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ABSTRACT OF DISSERTATION

QUANTIFICATION AND PREDICTION OF
LATERAL CHANNEL ADJUSTMENTS DOWNSTREAM FROM COCHITI
DAM, RIO GRANDE, NM

Located downstream from Cochiti Dam in north-central New Mexico, the Cochiti reach of
the middle Rio Grande spans 45 kilometers from the dam to the Highway 44 bridge in Bernalillo,
NM. During the early and mid-1900’s the U.S. Army Corps of Engineers and the U.S. Bureau of
Reclamation constructed dams and performed channelization in an attempt to reverse the historic
aggradational trend of the channel bed and to minimize flood hazards on the middle Rio Grande.
Cochiti Dam, completed in 1973, was designed for sediment detention and flood control and traps
virtually all of the sediment entering the Cochiti reach. Few large alluvial rivers in the
southwestern U.S. have been studied and documented as well as this section of the Rio Grande.
Hydraulic, topographic, photogrammetric and sediment data collection efforts conducted by

numerous federal and state agencies have tracked changes in the river since 1895.

Utilizing this extensive database, the Cochiti reach of the middle Rio Grande was thoroughly
characterized through analysis of flow regime, sediment transport, cross-sectional form, bed
material, longitudinal profile, planform, and lateral movement rates. The response of the river to
altered hydrologic regimes was studied through application of hydraulic geometry equations,
sediment budget analysis, and examination of lateral migration rates. The rates of lateral
movement and level of lateral stability of the river were quantified using digitized aerial photos of
the active channel over 74 years (1918-1992). Four indices of lateral movement and two

indicators of lateral stability were measured from the digitized active channel delineation.

Results of the historic geomorphic analysis and the quantification of lateral mobility and
stability show that the channel moved toward a more stable state as the peak discharges decreased
prior to and following construction of the dam. During the entire time period studied (pre and
post dam), the channel narrowed and moved toward an equilibrium width as predicted by
hydraulic geometry equations. Lateral movement rates have declined since 1918 and the channel
has shifted from a multi-thread to a more single-thread pattern. The lateral changes that began
prior to construction of Cochiti Dam appear to be the result of changes in the hydrologic regime
rather than the sediment regime. The dam withholds 99% of the sediment entering the reach.

it
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Since construction of the dam, the bed has coarsened from sand to gravel size sediment and

degraded up to 2 meters. The sinuosity also increased up to 9% between 1972 and 1992.

Three models were developed to estimate the lateral migration and width change rates of the
Cochiti reach from 1918 to 1985. The 1985 to 1992 data were reserved for validation of the
models. The first model was a simple estimation of the movement rates as a percentage of
channel width and produced rough estimates of migration and width change rates. The second
model was based on the assumption that as the river moved closer to an equilibrium state, the rate
of change decrease. Fitting an exponential equation based on deviation from equilibrium
produced r-square values as high as 0.98 in modeling the 1918-1985 width changes of the Cochiti
reach. Similar models of migration rate produced r-square values up to 0.89 for the same time

period.

The third model utilized multiple regression analysis with stepwise selection techniques to
identify significant associations between lateral movement rates and measures of flow energy,
sediment supply. bed material and planform. The resulting equations showed that flow energy
(water discharge and/or channel slope) and planform explained the highest percentage (R* = 0.65)
of variance in migration rate. Width change rates were best described by an equation including
unit stream power (S(Q)*’) combined with active channel width (R? = 0.50). More important
than the predictive capabilities of this model were significant associations between lateral
movement rates and flow and planform parameters. Migration rates increased with increasing
flow energy, sinuosity and total channel width (width of channel including vegetated bars).

Width change rate was significantly associated with active channel width only.

Validation of the models with the 1985 to 1992 Cochiti reach data showed that the regression
results best estimated the migration rate. The equations combining discharge and width ratio or
just mobility index produced the smallest average error (25% to 38%). The 1992 active channel
width was estimated equally well (12% average error) by the simple model of width change rate

as percentage of width and the regression equation using unit stream power and active channel
width.
Gigi A. Richard
Department of Civil Engineering
Colorado State University

Fort Collins, CO 80523
Spring 2001
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CHAPTER 1

INTRODUCTION

In their natural state, rivers are inherently dynamic, responding to the variability in water and
sediment inputs imposed upon them. Alteration to those inputs either natural or human-made can
result in adjustments of the river's shape and form. The water and sediment flowing in a river
create the shape and form of the channel that carmies them (Leopold 1994; Schumm 1969). A
river will adjust to accommodate alterations in the incoming water and sediment load by adjusting
its width, depth, slope and planform (Knighton 1998). If the flow energy (water discharge and
channel slope) and the sediment supply are considered to be the driving variables or inputs in the
balance of stability of the reach (Nanson and Hickin 1986), the cycle of channel adjustment can
be illustrated by Figure 1-1. The resisting forces or the bed material, bank stability and material,
and the channel geometry define the river system. If the system is not in equilibrium, then the

channel will adjust to accommodate the inputs by moving laterally or vertically.

For centuries, humans have attempted to understand and control rivers. They have attempted
to harness the power of rivers and create more manageable and stable systems. Historically,
human intervention in river processes has been aimed at creating less mobile, less dynamic and
less variable rivers that are more easily controlled and pose decreased risk to surrounding
communities. For instance, dams and levees are constructed to control flood flows, and
channelization is performed to force rivers to maintain a certain course. Human-induced and
natural alterations to the inputs to a river system do not always produce the expected or intended
result in the shape and form of the channel. In many cases, the exertion of control is successful,
resulting in simple stable channels devoid of the ecological diversity and physical dynamism of a
natural river system. Thresholds and complex response can also confound predictions of channel
response (Xu 1997a; Schumm 1973; Brewer and Lewin 1998).

A more controlled or stable condition is not necessarily ideal for ecologically sustainable
riparian and riverine environments. Biotic communities in these environments are adapted to the

natural variability and dynamics of the system (Busch and Smith 1995). Controlling the natural
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variability of river systems and the resulting (often unexpected) response in the shape and form of
the river to those controls can have adverse impacts on the native biotic communities. A more
stable or less mobile channel is not necessarily a more desirable state from an ecological point of
view (Poff et al. 1997: Gilvear 1993; Winterbottom 2000: Marston, et al. 1995; Bravard et al.
1997).

Sustainable management of rivers and their associated ecosystems requires greater
understanding of the response of rivers to altered inputs and to controls on the natural variability
and mobility of the system. Many rivers throughout the world are highly managed. Although an
ideal solution to restoring a river to its natural, dynamic state might be to cease management and
remove structures, this is not economical or socially realistic in many cases. Instead, better
understanding of historic "natural” conditions can enhance management strategies imposed on the
system (Brookes 1992). For instance, understanding that the timing of flood downstream from a
dam is more important for certain species than the magnitude of the flood can allow dam

operators to adjust their management plans for greater benefit to those species.

Greater understanding of historic changes both in input and response of nver systems can
enhance predictive capabilities, which create the best possible scenarios for management of river

systems. Understanding the natural processes and forms of river systems can be used, not to
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control the rivers, rather to restore some of the inherent vanability and associated ecological

integrity and diversity of the systems. It is in the context of promoting successful and sustainable

ecological restoration that this study is undertaken.

One tool that both geomorphologists and engineers use to better understand, quantify and
predict the shape and form of river channels is to consider the river in relation to an assumed
equilibrium or stable condition. Rivers may exist in relatively stable states to which they will
return following perturbations in environmental variables such as sediment input or water
discharge. There are many different ways to consider and quantify the stability or equilibrium
state of a nver. Stability can refer to the lateral direction, i.e., movement of the river within its
floodplain, and it can refer to the vertical movement of the channel or changes in the cross-
sectional shape of the channel. Additionally, a nver in equilibrium is often defined as neither
aggrading, nor degrading, or non-silting, non-scouring, i.e., where the sediment inflow equals
sediment outflow. The complexity of the inputs to a river system and the river’s response to those
inputs results in numerous definitions. descriptions, and methods of quantification of the degree

of stability or level of equilibrium of a river.

For the purposes of this dissertation, a channel is considered to be in equilibrium or stable
when 1t exhibits consistent mean behavior of a system over a given period of time (Schumm
1969). Changes in the processes or inputs acting on the system can result in a period of
adjustment toward a new equilibrium state. During the ensuing adjustment period, the system is
unstable or in a state of disequilibrium (Renwick 1992). A multitude of factors influences the
level of stability or equilibrium state of a river, including discharge, sediment load, climate,
geology, surrounding land use, vegetation. and valley slope. Changes in any of these variables,
either drastically or gradually, can serve to push a river closer to or further from an equilibrium
state. A niver will adjust its cross-sectional geometry and channel slope to accommodate
fluctuations in these variables. Climatic fluctuations can be gradual, whereas anthropogenic
influences may be more sudden. The result is varying temporal and spatial scales in the river’s
response (Knighton 1998).

Lateral movement and stability of rivers are of particular interest, from geomorphic,
engineering and ecological points of view. As described above, lateral movements may pose
threats to human-made structures, while those same movements enhance the diversity that is
integral to healthy riverine habitat. Conflicts exist on rivers throughout the world between the
need (in populated areas) to have more stable and therefore safer rivers versus the desire to

restore and maintain rivers in their natural, dynamic and often unstable state.
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1.1 Cochiti reach, Rio Grande, NM
The research described in this dissertation is a contribution toward increased understanding of

an alluvial river’s response to varying water and sediment inputs. The focus is on lateral
movement and deviation from an equilibrium state. This dissertation thoroughly documents the
changing inputs to a river system before and after construction of a sediment detention and flood

control dam, and then quantifies the response of the river to those changing inputs.

The Cochiti reach of the Rio Grande, located in north central New Mexico, extends about 45
kilometers downstream from Cochiti Dam (Figure 1-1). The dam was completed in November
1973 for the purposes of flood control and sediment detention (U.S. Army Corps of Engineers
1978). The wealth of data available on the Cochiti reach of the Rio Grande in New Mexico as
well as stability issues related to critical habitat preservation and lateral migration rates make this

reach a fascinating case study in fluvial stability.
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Figure 1-2 - Location of study reach.
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The active adjustment of the Cochiti reach resulting from changes in climate, land use, and
water and sediment discharge combined with the documentation of these changes over the last 70
years by state and federal agencies provide an excellent opportunity to explore the relationships
between changes in channel processes and the resulting channel form. Identification of portions
of the reach that are more or less stable will aid in future analysis of the river in relation to the
presence of endangered species in the Cochiti reach (the silvery minnow and the Southwestern
willow flycatcher), the preservation of the riparian forest habitat (bosque), and the lateral
migration of the channel. Conflict exists on the Cochiti reach between the desire to stabilize the
river and the desire to restore it. Questions are being presented by managers, such as "Is it
possible to restore natural dynamics while maintaining a safe river?" (Paul Tashjian, U.S. Fish

and Wildlife Service, 1998 pers. comm.).

Cochiti Dam and Reservoir provide the largest flood control storage volume on the main stem
of the Rio Grande. Located 65 kilometers upstream of the City of Albuquerque, Cochiti Dam
began operation in November 1973 and controls an entire drainage area of about 37,800 km’
(14,600 mi’) (Bullard and Lane 1993). The dam traps virtually the entire sediment load from
upstream as well as controlling the water discharge (Dewey et al. 1979). Construction of the dam
has resulted in significant impacts on the channel downstream (Leon 1998; Bauer 1999: Lagasse
1980).

Documentation of changes in the Cochiti reach includes topographic and bathymetric
surveys, aerial photos, sediment measurements, and discharge measurements. This abundance of
information makes it possible to track the changing level of stability of the river. Prior to
construction of Cochiti Dam the average active channel width was about 275 m (900 feet) and the
Cochiti reach exhibited characteristics of braiding with up to four channels at some cross sections
(Sanchez and Baird 1997; Lagasse 1980).

Since construction of Cochiti Dam (November 1973), the active channel width averages
about 90 m (300 feet) and a majority of the river flows in a single thread channel. Degradation
following closure of the dam has been documented as far as 200 km (125 miles) downstream
from the dam (Sanchez and Baird 1997). Visual inspection of planform maps of the reach show
that lateral migration has slowed. The bed of the river in the first few miles downstream of the
dam has armored to a gravel/cobble bed (Leon 1998). Bed degradation and lateral migration still
occur in some portions of the river, but the general trend of the reach appears to be toward a more
stable state.
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1.2 Research Premise and Objectives
The underlying premise of this study is that quantification and understanding of historic

inputs and responses of the Cochiti reach can be helpful in estimation of future channel
adjustments to varying water and sediment regimes. In particular, a greater understanding of the
impacts of a flood control and sediment detention dam can provide guidance toward improved
management strategies for the dam and possibly other dams on similar rivers. The focus of the
study is on the lateral adjustments of the channel. Exploration of the research premise results in
the following objectives, which are achieved using data collected on the Cochiti reach of the
middle Rio Grande between 1918 and 1992:

1) Toidenti atial and temporal trends in the inputs to the reach and the correspondin;
response of the channel both pre and post dam. Identification of trends can show if the
pre and post-dam hydrologic and sediment regimes resuited in different responses of the
channel downstream from the dam. The mechanisms for and rates of lateral movement
of the channel varied between the pre and post dam periods. and understanding these
differences can help managers create management plans that allow for enhanced mimicry
of the "natural”, pre-dam state of the river. The first goal is accomplished via a historic
geomorphic analysis of the Cochiti reach. This includes identification of historic trends
in water discharge, suspended sediment supply and channel slope. The response of the
channel is measured by changes in bed material, bed elevation, channel width, and

planform adjustments.

2) To evaluate the changes in channel form for evidence of an equilibrium state and
compare results with existing methods of estimating equilibrium channel width. Other
studies (Crawford et al. 1993; Lagasse 1994) suggest that the decreased variability in the
water and sediment inputs to the reach since construction of Cochiti Dam has resulted in
a more stable/less mobile channel that is approaching a state of dynamic equilibrium.
[dentification of an equilibrium state is accomplished by observing the rate of change of
lateral movement using the definition of equilibrium as being consistent measurable
behavior over a given period of time. Also, hydraulic geometry equations are used to
estimate the equilibrium width of the channel using the input conditions quantified in the

historic geomorphic analysis.

3) To measure spatial variability in lateral channel response bv development and
measurement of indices to describe the degree of lateral stability and mobility of the

reach. Four measures of lateral movement are measured and analyzed. Two indices of
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lateral stability are also computed. Spatial variability is measured by breaking the channel
into reaches (5-10 km) and subreaches (~1 km). Lateral movement rates are measured at
individual range lines along the entire Cochiti reach and then reach or subreach averaged.
Measurement of lateral response of the channel at the subreach scale (~ 1 km) can
provide insights into why some sections of the channel are more or less mobile than

others.

4) To model and predict changes in lateral movement of the channel using statistical

analyses to identifv significant associations with other variables and to model lateral
movement rates in relation to an equilibrium condition and to identify which measures of

flow energy and planform provide the most significant association with lateral movement
rates. Lateral movements of the channel are measured as rate of change of active channel

width and as channel migration rate. Three methods of modeling lateral channel
movement are employed and the resulting models are calibrated using the 1918 to 1985
Cochiti reach data. The first model is a simple estimation of lateral movement rates
based on channel width. The second is a theoretical model of lateral adjustment based on
dewiation from an equilibrium state. The third uses multiple regression analysis with
stepwise selection techniques to estimate width change and migration rates using the
following independent variables: flow energy, sediment supply, bed material and
planform. The resulting models are all validated using the 1985-1992 data from the Rio

Grande.

Chapter 2 presents a review of the literature related to lateral channel adjustment, application
of the equilibrium concept to rivers, prediction of lateral movement rates, and the impacts of
dams on lateral migration rates. Chapter 3 describes the Rio Grande database used in the study
and the subdivision of the Cochiti reach into reaches and subreaches. The historic geomorphic
analysis of the Cochiti reach is presented in Chapter 4. This chapter describes the historic trends
in the inputs (discharge, slope and sediment supply) and the vertical and lateral response of the
channel (bed elevation change, planform adjustment and width). Chapter 5 continues with a more
detailed analysis of the lateral adjustment of the Cochiti reach. Development of the indices of
lateral mobility and stability is described as well as the spatial and temporal variability of these
indices on the Cochiti reach. Three models to describe lateral movement are presented in Chapter
6. Chapter 7 discusses the results of Chapters 4, 5 and 6, compiles a complete picture of the

channel adjustments, and presents the results in the context of other studies. Chapter 7 also
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describes validation of the models from Chapter 6 with 1985-92 data from the Cochiti reach and
application of the models to different rivers. Finally, Chapter 8 summarizes the conclusions and

provides recommendations for further study.
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CHAPTER 2

LITERATURE REVIEW

As descnibed in the introduction, the form of a river channel is both a conduit to convey water
and sediment and also a result of that conveyance (Knighton 1998). Throughout the study of
river systems, scientists and engineers have endeavored to describe, quantify and classify rivers
and their responding shape and form. One scheme of quantifying a river system that is used in
both geomorphology and engineering is to consider the river’s form relative to an equilibrium
state. Figure 2-1 illustrates how the driving variables of discharge and sediment supply act on the
channel bed and bank to form the channel characteristics of cross-section geometry, longitudinal
profile and planform shape (Brookes 1992).

This dissertation utilizes the concept of channel adjustment toward an equilibrium state in
response to variations in inputs to describe and understand the Cochiti reach of the Rio Grande.
As a result, the following literature review begins by exploring definitions of equilibrium or
stability with regard to alluvial channels. Then other studies of historic channel adjustment are
explored followed by description of methods of predicting channel form. The next three sections
focus on lateral adjustments beginning with channel pattern classification and transition, then
lateral movement and finally prediction of lateral movement rates. The final two sections discuss
impacts of dams on downstream channel movement and the environmental and ecological

implications of the study of channel adjustment.

2.1 Equilibrium

A great deal of literature is devoted to application of equilibrium theory to the study of river
channel form in an attempt to better understand and quantify how and why rivers move and
change. The basic concept is that the river will adjust its cross-sectional form, bed configuration,
planform and bed slope to accommodate the water and sediment entering the channel (Figure
2-1). Often slope is grouped with discharge as an input because 1t is a combination of water

discharge and slope that provide the flow energy to erode the bed and banks (Knighton 1998).
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The study of equilibrium or stable states of rivers and the dynamics of the adjustment process
began in the early 1900’s with engineering studies that were focused on “regime theory” of stable
canal design. Regime theory resulted from the efforts of British engineers to design stable
irrigation canals in India and Egypt (Wargadalam 1993). Early geomorphologic work in the mid-
1900’s was primarily qualitative and looked at natural rivers in a longer time scale. Many of these
earlier studies focused on adjustments in the channel slope to attain an equilibrium state.
Gradually, focus shifted from slope adjustments to changes in cross-sectional form and channel
pattern. Through the later 1900’s, progressively more quantitative work and application to
natural river systems have resulted in the modern hydraulic geometry and extremal hypotheses
theories described later in this chapter (Knighton 1998). Engineers and geomorphologists both
utilize the concept of equilibrium or stability, though perhaps with different terminology, intent,

and time scales.

From an engineer’s point of view stability and equilibrium are not necessarily the same things
(Brice 1982). A river could achieve equilibrium in cross-section and longitudinal profile, but
migrate laterally, and therefore not be considered stable to an engineer. Or, it could aggrade and
degrade in a state of dynamic equilibrium, and as a result require special design of a bridge pier to
accommodate this "instability” (Brice 1982). Parker (1979) proposed the concept that a stable
channel width is incompatible with an active bed and called this conundrum the ‘stable channel
paradox’. Based on just these two examples, it is clear that the definitions of both stability and

10
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equilibrium with resp=ct to river systems are debatable. Despite the vast amount of engineering
and geomorphologic literature devoted to this subject. “there is as yet no universally accepted set
of criteria for determining whether all or part of a river system is in equilibrium” (Knighton 1998,
p. 161).

Working through what Knighton (1998, p. 161) describes as a “terminological minefield”, the
following paragraphs present numerous definitions of equilibrium or stability as applied to
alluvial rivers. The different definitions look at varying directions of adjustment of the channel

in differing temporal and spatial scales.

Some of the earliest definitions consider slope adjustment as a criterion for equilibrium.
Kennedy, who pioneered regime theory in 1895, defined a regime channel as “...a non silting and
non scouring channel” (Wargadalam 1993). In 1902, Davis (Richards 1982, p. 86) defined the
term ‘grade’ as a “balance between erosion and deposition attained by mature rivers”. Mackin

(1948, p. 471) defined a graded stream as one

...in which, over a period of years, slope is delicately adjusted to
provide, with available discharge and prevailing channel
charactenistics, just the velocity required for the transportation of
the load supplied from the drainage basin.

Lane’s equation (Biedenharn et al. 2000) summarizes the concept of channel adjustment

toward an equilibrium state:

0S < Q, Dy oo evereeeesreeeeesen en(2°1)

where: Q = water discharge;
S = channel slope;
O,; = bed material load; and
Djsp = median bed material size.

Equation 2-1 can be used as a basis from which to study channel adjustments. Often referred to
as Lane’s balance, Equation 2-1 is consistent with Mackins (1948) definition of equilibrium state
which suggests a river adjusts its slope to transport the imposed water and sediment regime.
Lane’s balance suggests that any change in Q, Qs or Ds, can result in disequilibrium taking the
form of aggradation or degradation to change the slope and therefore restore the balance
(Biedenharn et al. 2000). Additionally, changes in slope to restore the balance can take different
forms. Increased meandering or sinuosity results in decreased slope, therefore slope adjustments

are not always manifested as vertical adjustments of the bed.

11
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Another definition of equilibrium considers consistent behavior of the channel to be the
criterion, rather than vertical adjustment. In 1961 Vanoni, Brooks and Kennedy described an
equilibrium channel as “...if its mean measurable behavior during a given time period does not
differ significantly from its mean measurable behavior during similar time periods before and
after the given time period” (Wargadalam 1993). Similarly, Schumm (1969) defined a stable
alluvial river as one that has shown no progressive channel adjustment during the last 10 years of
record. He further postulates that the quantity of water and the quantity and type of sediment

moved through the channel should control the dimensions. shape. gradient and pattern of a river.

