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éhann;LMthQ_lm: Channel cross sections at gaged sites were constructed using
the actual discharge measurements made by the U.S.G.S. ficld personnel during their
routine gagings. The bed elevations for each increment of channel width were determined
by subtracting the measured flow depth from the gage height. Gaging measurements were
usually restricted to the channel and generally were not made during the high flows that
would innundate a floodplain. For this reason, the gaging station sites were surveyed to
include the full width of the floodplain as well as the channel. Using the data from the field
surveys and the discharge measurements, the configuration of flow over the channel and
floodplain could be reconstructed for flood conditions. At the ungaged sites, the writer had
conducted cross section and sediment surveys the year prior to the occurrence of the flood.

The longitudinal profile was surveyed at each gage site for which no slope-area
measurements existed. The average slope for. the reach was determined by the line best fit
by eye through point measurements of water surface or channel bed elevation. Although it
is only an approximation of the true energy slope, the average water surface or bed slope
was al] that was available for many computational purposes.

Sediment: The size of sediment comprising the channel bed, banks o terraces was
determined by grid or bulk sampling. For very coarse sediments (cobbles and boulders),
the size distribution was determined using the grid-by number sampling method of Wolman
(1954). For sand and gravel mixtures, the coarse fraction was sieved and weighed in the
field, and a split portion of the finer fraction was retained and sieved in the laboratory.

At each site visited by this author, the intermediate or b-axes of the § largest particles
moved by the flood were also measured. Particle movement at these sites was indicated by
the presence of moss and algae on the undersides of displaced bouiders or cobbies. At
other sites, where the channel scoured or filled appreciably, all the particles comprising the

bed would have moved, and therefore, the decision as to whether a particle moved was not

subjective. In those cases whcre. sediment size data was taken from previously published

reports, often the size of only the single largest particle moved was reported.

CHAPTER IO
- FLOOD FREQUENCY ANALYSIS

When does a flood represent an unusual hydrologic event? Floods may be the result of
several different precipitation and runoff processes, but how does one evaluate the hydro-
logic significance of a flood? Statistically, floods are the high-end members of the entire
population of flows observed on a stream and thus the significance of the event can be
considered in relation to some normative value, say an average flood, or in terms of its
probability of occurring within a specified time span. This chapter focuses on a statistical
analysis of floods with the intent of defining, as acaxrat.cly.as possible, both the magnitude
and return period of the eveats. A technique for construct-ing regional flood frequency
curves is presented as an alternative to single site frequency analysis, and this is followed
by a discussion of specific attributes of flood frequency curves in relation to climate and
drainage basin characteristics. Clearly, the flood event must first be placed in the proper
hydrologic perspective before its geomorphic significance can be fully evaluated,
3.1_Flood Discharge

The discharges of very large floods are rarely measured directly. The difficulty of
making accurate streamflow measurements during 2 flood can easily be envisioned, and the
estimates of the peak flow are usually determined indirectly, after the flood waters have
receded. At gaging stations, the peak flow is often estimated by extending the stage-
discharge relation to the maximum gage beight observed during the flood and adjusting this -
value with the discharge estimated by the "siope-area method” (Dalrymple and Benson,
1967). Peak discharges at ungaged locations are commonly determined by the slope-area
method along with estimates derived from regional rainfall-runoff models or muiu'variate
relations of the type presented by Kischer and others {1985).
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The median of the dimensionless site curves were taken as the regional flood frequency

curves, and these curves are most distinguished by their different slopes (Fig. 3.4). Recall
that the slope of a line plotied on probability paper indicates the standard deviation of the
frequency distribution, and the stecper the slope of the cumulative frequency curve, the
wider the spread in the data. The very different slopes of the flood frequency curves
indicate flood magnitudes vary in each region. Floods on streams draining the Colorado
Foothills are highly variable, while streams draining the high country or Alpine Region of
the Colorado Front Range do not have highly variable flood frequency regimes. Rivers
draining northern California have flood frequency regimes with intermediate variability.

The important point to draw from Figure 3.4 is that the floods that occur in any of these
regions can be expressed in terms of a magnitude relative 10 Qpy,¢, the mean annual flood.
For example, in Colorado, a 100-year flood on a Foothills stream may be 10-times larger
than the mean annual flood while the 100-year flood on an Alpine stream may not be even
Mcc the mean annual flood. Assuming that the ;norphology of a river reflects its past
history of streamflows, both large and small, then an event that is many times larger than
an cvcn‘t that occurs on the average may lead to more significant geomorphic changes.

A more subtle point to be made about the flood frequency curves (Fig. 3.4) concerns
their shape. For a skew of 0, the log-transformed values of the cumulative distribution
function (CDF) plot as a straight line; a positive skew results in a concave CDF and nega-
tive skew results in a convex CDF. Skewness can also be interpretted as representing the
boundedness of the flood frequency distribution. The snowmelt-fed streams in the Alpine
Region of Colorado have negative skews and the flood frequency curve for this region
becomes assymptotic at a return period of about 200-years (Fig. 3.4). This indicates an
upper limit to the flood frequency distribution that can be interpretted in a physical sense,
i.e., the amount of snow that melts in a day is limited at the upper end by the temperature
and amount of daylight. Conversely, the strong positive skew of the Colorado Foothills

streams indicates a lower bound representing dry years in which the annual maximum flow

would hardly be considered a flood.
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However, it would be an oversimplification to interpret these results as an indication that
physiography plays no role in runoff characteristics or that the discharge of a rare flood
depends solely on the intensity and volume of rainfall (Benson, 1964). Clearly, the areal
distribution and intensity of precipitation play a large role in the generation of floods but
this result is of no surprise.

