest downstream in the
wash. Net scour was greatest at intermediate distances
downstream. Over the length of the wash resurveyed,
degrading reaches alternated with aggrading reaches
(Fig. 6). Patterns of aggradation and degradation
suggest a wave-like movement of sediment through

40 —

—@— Net change (mz)
—w— Scour (mz)
—m— Fill (m?)

w
S
|

N
S
|

. . 2
Change in cross sectional area (m")
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the 19.2-km reach surveyed. These patterns could be
attributed to an event-driven, pulsed movement of
sediment through the wash. Alternatively, the
observed patterns may have been influenced by the
balance between water and sediment discharge from
tributary inflows of the subbasins of the wash. The
North Fork and East Fork junctions are not associated
with substantial changes in net fill, but the fill does
increase dramatically downstream from the West Fork
junction. The West Fork had a unit discharge several
times that of the North Fork and East Fork, suggesting
much greater sediment transport capacity in the West
Fork. As the flood flow from the West Fork spread
across the main wash below the junction, channel fill
would be expected.

A threshold response may also account for the
observed net fill at some cross-sections. It is possible
that discharge must attain some sufficient threshold
volume to overtop in-channel bars that separate indi-
vidual braided-flow paths. At lower discharges, flow
is confined to deep, unvegetated, swifter flowing
channels, resulting in scour. At higher discharges,
stage is sufficient to overtop vegetated bars. Flow
velocity decreases over bars because of higher rough-
ness, which facilitates sediment deposition on the lee
sides of stems (Nepf, 1999). Secondary flow cells in
channels between bars may facilitate scouring and
maintenance of unvegetated channels between vege-
tated islands (Graeme and Dunkerley, 1993; Wende

Distance downstream (km)

Fig. 6. Changes in channel geometry of Yuma Wash from cross-sectional surveys measured prior to and following Hurricane Nora flooding.
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and Nanson, 1998). These secondary flow cells,
which scour sediment from channels and deposit
sediment on bars, may produce regularly spaced bar
and channel sequences in braided streams such as
Yuma Wash. Linear bands of vegetation oriented
downstream were evident at many of the resurveyed
cross-sections in the wash (Fig. 2).
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Multiple regression model selection indicates that
the number of channels at a particular cross-section,
the channel slope, whether the channel is confined on
one or both sides by bedrock, and the percent of the
cross-section occupied by woody plants are the most
important of the physical channel characteristics in
determining the degree and direction of channel
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Fig. 7. (A) Net change in channel bed elevation plotted as a function of maximum depth of flow for Yuma Wash. (B) Change in thalweg
elevation plotted as a function of maximum depth of flow for Yuma Wash.
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change. The most important hydraulic attribute at
high flow during Hurricane Nora rainfall was max-
imum depth of flow. Models containing combina-
tions of these variables explained from 36% to 96%
of the variability in the thalweg change, net change,
scour, and fill (Fig. 7, Table 6). Thalweg scour was
inversely related to depth of flow and diminished
with increasing number of channels in a cross-section
(along wider valley bottoms; Tables 5 and 6). Cross-
sections with smaller maximum flow depths and
those confined to fewer channels tended to have
higher thalweg scour, supporting the concept of a
threshold discharge. Discharges below this threshold
are confined to low-flow channels which are scoured;
discharges sufficient to overtop vegetated bars enable
sediment transported by saltation and in suspension
to be deposited on the tops, margins, and down-
stream ends of these bars. The linear relationship
between maximum depth and cross-section fill (R*=
0.36; p=0.0514) and the negative relationship
between scour and percent vegetation (R>=0.96,
p=0.0001) both provide evidence of the threshold
response between discharge and channel response
(Table 6).