In Richards’ (1982) discussion of equilibrium. he noted that stable is not the same as static
when referring to rivers. He listed the following terms as all describing this state of dynamic
stability: dynamic(al) equilibrium, quasi-equilibrium, grade, regime, and steady state. Stability is
a dynamic state because the stream or river is continually adjusting to maintain equilibrium with
its environment. Changes in environmental vanables can result in a transition to a new average

equilibrium state.

Richards (1982) further broke down the defimtion of the equilibrium state of a river into the
equilibrium of channel form and the equilibrium of channel process. The equilibrium of channel
form refers to the temporal variation of the channel form or morphology. The equilibrium of
channel process relates to the continuity of sediment transport, both temporally and spatially.
Richards (1982) also stated that a lack of correlation between form and process is not necessarily
an indication of disequilibrium. Rather, the channel could be in transition from one average

steady state to another or fluctuations could reflect scatter about an average steady state.

The differences between equilibrium and disequilibrium are illustrated in Figure 2-2.
Renwick (1992) differentiated between equilibrium and disequilibrium with the following

definitions:

Equilibrium - not a static state but form displays relatively stable
characteristics to which it will retumn after disturbance;

Disequilibrium — adjustment is towards equilibrium but. because
response times are relatively long, there has not been sufficient
time to reach such a state;

Non-equilibrium — there is no net tendency toward equilibrium

and therefore no possibility of identifying an average or
characteristic condition.

12
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Figure 2-2 - Examples of equilibrium, disequilibrium and non-equilibrium
behavior (after Renwick 1992)

Rosgen (1996) defined active or dynamic stability as a stream that laterally migrates, but
maintains its bankfull width and width-depth ratio. Additionally, stable streams are consistently

able to transport their sediment load, both size and type. He charactenzes instability by excess

scour or deposition.

Knighton (1998, p. 159) described the concept of equilibrium:

True stability never exists in natural rivers, which frequently
change their position and which must continue to pass a range of
discharges and sediment loads. However, they can become
relatively stable in the sense that, if disturbed, they will tend to
return approximately to their previous state and the perturbation
is damped down. Provided the controlling vanables remain
relatively constant in the mean, a natural river may develop
characteristics or equilibrium forms, recognizable as statistical
averages and associated with single-valued relationships to the
control variables.

And on p. 162

Rivers can at best attain an approximate equilibrium, manifest at
some timescale intermediate between short-tem fluctuations and
long-term evolutionary tendencies in a regularity of channel
geometry adjusted to external controls.

As seen in Figure 2-3 the time period of adjustment for different components of channel form
may vary from one component to another (Knighton 1998; Lewin et al. 1988).

13
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Figure 2-3 - Time-scales of adjustment (after Knighton 1998)

Winterbottom (2000) differentiates between true channel change and dynamic equilibrium.
She paraphrases from Lewin et al. (1988): "...channel is adjusted to its discharge regime and
although the processes of erosion and deposition continue, the overall form is preserved to

produce a dynamically stable pattern.”

To synthesize the concepts presented above for use in this dissertation: The terms dynamic
equilibrium and relative stability are considered to be equivalent. This state is not static and
accommodates lateral migration with maintenance of planform. A sediment flow balance also
characterizes dynamic equilibrium. Equilibrium of channel process will lead to equilibrium of
form given enough time for adjustment. Disequilibrium or instability is a period of adjustment
from one equilibrium form to another and is synonymous with true channel change exemplified
by planform shifts, width changes and consistent trends of aggradation or degradation. The terms
equilibrium and stability will be used interchangeably in this dissertation to describe a state of
dynamic equilibrium or relative stability.

2.2 Historic geomorphic analysis - Understanding channel adjustment
The abundance of studies of channel change present in the literature illustrates the importance

of the study of channel adjustments (e.g., Winterbottom 2000; Nanson and Hickin 1986; Hooke
and Redmond 1992; Gurnell et al. 1994; Gumnell and Petts 1995; Pizzuto 1994; Mosley 1975).
Studies of channel change can be undertaken for a variety of reasons. Often the study of channel
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adjustment is related to environmental implications and restoration efforts (e.g., Van Steeter and
Pitlick 1998; Winterbottom 2000) or to determine the impacts of anthropogenic factors such as
urbanization on channel adjustment (e.g., Mosley 1975; Bledsoe 1999). Other reasons for study
of channel adjustment include navigation purposes (e.g., Abam and Omuso 2000) or loss of
farmland (e.g., Hooke 1977). Historical geomorphic analyses of braided rivers reveal information
that is useful in understanding the dynamics of braiding (e.g., Warburton et al. 1993: Thomne et al.
1993) and for siting structures such as bndges on braided nivers (e.g., Klaassen and Vermeer
1988). Numerous studies have attempted to quantify and understand the variability of river
movement and adjustment. For instance, Komura and Simons (1967) modeled vertical changes
in the river bed downstream from a dam, Brice (1982) studied lateral movement of rivers
particularly related to highway structures, and Johnson et al. (1976) looked at lateral river

adjustments related to cottonwoods.

As described above, channel adjustment can occur in different directions, either vertical or
lateral, with as many as four (Knighton 1998) to nine degrees of freedom (Hey 1988). It is
possible to study channel movement in any one of these directions, but the adjustments should not
be thought of as independent from one another (Knighton 1998). Studies of channel adjustment
can take the form of analysis of fluctuations in channel bed elevation (e.g., Rinaldi and Simon
1998), channel geometry including both bed elevation and width (e.g.. Abam and Omuso 2000),
and channel planform or lateral adjustments (e.g., Winterbottom 2000).

Studies of channel adjustment also occur at different temporal and spatial scales. Brookes
(1992) highlights the importance of and need for studies of channel adjustment on the order of
100 to 500 vears, which is characterized as a period of intensifying human impact. As time goes
on and discharge records lengthen and the technology available. e.g., Geographic Information
Systems (GIS), to analyze historic records of channel change improves, studies of this magnitude
are becoming more abundant. Winterbottom’s (2000) study of changes in the Rivers Tay and
Tummel in Scotland addresses this need by encompassing the period from 25 to 250 years ago in
addition to a short-term field study over the last 25 years. Other studies in the US and Europe
including Biedenharn et al. (2000), Rinaldi and Simon (1998), Hooke (1977), Brewer and Lewin
(1998) study channel adjustments within the last 200 years. Historic data and maps are more
plentiful in Europe and as a result more extensive studies are possible, such as Gilvear (1993) and
Gilvear and Winterbottom (1992), which utilize maps from 1700's in Scotland, and Klimek and
Trafas’ (1972) study in Poland. However, in the western US, studies on this time scale are not as

abundant, as data prior to the 1930’s are not readily available on most rivers. Some of the more
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extensive historic studies in the western U.S. include Van Steeter and Pitlick’s (1998)

documentation of changes in the Colorado River between 1937 and 1993.

The time scales necessary to observe different adjustments vary. Dade and Friend (1998)
suggest that adjustment in alluvial channels occur on the order of 10 to 10° years. At another
extreme, measurements of a sediment wave progressing through a pro-glacial gravel-bed river
were made over a 5-week period and highlighted the importance of diurnal discharge fluctuations
in determining resulting channel morphology (Lane et al. 1996). The interaction of vegetal
growth with channel narrowing can prolong periods of adjustment, whereas widening may
achieve an equilibrium state more rapidly (Church 1995). Brookes (1992) extends the concept of
time scale of response beyond just the physical system and includes the biota associated with

rivers, with discussion of the hierarchies of channel change.

Many of the studies described above document progressive adjustments in response to
controlling variables. Often, however, channel response is not a simple progression towards an
equilibrium state. Channel adjustment can become more complex and include adjustment over
thresholds (Brookes 1992; Schumm 1973: Brewer and Lewin 1998). Brewer and Lewin (1998)
document complex response to environmental change including the importance of sequence of
flows. They propose the concept of ‘historic priming’ which suggests that channel form can be
the result of the sequence of changes in input variables. Another example of complex response is
the Hanjiang River in China which initially narrowed following dam closure then later widened
(Xu 1996a, 1997a).

Specific use of equilibrium concepts to describe the state of a channel relative to a defined
equilibrium state is employed by Biedenharn et al. (2000), Church (1995), and Winterbottom
(2000). Biedenhamn et al. (2000) and Winterbottom (2000) look at both spatial and temporal
deviations from equilibrium, identifying unstable and stable reaches throughout the time periods
studied.

2.3 Predicting channel adjustment
Successful prediction of channel adjustment requires prediction of four elements: direction of

response, magnitude of response, rate of response and extent of response (Knighton 1998). Early
attempts, beginning in the 1950's, at predicting channel adjustment were qualitative and described
the anticipated direction of response, not the magnitude. At the time of authorization of Cochiti

Dam. 1960, the general direction of the response of the river was anticipated. More detailed
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discussion of the prediction of channel adjustment downstream from Cochiti Dam is presented in
Chapter 3.

Schumm's (1969) river metamorphosis concept is a qualitative attempt at predicting the
response of a channel to changing inputs. He proposed relationships based on empirical
equations using data from the U.S. and southeastern Australia with the assumption that the
percentage of silt and clay in the bed and banks can be used as a measure of quantity of bed load.
The substitution of bed material size for bed load transport creates an indirect inclusion of a
sediment load factor. The resulting relationships are summarized by the following equations

(after Knighton 1998), where a + or — denotes increase or decrease in the corresponding variable:

Q" > W, d",(W/d) X\S™ e (2-2)
Q" ->w,d ,(W/d) ,\,S" (2-3)
Q. W d (W/d) K P8 coeeeeeeseeeenesnsssesn 24
0., =W .d ,W/d) , X ,P",§ ... (2-5)
0,0, > W d*,(W/d) X P 8" e (2-6)
Q.Q, W . d*.(W/d) ,x,P°,S*" .. (2T
(0RO I A" N (7741 ) o N Al (2-8)
Q°.Q;, »Ww,d ,(W/d) A*.P,S". (2-9)

where: Q = water discharge;
QOs» = bed-material load;
W = channel width:
d = mean channel depth;
A = meander wavelength;
P = channel sinuosity; and

S = channel slope.
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Schumm’s (1969) concept is expanded upon by Brookes (1992) to provide a means of

anticipating channel response to anthropogenic changes. These responses are summarized in

Table 2-1.
Table 2-1 - Expansion of Schumm's river metamorphosis relationships
(after Brookes 1992, Table 4.3)
Equations Examples of change

Qs*, QW™ =8, ds*, D", W* () Long-term effect of urbanizarion. Increased frequency and magnitude
of discharge. Channel erosion |increasing width and depth)

Qs’, Qw" =S, dsy,", D", W™ (2)

Qs~,Qw" =S, ds*, D*, W™ 13} } Intensification of vegetation cover through afforestation and improved
Qs™~, Qw™ =§",dse", D", W= (4} land management reduces sediment loads

Qs~, Qw* =87, dsy”, D%, W= {5) Diversion of water to a river

Qs”, Qw” = §%,d,=, D=, W™ {6) } Commensurate changes of water and sediment discharge with

Qs~, Qw™ = §=, dgo*, D=, W™ 7N unpredictable changes of slope, flow depth and bed material

Qs™, Qw* = 5%, dyg, D", W* (8) Land use change from forest to crop production. Sediment discharge
increasing more rapidly than water discharge. Bed changes from gravel
to sand, wider shallower channels

Qs”, Qw'=S",dsg”, D", W" (9)

Qs®, Qw "= 5§%dsg”, D", W™ (10} } . . L.

Qs Q== =5 ds, D", W~ (11} Extraction of water from river resulting in narrower stream
Qs", Qw ™ =S5*,d~, D", W= (12) Increased water and sediment discharge

D = flow depth; dsp = median particle size of bedmaterial; Qs = bedload (expressed as a percentage of total load);
Qw = water discharge (e.g. mean annual discharge}; $ = channel slope; W = flow width.

0 indicates no change; +/~ indicates increase or decrease respectively; ++/—— indicates a change of considerable
magnitude.

Different attempts have been made at quantitatively predicting the magnitude and rate of
channel adjustment to variations in inputs. Methods of modeling channel adjustment include
regime theory or hydraulic geometry, rational methods that include theory, and mathematical
models. Regime theory or hydraulic geometry equations are empirical methods that utilize the
concept of equilibrium as the endpoint toward which channels are moving. Rational methods
involve simultaneous solution of the equations that describe the interaction between form and
process, and mathematical models apply numerical solution techniques to the rational equations

(Hey 1988).

Different studies propose alternative definitions of the controlling or independent variables
and the response or dependent variables in the scheme of channel adjustment. For instance, Hey
(1988) proposed that rivers possess nine degrees of freedom: average channel width, average
channel depth, maximum depth, height and wavelength of bedforms, slope, velocity, sinuosity

and meander arc length. These response variables are determined by the inputs or controlling
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variables of water discharge, sediment discharge, bed material, bank material, bank vegetation

and valley slope.

Historically, a single measure of discharge was used as the defining variable for determining
channel form. Recent studies are beginning to recognize the importance of combining water and
sediment inputs (as seen in Schumm’s relationships described above) when analyzing the

response of channels (Lane et al. 1996; Van Steeter and Pitlick 1998).

The energy of the flow can be quantified by water discharge alone, or the water discharge
combined with the channel slope. Studies have shown that a measure of stream power or a
product of slope and discharge to be significant with respect to lateral mobility. Leopold and
Wolman (1957) first introduced the concept of a relationship between slope and discharge in

determining channel pattern. It follows then that total stream power

Fo R S (2-10)

where: £2 = total stream power;
7 = specific weight of water;
Q = water discharge; and
S = channel or valley slope

could be associated with the channel pattern sequence of straight-meandering-braided (Chang
1979). Nanson and Hickin (1983) also proposed that total stream power could be a factor

influencing lateral migration rates.

Specific stream power (®), or the rate at which the potential energy of water flowing
downhill is expended per unit area of stream bed, has also been associated with changes in
channel planform (Nanson and Croke 1992; Ferguson 1987; Carson 1984) and lateral migration
(Nanson and Hickin 1986). Specific stream power is defined as

w195
w

where: W = channel width.

The well-documented relationship between channel width and the square root of dominant
discharge (Knighton 1998, Ferguson 1987):
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W=aQ"% (2-12)

can be substituted into the definition of specific stream power and yields an approximation of

specific stream power of the form (Bledsoe 1999):

w=L 05 (2-13)
(24

where a is an empirically derived constant.

Another measure of flow energy combines driving (water discharge and channel slope) and
resisting (bed material size) forces. Bledsoe (1999), in his analysis of stream power and channel
stability, proposed a "mobility index", (MI), to describe the potential of a nver to move toward its

equilibrium state. The mobility index is defined as:

where: Ds, = median bed matenal size.

The mobility index could also be thought of as a ratio of flow energy or unit stream power to the

resisting force of the channel bed represented by the bed material grain size. Thus it becomes an

index of the erosive power of the flow or mobility capacity of the channel. Bledsoe (1999) found
that the mobility index is a "...robust predictor of channel planform and stability”.

2.4 Planform transition
One way a river channel can adjust to changing inputs is by altering its planform or channel

pattern. Channel planform is one of the most rapidly changing features of a river channel. Itis
therefore an important means of quantifying and understanding adjustments of a channel to
various disturbances and impulses in the system (Hooke 1995).

In order to study channel pattern transitions, it is necessary to first classify or quantify
channel pattern. Since Leopold and Wolman’s (1957) first definition of meandering, braided and
straight channel patterns, numerous other classification schemes and indices have emerged in the
literature. As explained clearly by Bledsoe (1999), channel pattern classifications are now
viewed as a continuum rather than discrete types (Ferguson 1987; Knighton and Nanson 1993).
However, others suggest that thresholds, albeit “fuzzy ones”, do exist (Begin 1981. p. 318).

For the purposes of this review the broad and admittedly general classes of meandering and

braiding are used. This simple classification is illustrated in Figure 2-4. The transition of the
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Cochiti reach of the Rio Grande from a braided to a single-thread, meandering pattern (Lagasse
1994) makes the understanding of the causes of planform transition and the relevance of planform
transition to lateral stability particularly pertinent to this dissertation.

$iNgle g divided

siraight
Straight

A Braided
e s ———
=SS

o <X

Meandering Anastomosed

Figure 2-4 - Endpoints of planform continuum (after Ferguson 1987)

There are two kinds of pattern change that can be distinguished (Lewin 1977). Autogenic
changes are those that are inherent in the river regime and include channel migration, cutoffs and
avulsion. Allogenic changes occur in response to external changes such as climatic fluctuations
or altered water and sediment regimes resulting from human impacts. To explain these changes
in the context of the previous discussion of channel adjustment toward equilibrium, autogenic
changes could be considered to be the kind of movement exhibited by a channel in dynamic
equilibrium. When experiencing autogenic changes, a channel would maintain a consistent
channel pattern, either meandering or braided. Allogenic changes could be thought of as the
adjustments that a channel makes as it moves to a new equilibrium state. Channel planform

transition would be an allogenic change.

As a result, the occurrence of channel pattern alteration can be used as a discriminator
between reaches in dynamic equilibrium (stable) and those experiencing *true channel change’
(unstable). Alteration of channel pattern can be quantified by change in sinuosity, braiding index,
width and pattern classification (i.e., braided vs. meandering) (Winterbottom 2000; Hooke 1977).
Mosley's (1975) study of channel changes on the River Bollin, United Kingdom is a good
example of these concepts. He identified two time periods during which the processes and rates
of channel changed differed significantly. During the period from 1872 to 1935 minor channel
migration occurred that was associated with point-bar deposition and bank erosion in bends
(autogenic changes = dynamic equilibrium). More rapid channel movements and cutoffs

charactenzed the period from 1935 to 1972. The sinuosity declined, slope steepened and channel
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widened (allogenic changes = adjustment to a new equilibrium state). Channel processes
changed as a result of human activity, and the form of the channel underwent alteration to adjust

to the new hydrologic regime.

Others have shown that the transition to a braided planform is a manifestation of instability
resulting from excess stream power (Bledsoe 1999; Alekseevskii and Berkovich 1992). Carson
(1984) recognized the importance of stream power in planform transition, but suggested that
bedload supply is the critical factor that governs the transition to a braided planform. High
stream power alone cannot sustain braiding without high loads of bed-calibre material (Carson
1984; Osterkamp 1978; Alekseevskii and Berkovich 1992). Others suggest that both braiding and
meandering can be manifestations of instability if bar development is present and that both
patterns can exist in quasi-equilibrium if sediment transport is balanced (Callander 1969; Parker
1976).

Brice (1982) tied different planform classifications or stream types (Figure 2-5) to lateral
movement rates. He showed that wide-bend meandering streams and braided streams with point-
bars exhibited the highest rates of lateral movement (most unstable) relative to channel width and

that equiwidth meandering and straight braided streams were the most stable.

LATERAL  CHANNEL
\Ansbranched  STABILITY  wioTH = NUOSITY
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BRAIDED, NO POINT BARS

Figure 2-5 - Alluvial stream types (after Brice 1982)
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Understanding the channel pattern and whether it is undergoing transition is important in the
analysis of lateral (and vertical) channel adjustments. Both the flow energy (water discharge and

channel slope) and the sediment supply play important roles in determining the planform

conditions of a channel.

2.5 Lateral Movement - Mechanisms, rates and methods of measurement
Lateral movement of a channel, whether in a state of dynamic equilibrium or in an unstable

state adjusting from one equilibrium condition to another, can be generalized as a response to the
flow strength (water discharge and channel slope) and the sediment supplied to the system.
Depending on the input conditions, lateral movement can take different forms. Some possibilities
include: narrowing, widening, meander migration, avulsion and cutoffs. The varying form of the
response depends upon the input conditions and the existing pattern and geometry of the channel
(Friedman et al. 1998). Rivers exhibiting ditferent planform types have been shown to move at
different rates and to result from different causes or mechanisms (Brice 1982; Friedman et al.
1998). This section explores existing studies of the mechanisms by which channels move

laterally, the rates of movement, and methods used to measure lateral movement.

Lateral movements occur at different rates and are caused by different processes.
Mechanisms of movement also vary with planform. Meander movement has been studied
thoroughly (e.g., Hooke 1977) and can be broken down into several different types of movement
as shown in Figure 2-6. Meanders can migrate consistently across their floodplain by eroding the
concave bank and accreting on the convex bank (extension) or they can migrate down valley
(translation). Braided rivers can move laterally by avulsion, cutoffs, migration and width change

as shown in Figure 2-7.
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Figure 2-6 - Types of meander movement (a) primary elements and (b)
combinations (after Hooke 1977)
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A majority of the literature on lateral channel movement focuses on migration of meanders
and bank erosion of the concave bank of meander bends (e.g., Hooke 1980; Nanson and Hickin
1986: Lawler 1993; Thorne 1991). Literature regarding measurement of lateral movement of
braiding rivers is primarily focused on the movements of the Brahmaputra/Jamuna nver (e.g.,
Coleman 1969; Klaassen and Masselink 1992), although studies of other braided rivers do exist

(e.g., Warburton et al. 1993). Few studies include both meandering and braided channels (e.g.,
Brice 1982).

2.5.1 Mechanisms
The mechanisms of meandering formation and migration are the subject of entire conferences

and books (e.g., Parker and Ikeda 1989; Elliott 1984). As such, a complete discussion is far
beyond the scope of this review, though it is useful to understand the basic processes by which
bank erosion occurs as well as the spatial and temporal variability in other variables that may
influence lateral movement rates (Lawler 1992). This review focuses on studies that explore

empirical relationships between lateral movement rates and other channel process and form

parameters as summarized in Table 2-2.

24

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 2-2 - Summarization of studies that explored empirical relationships
between lateral movement rates and channel process and form variables.