The foregoing analysis is perhaps most limited by the scale at which the physiographic
characteristics of drainage basins can be adequately described. Freeze (1980) modeled
runoff processes at the hilllsope scale and demonstrated that, whether the product of
infiltration excess (Horton, 1933) or saturation excess (Dunne, 1978), runoff is very
sensitive to the spatially varying hydraulic conductivity of the soil, as defined by both its
porosity and moisture content. Freeze showed that simulated ruooff volumes had a higher
standard deviation, i.e.were more variable, when generated from a hillslope with homo-
genous properties than when generated from a hillslope with heterogeneous properties.
Thus, "a homogenous hillslope propagates the full range of climatic variability to the
streamflow peaks, whereas a heterogeneous hillslope acts in a certain sense as an
attenuating medium" (Freeze, 1980, p. 405).

At the scale of the present study, the importance of rock type and its influence on soil
characteristics could not be adquately assessed and it was assumed that, aithough undoubt-
edly important, lithology exerted less of an influence on runoff than did climate. Previous

workers have found significant relations between bedrock lithology, basin morphometry
and runoff (Hadley and Schumm, 1961) but, generally the rock type and its influence on
soil characteristics can be usefully described only in a qualitative sense. Most of the basins
considered here are underlain by crystalline rocks, with the exception of the California
Coast Ranges which are underlain by weakly to moderately-indurated sedimentary and
metamorphic rocks. On the basis of Freeze's comments, it might be inferredb that these

rock types, aithough homogenous in a large-scale sense, are sufficiently heterogeneous to

eventually dominate runoff production from a basin.
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3.6 Scmmary

For geomorphic purposes, the magnitude of a flood may be best expressed as the ratio
of the flood discharge to that of a flood expected to occur on average, i.e. the mean annual
flood. This definition was arrived at through a regional flood frequency analysis that
demonstrated widely different flood characteristics in each of the regions considered in this
study. In semi-arid regions such as the Foothills of the Colorado Front Range, streamflow
is highly variable and the 100-year flood may be 10-times larger than the mean annual
flood. Peak flows on the snowmelt-fed streams draining the Alpine Region of the
Colorado Front Range have a relatively narrow range of discharge and the 100-year flood
is not even twice the mean annual flood. Streams in mountainous areas of California have
flood frequency distri-butions with intermediate variability and the 100-year flood is
several-times larger than the mean annual flood.

Aftempts to relate the flood frequency characteristics of these regions to drainage basin
morphometry were unsuccessful. It was suggested that in many environments, transient
runoff process are responsible for the eventual translation of precipitation into a flood peak
and that these runoff processes may not manifest themselves as part of the channel network
of the drainage basin. Further, drainage basin chaﬁctc$tim do not appear to provide
large-scale evidence for the geomorphic importance of high magnitude, low-frequency
cvents as was hoped.

The flood characteristics of the regions considered in this study appear to be most
related to climatic factors and scale effects. Flood variability decreases with precipitation
amount and intensity but increases as precipitation becomes less seasonally and more
event-distributed. The spatial distribution of precipitation and runoff alsa have an influence
on the flood characteristics of a region. Highly intense but localized precipitation resuits in
a poorly integrated drainage basin response that rapidly attenuates downstream. Spatially-
distributed runoff, such as occurs during large-scale frontal storms and seasonal snowmelt,

resulis in floods that attenuate siowly or not at all with increasing drainage area.
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Figure 4.1. Relation between drainage area and flood discharge for the 25 sites

examined in this study and the envelope curve for the largest floods
in the conterminous United States (after Costa, 1987).
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Figure 4.2. Relation between drainage area and unit stream power for the 25 sites
examined in this study. The envelope curve defines the maximum umit
stream power in rivers of different size (after Baker and Costa, 1987)
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The average bed shear stress is given by:

T=yRS (4.1)
where R is the hydraulic radius, § is the slope of the energy gradient and y is the specific
weight of water. In practice, the mean depth is often used in place of R, the water surface
slope is used as an approximation for S, and y is 9,810 N/m? for flows with low sediment
conceatrations. A quantity that is closely related to shear stress and one that is also used in
sediment transport problems is unit stream power , defined by Bagnold (1966) as:

@ =yRSV - (“2)
where V' is the average flow velocity. Values for 7, and @ are given in Table 4.1.

It is easily shown that where the combined effects of S, R and V are optimized, @ will
reach a maximum (Bull, 1979). The empirical results of Graf (1983) and Baker and Costa
(1987) indicate that @ is maximized in drainage basins of between 10 and 100 km2. In
Figure 4.2, the calculated values of unit stream power at each of the 25 flood sites are
compared with the envelope curve of Baker and Costa (1987) that defines the upper limits
of unit stream power for a giveﬁ drainage area. Many of these sites fall within the optimum
size range, but because the unit flood discharges were not exceptional, the stream powers
developed were much less than those used to define the limiting curve.

The force that a flow exerts on the channe] bed and banks is resisted by the structural
properties of the perimeter sediments. In gravelly rivers, the noncohesive sediment mix-
tures that comprise the channel bed derive their strength from the weight and imbrication of
the particles on the bed. The force required to overcome the resistance of the particles is,

therefore, related to their size and is expressed by the dimensionless shear stress, T*:
™ = YRSy, 1D; . (4.3)

where y, is the si:eéiﬁc weight of the sediment (assumed to be about 26,000 N/m3) and D

is the diameter of grains in size fraction & The critical shear stress 7, required to initiate




56

-

movement of sediment in size fraction i is represented by the critical dimensionless shear
stress T, where the subscript ¢ denotes the critical condition. The relation between shear
force and particle size is the basis for initial motion criteria, sediment wansport formulae,
the evaluation of streamflow competence and the paleological reconstruction of flood
discharges. At each of the 25 study sites, the largest particles moved by the floods were
measured directly in the field or determined indirectly from sediment size data found in
published reports. These data are presented in Table 4.1 along with data for other size
fractions determined in the field by point or bulk sampling of the bed material.