Table 5

Correlation matrices showing the correlation coefficient from Spearman

variables (lower table) used in the analyses

177

Stepwise discriminant analysis of cross-section
attributes resulted in the selection of two variables
that best categorize cross-sections into classes: valley
width and number of channels and subchannels. The
discriminant function containing these two variables
that characterize the cross-section correctly catego-
rized 67% of resurveyed cross-sections as aggraded or
degraded (Wilks’ Lambda Fgg=28.33, p=0.0043). In
general, the discriminant function based on cross-
section attributes classified cross-sections with wider
valleys and numerous multiple channels as aggraded.
Cross-sections in narrower valleys with fewer chan-
nels were classified as degraded. Stepwise discrim-
inant function analysis using hydraulic characteristics
resulted in a robust discriminant function (Wilks’
lambda F,;=4.28, p=0.0775), with only one mis-
classification. One variable, maximum depth of flow,
was selected over all other variables for the final
discriminant function. The function containing max-
imum depth correctly classified eight of the nine
resurveyed cross-sections, indicating generally that
cross-sections with greater maximum flow depth
aggrade, whereas those with lower flow depths
degrade. Flow depth is a function of cross-sectional

rank correlations for hydraulic variables (top table) and physical

Hydraulic variables w P Dy, A Dok Ry Vv (0] T Q
Water surface width, W 1.00 * * * * * * * * *
Wetted perimeter, P 0.97 1.00 * * * * * * * *
Hydraulic depth, Dy, 0.40 0.34 1.00 * * * * * * *
Wetted area of flow, 4 0.93 0.93 0.57 1.00 * * * * * *
Maximum flow depth, D« 0.60 0.57 0.52 0.53 1.00 * * * * *
Hydraulic radius, Ry, 0.46 0.39 0.99 0.63 0.46 1.00 * * * *
Flow velocity, V' 0.53 0.52 0.93 0.73 0.47 0.95 1.00 * * *
Discharge, O 0.93 0.93 0.57 0.99 0.53 0.63 0.73 1.00 * *
Shear stress, t 0.43 0.42 0.91 0.66 0.42 0.94 0.98 0.67 1.00 *
Total stream power, Q 0.93 0.93 0.57 0.99 0.53 0.63 0.73 0.99 0.67 1.00
Unit stream power, 0.30 0.28 0.86 0.57 0.27 0.89 0.93 0.57 0.95 0.57
Physical variables DA D VW CH VW BR SLOPE #CHAN

Drainage basin area, DA 1.00 * * * * * *

Distance downstream, D 0.99 1.00 * * * * *

Valley width, VW 0.58 0.88 1.00 * * * *

Rate change VW, CH VW 0.68 0.68 0.28 1.00 * * *

Bedrock, BR —0.09 —0.09 0.00 —0.25 1.00 * *

Valley slope, SLOPE —0.58 —0.58 —0.05 -0.57 0.17 1.00 *

Number of channels, #CHAN 0.88 0.88 0.60 0.61 —0.04 —0.35 1.00

Percent vegetated, % VEG —0.27 —-0.27 —0.07 —0.67 0.26 0.21 —0.08

Italics indicates significance at p <0.05; bold italics indicates significance at p<0.01.
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Table 6

Model parameters, adjusted R values, and p-values

Model Adjusted R p-value
Thalweg change=— 0.89+ 1.36 (maximum depth) — 0.07 (number of channels) 0.80 0.0081
Net channel change=— 132.9+88.64 (maximum depth)+2820.27 (slope) 0.82 0.0063
Scour=—0.11+0.087 (bedrock)+0.046 (percent vegetation) 0.96 0.0001
Fill=—0.15+0.25 (maximum depth) 0.36 0.0514

Variables included in the models were selected using stepwise regression. Units for variables are shown in Tables 2 and 3.

geometry, discharge, and boundary roughness. During
Hurricane Nora, hydraulic depth increased with dis-
tance downstream at an exponential rate of 0.15.