Study Channel Process Variables

Lawler 1992 Freeze/thaw, Downstream changes

Lawler et al. 1999 Downstream changes (stream power, bank material and seasonal
factors)

Hooke 1979 Dis;harge and rainfall magnitude, timing and frequency, Soil
moisture

Nanson and Hickin 1986  Stream power/Discharge-Slope-Bed Material

Study Channel Form Variables
Hooke 1980 Drainage area, Bank matenial
Brice 1982 Planform, Width

Nanson and Hickin 1983 R/W

Hooke 1987 R/W, Sinuosity, Type of meander movement
Biedenharn et al. 1989
Thome 1991 R/

Note: R, = Radius of curvature, ¥ = channel width

Some of the more in-depth discussions and empirical analyses of the relationships between
lateral movement and channel processes and form are provided by studies performed by Hickin
(1974), Nanson and Hickin (1983, 1986) and Hickin and Nanson (1975, 1984). Nanson and
Hickin (1983) proposed that lateral migration can be expressed by the following general function:
M=F (21, h, Q. p), where the variables, as listed, are total stream power (£2= y0S, Equation
2-10), erosional resistance of concave bank, bank height, sediment supply rate and planform.
From their analysis of rivers in Canada, they determined that channel width is a reasonable linear
scaling factor to account for variations in stream power. As such, lateral movement reduces to a
function of R/W (R, = radius of curvature, # = channel width), with all the other parameters
accounted for in a coefficient of proportionality. Hickin and Nanson (1984) revised their earlier
proposal and suggested that lateral movement can be described by the following general function:
M=f(® 5, h R, W). They eliminated sediment transport as a significant variable because data
are hard to find and because for meandering rivers, suspended load is from bank erosion, rather

than vice versa.
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Using dimensional analysis and the results from Nanson and Hickin (1983) (M = f(R. /W)),
Nanson and Hickin (1986) suggested the following relationship:

MRIW = KO/ Ty oo e (2-15)

where: K = constant of proportionality.

which shows that the rate of migration expressed as sediment volume per unit channel width and
length is proportional to the ratio of driving to resisting forces in a bend, given a consistent radius
of curvature. They assume that bank strength is determined primarily by the size of the basal
sediment at the outer bank. Bank strength declines as grain size declines from cobbles to fine

sand, with fine sand representing the minimum bank strength. Bank strength increases again with
cohesion.

Based on the results described above, Nanson and Hickin (1986) continued to show that 7 is
largely a function of the size of sediment at the base of the channel (D). As a result, they
proposed a new relationship (Nanson and Hickin 1986): M = f (@ W, Dsy, h, R.). Again, they
recognized the importance of the relationship between channel migration rate and sediment load.

However, they eliminated sediment load from their analysis because of lack of data.

Other studies identify different channel features and parameters that influence channel
migration rates. For instance, vegetation has been shown to play an important role in lateral
channel changes (Hey and Thorne 1986; Abernathy and Rutherfurd 1998; Friedman et al. 1998;
Gray and MacDonald 1989; Huang and Nanson 1997; Johnson 1998; Marston et al. 1995; Millar
2000). Additionally, bank material and stability have been identified as important (Thorne and
Osman 1988; Osman and Thorne 1988a, 1988b; Huang and Nanson 1998; Thome and Tovey
1981).

2.5.2 Methods of measurement
Three main sources of data used in studies of lateral movement rates include field

measurements (e.g., Hooke 1980; Lawler et al. 1999), maps and aerial photos (e.g., Shields et al.
2000; Nanson and Hickin 1986; Hooke 1977) and dateable sedimentary and biological evidence
(e.g., Everitt 1968; Hickin and Nanson 1975). The different methods are appropriate and often
applied to differing timespans: 1 to 10 years for field measurement, 10 to 200 years for maps and
aerial photos, and 30 to 500 years for deposits and biological evidence (Hooke 1980; Hooke and

Redmond 1989). Different methods of measurement can give rise to differences in measured

rates.
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Field measurements are typically taken using erosion pins (Hooke 1979, 1980; Lawler et al.
1999; Lawler 1992, 1993). Other methods such as terrestrial photogrammetry and repeat surveys
can be employed (Lawler 1993). As they are typically taken over short time frames, field
measurements may be higher than rates measured over longer time periods. Hooke (1980)
suggests that averaging rates over a longer time period. such as when using sequential maps or
aerial photos, can result in lower rates that are smoothed out over the longer time period. Other
differences could result from differences in magnitude and frequency of discharge events and
whether a large event occurs during the period studied. This review focuses on literature related

to the use of aerial photos, as that is the method of measurement emploved in this study.

Use of historical aerial photos can be helpful in determining trends in movements and
planform behavior of rivers. Aerial photos are used in many studies to measure changes in
channel width (Beschta 1998; Winterbottom 2000; Xu 1997a), lateral movement rates (Hooke
1977; Brice 1982; Xu 1997a; MacDonald 1991: Mosley 1975: Hickin 1974). channel planform
(Beschta 1998; Warburton et al. 1993; Klaassen and Vermeer 1988; Winterbottom 2000: Van
Steeter and Pitlick 1998: Marston et al. 1995: Brice 1982), bank and flood plain vegetation
(Beschta 1998. Marston et al 1995), chute cutoffs and avulsions (Beschta 1998), bar development
(Macklin et al. 1998) and qualitative impressions of how a river changes with time
(Winterbottom 2000: Macklin et al. 1998: Marston et al 1995: Van Steeter and Pitlick 1998).
Satellite imagery can be useful on larger rivers: for instance, Klaassen and Masselink (1992) used

LANDSAT images on the Jamuna River to measure lateral movement rates.

Combining older cartographic surveys (pre-1930’s) with more recent aerial photos can extend
the record of channel change even further into the past (see Macklin et al. 1998; Winterbottom
2000). Klimek and Trafas (1972) combine use of recent aerial photos and historic topographic
surveys from 1787 to quantify changes in the Dunajec River in Poland. producing one of the
longest records of lateral channel change available. Obviously, extensive records are more
readily available in Europe where human records of rivers extend further into the past. However,
paleohydrologic evidence, dendrochronlogy and other paleo-methods (e.g., Everitt 1968) have
been used in the western U.S. where human records are more limited. Everitt (1968. p. 417). who
studied channel migration of the Little Missouri River in North Dakota over the last 300 years.
concluded that ".. .the forest is a living record of recent migration of the channel”, with recent

being defined in the context of geologic time.

With recent improvements in computer mapping capabilities or Geographic Information

Systems (GIS), combining various photogrammetric and cartographic sources into a single
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database has become easier. It also becomes easier to more thoroughly quantify channel changes
(Winterbottom 2000; Van Steeter and Pitlick 1998; Gurnell 1997), automating what Brice (1982)
and others did with projectors before GIS. Winterbottom (2000) notes that GIS has not been used
much to look at channel changes in wandering gravel-bed rivers and concludes that GIS is an

effective and accurate tool for quantifying channel change along the study reach.

Once aerial photos or maps are compiled into a consistent database, lateral movement rates
must somehow be measured or estimated. One such means of measurement is to compare
successive channel centerlines (Shields et al. 2000; Hooke 1977; MacDonald 1991). The method

of measurement of centerline movement used by Shields et al. (2000) is shown in Figure 2-8.

(a) (b) Cantreline

(Fona” )+ [ oot '} (72701

Figure 2-8 - Methods for measuring channel geometry and activity (a)
Determination of channel centerline location and channel width, (b)
Determination of channel activity (after Shields et al. 2000)

2.5.3 Rates

Lateral movement rates found in other published studies range from 0.1 m/year on small
meandering streams (Hooke 1980; MacDonald 1991: Brice 1982) to 150 m/vear on the
Mississippi River (Kolb 1963) and 500 m/year on the Brahmaputra River (Klaassen and
Masselink 1992). Some rates found in published literature are summarized in Table 2-3.
Methods of measurement and time periods of study vary between the different studies. Lawler
(1993) presents a comprehensive listing of published rates between 1863 and 1988.
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Table 2-3 - Lateral movement rates from published studies.

. Average Mymt/
River Width Movement Wldu?’ Planform Source
(m) (%-width
(m/year)
year)
Brahmaputra 0-500 Braided Klaassen and Masselink
1992
Dunajec R., Poland - <0.1 Straight Klimek and Trafas 1972
straight
Dunajec R.. Poland - 0.4-1 Meandering Klimek and Trafas 1972
winding
Average Max rates 0.24-064 3% Meandering Hooke 1987
Big Fork 55 0.72 1.3% Meandening MacDonald 1991
Buff.Cr. 17 0.63 3.6% Meandering MacDonald 1991
Cott.R. 24 0.32 1.3% Meandering MacDonald 1991
Hawk Cr. 23 0.35 1.5% Meandering MacDonald 1991
Kan. Cr. 8 041 54% Meandering MacDonald 1991
Minn.R. A 43 0.61 1.4% Meandering MacDonald 1991
Minn.R. B 88 0.89 1.0% Meandering MacDonald 1991
Miss.R. A 56 0.28 0.5% Meandering MacDonald 1991
Miss.R. B 67 0.31 0.5% Meandering MacDonald 1991
Nemadji R. 34 0.15 0.4% Meandering MacDonald 1991
Rice Cr. 13 0.10 0.8% Meandering MacDonald 1991
RootR. 34 221 6.6% Meandering MacDonald 1991
Rum R. 26 0.36 1.4% Meanderng MacDonald 1991
Wild R. 27 0.34 1.2% Meandering MacDonald 1991
Yel. Med. R. 21 0.34 1.6% Meandering MacDonald 1991
Zumbro R. 49 0.62 1.3% Meandering MacDonald 1991
Missouri R. pre-dam 384 6.6 1.7% Shields et al. 2000
Missouri R. post-dam 308 1.8 0.6% Shields et al. 2000
Littie Smokey 37 0.57 1.5% Meandering Nanson & Hickin 1986
Milk River 48 1.68 3.5% Meandering Nanson & Hickin 1986
Belly River 40 1.18 3.0% Meandering Nanson & Hickin 1986
West Prairie 30 0.86 2.9% Meandering Nanson & Hickin 1986
Beaver 52 1.41 2.7% Meandering Nanson & Hickin 1986
Waterton 70 3.93 5.6% Meandering Nanson & Hickin 1986
Eagle (Upper) 49 1.34 2.7% Meandering Nanson & Hickin 1986
Eagle (Lower) 50 0.71 1.4% Meandering Nanson & Hickin 1986
Swan 46 1.52 3.3% Meandering Nanson & Hickin 1986
Shuswap (Upper) 63 1.73 2.7% Meandering Nanson & Hickin 1986
Pembina 79 2.60 3.3% Meandering Nanson & Hickin 1986
Muskwa 49 2.65 5.4% Meandering Nanson & Hickin 1986
Oldman 93 7.26 7.8% Meandering Nanson & Hickin 1986
Shuswap (Lower) 92 1.89 2.1% Meandering Nanson & Hickin 1986
Chinchaga 90 1.03 1.1% Meandering Nanson & Hickin 1986
Prophet 140 2.34 1.7% Meandering Nanson & Hickin 1986
Sikanni Chief 127 292 23% Meandering Nanson & Hickin 1986
Fort Nelson 278 4.44 1.6% Meandering Nanson & Hickin 1986
Exe A 25 1.13 4.5% Meandering Hooke 1980
Exe C 26 041 1.6% Meandering Hooke 1980
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Mvmt/

. Average .
River Width Movelflent WIdﬂ?, Planform Source
(m) (%0 -width
(m/year)
year)

Exe D 21 0.60 29% Meandering Hooke 1980
Exe E 30 092 3.1% Meandering Hooke 1980
Creedy 16 0.06 0.4% Meandering Hooke 1980
Culm-Lower 17 0.56 3.2% Meandering Hooke 1980
Culm-Upper 13 0.42 3.3% Meandering Hooke 1980
Axe | 38 0.34 0.9% Meandering Hooke 1980
Axe 3 16 022 1.4% Meandering Hooke 1980
Axed 38 0.31 0.8% Meandering Hooke 1980
Axe 5 20 0.32 1.6% Meandering Hooke 1980
Yarty Upper Bend 8 0.67 8.5% Meandering Hooke 1980
Coly 42 0.33 0.8% Meandering Hooke 1980
R. Endrick, Scotland 25 0.50 2.0% Data from Hooke 1980
R. Brahmaputra 6000 140.50 2.3% Braided Coleman 1969
R. Pembina, Alberta 64 3.35 3.2% Data from Hooke 1980
Little Missouri R.. SD 91.5 4.35 4.8% Everitt 1968
R. Beatton, BC 370 048 0.1% Meandering Data from Hooke 1980
R. Cound, Shropshire 17 0.64 3.8% Data from Hooke 1980
R. Mississippi 1200 152.81 12.7% Meandering Kolb 1963
Dunajec R., Poland 75 0.70 0.9% Braided Klimek and Trafas 1972
R. Hernad, 55 7.50 13.6% Laczay 1977
Czechosloviakia
R. Bollin-Dean. Cheshire 13 0.16 1.2% Mosley 1975
R. Klaralven, Sweden 120 1.60 1.3% Data from Hooke 1980
Apalachicola R.. FL 180 1.6 0.9% Equiwidth Brice 1982
Apalachicola R., FL 180 1.16 0.6% Equiwidth Brice 1982
Apalachicola R., FL 220 1.16 0.5% Equiwidth Brice 1982
Big Raccoon Creek. IN 25 0.49 2.0% Equiwidth Brice 1982
BigomR., WY 55 09 1.6% Wide bend. Brice 1982

locally braided
Bigorn R., WY 75 1.1 1.5% Wide bend. Brice 1982

locally braided
Black R., AR 80 0.6 0.8% Equiwidth Brice 1982
Black R.. AR 80 0.47 0.6% Equiwidth Brice 1982
Brazos R. TX 150 23 1.5% Wide bend Brice 1982
Brouilletts Crk., IN 20 0.48 24% Wide bend Brice 1982
Cache Crk, CA 80 23 2.9% Braided point  Brice 1982

bar
Choctawhatchee R,,FL 95 0.5 0.5% Equiwidth, Brice 1982

locally

anabranched
Choctawhatchee R, FL 95 0.64 0.7% Equiwidth, Brice 1982

anabranched
Congaree R., SC 90 0.83 0.9% Wide bend, Brice 1982

trans. To

equiwidth
Frenchman Crk, NE 10 0.29 29% wide bend Brice 1982
Greybull R., WY 90 1.7 1.9% Braided point  Brice 1982

bar
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Average Mvmt/

River Width Movement Wldtl}, Planform Source
(m) (%-width
(m/year) /year)
IowaR..[A 75 0.8 1.1% Wide bend Brice 1982
Middle Crk., NE 10 0.26 2.6% Equiwidth, Brice 1982
incised
Middle Loup R., NE 200 0.48 0.2% Braided no Brice 1982
point bars
Niobrara R., NE 350 0.96 0.3% Braided no Brice 1982
point bars
N Canadian R., OK 70 4.5 6.4% Braided point  Brice 1982
bar,
anabranched
Sacramento R., CA 330 5.1 1.5% Wide bend, Brice 1982
locally braided
Sacramento R. CA 255 3.1 1.2% Wide bend Brice 1982
Snake R., ID 60 0.7 1.2% Braided point  Brice 1982
bar,
anabranched
Stevens Crk, [L 8 0.15 1.9% Equiwidth Brice 1982
Sugar Crk, IN 23 0.12 0.5% Equiwidth Brice 1982
Tallahala Crk, MS 37 0.4% Wide bend Brice 1982
White R., AR 160 0.72 0.5% Equiwidth Brice 1982
White R., AR 160 0.75 0.5% Equiwidth Brice 1982
White R., AR 160 1.8 1.1% Equiwidth Brice 1982
White R., East Fork. IN 60 1.9 3.2% Wide bend Brice 1982
White R., West Fork, IN 85 1.7 2.0% Wide bend Brice 1982
Williamette R., OR 90 0.82 0.9% Wide bend. Brice 1982
anabranched
Wisconsin R., WI 360 0.36 0.1% Braided, no Brice 1982
point bars
Yellowstone R.. MT 250 53 2.1% Wide bend, Brice 1982
anabranched
and braided
Yellowstone R., MT 325 4.1 1.3% Wide bend. Brice 1982
anabranched
and braided
Missouri R., SD-NE 600 9 1.5% Braided point  Brice 1982
bar

2.6 Prediction of lateral migration rates
In order to model lateral movement, many assumptions are necessary. As a result, empirical

data are useful in improving prediction of lateral migration rates (Hooke 1977). The theory of
meandering movement and formation, as well as the mechanisms of braiding (e.g.. bar formation,
convergent/divergent flow), are beyond the scope of this study. The following review focuses on

studies primarily utilizing empirical means of prediction and modeling. Hasegawa (1989)
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provided a summary of more analytical efforts to predict meander migration (e.g., Parker 1984)
or other methods including stream power minimization (e.g., Chang 1984).

Hooke (1977, 1979, 1980, 1995) performed extensive studies of lateral movement on
meandering streams in the United Kingdom (UK). Hooke (1979) used stepwise multiple
regression to correlate hydrologic and climatic conditions with field-measured bank erosion rates.
The emphasis was on mechanisms of bank failure, so she looked at antecedent precipitation
index, time since last peak, rainfall intensity, and rainfall duration. Hooke (1980) found a slight
correlation between size of stream (measured by drainage area) and rate of erosion (m/year).
Hooke (1987) found a complex relationship between maximum rate of movement and sinuosity
and attributed the variability in the magnitude of the relationship to variations in resistance

contributed by the composition of the bank material and the vegetation.

Nanson and Hickin (1983) studied 16 bends on the Beatton River in Western Canada,
measured mean radius of curvature and produced a relationship between migration rate and radius
of curvature/width. They concluded that measuring erosion rates at a single bend from aerial
photos 20-30 years apart is not accurate because of the discontinuous nature of bank erosion.
However, a reach-averaged rate may be more indicative of the erosion to be expected given the
flow regime of the time period. Hickin and Nanson (1984) expanded the study to include 189

bends on 21 rivers in Western Canada.

Other studies have successfully related lateral movement rates with the ratio of radius of
curvature to width. These studies were primarily focused specifically on meander migration
(Hickin 1974; Thorne 1992). However, Klaassen and Masselink (1992) were somewhat
successful in using the radius of curvature of individual branches of the braided Brahmaputra
River. Ligeng and Schiara (1992) provided a theoretical basis for the relationship between
meander bend expansion and radius of curvature. Begin (1981) also derived a theoretical
relationship between meander migration and the radius of curvature based on the momentum
equation of flow. Most recently, Gilvear et al. (2000) combined use of a GIS with an empirically
derived relationship between migration rate and channel curvature to predict erosion rates along

the course of the meandering Luangwa River in Zambia.

Little work has been performed on predicting migration rates of braided rivers. Klaassen and
Masselink (1992) wanted to develop a deterministic method of prediction, but were not
successful. They state that “No predictive models are available for braided river systems..."
(Klaassen and Masselink 1992, p. 459). As mentioned above, they did correlate bank erosion to a
radius of curvature of individual channels. They applied the function: £ = f(W, R/W, C, B)
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where, E = bank erosion, W = width, R, = radius of curvature, C = Chezy coefficient, B = bank
resistance. They assume that C and B were consistent along the reach of channel under

consideration, so W and R/W must determine bank erosion rates.

Building on previous studies, Nanson and Hickin (1986) used data from 18 single-thread,
meandering, gravel-bed and sand-bed river reaches with sequential aerial photos that show
channel shifting over periods of 21-33 years. They performed multiple regressions on migration

rates with discharge, O, slope, S, and bed material, Ds,. The best result was:

M* h=£(Q, S, Dso), > =69.1

where, M*h represents the volume of migration. The conclusion is that river size is the most

important contributor to channel migration. They used either Q or W to represent river size.

Nanson and Hickin (1986) also scaled migration rate to the size of the river (width) and found
that this did not increase the success of the regression. but it did reveal the importance of the size
of basal sediments. When the migration rate was scaled by the river’s size (using width). the Dy,
of the basal sediment was more important than the stream power (similar to result shown by
Hooke 1980 where she used % silt-clay in the bank material). They argued that erosion at the toe
of the slope and therefore the bed material is more important in bank erosion rates. Undermining
of the bank by basal erosion can cause bank erosion even if the upper sediments are well

vegetated. This is in the case of meandering rivers that are relatively deep.

Nanson and Hickin (1986) went on to postulate that bank erosion and channel migration are
probably largely determined by bed-material transport. They also suggested that this
determination supported their theory that "...a simple relationship involving stream power and
basal sediment size provides such an effective means of expressing the driving and resisting
forces in this predictive model of channel migration" (Nanson and Hickin 1986, p. 504). They
also argued that their model did not support Begin's (1981) momentum/bank shear theory; rather,
it supported Bagnold's (1980) bedload transport process. The conclusion that bed-material

transport may play a large role in lateral migration suggests that dam construction may have a

large impact on downstream lateral channel movement.

Others have attempted similar regressions as a means to estimate migration rates.
MacDonald (1991) analyzed 16 meandering streams in Minnesota using photos and maps on a
20-year time interval. The stream centerline and valley centerline were digitized and a program
(MEANDER) computed the direction and magnitude of movement of meanders. He then

performed regressions with meander migration and channel width, depth, sinuosity, slope and
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discharge. Mostly he did not find very good fits in his regressions. The normal average

movement of meanders correlated best with discharge and depth.

Shields et al. (2000) also performed regressions with lateral movement rates measured from
the Missouri River downstream from Fort Peck Dam. Pre-dam channel activity was slightly
correlated with meandering length. Post-dam activity was positively correlated with width.
Distance downstream from the dam also produced significant correlation. Significant correlations

emerged between channel activity and reach-averaged radius of curvature.