The size of the largest particles moved at these sites ranges from 100 to over 1600 mm.
In Figure 4.3, the size of the largest particles moved is compared with the maximum shear
stress generated by the flood. Also shown on Figure 4.3 are limiting lines presented by
Williams (1983) that define a zone of potential movement for a given particle size and shear
stress. The lower line defines the minimum shear stress required to initiate particle motion,
and corresponds closely to a critical dimensionless shear stress . , of 0.01. The upper
line defines the maximum shear stress for which particle motion did not occur. The data
from the 25 sites plot within the zone of potential movement defined by Williams (1983).
However, the data span the full width of this zone and in many cases, the maximum shear
stress generated by these floods moved particles far smaller than could have moved or, put
another way, the minimum shear stress required to move the largest particles was often
exceeded. The reasons for this are many and will be discussed later in this chapter.

In summary, the floods considered in this study were not, in most cases, exceptional in
terms of their unit discharge or in terms of the unit stream power or shear stress developed.
These floods were competent to move boulder-sized bed material, but in many cases, the

 available shear stress was in excess of the minimum required to initiate motion of larger

particles. Nonetheless, spectacular geomorphic changes took place at some of these sites,

the complex reasons for which are explored in the next section.

Shear Stress (N/m?2)
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Figure 4.3. Relation between the maximum shear stress and the size of the

largest particles that were moved at each of the 25 flood sites.
Most points represent the average value of measurements on
the 5 largest particles that moved; in a few cases, only the size
of the largest panticle moved was recorded. The diagonal lines
represent minimum and maximum shear stresses required for
movement of particles of a given size (after Williams, 1983).
Values of the critical dimensionless shear stress at these limits
are also shown. :
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due to erosion of unconsolidated sand and gravel bank materials. The sinuosity of rivers
is clear testimony of their ability to erode their banks and it is likely that in many cases, the

shear stress required to erode either the cohesive fine-grained sediments or non-cohesive

gravels that comprise channel banks are exceeded only during large floods. ‘
¥ 3 @
Because alluvial rivers have many "degrees of freedom”, unique solutions to their K |
geometry are indeterminate (Maddock, 1970; Hey, 1978). The flood-induced changes that

occur at channel cross sections are therefore related to any number of factors working alone

no change
erosion
deposition

or in consort with each other. The combined effects of discharge, channel gradient, sedi-

ment size and channel/valley morphology are summarized in Figure 4.7. The ordinate is

(o]
a
a

represented by an "index of flood power” £2;, derived from:

flood magnitude * slope
5 largest particles (mm)

Qf/ Q ¢ * reachslope '
5 largest particles moved 4.6)

Channel Width

Power Index =

where Qf/ Q¢ is the ratio of the flood discharge to that of the mean annual flood as deter-
mined from the regional flood frequency curves presented earlier (Fig. 3.4), and the reach /o
‘ /

slope and average size of the 5 largest particles moved are as measured in the field. This i / /
. !

Valley Width

variable represents a ratio of the forces generated by the flood relative to the resistance of §
the bed material. The abscissa (ratio of valley to channel width) represents the importance 8
- . A \ P
of different valley and channel configurations. : /
. -
)

The channe! reaches that experienced erosion, deposition or no change roughly cluster P g ) l @ b
: o,)
- \ 7, /

into groups (Fig. 4.7). The erosion group had either very high values of Q; or relatively _77
N7 (um

wide valley floors. The two sites with the highest values of Q; are high gradient tributaries

of the Big Thompson River that scoured deeply during the 1976 flood. At these sites, the
Xepu| 1amod poojy

mean annual flood was greatly exceeded and the flood was easily abie to overcome the

Figure 4.7. Channel changes as a function of an index of flood power and the ratio of the valley to channel width.

resistance of the boulder-sized bed material in the channel. The three sites with relatively

wide valley floors and moderate gradients are Sierra Nevada streams that are still filled with

sand and gravel-sized sediment that was deposited during
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10
Boulder and cobble-bed streams have gradients that commonly exceed 1% and rough- A. STATIC BEDS - .u,,,_,g..:;olw
ness elements that are of the same scale as the flow depth. Flow resistance in these coarse : E,u::_ :;;M

bed rivers is dominated by the form drag and spill resistance induced by large-scale rough-
ness elements (Bathurst, 1982). Defining the amount flow resistance in this type of river is

further exacerbated if sediment loads are high and bed forms are present. During a flood, it

is very likely that sediment loads will be high and the expectation that the total shear stress

or flow resistance can be represented by that duc solely to grains becomes suspect.

Flow Reslstance, VI = U*/U

The problem of flow resistance on streams with high gradients and high sediment loads

was investigated further by comparing the data of this study with previously published data

T T
.1 1 10 100 1000

obtained from rivers with both static and mobile beds. Several investigators (Limerinos, .
Relative Smoothness, R/D84

1970; Leopold, et al., 1964) have developed resistance relations of the general form:

ula,= IV = ¢ + klog (ylkg) (4.8)

B. MOBILE BEDS sl
Fabenstock, 1963
Scott aod Graviee. 1968
Milboas, 1973

this scody

where u is the flow velocity, u, is the shear velocity (u, =VgRs), f is the flow resistance

computed from the Darcy-Weisbach relation (f = 8gRsAv2), y is the height above the bed,

00-..'