The observed statistical relationships may be
explained as follows. Higher flow volumes facilitate
the flooding of depositional bars located in areas of
energy dissipation. In these areas, shear stress is lower
than within deeper portions of the channel, and veg-
etation may become established. The presence of
vegetation and the shallower flow depths over these
features increase the hydraulic roughness of the sur-
face. The decrease in flow velocity caused by increased
hydraulic roughness from plant stems may substan-
tially decrease the sediment transport capacity of the
flow, even during relatively high flows (Nepf, 1999).
At lower discharges, when flow is confined to multiple
channels, interchannel bar growth cannot occur
through vertical accretion. Therefore, high flows
(above the overbank threshold) are necessary for sub-
stantial net aggradation of cross-sections to occur.

Given a water-surface level related to some dis-
charge at a particular cross-section, the width of the
valley, and the number of channels conducting flow,
the discriminant function has an acceptable ability to
predict whether the cross-section will aggrade or
degrade. The quantity of net scour or fill was also
found to be a function of maximum depth of flow. In
regression analyses, maximum flow depth explains
72% of the variability of scour or fill measured in
Yuma Wash (R*=0.72; p=0.004) (Fig. 7A). Dis-
charge was greatest at the lowest three cross-sections
in the wash, and depth of flow was greatest at these
cross-sections as well.

5. Discussion and conclusions

The analysis of channel change during the 1997
Hurricane Nora flood along Yuma Wash provides

some insight into the factors influencing downstream
hydraulic geometry and channel adjustment along
ephemeral streams. Proceeding downstream along
Yuma Wash, channel boundary resistance decreases
as bedrock gives way to alluvium along the banks and
the channel-bed material becomes slightly finer
grained. Valley width does not increase uniformly
downstream. Whether this results from geologic con-
trols or some other factor, changes in valley width
create a framework within which channel adjustment
occurs via the number of subchannels, percent vege-
tation cover, and flow width and depth. During
moderate floods such as that in 1997, discharge
increases downstream. The combination of increasing
discharge and decreasing boundary resistance produ-
ces a braided channel pattern where vegetated bars
provide local roughness and erosional resistance.
Where wider valley reaches and more numerous
channels allow more vegetated bars to form, aggra-
dation occurs during high flows. Aggradation is great-
est where flow depth is sufficiently high to flood
vegetated bars. Where flow is confined to subchan-
nels, the cross-section scours. The presence of vege-
tated bars between subchannels in braided reaches
thus creates a threshold effect with respect to flow
depth versus net channel change.

Yuma Wash provides an interesting comparison to
previous studies of downstream hydraulic geometry
and channel change during floods along ephemeral
rivers in that the 1997 flood discharge increased
downstream, and the channels of the drainage system
have partial lateral control rather than being com-
pletely alluvial. The downstream increase in discharge,
combined with the lack of cohesion in channel-margin
sediments and the decreasing lateral confinement
downstream, probably explains the rapid increase of
channel width downstream, relative to rates of change
in channel width described in previous studies (e.g.
Leopold and Miller, 1956). At smaller spatial scales,
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characteristics such as valley width and gradient, and
number of braid channels and vegetation, correlate
well with channel change between 1995 and 1998.

The cross-sectional changes inferred to result from
the 1997 flood along Yuma Wash are modest com-
pared to published studies of major floods along
ephemeral channels (Tooth, 2000). Such studies have
documented a variety of channel responses, including
pattern changes (Graf, 1988a), substantial widening
(Burkham, 1972; Osterkamp and Costa, 1987; Kresan,
1988) and lateral migration (Graf, 1983b), entrench-
ment (Graf, 1983a), and floodplain erosion and dep-
osition (Wells, 1990; Zawada and Smith, 1991). The
modest changes along Yuma Wash presumably result
from the moderate discharge of the 1997 flood, and
may also relate to the occurrence of a flood approx-
imately five times larger in 1972. We have insufficient
evidence to estimate the magnitude or spatial patterns
of channel change during the 1972 flood, but there is
no reason to assume that the basic patterns of channel
change differed in kind from those inferred to have
occurred during the 1997 flood. The 1972 flood may
have shaped the geomorphic framework (valley width
and gradient, number of subchannels) within which
the 1997 flood occurred, but we cannot directly test
this idea.
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