One of the more comprehensive studies of lateral movement rates was performed by Brice
(1982) to provide a means of estimating the rate and magnitude of lateral migration for streams of
different types, particularly for use by bridge and highway engineers. He based his analysis on
data for 200 stream reaches in the US. Brice (1982) shows that bank erosion rates are directly
proportional to increases in stream size (W) and to the square root of the drainage area. He also
described a qualitative means of measuring stability from aerial photos. Looking at a photo taken
during "normal” stage, or the level at which water reaches the permanent vegetation line. he
infers stability from the nature of the point bars and the presence or absence of cut banks, and the
variability of stream width. He proposed a progression of channel type (Figure 2-5) that varies
from equiwidth (uniform width and narrow point bars), wide bend (wide at bends and wide point
bars - point bar can be vegetated, but inundated at high flow). braided with point bars, and
braided without point bars. Generally he found the wide bend and braided with point bars to be
the least stable of the classes (Figure 2-9). As shown in Figure 2-10. the highest values of erosion
index occur for sinuosities between 1.2 and 2 (wide-bend and braided point-bar). Sinuosities

higher than 2 were generally more stable, and straight segments remained very stable.

Others have used similar planform classifications to subdivide meandering rivers based on
point-bar configuration. Ikeda (1989) and Kinoshita (1961, as described by Hasegawa 1989. p.
215) use different terminology but both conclude that different meander patterns correlate to

more or less active lateral migration.

Brice (1982) also pointed out the importance of flood duration on erosion rates. He
suggested that erosion associated with a major flood might depend more on duration than on
magnitude. Median erosion rates tended to increase with stream size (width); however, width.
drainage area and discharge are not good indicators of stream size in arid and semiarid regions as

opposed to humid regions (Brice 1982).

34

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o

E T L S U St B ¢ T 1 T Tty " T 3 7 3
50 g .7
STREAM TYPE N A =
% ® EQUIWIOTH . ;
w ® WOE BEND
L a BRADED POINT BAR . .
c ¢ BRAIDED N5
o. a .
g e i
10k K d
wooo- s ".-'h ¢ z
g C te® o -
0.5 se u . oo . b
Z r A . 1
w . e '1
= ° .
< ., -
& F .
- T
g Q= , 5
Z oost g -
a r . -
o S
= - - -
0.0t : . Y SR M@ L I
10 s 10 S0 100 SO0 1000
CHANNEL. WIDTH, IN METERS
Figure 2-9 - Relationship between lateral channel movement and channel
width (after Brice 1982)
36 —— .
| |
1
32t . :
I STREAM TYPE 1
28f ® EQUIWIDTH 1
X . & WIDE BEND
a BRADED POINT BAR i
24t o BRADED ]
x 4
§ 20p * .
z |
& ' 1
172
2 16[- b
st s . 4
a
P18 j
] L L
X : - j
[ ]
8F | ] b -
F A o a . i
o o« o TTTT I
» a ‘ L]
5 s L b
0. 4 i - . i 2 _8 [ ] 2 " 2
160 12 14 8 18 20 22 24 26 28 30
SINUOSITY

Figure 2-10 - Relationship between erosion index and channel planform
(after Brice 1982)

35

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.7 Impacts of dam construction on lateral mobility and channel planform
Numerous studies document the impacts of dam construction on downstream river channels

(e.g., Komura and Simons 1967; Pemberton 1976: Williams and Wolman 1984). Early studies
were conducted on the Rio Grande downstream from Elephant Butte Reservoir (Fiock 1931:
Ainsworth 1932; International Boundary Commission 1933). These early studies summarize
changes in the channel width, slope and elevation as a result of the sediment detention and flow
reduction caused by Elephant Butte Dam. I[nitial degradation of the channel resulting from clear
water release was followed by aggradation from sediment deposited by tributaries that the main
channel flow no longer had the competence to mobilize (Ainsworth 1932). The general gradient
of the channel decreased by as much as 50% further reducing the sediment transport capabilities
of the channel. Additionally, the channel narrowed. but no major changes in the course of the
river channel by erosion or avulsion were observed (Fiock 1931; International Boundary
Commission 1933). Decreased erosion rates were attributed to the encroachment of vegetation on
the banks that the reduced flood peaks were not competent to disturb (Fiock 1931). Other studies
have been conducted to understand the impacts of Cochiti Dam on the Rio Grande (Lagasse 1981,
1981, 1994; Leon 1998) and are discussed in Chapter 3.

The impact of dam construction on downstream channel pattern and width is documented by
numerous studies including Surian (1999). Williams and Wolman (1984), Kellerhals and Church
(1989), Shields et al. (2000), Brookes (1992) and Xu (1996a, 1996b, 1996¢, 1997a, 1997b), to
name a few. Most often the change in channel pattern resulting from an upstream dam involves
simplification of the channel, often from a multi-thread channel to single-thread (Brookes 1992).
Channel shrinkage is documented on the Platte River following diversion and regulation from
1940 to 1995 (Johnson 1998). Varying response of meandering vs. braided rivers to dam
construction has also been documented (Johnson 1998; Friedman et al. 1998).

The impact of dams on channel width is variable (Williams and Wolman 1984). Examples of
both widening (e.g., Nicholas et al. 1999) and narrowing (e.g., Bradley and Smith 1984) can be
found in the literature. The Hanjiang River in China initially narrowed. then later widened (Xu
1997a). Friedman et al. (1998) provided an overview based on a literature review of impacts of
dams on large rivers. They suggested that the effects vary with the pre-existing planform of the

river. Braided rivers narrow, whereas meandering rivers do not.

Studies of the impacts of dams on lateral migration rates are not abundant, though most
studies report decreased lateral movement following dam construction (Bradley and Smith 1984:

Shields et al. 2000; Johnson 1992, 1998; Friedman et al. 1998). Shields et al. (2000) studied the
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impacts of Fdrt Peck dam on lateral migration and channel pattern of the Missouri River.
Friedman et al. (1998) found that the rates of lateral migration on already meandering rivers
decreased following construction of dam. Other studies document declining migration rates in
meandering rivers where peak flows were reduced by dam construction (Johnson 1998 Scott et
al. 1997).

Xu (1997a) studied changes in lateral migration rates on the Hanjiang River in China. Pre-
dam measured bank erosion rates were 20-25 m/year and post dam they were about 7 m/year right
after the dam and about 35 m/year 25 years later. He showed a positive relationship between

braiding and number of bars per unit length of channel with bank erosion rate.

2.8 Applications and environmental ramifications
Hydrologic and geomorphic changes resulting from river regulation and stabilization

influence both the riparian environment and the aquatic environment (Brookes 1992). Numerous
studies document both physical and biological response to river regulation and subsequent
adjustment. Shields et al. (2000) concluded that changes in the Missouri River resulting from
regulation decreased aquatic habitat quantity, habitat diversity and quality, commercial fish
harvest, sport fishing, and fish species composition. They suggested that these effects are part of
a global trend of habitat degradation and loss of biodiversity in major rivers. Gilvear (1993)

shows the importance of braided reaches of river in Scotland as habitat.

Floodplain and river ecosystems are complex and diverse (Ward et al. 1999). Channel
adjustments followed by biotic adjustments can be equally complex and diverse. For example, it
has been shown that rivers with different planforms prior to regulation will respond differently to
river regulation. As a result, the response of the riparian species can vary (Friedman et al. 1998;
Johnson 1998). Johnson (1998) documented the varying responses of riparian cottonwoods to
regulation on the Platte and Missouri Rivers. Impacts on cottonwoods can in turn impact other
species such as the bald eagles that nest in them. Studies such as Johnson (1992, 1998), Johnson
et al. (1976) and Shields et al. (2000) have shown that increased understanding of physical
adjustments in river systems can greatly increase our understanding of the subsequent biological

and ecological responses.
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CHAPTER 3

COCHITI REACH: SITE BACKGROUND AND DATABASE

This chapter provides background information about the Cochiti reach. The first section
presents a brief history of the study site including the tributaries and the major anthropogenic
impacts. A description of the data collection efforts on the Rio Grande and the database utilized
in this dissertation follows. In order to perform the historic geomorphic analysis and
measurement of lateral mobility and stability indices in Chapter 4 and 5, the study reach had to be

broken down into smaller reaches and subreaches. This definition is described at the end of this

chapter.

3.1 Site Background
The middle Rio Grande has a long history of regulation. diversion and other impacts by

humans beginning with the Pueblo Indians diverting water from the Rio Grande centuries ago.
Major regulation of the river began in the 1920’s with the commencement of construction of
numerous diversion structures. dams, levees, and channelization works (Scurlock 1998). The
dams, built for flood control and sediment detention, were intended to reverse the channel
aggradation trend that commenced as much as 11,000 years ago (Sanchez and Baird 1997). The
construction of levees to prevent avulsions into surrounding agricultural lands along the river
exacerbated the aggradation by confining sediment deposition to a smaller area (Scurlock 1998:
Sanchez and Baird 1997).

Woodson and Martin (1962) report that based on a sediment transport analysis, the US
Bureau of Reclamation (USBR) predicted that the aggradational trend in the channel downstream
from Cochiti Dam would be reversed and that the channel could degrade more than a meter. The
degradation was predicted to extend downstream to at least the Rio Puerco. The study suggested
that more degradation could occur in certain locations, but it did not specify which locations those
would be. The study described by Woodson and Martin (1962) also provided speculation
regarding coarsening of the channel bed that would inhibit further degradation. Woodson and
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Martin suggested that shifts in planform would impact sediment transport capacity and therefore
inhibit degradation.

The middle Rio Grande was described in 1944 by Rittenhouse (p.150) at low-stages as
a..."winding, elongated sand flat, averaging about 200-300 yards in width. One or more small
low-water channels meander over the sand flat, re-working the deposits in it. At high stages the
entire sand flat, as well as the adjacent floodway area beyond the low banks, is under water.
Between large floods the width of the sand flat is decreased by growth of cottonwoods and salt

cedars. These may be removed or the entire channel shifted during high flows". Rittenhouse also

noted that the floodway was nearly a kilometer wide.

The Cochiti reach of the Rio Grande extends from Cochiti dam 45 kilometers downstream to
the Highway 44 Bridge in Bernalillo. Several tributaries enter the Rio Grande in this reach,
contributing both water and sediment (Figure 3-2). Most are ephemeral arroyos. The two major
tributaries, Galisteo Creek and the Jemez River, were also dammed in 1970 and 1953,

respectively.

Historically, the Rio Grande at Cochiti was perennial, but became intermittent further
downstream at Bernalillo and Albuquerque as a result of irrigation diversions and natural losses
downstream from Cochiti. Additionally, releases from El Vado Reservoir on the Rio Chama
historically could result in several months of sustained winter flow (Nordin and Beverage 1965).
Peak flows resulting from thunderstorm runoff often were as high or higher than the spring

snowmelt peak, but usually the duration was only a few hours to a few days (Nordin and
Beverage 1965).

Since construction of Cochiti dam, several studies have explored the changing morphology of
the reach. Lagasse (1980, 1981 and 1994) presented the results of a qualitative study in terms of
trends to assess the response of the Rio Grande to the construction of Cochiti Dam. He compared
cross sections, planform and profile data for 1970 — 1980 and attempted to correlate this
information with the hydrologic record. hydraulic and sediment data, and the history of
engineering activity in the reach. He concluded that sediment inflow from tributaries and arroyos
downstream from Cochiti dam has dominated the response of the river to the closure of the dam
in planform, base level, and channel cross section. He suggested that the reach between the dam
and the Jemez River approached a stable condition more rapidly than the river downstream of the
Jemez confluence, and that the reach between the dam and Galisteo Creek may already have
completed adjustment to the closure of the dam. He also noted that by 1979 evidence of armoring

had progressed to locations as far downstream as Albuquerque.
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Figure 3-1 - Cochiti Study Reach, Rio Grande, NM showing locations of
USGS gaging stations.
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Sanchez and Baird (1997) documented changes in the channel of the Cochiti reach since
1918. They noted that a trend toward a narrower channel has been consistent during that time
period and has not accelerated since closure of Cochiti Dam. They also showed that the sinuosity

increased since construction of the dam, but has not reached the peak level of 1949.

Mosley and Boelman (1998, Draft) studied the geomorphology of the Santa Ana Reach, from
Angostura Diversion to the Highway 44 Bridge in Bemalillo. They concluded that the reach
moved from a braided to a meandering channel pattern with a high width/depth ratio, and gravel-

dominated, riffle/pool channel. Since construction of the dam. the width/depth ratio has

decreased.
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Figure 3-2 - Map of study reach with locations of tributaries.
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3.2 Database Development
Data collection began on the Rio Grande in 1889 with the establishment of the first gaging

station in the United States at Embudo by the U.S. Geological Survey (USGS). In 1895, the
Otowi station was established and provides the longest record of discharge and suspended
sediment data used in this study. The locations of these stations and others on the middle Rio

Grande are indicated in Figure 3-1.

The combination of severe flooding and sedimentation along with irrigation needs in the
middle Rio Grande valley in the early 1900°s prompted state and federal agencies including the
U.S. Army Corps of Engineers (the Corps), the U.S. Bureau of Reclamation (USBR), the USGS
and the Soil Conservation Service (SCS, now the Natural Resources Conservation Service, or
NRCS) to begin more intensive surveys of the river. Cross section surveys were collected
beginning in 1918, bed material sampling began in the 1930's, suspended sediment measurements
were initiated in the 1940's, and aerial photography or topographic surveys are available from
1918 to 1992. The net result of these data collection efforts is a comprehensive, although

somewhat confusing documentation of the Cochiti reach for almost 100 years.

Compilation of the Cochiti reach data into a consistent database began in 1997 by the author
and others at Colorado State University (CSU) under contract with the USBR Albuquerque
office. The end-result of the compilation efforts was a computer database (on CD-ROM. Leon et
al. 1999h) and seven volume report (Leon et al. 1999a, 1999b. 1999¢, 1999d, 1999e, 1999f.
1999¢g). The database consists of Microsoft-Excel spreadsheets containing cross-section
geometry data and plots, water discharge plots, suspended sediment discharge. concentration and
grain size data, and bed material grain size data. Conversion of the historic data, particularly the
pre-1970 data, into consistent useable formats proved to be a challenging task. Data collection
methods, frequencies and locations were not necessarily consistent between the different
agencies. Notes are included in the database indicating the sources, quality and editing required

for each data set.

Other studies have looked at the same data and their results are compared with those found in
this dissertation in later chapters. Lagasse (1980) utilized the USGS (Dewey et al. 1979) data
from 1970 to 1979 in his analysis of downstream channel changes following construction of
Cochiti Dam. Leon (1998) performed a comprehensive compilation and summarization of the

CSU database described above (Leon et al. 1999h) from 1970 to present.

Expanding on previous studies, this dissertation utilizes the data collected between 1918 and
1992. Some discussion of water and sediment data gathered after 1992 is included. Additionally,
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pre-1918 discharge records were used to increase understanding of channel processes before
1918. The CSU database (Leon et al. 199%9h) was supplemented by data from historic studies
such as Rittenhouse (1944), Nordin and Culbertson (1961) and Nordin and Beverage (1964). The
data used are described in detail in the sections below and Appendix A.

Aerial Photos
In addition to surveys and measurements, the middle Rio Grande has been photographed
occasionally from the air. Beginning with a topographic survey from 1918, aerial photos of the
river are available for 1935, 1949, 1962, 1972, 1985 and 1992. In 1997 USBR, Remote Sensing
and Geographic Information Group in Denver, CO digitized the aerial photos. identifying the
location of active channel, floodplain, and vegetated islands, as well as numerous other important

features. Appendix A, Table A-1 lists the aerial photos that were digitized by USBR and used in
the analyses presented herein.

The non-vegetated active channel was used as the delineation of the channel throughout this
study. The size of vegetation that begins to show up on the aerial photos is woody bushes that
give texture to the area (Jan Oliver, USBR, Remote Sensing and Geographic Information Group,
Denver, CO. 1998 pers. comm.). Winterbottom (2000) also used the "non-vegetated” channel for
channel boundary delineation. She suggested that it provided consistencv between photos with
different water levels. The non-vegetated channel was more representative of the channel that is

formed by the dominant or channel-forming discharge.

Discharge records
Stream gage data along the Cochiti reach were available from 1895 to 1997 at various USGS

gaging stations (Leon et al. 1999¢, 1999h). The water-discharge data were collected by the
USGS and recorded as daily mean discharge measurements. Dates of available data are
summarized in Appendix A, Table A-2. Locations of the gaging stations are indicated in Figure
3-1. The longest record pertinent to this reach is from the Otowi gage (1895-present). This gage,
located upstream from Cochiti reservoir, is used as a non-regulated reference discharge for the
post-dam period. No major tributaries enter the Rio Grande between the Otowi gage and Cochiti
reservoir. The Cochiti gage is located just downstream from Cochiti dam and began operation in
1927. Further downstream are the San Felipe gage, the Benalillo gage and the Albuquerque
gage. The two largest tributaries, Galisteo Creek and the Jemez River, are also gauged. The San
Felipe gage, on the main stem, is downstream from Galisteo Creek. The Bernalillo and

Albuquerque gages are located downstream from the confluence with the Jemez River.
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Cross Section Surveys
Three major sets of cross-section or range lines were established on the middle Rio Grande

beginning in 1936. The relative locations of the three different sets of range lines and their
locations within the reach are listed in a table in Appendix A, Table A-3. Since 1980, the USBR
established several sets of range lines targeting areas of special interest. The locations of these
lines are also listed in Appendix A, Table A-3, but are not used in the primary analyses in this
study. The cross-section survey data were included in the CSU database (Leon et al. 1999a,
1999b, 1999h) and were reviewed and revised by the USBR Albuquerque office.

In 1936 and 1937, a series of range lines was established by the Soil Conservation Service
(SCS) on the Cochiti reach that averaged 5 to 6 kilometers (3 to 4 miles) apart. Additional range
lines were added by the Corps in 1944 that reduced the spacing to about 1.5 kilometers (~1 mile)
apart. These lines are referred to as the SCS lines and are numbered from 860.4 to 885 and were
field surveyed at irregular intervals from 1936 to 1952 by the SCS and the Corps. The USBR,
Remote Sensing and Geographic Information Group, Denver, CO digitized the SCS range line

surveys. The dates of the available data are summarized in Appendix A, Table A-4.

From the aerial surveys beginning in 1962, a series of lines (cross sections) called the
aggradation/degradation (agg/deg) lines was established (Figure 3-3). The agg/deg lines are
located approximately 150 meters (500 feet) apart throughout the entire middle Rio Grande from
Velarde to Elephant Butte Reservoir, NM. The lengths of the agg/deg lines were determined by
the width of the river in 1962 when the cross sections were established. Agg/deg line number 17
is located just downstream from Cochiti dam and establishes the beginning of the Cochiti reach
analyzed in this study. Line 298 represents the conclusion of the Cochiti reach. The elevation of
the floodplain and non-inundated channel was estimated from the aerial photos by the USBR.
The mean channel bed elevation was also estimated by the USBR assuming a trapezoidal
channel, using the discharge at the time of the photo, water surface elevation and HEC-RAS
hydraulic modeling. Cross section plots were created from topographic data obtained from the

aerial photos. Agg/deg line surveys are available for 1962, 1972, and 1992.

A new set of range lines, called the Cochiti range lines or CO-lines (Figure 3-4), was
established by the USGS and first surveyed in 1970. Beginning in 1970, the USGS and later the
USBR surveyed these lines at irregular time intervals. There was an intensive flurry of surveys
between 1970 and 1975, just prior to and after construction of Cochiti dam (November 1973).
Surveying of the CO-lines by the USBR and their contractors has continued to the present, with

the most recent survey conducted for the TJSBR during the summer of 1998. The locations of
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these lines are indicated in Figure 3-4 and the dates of available cross-section survey data are

summarized in Appendix A, Table A-5. A digital version of these data was compiled by Leon
(1998) and was reviewed and revised by the USBR in 1999.

§ D Agg/deg 17

=

==

Cochiti Reach =

Rio Grande, New Mexico g
Agg/deg Lines §\

1992 Active Channel

Agg/deg 298
gg/deg ‘E

Figure 3-3 - Locations of agg/deg range lines.
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Figure 3-4 - Locations of COQ-lines.
Sediment Sampling

Bed material samples were collected during several of the cross-section surveys described in
the preceding section between 1970 and 1998 by the USGS, the USBR and their contractors
(Leon et al. 1999d, 199%h). The dates of the available bed material data are summarized in
Appendix A, Table A-6. The available information includes median bed material size and
particle size distributions. Additionally, bed material samples were taken at the USGS gaging
stations at irregular intervals between 1960 and 1992 (Leon et al. 1999d. 1999h). The locations

and dates of these samples are also shown in Table A-6. Data from Rittenhouse (1944), Nordin
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and Culbertson (1961) and Nordin and Beverage (1964) were also used when necessary to
supplement the CSU database.

Sampling of suspended sediment at the Otowi gaging station commenced in 1947.
Suspended sediment has been measured on the Rio Grande by the USGS at numerous gaging
stations for differing periods of time since 1947. Prior to 1947, the only continuous data available
are at the San Marcial gage located downstream from this study reach. Additional sporadic
suspended sediment data were collected by the USGS and retrieved from EPA’'s STORET
database. The periods of continuous record and dates for the sporadic data for the Cochiti reach
are shown in Appendix A, Table A-7 (Leon et al. 1999, 1999f, 1999g, 1999h).

The 1950’s and 60’s was a period of intensive data collection and study of the sediment
transport characteristics of the middle Rio Grande. Pemberton (1964) described the cooperative
study efforts by the USBR and the Corps. In addition, the USGS was active in analyzing and
studying the characteristics of the reach. A test reach was established at Bernalillo and results of
surveys, including cross section geometry, bed material and suspended sediment data, at
numerous cross sections were analyzed by Pemberton (1964), Nordin (1964). Nordin and
Beverage (1964 and 1965), Nordin and Culbertson (1961), and Culbertson and Dawdy (1964).
The suspended sediment data from these studies are used where possible to fill in the gaps in the

gaging record.