k is the equivalent sand grain roughness, and ¢ and k are coastants. Equation 4.8 is the
well known Prandtl-von Karmen relation for the vertical distribution of stream velocity.
The empirical relations of Leapold and others (1964) and Limerinos (1970) are similar in
form and relate the total flow resistance to the mean flow depth, 4 or hydraulic radius

R and Dgy as the characteristic sediment size. The equation of Leopold and others is:

Flow Resistance, vf = U*/U
...“,

IVf= 1.0+ 203 log (d/Dgy 4.9)
and Limerinos: 1 —ry T T
B 1 10 100 1000
INf= 116+ 2.03 log (RIDs) (4.10) Relative Smoothness, R/D84

These relations were developed for channels with static beds and relative smoothness _
Figure 4.10. Flow resisiance and relative smoothness relations for (A) static beds and (B) mobile beds.
values (R/Dgy) of greater than 1.0. The relations defined by equations 4.9 and 4.10 plot as @ ® _
vintually the same curve (Fig. 4.10A), and indicate that the total resistance offered by the

grains decreases with flow depth. Thus, for a given grain size, a deep flow encounters a
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5.] Study Sites

This analysis incorporates data from seven USGS gaging stations on rivers draining
mountainous terrain in northern California (Fig. 5.2). These rivers have moderatly high
gradients and gravel- to boulder-sized bed material (Table 5.1). The climate of northern
California is strongly seasonal with the majority of rainfall and runoff occurring between
the moaths of October and May. Floods in this region are produced from sustained frontal
storms that may generate precipila_(ion with intensities of over 400 mm in 24 hours and Imay.
cause significant melting of the mountain snowpack. The 100-year flood may exceed the

mean annual flood on the rivers considered here by a factor of 3 to 6 times (Chapter 3).

Tabie 5.1. Summary daia for magnitude/frequency analysis of selected rivers in California

Site Swion® DA(m?) siope Dsp(mm) Qp(ms) Qe @) Telm
Merced RV 112645 49 00200 253 N/A >200 >75
N. YubaR. 114130 648 0.0100 4 280 450 110
Indtian Cr. 115215 311 0.0073 66 %0 150 22
Butie Cr. 113500 381 0.0050 48 127 170 34
Trimity R. 115232 38 0.0050 7 8s 250 58
Smith R. 115325 1577 0.0027 45 N/A 1440 1.70
VanDwzenR. 114785 575 0.0025 35 850 280 116

(1) : slope and sediment size data were taken from Limerinos (1970).
N/A : adistinct bankfull elevation was not discernibie or not available.

3.2 Procedure

The procedure employed in the magnitude and frequency analysis is straightforward.
The frequency distribution of flows is determined from the discharge records of the gaging
station. Included in the USGS computerized retrieval system, WATSTORE is an output
file tabulating the frequency of mean daily flows in each of 34 discharge classes. The pro-
portion of flows falling in a class is simply their frequency divided by the total number of

days in the period of record. The frequency distribution is often expmsSed as a cumulative

curve representing the duration of time that the flow is equalled or exceeded.
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(1)

In this chapter, the topic of channel recovery will be addressed in terms of changes in
sediment transport and cross section morphology with the focus primarily on the spatially
and temporally varying processes of channel degradation following large sediment inputs.
The process of channel recovery is first illustrated with pertinent data on sediment transport
and channel changes on Fall River in Rocky Mountain National Park, Colorado, acd is
then extended to longer time periods (~ 100 years) with data from rivers draining the
hydraulic gold-mining districts of the central Sierra Nevada, California. The chapter
concludes with the presentation of a generalized model describing recovery in a fluvial

system in terms of spatially and temporally varying rates of sediment transport.

[ V. al] Rijv

The Lawn Lake flood occurred on July 15, 1982 as the result of failure of an 80-year
old earthfill dam in Rocky Mountain National Park. This flood, though not a natural event,
had the characteristics of a flash flood and peak discharges were estimated to be 2- to 30-
times larger than the 500-year flood (Jarrent and Costa, 1986). The flood severely eroded
the valley of Roaring River to its confluence with Fall River in Horseshoe Park where it
deposited a large alluvial fan (Fig. 6.1). Downstream of the alluvial fan, the 4 km reach of
Fall River through Horseshoe Park was left virtually unchanged because the flood was of
short duration, the flow was dispersed over a very wide and low-gradient valley floor, and
because the channel was protected from erosion by coarse bed material, and heavily vege-
tated banks (Pitlick and Thorne, 1987). Further details of the flood, its geomorphic
effects, and the sedimentology of the alluvial fan are available in the reports by Jarrett and
Costa (1986) and Blair (1987).

The unique field settings of the Roaring River alluvial fan and the Horseshoe Park
reaches of Fall River have brovided outstanding ovpponuni!is to examine the processes of

recovery in gravel-bed streamns. Geomorphic studies in Horseshoe Park were initiated by

this author in March, 1983. and were carried on through the 1987 summer field season.
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Figure 6.1. Location map of Horseshoe Park study area, Rocky Mountain National Park, Colorado.



96

Because the Lawn Lake flood occurred in mid-summer, and well after the peak in snow-
tmelt runoff, there were few modifications of Fail River in Horseshoe Park prior to the
Spring of 1983 whea the site was chosen for field studies. The changes observed during
the past 5 years can therefore be related to a well defined baseline. The area is also located
within a National Park and human modifications of the flood deposits or the channe! of Fall
River have been minimal, and will most likely be maintained as they are. The accessibility
and the natural setting of the field area has thus provided an opportunity to document the
post-flood geomorphic response of a meandering river at a level of detail, that to this
author's knowledge, is unprecedented in the United States.