3.3 Definition of reaches and subreaches
In order to facilitate analysis of the Cochiti reach, the reach was divided into four smaller

reaches and 26 subreaches based on channel characteristics and the existence of natural or

manmade controls (Figure 3-5). The reach definitions and lengths are described in Table 3-1.

Table 3-1 - Reach definition and lengths

Valley ~Average
Reach - COLine Agg/deg . Thalweg
# Description #'s line #’s L(elzlmgt)h Length
(km)
1 Cochiti Dam - Galisteo Creek 2-8 17 -98 11.9 13.2
Galisteo Creek — Arroyo Tonque .
2 (San Felipe) 9-16 98 - 174 11.3 13.1
Arroyo Tonque - Angostura
3 Diversion Dam 17-23 174 -236 94 9.9
Angostura Diversion Dam -
4 Bernalillo (Hwy 44 Bridge) 24-30 236-313 9.7 10.6
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Figure 3-5 - Reach definition.

To better describe the spatial variability of the Cochiti section, reaches I, 2, 3 and 4 were
further subdivided into subreaches. The subreaches were identified using the GIS coverages of
the historic active channel, the 1992 aerial photos and the 1997 (1" = 2000’) aerial photos.
Criteria used were degree of braiding vs. meandering, width (magnitude and spatial and temporal
variation), confinement, tributaries. other manmade controls (e.g.. Angostura diversion dam), and
appearance of floodplain. For instance, a reach that had very variable width and multiple channels
in previous years would be separated from a section of consistent width that meanders in 1992.
The final result was a total of 26 subreaches as shown in Table 3-2. They vary in length from 0.9
to 3.7 km. The dividing line is the beginning of the next downstream subreach.
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Figure 3-6 - Reach ! - subreach delineation
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Figure 3-7 - Reach 2 - subreach delineation
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Figure 3-8 - Reach 3 - subreach delineation
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Figure 3-9 - Reach 4 - subreach delineation.
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Table 3-2 - Subreach division by agg/deg line. The centerline lengths shown
are measured from the approximate center of one agg/deg line to the
center of the next line.

Centerline
Start End Subreach

Reach # Subreach # Line Line Length

(km)

1 1.1 17 22 0.9
1.2 23 29 1.1
1.3 30 44 2.0
1.4 45 50 0.9
1.5 51 59 1.4
1.6 60 67 1.1
1.7 68 73 1.0
1.8 74 81 1.3
1.9 82 97 2.4
12.1

2 2.1 08 103 0.9
2.2 104 114 1.6
2.3 115 139 3.7
2.4 140 151 1.8
2.5 152 159 1.3
2.6 160 173 24
11.8

3 3.1 174 193 3.2
32 194 205 1.9
33 206 217 1.8
3.4 218 226 1.5
35 227 235 1.4
9.7

4 4.1 236 247 1.5
42 248 255 1.3
43 256 268 1.9
4.4 269 289 3.1
4.5 290 298 1.3
4.6 299 303 0.8
9.9
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34 Summary
An extensive database was developed. including water discharge, suspended sediment supply,

channel slope, bed material size, cross section surveys, and digitized GIS coverages of the active
channel from maps and aerial photos. The data were measured by different government agencies
(USGS, SCS, Corps, USBR) beginning in 1895 and continuing through 1998 (for this study).

The exact dates and source of all the data are presented in Appendix A.

Additionally, to aid in the study of the spatial variability of response of the study reach, the
Cochiti reach was subdivided into 4 reaches and 26 subreaches to facilitate quantification of

parameters and analysis of changes in these parameters.

The geomorphic analyses in this dissertation are based on channel changes between digitized
coverages of the active channel. Digitized coverages of the active channel are available for 1918,
1935. 1949, 1962. 1972, 1985 and 1992. As a result. the following time periods were analyzed:
1918-35, 1935-49, 1949-62, 1962-72, 1972-85 and 1985-92. Those analyses are presented in the

following chapters.
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CHAPTER 4
HISTORIC GEOMORPHIC ANALYSIS

COCHITI REACH - RIO GRANDE, NM

River channels respond to the inputs of flow energy (water and slope) and sediment supply,
as shown in Figure 2-1. The concept of input and response is utilized for the characterization
presented in the following chapter. The processes that shape the river system as well as the
resulting shape and form of the channel (see Figure 2-1) of the Cochiti reach. Rio Grande. NM
are quantified. The characterization is performed to understand changes that have occurred
spatially and temporally in the study reach. as well as to determine reach-averaged variables for
use in the stability analyses. The inputs to the channel in the form of water discharge, suspended
sediment concentration and channel slope were quantified. The vertical response of the channel
was measured by changes in the bed material and the bed elevation. Then. lateral changes in the
study reach are described by measurements of width and changes in channel pattern. Chapter 5

continues with more detailed quantification of changes in lateral mobility and stability.

The input and response variables were measured during the 1918 to 1992 time period.
Measurements were made to estimate historic trends in the input and response variables and to
identify representative values for use in the lateral stability analyses in Chapter 6. Representative
values were obtained for the vears corresponding to the digitized aerial surveys: 1918, 1935,
1949, 1962. 1972, 1985 and 1992. Each of the variables were also averaged over the reaches and

subreaches identified in Chapter 3.

4.1 Inputs

4.1.1 Water Discharge
Along with the sediment supply and the channel slope, the water discharge determines the

character and adjustments in the form of the river (See Figure 2-1). In addition to natural

variations in water discharge regimes, dams can have varying effects on the discharge regime in
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the river downstream from the dam. Some dams pass the natural hydrograph, only reducing the
peak discharges. Other dams may completely alter the natural flow regime for hydropower
generation (Williams and Wolman 1984). Understanding the changes that occurred in the
discharge regime of the Cochiti reach between 1918 and 1992 is necessary for a complete
understanding of natural changes in the hydraulic regime as well as the impacts of Cochiti Dam
on the downstream channel. Additionally, it is essential to summarize the historic discharge data
in order to estimate the channel-forming discharge acting on the channel during each time period
studied.

The study of the historic discharge record of the Cochiti reach is broken down into three main

goals:
1) Identification of temporal trends in historic mean daily discharge data,

2) Identification of the impacts of Cochiti dam on annual water discharge regime, if any,

and
3) Determination of channel-forming discharge for each time period analyzed.

The methods and results for each of these tasks are presented in the following sections.

Methods

Historic Analysis - Trends and Dam Impacts
Detection of trends in the discharge regime during the study period enhances our

understanding of the changes in the geomorphology of the Cochiti reach. The time periods
analyzed and representative gaging stations are shown in Table 4-1. The locations of the gages

are indicated in Figure 3-1.

Table 4-1 - Water discharge data used in historic trend analysis

Gaging Station Representation gee':::dd
Otowi Unregulated inflow 1896-1997
Otowi (1896-1926)  Regulated inflow to study
Cochiti (1927-1984) reach 1896-1996
Albuquerque Regulated outflow of study 1943-1997
reach
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The Otowi gage data were used to represent the unregulated conditions for the inflow to the
study reach. Data at the Cochiti gage were only available for the period 1927-1996, so the pre-
1927 Otowi data were combined with post-1927 Cochiti data to represent the regulated flow
regime at the inlet to the study reach. To justify the use of the Otowi gage data for the pre-1927
time period, the Cochiti gage data were plotted against the Otowi gage data for 1930-1970 and a
regression line was fit (Figure 4-1). All of the data were within 10% on average of a 1:1 line
representing perfect agreement. The least square fit line has a slope of 0.99 with an r-squared of
0.99. The higher values (>15,000 cfs or 425 m*/sec) at Cochiti are consistently underestimated
by the Otowi data. however the difference is less than 10%. Based on the results of this analysis
the Otowi discharge data were used to represent the Cochiti discharge for the pre-1927 time

period.

25,000 [1:1"Agreement Line|

20,000 -+

15,000 +

| Least-square line:
‘Qegene = 0.9857 Qo
R®=09911 |

10,000 +

5,000 +

Cochiti mean dally discharge (cfs)

- s.doo 10.600 15.000 20,000 25,000
Otowi gage mean daily discharge (cfs)

Figure 4-1 - Comparison of daily mean discharge measured at the Otowi
and Cochiti gages (1927 to 1996).

The Albuquerque gage is located about 30 km downstream from the Bernalillo bridge. The
Bermnalillo gage is closer to the outlet of the study reach, but the period of record at Bernalillo is
shorter. A comparison between the available Bernalillo gage record (1943-69) and the
Albuquerque record revealed little difference in daily mean discharge between these two gages.
No major tributaries enter the Rio Grande between the end of the study reach and the
Albuquerque gage. As a result, the Albuquerque gage data were substituted for the years where

Bemalillo data were unavailable.

57

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Five analyses were performed to identify temporal variations in the historic discharge record

and to quantify the impacts of the dam on the discharge regime:

1) Plots of daily mean discharge and peak annual discharge were created for the Otowi.
Cochiti, and Bemalillo/Albuquerque gages (Leon et al. 1999¢). Qualitative conclusions
regarding the seasonal pattern of the water discharge regime and changes in the peak

flows were drawn based on visual inspection of the plots.

2) Using USGS gaging station data from the Otowi, Cochiti and Albuquerque gages the
following statistics were measured: average monthly flows, annual minimum, annual
maximum, duration of high pulse, average rate of rise and fall of high pulse. Least
square lines were fit to a plot of each statistic with time and an F-test was performed to
determine if the slope of the line was significantly (@ = 0.05) different from zero (Richter
et al. 1996; The Nature Conservancy 1997). This analysis was performed with the data
arranged by water year (October 1 through September 30) and utilized the Indicators of

Hydrologic Alteration (IHA) methodology (Richter et al. 1996; The Nature Conservancy
1997).

3) Single mass curves of total annual water yield were developed for the Otowi. Cochiti and
Albuquerque gages using the annual discharge measured in acre-feet per vear. Break
points in the curves were identified and the average slopes were computed for the
intervening time periods. Additionally, single mass curves were developed for the peak
discharge to determine where significant shifts in annual peak flows occurred. Based on
preliminary qualitative analyses of time series plots of annual peak discharges using the
combined Otowi and Cochiti gage records, peak discharges began to decline during the
early part of the 1900’s prior to construction of Cochiti dam. The single mass curves

were used to identify more specifically when this shift in discharge regime occurred.

4) The Indicators of Hydrologic Alteration (IHA) methods, as proposed by Richter et al
(1996), were employed to quantify the impacts of Cochiti Dam on the discharge regime
of the study reach. The IHA methods, which included computation of 32 parameters of
both the pre and post-dam flow regime, were applied to the Otowi, Otowi/Cochiti
combined and Albuquerque gage data as shown in Table 4-1. The IHA methods were
designed to evaluate changes in flow regime using pre-impact and post-impact daily
average flows. The resulting 32 parameters statistically characterize monthly water
conditions, magnitude and duration of annual extreme water conditions, timing of annual

extremes, frequency and duration of high and low pulses, and rate and frequency of water
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condition changes. The parameters that are of interest from geomorphic and ecological
perspectives for the Cochiti reach are the monthly flow conditions, the annual minimum
and maximum discharge, the rates of rise and fall, and the duration of the flood peak.
The difference between the pre and post-dam means and coefficients of deviation of
those parameters were calculated. Differences of greater than 50% were considered to be

significant.

5) The mean annual flood (MAF) was computed for the pre-dam (1895-1973) and post-dam
(1974-1996) time periods using the combined Otowi/Cochiti gage records. Additionally,
based on study of the time series plots and the single-mass curves described above, the
MAF’s were computed for the pre-1942 and post-1942 time periods and also compared.
The MAF’s and the medians of the annual flood data for the different time periods were
compared using parametric and non-parametric statistical tests to accommodate for
potential non-normality in the data. T-tests were performed to test the null hypothesis
that the means were the same. A significant result (p<0.05) suggests that the null
hypothesis can be rejected and that the means are significantly different. The non-
parametric tests do not presume that the underlying distributions are normal. The non-
parametric tests applied were the Wilcoxon Signed Rank test for confidence intervals on

the median of the samples for each time period, and the Mann-Whitney test.

Channel-forming Discharge
Although channel form and response of the channel are likely the result of a range of flows

and the temporal sequence of flow events (Bledsoe 1999), representation the "channel-forming”
flow regime by a single discharge is helpful (Knighton 1998). In order to determine a correlation
between the stability of the Rio Grande and the discharge. estimating a single channel-forming
discharge is useful. Methods of estimation include using the bankfull discharge (Williams 1978;
Knighton 1998; Andrews 1980), the 2-year frequency flow (Dubler 1997), mean annual flood
(Schumm 1969), and the effective discharge, defined as the frequency discharge that carries the
most sediment (Wolman and Miller 1960; Andrews 1980; Nash 1994). Thorne et al. (1993)
showed that for the braided Brahmaputra River, the dominant discharge was actually less than
bankfull, but that inundation of the channel bars is necessary. Similar results have been shown
for the Lower Mississippi River (Knighton 1998).

Estimating the channel-forming discharge for the Cochiti reach is not a clear and easy task.
Often, the two-year discharge is considered to be equivalent to bankfull, and is used as the
channel-forming discharge. The bankfull discharge of the Rio Grande, Cochiti reach has changed
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since construction of the dam. At many locations along this reach, the river has incised so that
releases from the dam no longer reach the tops of the banks. The potential difference between 2-
year frequency discharge, bankfull flow, and effective discharge suggests that more than one
method be employed to estimate the channel-forming discharge for the Cochiti reach for the study

periods.

The stability analyses presented in Chapters 5 and 6 require a single discharge as an input
parameter. As a result, an estimate of channel-forming discharge for each reach and each study
period is required. Three different methods of estimating the dominant discharge were compared

in this study:

1) 2-year frequency discharge - The 2-year discharge or the annual peak flow with a

probability of occurrence of 0.5 was estimated from empirical cumulative distribution
functions (CDF's) and from Log Pearson III and Log Normal I distributions. The
distributions were developed for the combined Otowi/Cochiti discharge record. The 2-
year discharge was also estimated based on empirical distributions for the pre-dam (1895-
1973) and post-dam (1974-1997) periods separately. Additionally, 1942 was used as an
estimate of the date of the shift in the discharge regime. The 2-year flow was estimated
for 1895-1942, 1943-1972, and 1973-1997 separately.

2) Effective discharge - The effective discharge or discharge that moves the most sediment
was also computed using a total sediment load rating curve and the frequency distribution
of daily mean discharge data (Wolman and Miller 1960: Andrews 1980: Nash 1994). A
probability distribution function of the post-dam discharge was created empirically using
the USGS bin method (Dubler 1997) from mean daily discharges at the Cochiti gage
(1974 to 1997). A sediment rating curve was computed using total sediment load
estimates from the Bernalillo Island range lines (1992-1996) (Leon et al. 1999h). The
product of the total sediment load and the frequency of occurrence is called the transport
effectiveness (Nash 1994) and was computed for incremental discharges. The peak of the
transport effectiveness curve corresponds to the effective discharge, which over time will

transport the most sediment or do the most work in the channel.

3) Peak flow for each study period or S-year period prior to survey date - Knighton (1998)
suggested that it is the high magnitude. low frequency floods that may control the
channel form in arid-zone rivers where the flow regime is very variable. With thisasa

guideline, the peak mean daily discharge for each time period was selected for use in the
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lateral movement studies. For the hydraulic geometry equations, the peak discharge from

the 5 years prior to the survey was used.

Results

Historic Analysis - Trends and Dam Impacts
Visual inspection of the time series plots of mean daily discharge (Leon et al. 1999c¢) revealed

that the seasonal variation of the hydrograph characterized by an annual spring snowmelt peak
and late-summer thunderstorm peaks has remained consistent since 1895. Spring snowmelt peaks
are evident for most years with smaller peaks occurring during the late summer from monsoonal
thunderstorms. However, the magnitude of the peaks declined with time since 1895. The time
series of annual peak flows at the Otowi and Cochiti gages combined are presented in Figure 4-2.
After 1942, the peak discharge does not exceed 340 m/s (12,000 cfs). The minimum values of
peak flows also decrease with time. Prior to 1934, there was no peak flow less than 126 m'/s

(4,440 cfs), but between 1934 and 1996 there are ten years in which the peak flow was less than
57 m¥/s (2,000 cfs).

El Vado Dam on the Rio Chama was completed in 1935 and served to reduce flood peaks and
increase duration of lower flows on the Rio Grande (Crawford et al. 1993, p. 18). Between the
mid-1920’s and 1950, water diversion in the middle valley and upstream in the Rio Grande basin
increased. The combination of decreased flows and confinement by levees exacerbated

aggradation by confining aggradation to a smaller area (Crawford et al. 1993, p. 21).

An F-test was employed to test if the slope of the least-square regression line was different (ot
= 0.05) from zero. Trend analysis of the different gaging station data revealed significant
decreases in annual maximum discharge for the combined Otowi-Cochiti data set (1895-1997,
p<0.001) and the Otowi data (1895-1997, p<0.02). There was no significant trend (p>0.05.
suggesting that the slope was not significantly different from zero) in the Albuquerque gage data
(1942-1997) for annual maximum flow. The duration of the annual high flows increased
significantly (p<0.005) for all gages. The number of low flows and the length of low flow
periods both decreased for all gages. The magnitude of low flows increased. The trends in
monthly average flows varied between the gages highlighting the spatial variability in the reach

resulting from localized storms, tributary inputs and diversions.
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The cumulative discharge plot (Figure 4-3) of the Cochiti gage shows a drier period from
about 1942 through about 1978. The high flow years of 1941-42 and 1979 are evident on the
plot. On average, the total discharge has been higher since 1979 than it was prior to 1942. The
San Juan-Chama project was completed in 1971 and imports up to 85 million cubic meters
(69,100 ac-ft) of San Juan River water from the Colorado River Basin to the middle Rio Grande.
This additional water has increased daily mean flows (Crawford et al. 1993). The cumulative
discharge plot for the Otowi gage is presented in Figure 4-4 and illustrates the shift in the
discharge regime in 1942 mentioned above.
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Figure 4-3 - Cumulative discharge for Cochiti Gage (1927-1996) (lac-ft =
1,233 m’)
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Figure 4-4 - Cumulative discharge for Otowi gage (1895-1996). (lac-ft =
1,233 m’)

The results of application of the IHA methodology (Richter et al. 1996) to the Cochiti Reach
gage data are presented in Appendix B. Tables B-3. B-4 and B-5. The most significant results
(highest % deviation between pre and post-dam periods) are presented in Table 4-2. The one-day
maximum (annual flood) decreased at all of the gages. with the greatest decrease being just
downstream of the dam at the Cochiti gage. The duration of the high pulse increased at all gages

as well as the mean annual flow.

Mean annual flood (MAF) data for the different time periods are presented in Table 4-3. The
MAF for the period of 1895-1942 is statistically different from the subsequent period, 1943-1996,
(p=0.000033 for a two-tailed t-test) at a 99% confidence level. However, the mean annual flood
for the 1943-1973 time period is not statistically different (p>0.05) from that of 1974-1996 at a

95% confidence level using a two-tailed t-test.
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Table 4-2 - Impacts of Cochiti dam on the water discharge regime of the
Cochiti reach.

Average % Change between

pre-dam (pre-1973) and Mean (':;;1::)1 Flow
post-dam (post-1973) periods S
Mean High
Gaging Station M I-day 4 imual  Pulse Pre- Post-
aximum . dam dam
Flow  duration
Otowi (non-impacted) ) “ )
(1895 - 1996) 15% 16% 124% 41 48
Otowi/Cochiti
- 2
(1895 - 1996) 38% 3% 60% 41 42
Albuguerque 4% 51%  131% 28 42
(1943 To 1997) ' - -
Table 4-3 - Mean annual flood data for different time periods. Data from
1895 through 1926 are from the Otowi gaging station. Data from 1927
though 1996 are from the Cochiti gaging station.
Time Description of Mean Annual Two-year
Period Time Period Flood (m’/s)  Discharge
(m*/s)

1895 - 1996 Entire Period of Record 202 177

1895 - 1942 Early Higher Flow Period 284 232

1943 - 1973 Low flow Pre-dam Period 142 118

1974 - 1996 Post-dam 136 145

1895 - 1942 Early Higher Flow Period 284 232

1943 - 1996 Post 1942 Lower Flows 139 130

1895 - 1973 Entire Pre-dam Period 223 200

1974 - 1996 Post-dam 136 145

The results of a Wilcoxon Signed Rank test for confidence intervals on the medians of the
samples are presented in Table 4-4. This is a non-parametric method that does not presume that
the underlying distribution is normal and tests the null hypothesis that the medians are equal. A
significant result suggests that the null hypothesis can be rejected, indicating that the medians of
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the two sample data sets are not equivalent. The results show that the median peak discharge
from 1895 to 1942 is significantly different (p<0.05) from the median peak discharge from 1943
to 1996. Use of the Mann-Whitney test to determine whether the medians of the samples were

different also revealed that the medians of the samples were different at a 95% confidence level.

Table 4-4 - Results of a Wilcoxon Signed Rank test for confidence intervals
on the median of the Cochiti peak flow data.

Median Peak
Discharge (m¥s) 95% Confidence Interval
1895-1942 276 219 327
1943-1996 135 113 160

The results of the statistical tests on MAF described above show that the peak flows between
1943 and 1973 (pre-dam) are not statistically different from those between 1974 and 1996 (post-
dam). Cochiti dam is operated so that the maximum released discharge is 142 to 170 m’/s. Asa
result, operation of the dam only affects flood peaks in excess of 142 m*/s. This impact can be
seen in Figure 4-5, which overlays the peak flows at the Otowi and Cochiti gages from 1974 to
1996. Additionally, attenuation of the flood wave increases the duration of the annual peak as
can be seen in the hydrograph for 1979, an exceptionally high flow year (Figure 4-6).
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Dominant Discharge
The two-year frequency discharges resulting from the empirical CDF using Cunnane’s

plotting position formula (Salas et al. 1998) are presented in Table 4-5. The results are compared
with those from a study performed by Bullard and Lane (1993) that estimated the regulated and
unregulated 2-year discharge for the Rio Grande at various stations. Bullard and Lane (1993)
calculate the unregulated flows to show what the flow would have been like if El Vado, Abiquiu
and Cochiti Dams had not been constructed. As a result, their unregulated (pre-dam) 2-year
discharge is higher than that computed from gaging station data for Otowi and Cochiti.