Methods: The geomorphic response of Fall River has been monitored in Horseshoe
Park using information from aerial and grourd photographs, an array of channel cross
sections, and an extensive set of water discharge and bed load measurements from sites on
Roaring River and Fall River. Over 80 channel cross sections have been established
between the Fall River-Roaring River confluence and the downstream end of Horseshoe
Park (Fig. 6.1). Most of these cross sections were established in the first two years of the

study and have been surveyed several times during each of the subsequent snowmelt

periods. Selected cross sections have been used to monitor changes in bed material texture.

A continuously-operating water stage recorder was instailed on the U.S. Highway 34
bridge where it crosses Fall River (Fig. 6.1). The record from this site has been used to
construct synthetic flood frequency and flow duration curves for Fall River using data from
a U.S. Bureau of Reclamation Gaging Station 10 km downstream in the town of Estes
Park. Water discharge and sediment load measurements have been made during the
snowmelt periods at 1 site on Roaring River and 3 sites on Fall River. Suspended load
raeasurements have been made using depth integrating samplers; bed load has beea
measured with portable Helley-Smith samplers. These data and the results of related work

are available in a series of published and unpublished manuscripts by this author. A brief

summary of this work is given below.
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' Hydm_lggx Roaring River and Fall River are snowmelt-fed streams that drain moun-
tainous, alpine and subalpine terrain. These b#ins receive about 700 mm of precipitation
annually, most of which falls as snow between the months of October and May above an
elevation of about 2500 m.a.s.l. The annual hydrograph of Fall River is dominated by
snowmelt runoff that typically peaks in mid-June. The peak flows of Fall River are like
most alpine streams of the Colorado Front Range in that they are not highly variable and
they rarely exceed the mean annual flood by more than a factor of 2 (Chapter 3).

A synthetic hydrologic record for Fall River in Horseshoe Park was constructed from
the data obtained from the temporary gage at the U.S. Highway 34 bridge and from the 38-
year record of the gaging station in Estes Park. During the S-year study period, Fall River
has experienced a typical range in saowmelt generated flows; runoff volumes were about
equal 1o the long term average in 3 of the 5 years, well above average in 1983, and well
below average in 1987 (Table 6.1). It is significant to note that the highest flows recorded
within the 5-year study period occurred in 1983, the year immediately following the Lawn
Lake flood. Many of the geomorphic changes that have occurred on Fall River since the
Lawn Lake flood can be attributed to the fact that bankfull flows and high sediment trans-
port rates persisted for nearly a month during the 1983 snowmelt runoff period.

Table 6.1 Summary of Hydrologic Data for Fall River in Horseshoe Park

Mean Daily Number of days flow equalled or exceeded in year
Return Discharge
Period (1) (m3/sec) 1983 1984 1985 1986 1987
150 631 26 2 4 18 -
2229 7.46 20 1 3 10 -
5.0 9.94 10 . - - -
10 10.79 - . . . ]
25 12.16 - - - - -

50 12.66 - - - - -

(1) determined from the annual maximum series of mean daily discharges
(2) mean annual flood
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Reeovcry of the pre-1983 channel conﬁgurauon has procecded at mcreasmgly slower )

] rates from t.he upstream to the downstream reaches of the storage zone. Cross sections in

the upstream part of the storage zone (Cross Secuon 46, Fxg. 6.4a), degraded rapxdly due

to decreased sedlment supply from the alluvral fan and. because the sediment eompnsmg the:”

channelﬁll(Dso - 20 mm) that occurred aboutSO%oftheume By

) the end of the 1984 snowmelt penod, degradatro » had restored Cros Secnon 46 © about ')

'_-the same conﬁguratton as'when it was ﬁxst survcyed m Iune, 1983 (Fxg 6. 4a)

In contrast to the rapldly-degradmg cross secuom in the upstream reaches of the ‘

"storage zone, the medial and dxstal reaches of the storage zone have degraded moie slowly

v Cmss secuons wrthm the downstream pan of the storage zone ‘were not surveyed in 1983

and thexr pre-aggradatxon form can only be m.ferred (Cross Secuon 54, Flg. 6 4b). How- '

: ”jevcr, the lnmal surveys in, .Iune, 1984 show the channel still aggraded to about the level of
~ 'f; the ﬁoodplatn. Degradanon a Cross Scctron 54 loeated about ‘haif the dxstance between "
- Cross Secuon 46 and the storage zone termmus, has proceeded graduaﬂy over the 4—year

penod of observatlon wrth each year, seemg an mcremental adjustment of the cross  section.

: ) ;Channel reeovery in the downstream reaches of the storage zonc has proceeded slowly

‘,because of contlnued sedtment supply from upstream and bewuse the frequency of ﬂows
that are eompetent to move the sand and gravel-sxzed bed matenal decreass m 1the

The storage zooe, reach of Fall RIVCI' rllusuates how the rate of channel fecovery, in this -

. ’ case represented by degradat:on, vanes dependmg on lomuon. The spaually varying rates e
. _of channel degradatron are effecuvely summanzed by senal changes ini the average ‘bed
elevatxon through mne at cross sectlons m the proxunal, medxal, and dlstal pans of t.he )

o :storage zone (ng 6 5) The recovery of pre-aggradauon bed elevauon occurred raptd]y in

o _upstream reaches of the storage zone, aud an asymptote deﬁmng ni change m the average R

r;bed elevatlon was reached about 1 yca . after th tnne of peak aggradauon (F rg . 6. Sa) In

B

o ;,the medxal reachee of. the storage mne. the magmtude oi the mmal perturbauon was’ not
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known but recovery has proceeded more slowly than upstream, and appears to be reaching
the asymptote of no change in bed elevation after about 5 years (Fig. 6.5 b). The recovery
of bed elevations is proceeding at yet slower rates in distal reaches of the storage zone (Fig.
6.5¢c), and full recovery of pre-1983 bed elevations may be several years or a decade hence.
Downstream pmgressive trends of channel recovery appear to be commoa in rivers
subjected to large and sudden sediment inputs in their headwater reaches. Similar trends
have been reported for rivers in northwestern California (Kelsey, 1980; Madej, 1984),
rivers draining Mt. St. Helens (Paine, 1985), and large, gravel-bed braided rivers in New
Zealand (Griffiths, 1979; Beschta, 1983) and New Guinea (Pickup, et al., 1983). The
results of these studies and the Fall River study would appear to contradict Wolman and
Gerson's hypothesis that recovery rates are scale dependent, and specifically, that the
downstream reaches of rivers should recover more rapidly from catastrophic events than
would headwater reaches. However, Wolman and Gerson, in forming this hypothesis,
were likely considering only the flood-induced changes brought about by the river itself
and not those changes that are due to large inputs of sediment from landslides or other
sources marginal to the channel. To be complete, the concept of channel recovery must
therefore, also include the effects of large sediment inputs to headwater channels, which the
above results show, is propagated through the river system at rates that depend on (1) the
magnitude of the initial perturbation, (2) the rate at which sediment is supplied from up-
stream, and (3) the frequency of flows that are capable of moving sediment in subsequent
years. Recovery may be very rapid (decades) in the proximal reaches of a river innundated
with fine-grained sediment that is mobile over a wide range of discharges but much slower
(ceaturies) in the distal reaches of a river continually subjected to high-sediment input from
upstream. The concept of channel recovery as related to spatiaily and temporally varying
sediment transport :rats is explored at a larger scale in the next séction through an analysis
of degradation in rivers draining lhe; Sierra Nevada that were innundaled withsand and

gravel tailings from the hydrualic gold mines of the California Mother Lode.
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to be decltnmg. tf they are declmmg at alL at slower rates than at the srte upstream

The downstream-progresstng trend in degradatton of the mtntng waste has beeu o - 5 )

, ﬁnd descnbed o Fall Rtver in t.he preceedmg secuon On Fall Rtver, sttes ‘
o wrthm the upstream pan of the sedtment storage zone reached a peak in degradatton very . B

1 thetr recov ery pertod and s:tes further downstream were slower to rmpond. The

T streams:of the Sierra. Nevada have mponded to the dtsposal of mtntng waste in similar - ; tir
' fashton The recovery of proxunal channel reaches has been rapid while rwovery of distal .
s reacltes has only. recently begun. Raptd recovery in'the protrtmal reaches °.§ the Sierra .
chada streams is enhanced by their steep Slope and becase supply of sediment from
| _ upstream sources has dtmmtshed Distal reaches of these streams have lower chanpe] -

s gtadtents, and recovery is slower because of the conttnued tnﬂux of sedunent from < w ’

upstream Further these headwater streams are conﬁned wrthm relattvely narrow valleys

o "and for ; avgtven discharge can opttmrzc stream power and sedtment transport, in their dtstal

Channel recovery, whether expressed interms of sedunent transpon, changes in bed
elevauon, or the ad]ustment of channel rnorphology cannot be adequately assessed wrthout ’ ;
a knowledge o hel’frequcncy and magmtude of hydrologtc events “In'this secttdn, a model
for channel recovery is developed by consrdermg the frequency ot’ hydrologic events and ‘ !
- the spaually-dependant flux of sedtment as dtscussed above The analysis uses data from . L i
" streams that have been tnnundated wnth sedtment in thetr headwatcrs and have subsequently S ¥

’ : been degradmg. but it could also be apphed 10 streams that have been scoured and are pow

L. ihe, process of l" llmg The analysts haskpotcnttally‘stgml‘ icant tmpltcattons for studtes of k

the fluvidl responsc o htgh sedtment loads that results from tectomsrn or cltmate change ‘
. N ”V
B

113

The preceeding discussions of degradation on Fall (River and on the Sierra Nevada
streams tllustrate that recovery rates depend partly on how frequently ﬂows occur that are
competent 10 move sedtment. Assesstng the frequency of sedtment transport cvents would

be a straightforward task on nvers with conunuous sedtment and water discharge records

- but most streams lack thts type of tnform 'ton, and gage records. rarely span the full length '

of the Tecovery pertod. In the more common case where few data are avatlable, the hydro-

| logtc and sedtment  transport charactensttes ofa recovermg stream must be derived indirect-

'y wtth the use of proxy hydrologlc records an ,‘emptncal sedtment transport relattons The. -

followmg analySts makes use of indirect methods and applies them to Fall Rtver, the Sierra
Nevada streams and several sttes in the Redwood Creek Basin, northwstem California.
At each of theses sum there i ts sufficten' data to descnbe when these degradmg streams
reached a certain stage in their rec0very

were constructed for the ungaged sttes ustng data from .

3

oy l.nng-term hydrologtc reco’

: nearby gagtng statxons on nvers drarmng basms wrth similar hydrologtc charactensttcs of

the data that age available from: a gage record, the flow duration curve, which expresses ! the

. pcrccntage of time that ﬂows wtthtn spectf' ied dtschargc classes are eqmtlled or exceeded, is

particularly useful in thts analysis. The ﬂow duratton curves from the gaged sites were. -

ﬁtst converted o dtmenstonless form by dtthtng the flows in each dtscharge ¢lass by the

e rnean annual flood. The nondunensmnal ﬂow duratton curves of the t.hree stattons that

were: used as pmxtes for the ungaged s:tes are gtven i Figure 6.9.