Table 4-5 - Two-year frequency discharge (m"/sec) from empirical

cumulative distribution functions fit using Cunnane’s plotting position
formula for Otowi-Cochiti data from 1895 to 1996.

Time Period Q 2-vear Q 2.year Cochiti Q 2.yexr
(Bullard & Lane | San Felipe
1993) (Bullard & Lane
1993)
1895 -1973 199 262 | 316
1974 - 1996 145 111 160
1895 - 1996 177

The effective discharge was determined from the total sediment load rating curve and the
flood frequency curve (Wolman and Miller 1960). The total sediment load rating curve
developed from the Bernalillo [sland total-load data from 1992 to 1996 is shown in Figure 4-7.
The total sediment load was estimated by USBR using the Modified Einstein Procedure. The
estimates were reported in the CSU database on the Cochiti reach (Leon et al. 199%h). The
probability distribution function or frequency distribution for daily-mean discharge data from the

Cochiti gage is presented in Figure 4-8.

The transport effectiveness is the product of the total sediment load and the daily discharge
frequency and is plotted in Figure 4-9. The transport effectiveness reaches a maximum at an
effective discharge of about 153 m*/sec (5,400 cfs). The effective discharge is equaled or
exceeded ~10% of the time according to the flow duration curve for daily data at Cochiti (1974-
1997) (Figure 4-8).
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Figure 4-8 - Probability distribution function of daily mean discharge data
(1 cfs = 0.0283 m*/sec) from Rio Grande at Cochiti (1974-1997)
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Prior to construction of the dam, the river was transport limited. The bed was aggrading and
there was an ample supply of sediment (Graf 1994). As a result, use of the peak discharges for
the channel-forming discharge makes sense because the higher the discharge. the more sediment
transported. Post-dam, the river became supply limited. Comparison of the effective discharge
computed from the total load rating curve and the daily flow frequency shows that for 1992 the
effective discharge is approximately equal to the 5-year peak daily mean discharge. Based on
these two arguments as well as Knighton’s (1998) suggestion that it is the high magnitude and
low frequency events that shape the channel in arid regions. the 5-year peak daily mean discharge

was selected as the representative channel-forming discharge (Table 4-6).
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Table 4-6 - Summary of dominant discharge calculations.

S-year Peak Daily Mean Discharge
(m*/sec)
Reach 1 Reach 2 Reach 3 Reach 4
1918 487 487 487 487
1935 382 382 374 374
1949 328 328 331 376
1962 300 300 286 334
1972 145 145 143 183
1985 235 235 229 245
1992 158 158 165 167

4.2 Sediment Supply

Methods

As shown in Figure 2-1, the sediment supply is one of the inputs that influences the changing
response of the channel. Unfortunately, sediment supply is difficult to measure. and as a result,
the available data are limited. Additionally, it is primarily the bedload that influences the
adjustment of the channel, but it is usually the suspended load that is measured. Graf (1994)
suggested that estimating the bedload as a ratio of the suspended load on the Rio Grande, given
the amount of published research on the river, should produce an error of less than 50%.
Additionally. Woodson and Martin (1962) proposed that the suspended sediment load of the Rio
Grande is indicative of the total load of the river because of the high turbulence of the river. They
show that the percentage of bed material (sand-sized) in suspension varies with discharge. Based
on these arguments and the lack of bedload data. the suspended load measurements are used in

the following analyses.

The time periods analyzed are shown in Table 4-7. The Otowi gage data were used to
represent the unregulated conditions for the inflow to the study reach. Data at the Cochiti gage
are only available for the post-dam period. so the pre-dam Otowi data were combined with post-
dam Cochiti to represent the sediment concentration flowing into the study reach. The Bernalillo
gage was moved in 1969 to a location 30 ki downstream from the Highway 44 Bridge and re-
named to be the Albuquerque gage. The records for these two gages are combined and represent
the sediment concentration at the outlet of the Cochiti reach. No major tributaries enter the Rio

Grande between the Bernalillo and Albuquerque gages.
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Table 4-7 - Sediment records analyzed.

Gaging Station Representation  Period of Record

Otowi Unregulated 1956-1994
condition

Otowi (1956-1973) -

Cochiti (1974-1984) Input to reach 1956-1984 -

Bemalillo (1936-1969) o310 of reach 1956-1995

Albuquerque (1969-1995)

The analyses of the sediment supply record have similar objectives to those of the water

discharge analysis:

1) Identify historic trends - Time series plots of suspended sediment concentration and
discharge were plotted for the Otowi. Cochiti. Bernalillo. and Albuquerque gaging
stations (Leon et al. 1999e. 1999f). Also, the mean annual sediment concentration and
annual maximum were compared for pre and post dam conditions at the Otowi, Cochiti
and Bernalillo gages. A cumulative mass curve of the annual suspended sediment yield
was also created for Otowi. Bernalillo and Albuquerque gages to identify changes in the

sediment yield.

2) Identify dam impacts - Investigation of the impact of the dam was performed with the
daily mean suspended sediment concentration data arranged by water year (October 1
through September 30) and utilized the Indicators of Hydrologic Alteration (IHA)
methodology (Richter et al. 1996). Although this methodology was not developed for
use on sediment data, the statistical analyses can be performed on any daily time series of
data. Some of the parameters computed using the [HA methodology are not of interest
when applied to sediment data, such as rate of rise or fall. However. comparison of the
annual extreme values and monthly average values between the pre and post-dam periods
using the [HA methodology provides quantification of the dam impacts on sediment

supply.

3) Estimate the historic suspended sediment balance of the reach - The total annual sediment
input and output for the Cochiti reach was estimated. The sediment load (tons/day)
measured at each gaging station (Leon et al. 1999f) was summed for the entire year. The
input is defined as the annual sediment yield at either Otowi (1956-1973) or Cochiti
(1974-1987) combined with the Jemez River and Galisteo Creek. The output is the
sediment yield at either Bernalillo (1956-69) or Albuquerque (1969-1995). Comparison
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of the input and output shows the amount of sediment stored or lost in the reach. an
estimate of the annual volume of aggradation/degradation in the reach, and a measure of
the level of sediment transport equilibrium. Annual suspended sediment yield was
calculated for each year for which continuous sediment discharge data were available. Of
the three major tributaries to the Cochiti reach, only one, Galisteo Creek. has
continuously recorded data for more than three years. This [imited the ability to draw
conclusions regarding sediment storage and losses or the sediment budget of the reach.
For the pre-dam period, the input consisted of the Otowi gage plus Galisteo and Jemez
data. For the post-dam period, the input consists of the Cochiti gage data plus Galisteo
data. The output was represented by the Bemalillo and Albuquerque gages for the pre

and post dam periods, respectively.

4) Determine representative values of suspended sediment concentration for each study

period and reach - To determine representative values of sediment concentration for the
survey periods, double mass curves were created by plotting the cumulative suspended
sediment discharge with the cumulative water discharge for each gaging station.
Changes in the slope of the double mass curves indicate changes in the sediment
concentration of the flow. Breaks in the curves were identified and the slopes calculated
for each segment. The slopes were then converted from units of ton/ac-ft to mg/L. This
represents an average sediment concentration for the period. Where obvious break-points
in the double mass curves did not fall on the years for which aerial photos are available,
the suspended sediment concentration was estimated by computing the slope for each

year during the time period and averaging those slopes.

The Otowi (pre-dam) and Cochiti (post-dam) gage data were used for reach 1.
The Bernalillo-Albuquerque gage data were used for reach 4. Cumulative data were also
calculated using Otowi and Cochiti data plus Galisteo Creek to estimate the concentration
for reach 2. Combining the Galisteo at Domingo gage (1956-1970) data with Galisteo
below Galisteo dam data (1970-78) created a complete record for Galisteo Creek for
1956-78. Galisteo Dam was constructed in 1970. Data from the San Felipe gage were
averaged to estimate the concentration for reach 3 from 1972-92 as well as for reach 2 for
1985-92. The San Felipe concentration data were sporadic data obtained from the EPA’s
STORET database. The representative concentration for reach 3 for 1949-62 was
obtained by averaging the concentrations from reach 2 and reach 4 for that time period. It

would be expected that reach 3 would have a higher concentration than reach 2, but lower
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than reach 4 because of the presence of Arroyo Tonque at the upstream end and the

Jemez River at the downstream end.

The biggest gap in the data set was between 1918 and 1935. No suspended
sediment records were available for this portion of the Rio Grande for that time period.
The nearest records were at San Marcial, located downstream of the confluence with the
Rio Puerco, a very large sediment contributor to the middle Rio Grande. As a result,
rating curves were created from the Otowi and Bernalillo-Albuquerque pre-dam gage
data. The annual water discharge was plotted against the annual sediment yield for the
available pre-dam years. The available Otowi and the Bernalillo-Albuquerque data both
spanned from 1956 to 1972. Power-law lines were fit to the data and produced r-square
values of 0.8 for both data sets. The resulting equations were used to estimate the annual

sediment yield for the pre-record years using the measured water discharges.

Results
The average annual sediment concentrations for Otowi. Bernalillo, Cochiti and Albuquerque

are plotted in Figure 4-10 for 1956-95. Otowi and Cochiti represent the inflowing sediment
concentration to the reach, and Bernalillo and Albuquerque represent the outflowing sediment
concentration. The post-dam concentration at Albuquerque is up to two orders of magnitude
higher than that at Cochiti. indicating that the tributaries, and/or the channel bed and banks were
contributing to the sediment concentration at Albuquerque. The annual average suspended
sediment concentration at Cochiti was less than 100 mg/L for 1975-83, and the concentration

increased to over 500 mg/L at the Albuquerque gage.

Historically, Galisteo Creek. the largest tributary between Otowi and Belen, contributed
heavy sediment loads to the Rio Grande (Nordin and Beverage 1965) prior to construction of
Galisteo Dam in 1970. Since dam construction, Galisteo Creek has continued to be a source of
fine sands, silts and clays. The bed material of Galisteo Creek is reddish brown, and when
Galisteo Creek is flowing, the Rio Grande flows reddish brown downstream from the confluence

with Galisteo (Drew Baird, USBR Albuquerque, NM, pers. comm.11/13/97).

The Jemez River was dammed in October 1953 and according to Nordin and Beverage
(1965) since then did not contribute appreciably to the sediment in the reach downstream.
Williams and Wolman (1984) report that channel bed of the Jemez River. 1.3 kilometers
downstream from the Jemez River Dam, degraded 2.3 meters between 1953 and 1958. Therefore,

some sediment in the Rio Grande during this period was from the bed of the Jemez River. Also,
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2.4 kilometers downstream from Jemez River Dam, a total of 2 meters of degradation was evident
20 years after closure, although there was evidence of aggradation from 10 to 20 years after dam
closure (Williams and Wolman 1984).
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Figure 4-10 - Annual average suspended sediment concentration Rio
Grande at Cochiti and Albuquerque (1975-1987).

Figure 4-11 is a plot of the cumulative annual suspended sediment yield at the Otowi.
Bemalillo and Albuquerque gages. The slope of the Albuquerque line decreases following
closure of Cochiti dam in 1973. Both gages show higher sediment loads from 1956 to 1958.
Interestingly, there is a decline in the sediment load at the Otowi gage (upstream from Cochiti
dam) around 1973. Graf (1994) and Norman (1968) also note a downward trend in the sediment
supply at the Otowi gage following 1958, which was the highest year on record.

Figure 4-12 is a plot of the cumulative annual sediment and water data combined.
Breakpoints were identified and the slope of the line represents the average suspended sediment
concentration during ensuing time periods. The decline in sediment concentration at the
Albuquerque gage following completion of Cochiti dam in 1973 is evident. A decline in the
concentration at the Otowi gage, located upstream of Cochiti Dam, is also evident at the same
time period. Norman (1968) also noted a decline in the sediment concentration at the Otowi and

Bemalillo gages following 1958 and suggested that a change in the basin climate froma
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the basin climate from a relatively dry period to a relatively wet period was the reason for the
decline in sediment concentration. He also found no significant impacts on sediment supply in

the Rio Grande from the construction of Abiquiu Dam and the Jemez River Dam.
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Figure 4-11 - Cumulative mass curve of annual suspended sediment yield.
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Figure 4-12 - Double-mass curve of annual water and sediment discharge at the Otowi, Cochiti and Alhuquerque gages,

Annual Water Discharge (ac-ft/year x 10"6)

The slope of the curve indicates the average suspended sediment concentration for the time period.



Impacts of Cochiti Dam on the suspended sediment supply to the reach are also evident based
on the IHA analysis of daily average suspended sediment concentration records from the Otowi,
Cochiti, Bernalillo and Albuquerque gage records. A comparison of the pre-dam (until
November 1973) with post-dam (after November 1973) conditions is presented in Table 4-8. The
results for each gage are presented in Appendix B, Tables B-6, B-7 and B-8. The greatest
impacts of the dam are seen at the Cochiti gage located directly downstream from the dam, where
the sediment concentration decreased as much as 99%. Prior to construction of the dam, the
suspended sediment concentration at Bernalillo was typically about 2 times greater than the
concentration at Otowi. Following construction of the dam, the average concentration at
Bernalillo was less than that at Otowi. It is interesting that the annual mean suspended sediment

concentration at the Otowi gage decreased by 44% from the pre to post dam period.

Table 4-8 - Impacts of Cochiti dam on the suspended sediment

concentration.
Gaging Station Average % Change ‘\'éi:nc ;‘:::;::e(‘:;;';t
I-day Annual Mean Pre-dam Post-dam
Maximum ’
Otowi 27% -44% 1,460 819
Otowi/Cochiti -99% -96% 1.455 64
Bernalillo/Albuquerque -73% -78% 2,823 622

Figure 4-13 is a time series of sediment yield for the available inputs and outputs of the
Cochiti reach. From 1963 through 1966, there was net storage or aggradation in the Cochiti reach.
For all other years, both pre and post dam, it appears that the outflow of sediment exceeded the
input. For the pre-dam years, the difference is small enough that unmeasured tributary inputs
could make the inputs exceed the outputs. For the post-dam period, it is unlikely that even the
addition of the unmeasured tributary inputs would cause the input to exceed the output. This
leads to the conclusion that the bed and banks were the source of the higher sediment yield at the
Albuquerque gaging station indicating degradation and bank erosion in the Cochiti reach. The
annual sediment yield at Albuquerque maintained a low value from 1986 through 1993 and then
increased significantly in 1994 for unknown reasons. Graf (1994) performed a sediment budget
including estimates of bedload. He found that storage dominated the system from the late 1950's

through the late 1960's and again in the late 1970's. Losses dominated in the late 1940's and early
1970's.
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Figure 4-13 - Annual suspended sediment yield — Rio Grande, Cochiti reach

Representative values of sediment concentration for each of the study periods and reaches
were obtained from the double-mass curves shown in Figure 4-12 and other double mass curves
that included tributary inputs. The resulting values for the different study periods and reaches are
presented in Table 4-9 as well as Appendix B, Table B-1.

Table 4-9 - Representative suspended sediment values (mg/L)

Reach# 1918-1935 1935-1949 1949-1962 1962-1972 1972-1985 1985-1992

1 2218 2,195 2,449 1,871 33 33
2 2,218 2,195 3,010 2,640 346 182
3 3,050 3,042 3,603 3,701 504 182
4 3,882 3,888 4.196 3,701 1.229 175
4.3 Slope

Methods

Ideaily the water surface slope at bankfull flow should be measured and used in the lateral
stability and movement analyses (Nanson and Hickin 1986; Nanson and Hickin 1984; Schumm et
al. 1984; Burnett and Schumm 1983). Often water surface elevations are not readily available

and valley slope measured from topographic surveys and maps is substituted (Nanson and Hickin
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1986; Nanson and Hickin 1984). The sporadic nature of the data used in this study complicates
the slope measurements. To maintain consistency between the different survey years, the channel
bed elevation was plotted against distance downstream measured between agg/deg lines. This
distance is not quite a valley length, and it does not follow the thalweg. It is the same for every
year. so it does not include changes in sinuosity. A linear regression was fit to the available data
for each reach for each survey year. The slopes of the regression line were computed for each
reach for each year. The survey data for the year closest to the aerial survey dates were used
when the years did not match exactly (1935, 1949 and 1985). Different slopes for the subreaches

were not computed.

The data used are from the 1918 topographic survey, profiles from 1918, 1936 and 1944
(USBR 1951), 1952-72 agg/deg studies and reports (USBR 1967 and 1972), and 1970-1992 CO-

line surveys.

Resuits
The time series plots of the channel slopes measured using the bed elevation of the reaches

(Figure 4-14) show that Reach | has consistently been the steepest of the reaches. Additionally,
Reach 4 on average is the mildest. None of the reaches exhibit significant changes resuiting

from the completion of Cochiti dam.

Nordin and Culbertson (1961) suggested that upstream of San Felipe the Rio Grande was
dominated by pool-riffle sequences that result in highly variable water surface slopes. They -
noted that the pool-riffle sequences are flooded out at high discharges. Downstream of a slope
break that occurs approximately at San Felipe, the water surface slope became more constant as

the channel became more of a sand-bed channel.
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Figure 4-14 - Time series of slope for reach 1 through 4 of the Cochiti study
reach.

4.4 Vertical Response
The vertical response of the study reach was measured by changes in bed material size and

bed elevation. The methods and results for the vertical response are presented below.

4.4.1 Bed material

Methods

In analyzing the bed matenal, once again it is desired to characterize the spatial and temporal
trends and to determine representative values for each subreach for each survey period. The
spatial distribution of the bed material sampling is comprehensive enough to allow for variation
in values between the subreaches for the more recent surveys. Bed material data prior to 1970 are
more limited. As a result, the available data are used to represent the early river channel (1918 to
1949) based on the assumption that the material making up the bed did not change significantly
from 1918 to the 1940°s. The earliest available data were published by Rittenhouse (1944) and
include samples taken in 1937. Other surveys from the 1940’s through 1960’s include Nordin
and Beverage (1965), Nordin (1964), and Culbertson and Dawdy (1964). Fortunately, all of the
samples and descriptions of the bed material prior to construction of Cochiti Dam demonstrate
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that the size distribution of the material did not change with time prior to construction of the dam.

The median-grain sizes were consistently find to medium sand for all data from the pre-1960's

surveys.

From 1972 to 1992, the USGS and USBR sampled the channel bed more frequently. These

data were compiled by Leon et al. (1999d) from the original sources. The median grain size data
for all available samples (See Appendix A, Table A-6) during each time period for each subreach

were averaged. A matrix showing the data applied for the different subreaches and years is

shown in Table 4-10

Table 4-10 - Sources of bed material data

%" 1918 | 1935 | 1949 | 1962 | 1972 | 1985 | 1982
1.1 Average
1.2 Average
1.3 1979, 1980
1.4 and 1982 CO|_1992 CO
1.5 line data Average
1.6 1961 Cochiti (averaged
o gage average where
::g ‘ﬁ%%‘?iiﬁf ~fom | | possible) [1992COline
—1gl 1962 data | Nordin& s data
. Beverage | ¢ fromthe
2.1 (1965) mcaln of all(ll
amples taken|
§§ Rittewn:o’{xsl)ea(tzll;?)n. for rsduring 1972| Nov. 1985 Feb 1992 SD
24| Above Sama Fe, San atdCO-.hnesd SD Line data| line data
Z5taie s e, o s G0t g
2.6 fom particle size by CO-line. | 1989 San | 1992 CO
3.1 distribution plots. 1961 San Felipe line 1992 BI
3.2 Felipe gage data Average
33 data - .ﬁ'om .
3 1952 Section Nordin & 1979-82 CO [1992 CO line
- A-2 and F Beverage line

3. (1965)

data Average
4.1 (Bemnalillo) 1962 Average | 1990 Santa
4. from Nordin Bernalillo 1972 CO line IAna (T A) lined
4.3 (1964) |[82€¢ g‘;j;age data 1992 CO line
4. Nordin & :
4. Beverage | Average 199%3; line ™ 1962 BI
4. (1965) Average

NOTE: “Average” means that either a spatial or temporal average was used to fill in missing

data. BI = Bernalillo Island lines.
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Results
Prior to construction of Cochiti dam, the size of the bed material did not change significantly

with ime. Rittenhouse (1944, p. 165), when discussing the Rio Grande from Cochiti to the mouth
of the Jemez River, states: "In the upper part of the Middle Valley the Rio Grande channel
deposits consist of fine to medium sands overlying a bed pavement of cobbles and pebbles.
Downstream the gravel becomes less abundant and below Albuquerque seldom constitutes more

than a few per cent in the upper 3 feet of the deposits." Nordin and Beverage (1961) corroborate

these observations.

Rittenhouse (1944) performed an analysis to determine the source of sediment in the bed of
the Rio Grande. He determined that between Albuquerque and Bernardo. about 21-39 percent
have come from the Jemez River, 2-6 percent from Galisteo Creek, 0.6-2.0 percent from Santa Fe
Creek, 11-37 percent from the Rio Grande above Cochiti, and the rest from smaller tributaries
that were not measured. He noted that 90% of the channel deposits were sand, of which 75% was
between 0.351 and 0.088 mm in diameter. The percentage of sand size sediment in the floodplain
was less, only 40%. Between Cochiti and Albuquerque, the channel deposits consisted of fine to
medium sands overlying a bed pavement of cobbles and pebbles. The gravel became less
abundant further downstream from Cochiti. Galisteo Creek contributed notably coarser sediment

than that in the main stem, and the Jemez River bed sediment was similar to that of the main
stem.