To use the non-dtmensronal flow duratton cuwc at the ungaged sites then requtred that

( k thetr mean annual flood be known None of these sttes are gaged however. 50 the mean

t annual flood was esltmated witha regtonal regresston equatton that allows for computation

: of the T-year flood £rotn clunate and dramage basrn charactcnsttcs (Waananen and Cnppen, .
R 1977) The mean artnual flood was taken s the Z-year flood computed from this relation

and. thc dtmensronless flow duratton curve was thcn be used to determme the percentage of -

7 time that'a flowof given magnttude was W“aled °'v excended afcich of the ingige srtes
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DIMENSIONLESS FLOW
ODURATION CURVES

© 8ig Thompaon River (873300}
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In terms of the processes of channel recovery, the flows of interest are, of course,
those that exceed the critical discharge for sediment transport.. A number of empirical
relations are available for estimating the critical conditions for sediment movement but the
cquation of Schoklitsch (Bathurst, et al., 1987) was best suited for this analysis because it
does not require that a critical depth or a critical velocity be specified as in tractive force
formulae. For a given discharge and channel width, the critical depth cannot be explicity

defined without knowing the flow velocity, or vice versa, so that the unique solution of a

& Redwood Creek (1148250)

tractive force equation is not possible. At the ungaged sites, the only component of dis-

® Oreqom Crees (1140980} s/ /.
/

1 i charge that could specified with any accuracy was the channel width. The Schoklitsch

Ratio ot Discharge to Mean Annual Flood

0.01

0.001

4

Figure 6.9.

99.9 99 93 ao S0
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1

0.1

Percentage of Time Flow Equalled or Exceeded

0.01

a.001

Non-dimensional flow duration curves used for determining the
frequency of competent flows on (A) Fall River, (B) the Sierra
Nevada streams, and (C) the tributaries of Redwood Crezk,

equation defines the critical condition in terms of unit discharge, (i.e. depth x velocity) and
by estimating the channel width from the cross section surveys, this equation could then be
used to estimate the discharge required to move sediment of a givea size on a given slope.
The size of sediment available at the time when the bed was at a particular elevation was
determined from samples of terrace sediments, and the reach slope was assumed to be the
same as that of the present cl;annel. At each site, the Schoklitsch equation was used in this
way to compute the discharge required to move the median grain size during each of the
time intervals defined by the ages of the upper and lower terrace surfaces or bed elevations.
The data used to compute degradation rates, and the number of days that the critical dis-
charge was exceeded during specified time intervals are listed for each site in Table 6.2.
This analysis makes use of some data with low resolution and several assumptions that
are probably oversimplified. For example, the ages of the terraces along the Sierra Nevada
streams are probably accurate to within no less than a decade because the trees that were
used to date these surfaces probably did not get established until well after the surface was
abagdoned. The growth of vegetation on these surfaces is slow because the terrace
sediments are well drained and are probably nutrient-poor. Another problem involves the

choice of width in computing discharges because as these channels incised, their widths

- decreased significantly. In this analysis, the channel width during an interval of incision

was taken as the average of the initial and final widths as defined by breaks in slope on the
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“'CHAPTER VII
SUMIVIARY AND CONCLUSIONS

In ancmpuug to bnng togcthcr data and obscrvauons from rnany dlﬁfcrent rivers, this
. study rcprseuxs a srgmﬁcam depanurc from prevrous lms of research in ﬂood geomor-

'phology Thxs study he ﬁrst,to quanmauvely mu:grate a largo nurnbcr of hydrologxc and

S gcolog\c factors Lhax mflueaco the: geomorphxc cffectwcnms of largc floods. ‘The effort is

‘ hy no means c.xhausuve,;but u addr:ssw the rmportanoc of rare ﬂoods in the context of
thcu exceedcooc of more frequem hydrologlc evems as' well as therr ahllny to overcome

the resrstancc offercd by a nver’s morphology and penmctcr sedunents To restate, the

" specific ob]ecnvos of this sludy were:
. (1) 0 coo_sidcr the flood froqucncy charactorlética of diiiercm‘olima;lc regimes,

(2) to assess thc gcomorphxc effccts that floods have on coarse-bed streams and to .

" determmc what factors were most 1mponam in explammg the rosponse. ‘

(3) 0 cxammc the rclauonshlp bclwecn the frcquency of coarse scdrment transpon and
S

lhc morphology of hlgh gradlcm streams and.

B
v ,‘_

(4) to addrms cha‘hnel rt".covery processes following large ﬂoods or sodiment inputs,
'I'he nvcrs cxammed are pnmanly hlgh gradnem, coarse-bed streams drammg small to

mtcrmedrate sxze basms (< 1, 000 lcmz) in mountainous areas of Colorado and nonhcm

~Caleom1a 'I'hme study regxons repmcm a w1de spectrum of clu-uauc rcgmm where

f'floods arc gcnerated hy locahzed tunderstomrs large-scalc froulal storms, and snowmelt

V.runoff Tne osults of the study are bnefly summanzed below.

A
q:
kB
3
3
i
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. Floods are the resilt of hydrologic processes thai vary in scale and intensity dopénding
onthe olimau'c oharact'cristioé of a region. Floods that occur in climatic regimes where
precxpnauon and runof:t' is widely drsmbutod over tlmc and spaco are not large relative to

"normal” hydrologlc events. Thus, pcak ﬂows on the snowmclt-fod streams draining the

Alpmc chlon of the Colorado From Rangc fall wnhm a nan'ow range of dxschargos and’

the 100-year flood is less than twice the mean annual flood (Fig. 3.4). However, the

localized nature of procipilatiou in semi-arid regions such as the Footbills of the Colorado
Front Range rsults in hrghly varrab]c streamﬂow and a 100-year flood may be 10-um5
largcr than the mean annual flood (F 1g 3. 4) Prcolpnauon in the mountainous areas of
Cahforma may also be.very inténse bul rnnoff is slower and more spaually—dxsmbuted so
that floods have magnitudes intermediate to those produced by snowmelt or thunderstorms.
Floods in the regions studxcd here appear. to bear llmle orno relauon to the morpho- ‘

rnelnc chaxactensuos of drainage basins. [n the semx-and Foothllls Regxon of Colorado

dramage basins have thm. rocl:y sorls and abundam bedrock cxposurs Although runoff

. is rapid and relief is hlgh hxllslopos in this region are ot hlghly susceptible to crosron and

do not have fine textured drainage networks because they are compnsod of bedrock and

coarse-grained soils. In the humid edvironments of northen Californ»ia.\ much of the rain-

fall may be routed to channels as subsurface storm flow because soils are relatively

permeable. ' As a résult of this process, precipitation can be very intense in this region, but

' flood peaks may,not be extraordinarily high. Transient runoff process (variable source

areas, after Dunne, 1978), may also cotitribute to the flood characteristics in northern

California. _Thesé runoff processes mvolve lmle surﬁcral erosion however, and may not

. mamfmt thcmselva as pan of the channcl nctwork. Thus in hurmd, high relief environ-

‘mcrns, like those of northemn California, drainage hasm charac;enstro; may provide limited

evidence for the: geornorphlc importance of rare hydrologic events.




transporting bed material was found to be an increasingly rare event as the cixéﬁnél:’g,mdiem

and size of the bed materialﬁincrwsed.
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ve ' e ts

Rivers that ‘ha\;e been affected by large floods and cat'astropl:ﬁr': sediment inputs recover
- at rates that vary dependmg on the frequency of competent flows and the locatron of thesite -

o relatrve to actrve sedxment sourcc areas. The results of extensrve t‘ eld measurements oa

‘!Fall Rrver followmg the 1982 Lawn Lake ﬂood in Rocky Mountam Natronal Park mdtcate

.‘has been conveyed a much slower rates. Fall River dtscharges are compctent to move, this
sand-stzed sedlment much of the tune but, because of the reduced slope, it moves at slower
_rates and the return 10 pre t'lood condrtrons inthe downstream reaches has been delayed
) Streams in the Srerra Nevada have responded 1o the deposmon of hydraultc mining
| waste l[l thetr valley bottoms in ways that are srmtlar to Fall Rrver Stncc the late. 1800'5.

. these streams have mcrsed mto the mmmg debns a ratm that decrease in the downstream '

HE

B dtrectxon Tens-of-meters of mlne talltngs have been eroded from the headwater reaches of

. lthrse streams and they arc now flowmg on therr fomter beds Incrston was rapld in head-

U Awater aches because thc supply of sedunent from upstream dtmtntshed $oon after mmmg

JOTE

. stoppcd and ﬂows that were competent to move the mmmg debns occurred frequently

' \thereafter (Frg 6 8). The mtne tarlmgs have beeu eroded more slowly from drstal reachns

‘because of contrnued sedtment supply from upstream. because the down-valley mcrea.se in

. wrdth allows for sedrment storage and because the channel slope is lower thereby reducmg

the effi crency of sedrment transport Therefore, at any given location, a river will recover

from the effects of a t'lood orva large sedrment mput at rates that will vary depending o (1)

the magnitude of the'initial perrurba'tion‘. (2) the rate at which sediment is supplied from

‘upstreaim (3) the sedirmefit siofage potential of the reach, and (4) the frequency of flows in

a subsequent ‘years that are compeiént to move the available sediment (Fig. 6.11). .
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The flood-idduced geomorphic responsee of rivers are partly explained"by lar'ge-‘scaleA .

. factors of basin size, relie, climaté, geology, ah‘d vegetation. This study hias verified the . *
important effécts of scale' and climate as'einphasiZed by Baker (1977) and Wolman"and Ca
o Gerson ( 1978) More unponantly, the results of this study can be used to sct approximate . :
+“limnits for: where the effects of scale and elrmate are most important for understandmg flood
’ magmtudes. the geomorphrc changes brought about by floods, and the post flood recovery

" processes. - The effects of scale, can be explored through the vanabls of dramage basin

area, channel slope, and sediment stze, while the. eifects of climate can be explored through .

- variables that account for the-amount and areal distribution of runoff ‘The combined
- interaction of these factors are discussed below with the aid of Figure 7.1.. .
Htgh magnr'tude floods (say those that exceed the mean annual ﬂood by a factor, of Sor .. (
more) occur in smaller drainage basms. and thts effect of scale is most 1mportant in clunates
- ,’SWhere smgle rainfajl events produce more than about 10% o[ the total annual precipitation..-
'I'he areal dtstnbutlon and lntensny of ramfall are ltss xmportant in bastns much largert than

‘about 1, 000 l:rn2 (Frg 7. Ia) because at that scale hydrologrc processts are attenuated

The geomorphrc responses to floods are also cllmate- and scale-depcndent (Fig. 7 Ib)

Climate controls the amount of runoff and the degree of weathering or sediment avarlabrhty,

'channel slope and sedtmentsrze are scalar vanables that influence the ratio between driving
o and mrstmg forces Hrgh gradtent streams that drain small basms may wrthstand erosion
by all but the largest floods because thetr beds are very coarse, and because more easily-

». eroded sedl.ment is avarlable only in discontinuous floodplains and terraces. This may be

partrcularly trv= in arid climates where slower weathering rates and shallow soils limit the

avarlabrlrty of sedrment which, in more ternperate climates, provides the potential fora
more catastrophxc geomorphrc response These conclusrons are at odds wuh those of

Bak r (19"7) and Wolman and Gerson (1978 ) who perhaps placed more emphasrs od the

* .~ controls that cltmate exerted on flood magmtude than on scdlmem avallabthty
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