Nordin and Culberston (1961) examined the bed matenal at eight sites between Otowi Bridge
and San Marcial. They showed that the sediment size becomes finer moving downstream from
Otowi. They suggested that the transition from the coarser bed in White Rock Canyon to more of
a sand-bed channel occurs between San Felipe and Bemalillo. This is evidenced by a break in the
bed slope of the channel. Additionally, cores of the bed material at Cochiti and San Felipe
exhibited a bimodal distribution of median grain sizes with peaks in the both the gravel and fine
sand grain sizes. The upstream stations exhibited greater variability in bed material sizes,
whereas the bed material at downstream stations was primarily sand with little variation. In the
upstream portion (from Otowi to San Felipe) of the study reach the bed material size increased
with increasing discharge. From Bemnalillo to San Marcial, the bed material size remained
constant or decreased with increasing discharge. Nordin and Beverage (1964) showed that mid-
channel and lateral bars were a source of fine sediment when resuspended after deposition during

the falling limb of the spring peak hydrograph.
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The reach and subreach averaged results are presented in tabular form in Appendix B, Tables
B-1 and B-2, respectively. The reach-averaged results are plotted in Figure 4-15. The most
significant historic change is the shift from a primarily sand-sized to a gravel-bed following
construction of Cochiti dam in 1973. The small variations in grain size between 1918 and 1972
are within the variability observed in the bed of the Rio Grande between storm events and during
different periods of the spring-runoff hydrograph. Reaches 1 and 2 were coarser than reaches 3
and 4 prior to dam construction as suggested by Nordin and Culbertson (1961) and Rittenhouse

(1944).
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Figure 4-15 - Reach averaged median bed material size.

4.4.2 Bed elevation
Variations in both the sediment supply and available flow energy or transport capacity of the

river can result in changes in the elevation of the bed. If the transport capacity exceeds the
sediment supply rate and is sufficient to mobilize particles in the bed, then degradation can occur.
If the sediment supply rate is higher than the available capacity of the flow to transport the
sediment, it deposits and the bed aggrades. With this balance in mind, changes in the elevation of
the bed can be a good barometer of the degree of stability of a section of a river. Alluvial sand

and gravel-bed rivers often have dynamic beds, combining seasonal variations in sediment supply
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with bedform movement. Pinning down a value for bed elevation is not an easy task. Variations
of up to a meter in weeks or months are not uncommon. However, continued trends over a period

of years can become evident with repeated sampling.

Construction of dams and detention of sediment supply contribute significantly to changes in
bed elevation. In all 21 channels studied by Williams and Wolman (1984) downstream from
dams, the channel bed degraded. In those same channels, other changes such as width variation
were not as consistent. Some channels widened, others narrowed, but they all degraded following

dam construction.

In order to review the historic trends in bed elevation change on the Cochiti reach,
longitudinal profiles of the bed elevation were plotted using all of the available data. The
distance between cross-section lines was kept consistent between years so that changes in
sinuosity and meandering of the thalweg are not included in this analysis. Elevations are
interpolated with a straight line fit between surveyed cross-sections. Additionally, for the recent
CO-line surveys, total change in bed elevation was computed at each cross-section from just prior
to closure of Cochiti Dam to the most recent survey. Changes in the bed elevation for the earlier
surveys were estimated where possible. The early bed elevation data are sporadic and resurveys
at the same location are not always available. Also, the time of year during which the survey was
performed can have a significant influence on the bed elevation. As described above, the bed of

alluvial rivers is often dynamic and can fluctuate dramatically between storms.

The profile of the channel (USBR 1951) from 1918 to 1944 was used to estimate rates of bed
elevation changes for the reaches and subreaches. Rates of change from SCS lines from 1937 to
1953 as well as the change in agg/deg lines from 1962 to 1972 were also averaged for each reach.
This is an attempt to quantify the pre-dam changes in bed elevation. The pre-1962 data are
limited and sporadic, as well as highly variable. Mean bed elevations were available from the
agg/deg surveys for 1962, 1972 and 1992. Mean-bed elevations were also computed from the
CO-line surveys from the 1970’s through 1990°s.

The pre-dam rates of bed elevation change are plotted in Figure 4-16. The 1962 to 72 data
are the most reliable. Reaches 1, 2 and 3 degraded on average from 1918 to 1936 while reach 4
aggraded. From 1936 to 1972 generally, the entire study reach aggraded more than it degraded,
which is supported by observations of the channel during this time period (Graf 1994).
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Table 4-11 - Pre-dam aggradation.

1937-53 1953-62 1962-72
Total Total Total
Reach number % number % number of %
# of Aggraded of Aggraded Aggraded
samples
samples samples
1 6 50% 6 83% 78 46%
2 13 54% 5 100% 75 69%
3 10 50% 3 100% 62 76%
4 19 63% 10 70% 66 97%
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Figure 4-16 - Pre-dam average rate of bed elevation change (cm/year).

Graf (1994) developed a sediment budget for the Rio Grande from Otowi to San Acacia from
annual sediment yield data. From his total sediment load budget, he estimated that storage
dominated the system above Albuquerque in the late 1950’s to late 1960’s, and then again in the
late 1970’s. Losses were prominent in the late 1940’s and early 1970’s.

In 1967 and again later in the 1970’s the USBR’s Hydraulics Division produced reports
summarizing the aggradation and degradation of the middle Rio Grande (USBR 1967 and USBR
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1972). These reports are based on the early SCS, Corps and USBR surveys and the later 1962
and 1972 agg/deg line data. The results are total volume estimates of the net change in the
channel and flood plain between each set of surveys. The results generally concur with Graf’s
(1994) conclusions from his total sediment budget. The USBR s estimates show primarily losses
from 1937 to 1954 and storage in the 1960’s from Cochiti to Angostura Diversion.

Post-dam bed elevation changes measured in this study using the thalweg elevation at the
CO-lines from May 1971 to August 1998 are presented in Figure 4-17. All of the reaches
degrade following construction of Cochiti dam (November 1973). Reach 4 degrades the most

with almost two meters of degradation. Reaches 1 and 2 only degrade about 0.5 meters. The bed
elevation of reach 3 appeared to stabilize by 1987.
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Figure 4-17 - Post-dam thalweg elevation changes using CO-line surveys
from 1971 to 1998.
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4.5 Lateral Response
Changes in width and channel pattern are described in the next two sections. Further

quantification and discussion of lateral movement is presented in Chapter 5.

4.5.1 Width

Methods
For the analyses in this study, the “active channel width”, defined as the non-vegetated

channel as delineated by the USBR's GIS and Remote Sensing Group from aerial photos and
topographic surveys (USBR 1998), is used for the width. The rationalization is that the higher
flows will clear away newly established vegetation. If there are no high flows for the 5 or so
years prior to survey, then the vegetation will be more established, and therefore not "active

channel” anymore.

The width at each agg/deg line was measured from digitized coverages of the active channel.
Measurement of the active channel width was performed by clipping the agg/deg line coverage
with the active channel polygon. It should be noted that many of the agg/deg lines are not
perfectly perpendicular to the channel in every year. It is difficult to have the same set of range
lines used over the course of this many years and have them be perpendicular in every year. Two
lines (21 and 137) were deleted from the analysis because of their skewed orientation with respect
to the active channel for all years. It was assumed that the skewness was not a significant factor
for the rest of the lines. Additionally, for the earlier years (1918-49), there were several agg/deg
lines that did not span the entire width of a channel (either the channel was wider than the line, or
the channel was in a different location). For these lines, the line was extended to intersect with
the active channel boundary. In a few cases in bends, when the lines were extended they
intersected other agg/deg lines before reaching the active channel boundary. In these cases. the

lines were redrawn in a manner to represent the original location of the lines as best as possible.

The total channel width from outer bank of non-vegetated channel to outer bank was
measured. Measurement of the total channel provided a measure of the total width of the channel
including any vegetated islands or area designated as "recent channel change” (USBR 1998). To
compute the active channel width, the island width and "recent channel change" width were
subtracted for the lines where these areas were present. The active channel width is the total

width minus the width of the islands and recent change area.

The total width and active channel width were averaged over the four reaches and 26

subreaches using one-half the distance to the nearest upstream and downstream cross sections as
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the weighting factor. The change in width from survey year to survey year was calculated as a
percentage of the 1918 width. Also the post-dam width change was computed as a percentage of
the 1972 width. This was done for each agg-deg line, and then reach and subreach averaged.

Results
Figure 4-18 illustrates the changes in active channel width with time and distance

downstream. For each of the reaches. the width has decreased with time since 1918. Reach 4, the
furthest downstream subreach, is the widest. Reach 1 exhibits the greatest variability in width,
changing from 304 meters (998 feet) wide in 1918 to 73 meters (240 feet) wide in 1992. The

changes in channel width since construction of the dam are summarized in Figure 4-19.
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Figure 4-19 - Post-dam change in channel width as % of 1972 width.
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Equilibrium Width Analysis - Existing methods
One of the stated objectives of this study is to evaluate the shape or form of the study reach in

light of existing methods of predicting the equilibrium or stable configuration of the channel.
Two methods are employed in this section. The first was developed by Williams and Wolman
(1984) to model regular changes in channel width (either consistent widening or narrowing)
following dam construction. The second method is the application of hydraulic geometry
equations, from which an equilibrium channel width can be computed based on other hydraulic,
sedimentary and channel form parameters. Both methods can help show whether or not the width

of the study reach is approaching an equilibrium condition.

Williams and Wolman (1984) found that "regular" width change downstream from a dam
could often be modeled using a hyperbolic function of the form (Figure 4-20):

where,
W, = active channel width at time, ¢
W, = active channel width at onset of narrowing,

a and b = empirically determined constants.

3

W

o

1
The constants a and b are determined empirically by plotting m vs. ! and fitting a least
t
square regression line to the data. The resulting equation for the line is of the form:

_
7,

where, a is the slope and b is the intercept of the line. This model was applied to the reach-

averaged width data. The results are shown in Figure 4-21. The r-square values vary from 0.80
for Reach 4 to 0.99 for Reach 3.

........... (4-2)

a
S 2
t
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Figure 4-21 - Application of Williams and Wolman (1984) hyperbolic width
change model to reaches 1-4 of the study reach.
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Hydraulic geometry

Hydraulic geometry equations are intended to describe the stable channel width of a channel
that has had the time to adjust itself to an imposed water and/or sediment regime. In general.
hydraulic geometry equations are set up as power functions based on the premise that water and
sediment discharge are the two most important factors that form channel geometry and that the
channel adjusts its width, depth, velocity and slope according to changes in water and sediment
discharge. Most equations are derived for a particular region or set of data. Many hydraulic
geometry equations compute the channel width based only on the discharge in the form, # =a Q0

b where a and b are usually empirically derived constants.

During the first half of the 1900’s, engineers applied this theory primarily to predict a stable
form for irmngation canals. In 1953, Leopold and Maddock developed a set of empirical equations
that they called hydraulic geometry equations, which apply to natural rivers and streams. Their

equations related the hydraulic geometry of alluvial channels to a power function of bankfull
discharge:

W=aQ‘b
D=cQ°
V=kQ"

where, ack = 1 and b+e+m = | and b=0.50, ¢=0.40 and m=0.10.

Since then numerous other sets of equations have been developed to describe the equilibrium
state of alluvial channels. Some more recent studies have taken more of an analytical approach
than Leopold and Maddock (1953). For instance, Julien and Wargadalam’s (1995) hydraulic
geometry equations are “semi-theoretical” equations developed by simplifying Julien’s (1988)
theoretically based equations (Wargadalam 1993).

Six hydraulic geometry equations were selected for application to the study reach.
Discussions of each equation are presented in Appendix C. The methods were selected based on
the variability of the rivers and conditions they were developed from. There are many other
similar equations (such as Kennedy, Lindley, Bose, and Chitale) that are of the form W=a Q ®°.
These equations were not applied because of the similarity to Lacey and Simons-Albertson
(1963).

The discharge used in the hydraulic geometry calculations was the 5-vear peak mean daily

discharge as described in Section 4.1. The median bed material and slope are determined as
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described in the preceding Sections 4.4 and 4.3, respectively. A table summarizing the data used
is presented in Appendix C, Table C-1.

Figure 4-22 is a plot of the resulting predicted width from the equations against the measured
active channel width from aerial photos. Three of the methods predict widths between 40 and

120 meters. As a result, the measured active channel widths before 1962 are higher than the

equilibrium widths estimated by these equations. However, a group of the more recent

measurements (1962-92) are closer to the width predicted by Julien and Wargadalam (1995) and
Simons and Albertson (1963) for sand bed and banks. Julien and Wargadalam (1995) and

Simons and Albertson (1963) produce the most accurate results for measured widths since

construction of the dam. Plots of these two methods showing the temporal changes in width are

presented in Figure 4-23.
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Figure 4-22 - Results of equilibrium width prediction by hydraulic
geometry equations.

93

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



103+ 400 ¢ .

t [eras = oo | ustal
—_- ::507 » 1535 -Bmg w1935 |
ESyei | 1 Ea 00 § 1949
£38 1962 EE b | e
S Tsoy |[*1W72 S8 220¢f |.wn
g3 ;. | =3 o085 |
£ < 200 E S 200 1007 |
£ T e o %B 1

€ 150+

58 (R I L .. o
=_ .."_ ° -ag _.l L ] *
L e » 52 103 e\ e !
w 14 w3 : T

50 < 2 501 -

05 0t

0 5 100 150 200 2% 300 30 100 o 100 200 300 100

Active Channel Width (m) Active Channe! Width (m)

Figure 4-23 - Equilibrium width prediction using Simons and Alberston
(1963) and Julien and Wargadalam (1995).

The inaccuracies at larger widths when the channel was sandy and braided may be because
the channel was not in equilibrium at that time. [t was an aggrading system flowing through
multiple channels. If this is the case, then the hydraulic geometry equations are predicting the
stable or equilibrium state towards which the river should be moving. The closer agreement
between the current widths and the results of the regime equations suggests that the geometry of

the river may be closer to an equilibrium or stable state now.

Blench (1957). Nouh (1988) and Klaassen-Vermeer (1988) all predict widths that are larger
than those measured in the Cochiti reach. Blench’s (1957) equations are sensitive to the
measurement of sediment concentration used in the input. Nouh's (1988) equations were
developed for channels in extremely arid regions. Klaassen-Vermeer (1988) used data from the
Jamuna River, a very wide braided river with high sediment loads, for the development of their

equations.

4.5.2 Channel pattern
Channel pattern is often considered to be a function of stream power, or a slope-discharge

relationship combined with sediment supply (Bledsoe 1999). Given this presumption, the
changes in flow energy and sediment supply documented in sections 4.1 and 4.2 should have
resulted in changes in the channel pattern or planform of the Cochiti reach from 1918 to 1992.
Several studies have presented theories and methods of classifying the pattern of alluvial channels
(See Appendix D) and are applied to the Cochiti reach for each survey date from 1918 to 1992.
The results are described in this section. Also, there are different indices that can be computed
from the maps of the active channel. The following measures are computed for the reaches and

subreaches of the study reach:

9%
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1) Sinuosity,

2) Reach averaged number of channels,
3) Total sinuosity, and

4) Width ratio.

Each measure reveals different characteristics of the reach and is described in greater detail
below. These different measures of planform are also computed for use in the multivariate

analysis of lateral movement in Chapter 6.

Planform classification

Methods
Qualitative observations were made based on visual inspection of the aerial photos,
topographic surveys and digitized active channel GIS coverages (USBR 1998). Observations

included notation of changes in the degree of braiding and meandering and changes in width.

Several methods of channel classification were applied to the Cochiti reach to determine
spatial and temporal trends in the pattern of the reach. Brief descriptions of each of the methods
are presented in Appendix D. The methods that incorporate slope-discharge relationships were
Leopold and Wolman (1957), Lane (1957, from Bauer 1999, pp. 69). Henderson (1961), Ackers
and Charlton (1970, from Ferguson 1987). and Schumm and Khan (1972). Rosgen’s (1996)
method of stream classification based on channel morphology was also applied. Additionally,
several methods that utilize the concept of unit stream power were computed for the Bernardo
reach: Chang (1979), Van den Berg (1995), Knighton and Nanson (1993), and Nanson and Croke
(1992). Parker’s (1976) method, which employs slope/Froude number and flow depth/flow
width, was applied to the reaches as well as the entire Cochiti reach. Dade's (2000) method,
based on Parker (1976) was also applied.

Results
Planform maps of the Cochiti reach active channel are presented in Figure 4-24. These maps
show the non-vegetated active channel from 1918 through 1992. Based on qualitative
observations of the planform maps, as shown in Figure 4-24, the number and size of mid-channel
bars and islands decreased along with the active channel. The width of the entire Cochiti reach

also decreased with time and the sinuosity of reach 2 increased.
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The results of the planform classification are presented in Table 4-12 and some of the
classifications support the observed variation in channel planform seen in Figure 4-24. The
results of the channel classification methods estimate varying channel pattern. Leopold and
Wolman (1957), Lane (1957, from Bauer 1999, pp. 69), Van den Berg (1995), Parker (1976),
Change (1979) and Dade (2000) all demonstrate the shift from multi-channel toward a single-

thread straight or meandering configuration.
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Sinuosity
The sinuosity for each subreach is computed from the digitized aenal photos for the years

1918, 1935, 1949, 1962, 1972, 1985 and 1992. The sinuosity was calculated by dividing the
thalweg length by the valley length.

Figure 4-25 shows the sinuosity for each reach and each aerial photo. The sinuosity of each
reach increased after construction of Cochiti Dam in 1973. Reach 2, from Galisteo Creek to San

Felipe, was the most sinuous.
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Figure 4-25 - Sinuosity of the reaches
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Braidin
Numerous metgods of quantifying the degree of braiding have been employed in other studies
(e.g., Bridge 1993; Friend and Sinha 1993). The number of channels at each agg/deg line was
measured from planform maps digitized from aerial photos by the USBR (1998). A weighted
average of the number of channels per reach and subreach of the Cochiti reach was calculated.

The result is a weighted-average of the number of channels per reach of river, b.

The time series plot of the average number of channels for the entire Cochiti reach is
presented in Figure 4-26. Reaches | and 2 exhibit a decrease in number of channels between
1935 and 1992. Reach 4 had the fewest number of channel through 1985.
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Figure 4-26 - Time Series of Average Number of Channels — Cochiti reach.
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Toral Sinuosity
The total sinuosity, P, (Hong and Davies 1979), of the channel was measured for the reaches
and subreaches for each survey year. Total sinuosity is a measure of the degree of braiding as
well as the sinuosity of the channel. It is measured by dividing the total length of all the channels
in the reach by the straight-line reach length. The channel lengths were measured at the
centerline of each channel, rather than the thalweg (Hong and Davies 1979; Robertson-Rintoul
and Richards 1993).

The results are plotted in Figure 4-27. The increase in the total sinuosity of reach 4 between
1985 and 1992 resulted from the establishment of vegetation on previously inundated mid-
channel bars. Williams and Wolman (1984) measure changes in vegetation from aerial photos.
They show an example of vegetation encroachment on islands on the Republican River, similar to

the changes seen in Reach 4.
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Figure 4-27 - Time series of total sinuosity.
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Width Ratio
The width ratio is the ratio of the active channel width to the total channel width. The active

channel width does not include vegetated mid-channel bars. The total width is the entire with of
the channel from outerbank to outerbank. The width ratio approaches a value of one as the
channel becomes more single thread. Values of less than one indicate the presence of islands, but
a smaller value does not necessarily mean more channels, possibly bigger islands. The width
ratio was measured at each agg/deg line for each aerial survey. Then the ratios were averaged
over the reaches and sub-reaches using the distance between agg/deg lines as the weighting
factor. The results are presented in Figure 4-28. The width ration approaches a value of one for

all reaches between 1918 and 1992.
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Figure 4-28 - Time series of width ratio for reaches 1 through 4
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4.6 Summary
The database described in Chapter 3 was utilized to quantify the changing inputs to and

responses of the study reach. The inputs of water discharge, slope and sediment supply were
quantified and analyzed to identify historic trends. Also, representative values for each of these

variables were identified for use in the stability analysis in later chapters.

Water discharge records since 1895 reveal a decline in annual peak flows. This decline
occurred independent of Cochiti dam as evidenced by the significant (p<0.02) negative trend in
peak flows at the Otowi gage located upstream from Cochiti dam. From single mass curves of
the water discharge, a shift in the water regime was identified in 1942. Statistical comparison of
mean annual flood from 1895-1942 with the mean annual flood from 1943-1996 revealed

significant (p=0.00003) difference between the two periods at a 99% confidence level.

Other historic trends included an increase in duration of peak flows between 1918 and 1996.
Also, the total water discharge decreased between 1942 and 1978. Higher water yields occurred
during the pre-1942 and 1979-1996 periods.

Quantified impacts of Cochiti Dam on the annual water discharge regime included:

1) The dam attenuated peak flows greater than 142 m’/sec (5,000 cfs). The peak flow
period (duration of high pulse) increased 60 to 130% from the pre-dam to post-dam
periods.

2) The mean annual flow was greater during the post-dam (1974-96) period than during the
pre-dam (1895-1973) period. The increase ranged from 3% at the Cochiti gage to 51% at
the Albuquerque gage.

Channel forming discharge was estimated by different methods. Given the similarities
between the different estimations of dominant discharge (Table 4-13) and the assumption that it is
the high magnitude, low frequency flows that form channels in arid environments (Knighton
1998), the maximum mean daily discharge (5-year peak) was selected for use as the channel-
forming discharge for each study period.
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Table 4-13 - Comparison of dominant discharge estimates for post-dam
period.

Estimation method  Discharge value Time period
used
Effective discharge Qer=5.400 cfs 1992-1996

2-year frequency flow Q.. =35,120cfs  1974-1996

Maximum flow Qmx =5,600cfs  1985-1996

The trends in suspended sediment records are summarized below:
1) Decrease in sediment yield in 1958 at Otowi and Bernalillo/Albuquerque.

2) Completion of Cochiti Dam (1973) resulted in a 99% reduction in sediment concentration
flowing into the study reach. The suspended sediment concentration also declined
around this time at the Otowi gage located upstream from the dam. The impact from the
dam is less pronounced at the Albuquerque gage indicating another source of sediment,

either tributary inflow or erosion of bed and banks.

3) Sediment budget revealed that the pre-dam inflow was approximately equal to the
outflow, but all of the inflows are not accounted for. As a result, there is a potential for
higher inflow than outflow meaning sediment storage in the reach or aggradation. Other
historic studies suggest periods of aggradation prior to dam construction (Graf 1994).
Post-dam sediment budget showed that the outflow greatly exceeded the inflows,
including gauged tributary inputs, indicating that the channel itself (bed and banks) was a
source of sediment. It is unlikely that even the tributaries that are not accounted for could

make up the difference.

The slope of reaches 2, 3 and 4 remained between 0.0009 and 0.0012 for the time period
1935 through 1992. Reach 1 was consistently the steepest (>0.0016) and reach 4 the mildest
(<0.0012). Generally, prior to construction of Cochiti dam, the slope declined slightly.

Following dam construction, no clear trend was evident.

Vertical and lateral responses of the study reach to the changing inputs described above were
also quantified. Vertical responses included changes in bed material and bed elevation. The
lateral responses measured in this chapter included active channel width at each aerial survey

date, channel pattern classification and four planform indices.
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The bed material of the Cochiti reach changed following construction of Cochiti Dam. Prior
to dam construction, the bed was somewhat coarser in reaches 1 and 2 than the downstream
reaches. The bed of the entire Cochiti reach was primarily sand. Reach 1 and 2 exhibited a bi-
modal distribution with a pavement of cobbles and gravel overlain by fine and medium sand
(Rittenhouse 1944; Nordin and Culbertson 1962). Following dam construction, the bed of the

entire Cochiti reach coarsened to gravel/cobble size.

Comparisons of bed elevation were only made between consistent surveys (i.e., measured at
same location, preferably by the same agency). The pre-dam period exhibited smaller changes in
bed elevation. Changes were primarily aggradational, although data were limited. During the
post-dam period. larger degradational changes occurred. Reaches 1 and 2 degraded about 0.5
meters. Reaches 3 and 4 degraded 1.2 and 1.9 meters, respectively, between 1972 and 1998.

Width changes were measured from the non-vegetated active channel digitized from historic
maps and aerial photos. All reaches exhibited a decrease in width with time since 1918. Reach |
exhibited the greatest change; almost 70% decrease between 1918 and 1992. Reach 4 was the

widest reach for the entire time period. Reaches 2 and 3 both widened following dam closure.

The rate of change of width slowed with time between 1918 and 1992, suggesting that the
width is approaching equilibrium form given the consistent input conditions since construction of
the dam. The changes in width were studied to determine the deviation from an equilibrium state.
Both the hyperbolic model (Williams and Wolman 1984) and hydraulic geometry equations
(Julien and Wargadalam 1995; Simons and Albertson 1963) support this conclusion.

Numerous channel pattern classification methods were applied, and some illustrate a shift
from multi-thread or braided to a meandering/single-thread pattern with time since 1918. This
general trend is evidenced in the planform maps of the non-vegetated active channel, as well as

conclusions drawn in other studies (Lagasse 1980; Leon 1998; Graf 1994).
Four planform indices were measured for the reaches and subreaches:

1) Sinuosity - Sinuosity of all reaches increased after the dam was constructed. Reach 3 was

the least sinuous and exhibited the least variability in sinuosity.

2) Number of channels - Reach 1 was the highest. Reach 4 increased between 1985 and

1992 as the channel incised and mid-channel bars became vegetated.
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3) Total sinuosity - Follows similar pattern to the number of channels. Reach 4 also
increases between 1985 and 1992. This parameter is easier to measure using GIS and as

a result may be better for future use than the number of channels.

4) Width Ratio - Moves toward a value of one with time for all reaches. This indicates that

the number of channels and/or island widths decreased.

Overall, the planform indices illustrate that reach 3 is the least sinuous and exhibits the most
stable behavior. Reach 1 is the most multi-channel and reaches 1 and 2 exhibit the greatest
variability in planform.
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CHAPTERSS

INDICES OF LATERAL MOBILITY AND STABILITY

There are different means by which a river can move laterally. as discussed in Chapter 2. The
river can change its width, erode its banks causing migration. or avulse out of the channel. One
index of lateral movement would not be sufficient to describe the complexity of the changes in
the Cochiti reach. From 1918 to 1992, the Cochiti reach of the Rio Grande exhibited different
planform types. changes in width, lateral migration, and avulsions. Figure 5-1 exemplifies the

spatial variability in lateral movement in a small 1,500-meter reach between agg/deg lines 140
and 150 from 1918 to 1935.

Widening

400 Meters

/%/ ————

Figure 5-1 - River planform changes from 1918 to 1935. Rio Grande, NM.
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Four indices of lateral movement and two indices quantifying lateral stability are measured
on the Cochiti reach and discussed in this chapter. Lateral movement and lateral stability of the
channel are measured by two different methods. The lateral mobility or movement of the reach
was characterized by changes in the outermost bankline of the channel. The lateral stability is
measured by changes in active channel area. All of the indices were quantified on a subreach and
reach averaged scale for each of the digitized map/aerial surveys. Details of meander formation,
direction of movement, and braid-bar formation were not studied in this analysis. The planform
of the Cochiti reach varies spatially and temporally across the planform continuum from
meandering to straight to braided patterns as shown in Chapter 4. The meandering pattern,

however, is not strong (sinuosity < 1.5) and there is little evidence of true meander migration

during the time period studied.

The four indices of lateral movement begin with a gross measurement of total bankline

change, then break down the lateral movement into width change and migration. The indices are

as follows:
1) Total bankline change, £ (m/year)
2) Normalized lateral movement, N (% width/year)
3) Width change, dW (m/year)
4) True migration, M (m/year)

Lateral stability is measured by quantifying how much the active channel area changes with time

and how much of the active channel area remains in the same place.

Bankline changes and active channel area of the Cochiti reach were measured using the GIS
coverages of the active channel area from 1918 to 1992 described in Chapter 3. The

measurements were performed using ARC/Info v.7 and ArcView v. 3.2.

5.1.1 Lateral Movement
Lateral movement rates were measured both by total outer bankline change and by separating

width change from migration. The lateral movement rate of the channel was computed by
measuring the movement of the left and right banks of the channel at each agg/deg line over the
following time periods: 1918-35, 1935-49, 1949-62, 1972-85, and 1985-92. The four measures of
lateral movement were listed in the preceding section and each is described in detail in the

following sections.
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Each measure of lateral movement provides different insights to how the channel moved.
Measurements of E and N provide insights into when and where the river is most mobile without
taking into account how it is moving. Normalizing the movement rate by the channel width, N,
allows for comparison with rivers of different sizes and between the reaches and subreaches of

this channel.

For each measure of lateral mobility, the spatial variability within the reach is analyzed via a
plot of the movement rates at each agg/deg line. The temporal variability is analyzed using
frequency distributions of the measurements at each agg/deg line for each survey period. Reach
and subreach averaged rates are also computed to identify changes between reaches and for use in

modeling of lateral mobility in Chapter 6.

Lateral channel movement has been measured by bankline change in other studies, such as
Brice (1982), Nanson and Hickin (1986), and Hooke (1986). Others have chosen to quantify
lateral movement by using the channel centerline (Shields et al. 2000) or by area of floodplain
eroded (Marston et al. 1995: Lewin et al. 1977). Hooke (1986) found that maximum rates of
erosion between bank lines were higher than those between centerlines, but were of the same
order of magnitude. Also, she found that difficulties in distinguishing eroded from deposited
areas made measurement of average lateral movement rates by quantifying areas of movement

and dividing by the reach length unsatisfactory.

Measuring changes in the banklines of the Rio Grande allowed for measurement of all forms
of lateral movement, including width change, and not just meander migration. The multi-channel
nature of the Cochiti reach would make it necessary to determine which channel is the main

channel in order to use centerlines for lateral movement measurements.

Because of the variability in mechanisms of lateral movement, some studies. such as
Klaassen and Masselink (1992), exclude reaches that exhibit increases or decreases in channel
width because it becomes difficult to distinguish between bank erosion and change in bank-line
caused by increase or decrease in discharge. Width changes were included in this study because
of their importance in the lateral channel changes in this reach. Width change is an important

lateral response to changes in flow regime such as those that occurred in the Cochiti reach.
Total Bankline Change, E
Total movement of the channel banks, E, incorporates width change and lateral migration of

the channel. The lateral movement of the outermost left bank and right bank (See Figure 5-2)
were summed at each agg/deg line and divided by the length of the time period:
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Em e (5-1)
t, -1

where:
Ar = dr = lateral movement of outermost right bankline (meters);
Al = dI = lateral movement of outermost left bankline (meters):
1, = year of 2™ aerial survey (end of time period); and
1, = year of 1* aerial survey (beginning of time period).

This is the sum of the bankline change. not the average. As a result. £ will be two times the
migration rates presented in other studies that look at the bank erosion or migration rate in

meandering channels.

50 Meters|

Figure 5-2 - Measurement of bankline change at agg/deg 144 between 1918
and 1935.

Spatial trends - The measured values of £ for each agg/deg line are plotted in Figure 5-3.
Subreaches 2.2 and 2.3, from about 13 km to 17 km, begin less than 1 km downstream from the
confluence with Galisteo Creek. This section exhibited higher rates of movement through the
time period 1918-62. From 1918 to 1962, the planform was braided with point bars. Beginning
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with the 1972 photo, the planform shifted to a more single thread, wide-bend point bar
configuration, and continued to exhibit this planform in 1992. Galisteo Dam was constructed in
1970 and may have had some impact on the changes in the Rio Grande downstream from its
confluence between 1962 and 1972. Both subreaches 2.2 and 2.3 narrowed to less than 30% of
their 1918 width by 1972, then widened an additional 10 to 25% between 1972 and 1992.
Between 1918 and 1962, the average number of channels in subreaches 2.2 and 2.3 varied from
2.83 to 1 with no consistent trend, which is not unexpected for an unstable braided channel. After
1962, subreach 2.3 moved toward a single thread channel and remained one in 1985 and 1992.

Subreach 2.2 continued to exhibit minor multi-threadness.

Subreaches 3.1 to 3.3, between 25 and 30 km downstream from agg/deg 17, exhibited low
lateral mobility for the entire time period. This section is located downstream from the
confluence with the Arroyo Tonque, an ephemeral arroyo that contributes significant amounts of
coarse material when it flows (Drew Baird, USBR Albuquerque, NM, pers. comm. 1998).
Additionally, this section of river is confined by mesas on the west side of the river. The
planform of this section was straight and primarily single thread through the entire time period
with width ratios close to one for the entire period (section 4.3.2). The width of subreaches 3.1.
3.2 and 3.3 declined from 1918 to 1972 then increased slightly by 1992. However, the total

variability in the width for this section was much less than the rest of the Cochiti reach.

There is a consistent peak in the bankline change plot at about 36 km downstream from
agg/deg 17 in subreach 4.2, which corresponds to a region near the confluence and just
downstream of the Jemez River. Although this tributary was dammed in 1953, it appears to have
continued to influence the mainstem channel through 1992. Subreach 4.2 exhibited high

variability in width, number of channels and sinuosity relative to the other subreaches.

Temporal Trends - Histograms of the frequency distributions of the total bank line change for
all agg/deg lines are presented for each time period in Figure 5-4. The highest rates of movement
occured during the 1918-35 time period. By 1962, more than 50% of the lines moved less than
10 m/year and by 1985 70% of the lines fall into this grouping.
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Figure 5-4 - Histograms of frequency of the total bankline change at all

agg/deg lines.

Reach Averaged - The reach and subreach averaged rates provide a summary of both spatial
and temporal trends. A weighted average was performed using 1/2 the distance between the
adjacent upstream and downstream lines as the weighting factor. The reach-averaged resuits are
presented in Figure 5-5. The maximum values of total bankline movement occured between 1918
and 1935 and decreased to a more constant value in the more recent time periods. Movement

rates of both reaches 3 and 4 increased from 1985-92. Reach 3 is the least mobile, with rates of
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movement remaining less than 3 m/year after 1949. By 1992 the rate of movement for all of the

reaches was less than 6 m/year. Reach 2 was the most mobile.
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Figure 5-5 - Reach-averaged - Total bankline change per year, Erosion
rate, E

Normalized Lateral Movement Rates
The normalized lateral movement rates were computed by dividing the average of the right

and left bank change by the active channel width averaged over the time period. This value was
then divided by the number of years in the time period to get an annual rate. The resulting value
1s the normalized average annual movement of the channel, N, expressed as a percentage of the

average width of the channel:

(Ar + Al)g
7, + W’; ):/ [N_MI]
2 W +W, :
N= =1 ==, (% width/year)

At
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where:
t; and 1, = dates of compared aerial surveys (years);
Ar=dr = movement of right bank of channel from time ¢, to £, (m):
Al = dl = movement of left bank of active channel from ¢, to ¢> (m);
W, = Active channel width at time ¢, (m);
W, = Active channel width at time ¢ (m); and
At =t, —t; = length of time period between aerial surveys in years.

Figure 5-6 illustrates how the bankline change and widths are measured, using agg‘/deg line
144 in 1918 and 1935 as an example. The normalized lateral movement rate. N, was computed at
each agg/deg line and then averaged for each reach. The normalized lateral movement rate
incorporates width change and lateral migration and normalizes for river size. It removes the
potential correlation that larger rivers move more and allows for comparison with other studies.
The normalizing width is the active channel width, or the nonvegetated width excluding mid-
channel bar and islands. The active channel width should be more indicative of the "size" of the
river as this is the channel that is formed or created by the imposed water and sediment regime.

Also, the bankline change 1s averaged between the right and left bank to measure movement of

the river across the flooplain.

Figure 5-6 - Example of measurement of N at agg/deg 144 between 1918
and 1935.
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Spatial trends - The measurements of N at each agg/deg line are presented in Figure 5-7. The
stable reach downstream from the Arroyo Tonque is evident as discussed above. The high peaks
at the ends of reaches 1 and 2 between 1962 and 1972 appear to be a result of either
avulsions/abandonment of old side channels, or manmade cutoff/channelization. In both cases,
the channel moved to a new location and abandons the old channel. which became vegetated by
1972. There is no evidence on the aerial photos of human intervention; however, channelization
activities may have occurred during that time period. Also, the high mobility in the reach
downstream from Galisteo Creek (13-17 km) between 1918 and 1962 is evident again as

discussed above.

Temporal trends - Histograms of the frequency distributions of the normalized movement
rates are presented in Figure 5-8. The temporal trends seen in the normalized movement rates are
similar to those in the total bankline change rate, E. The highest movement rates were in 1918-
35, with more than 20% of the reach moving by more than 10% of the channel width per year.

By 1985 45% of the lines were moving at less than 2% per year. Distributions from 1949 to 1992
are highly skewed with 32 to 46% of the lines moving less than 1% of channel width per year.

Reach averaged - Figure 5-9 shows the variation in measured reach-averaged annual lateral
movement rates in time and with distance downstream from Cochiti Dam. All reaches show an
increase between 1962 and 1972 with bigger peaks for reach 1 and 2 resulting from the avulsions
described above. The movement rates of reaches 3 and 4 also increased between 1985 and 1992,
possibly as a result of channel incision, and vegetation encroachment on the active channel
creating a narrower channel. When the movement rates are normalized by width, reach 4 is the

least mobile and reach 2 is the most.
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Width Change

Two different measures of channel width were described in Chapter 4: the active channel
width and the total channel width. The non-vegetated active channel width does not include mid-
channel bars or islands and is considered to be representative of the channel formed by the
prevailing water and sediment regime. The total channel width includes mid-channel bars and
islands. For a single thread channel, the active channel width and the total channel width are
equal. Changes in the active channel width in theory could indicate response to the driving water
and sediment regime and a move toward an equilibrium width. Changes in total channel width
are also in response to water and sediment regime, but they can include planform adjustments in
the form of changes in size of mid-channel bars or islands. Additionally, it is the measure of total
width change that is subtracted from the total movement rate to compute the migration rate

because it is measured from outer bankline to outer bankline. Changes in both measures of width

are analyzed here.
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Change in Active Channel Width
The active channel width, defined as the non-vegetated channel, was measured from the GIS

coverages. The results are presented in Chapter 4. From these measurements, the change in
width at each agg/deg line over each time period was also computed by subtracting the width at
the end of the time period from the width at the beginning and dividing by the length of the time

period:
AW W __,-W
d FVa o = acr _ act~2 act—-1 , (m/y ear)
At L, -t
where:

dW,,, = rate of change in active channel width (m/year),

t; and ¢, = dates of compared aerial surveys (years);

AW, = total change in active channel width between ¢, and ¢, (m);
W oer.s = Active channel width at time ¢; (m):

Weer.: = Active channel width at time ¢, (m); and

At =t, —t, = length of time period between aerial surveys in years.

If the value of dW,,, is negative then the channel narrowed and if it is positive, the channel

widened.

Spatial Variability - The rate of change of width at each agg/deg line is plotted in Figure
5-10. The section from 25-30 km, corresponding to subreaches 3.1 through 3.3, exhibited little
change in width between 1918 and 1962. The greatest variability in active channel width occured
in reach 4. Between 1985 and 1992, reaches 2 and 3 had more lines that widened than other

reaches and time periods. Reach 4 exhibited higher variability in width than the other reaches.
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Temporal variability - Histograms of the frequency distributions are presented in Figure 5-11.
The distributions narrowed with time, indicating that more lines exhibited little or no change in

width. Between 1985 and 1992 19% of the lines widened at a rate greater than 5 m/year.

33353833

§§8 %883

Frequency

10%

0% -

70%

50% 1

40% 4

Frequency

10% 1

‘31913-35'

40 -35 30 -25-20-15-10 -5 0 5 10 15 20 25
Active Channel Width Change. dWact (miyear)

Frequency

40 -35 -30 -25 -20 -15.10 -5 0 5 10 15 20 25
Active Channel Width Change, dWact (m/year)

33345883

30%

10 1972:85

SEEEEEE

40 -35 30 -26 -20 -15-10 -5 0 5 10 15 20 25
Active Channei Width Change, dWact {m/year)

70%

50% -

0 1935-49 |

-40 -35 -30 -25-20 -15-10 -5 0 S 1 15 20 25

Active Channel Width Change, dWact (m/year)

40 -35 -30 -25-20 -15-10 -5 ¢ 5 10 15 20 25

Active Channe! Width Change, dWact (m/year)

|E11985-92
——

40 -35 -30 -25-20 -15-10 -5 0 5 10 15 20 25
Active Channel Width Change, dWact (miyear)

Figure 5-11 - Probability density functions of change in active channel

width at agg/deg lines.
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Change in Total Channel Width
The change in total channel width, which includes mid-channel bars and islands, was also
measured. The rate of change was computed as the difference between the total width at the
beginning of the time period and the total width at the end of the time period, divided by the

length of the time period:
A W _,-W
dn/m = 1ot = tot—-2 1ot , (m/y car)
Ar t, -t
where:

dW,,; = rate of change in active channel width (m/year);

t; and 1, = dates of compared aenal surveys (years);

AW, = total change in active channel width between ¢, and ¢, (m);
W,or.r = Active channel width at time ¢, (m);

W2 = Active channel width at time ¢, (m); and

At =1, — t; = length of time period between aerial surveys in vears.

A negative value of dW,, indicates a narrowing of the total channel and a positive value

indicates a widening of the total channel. Changes in total width could result from changes in

active channel width and/or mid-channel bar or island width.

Spatial Variability - The rates of changes in total width at each agg/deg line are presented in
Figure 5-12. There is a large negative spike at about 18 km downstream in reach 2 between 1918
and 1935 from greater than 170 meters of narrowing at agg/deg 133. This high rate of narrowing
is an example of a transition from a multi-thread channel with a wide island to a narrower single
thread configuration. The island was 600 meters wide and the channel in 1935 was only 95 m
wide at that point, whereas the active channel in 1918 was 400 m.
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Temporal Variability - The histograms of the frequency distributions of the rate of change of
total width are presented in Figure 5-13. Similar trends are seen to that for active channel width.

More and more lines exhibit less than 5 m/year change in total width with time.

90% — 0% !
i
70% 1 {91918-35 | 70% 5183549 | {
80% i 80% i
N [}
o 50% ‘ 50% :
g g |
3 : 8 40% i
3 .3 |
g | & 3% . |
w g !
. 20% ¢ :
: ez N
i 10% Ml !
; % s N B H ;
60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60 60 50 40 -30 -20 -10 O 0 20 30 30 S50 60
Total Channet Width Change, dWtot (m/year) Totat Channet Width Change, dWtot (miyear)
0% : 90%
t
| 80% |
.0 1949.62 70% _ \01962-72
—_—
I 60% <) ‘
. - [l
‘ 50% 1 v ;
g ¥ X
s IB 40% - h
3 . G
e ‘ 0% 3
‘: { u!. r'ﬁ
- |
, [}
10% % ,5;’ i
0% — ] § -3 W - !
60 -50 40 -30 -20 -10 O 10 20 30 40 S0 60 60 -50 -0 -30 -20 10 O 10 20 30 40 50 60
Total Channet Width Change, dWtot (m/year) Total Channel Width Change, dWtot (m/ysar)
90% , 0%
) il
80% 1 E ! 0% 1
70% - e iger28s, | 70% Igasassz] |
60% 1 & ll 60% : l
> 50% g S S0% I
[} = B Q %, i
§ wo% = | § @
3 = i B !
€ 0% e g |
= ' e -
20% _ : 20% i !
10% A . 1 : 10% : 51 !
0% - 1 '*E :IJ aca ! 0% 4 - &
60 -50 40 30 -20 -10 0 10 20 30 40 S0 60 60 -50 40 -30 -20 10 O 10 20 30 40 50 &0
Total Channel Width Change, dWtot (mryear) Total Channel Width Change, dWtot (m/year)
Figure 5-13 - Probability density functions of change in total channel width
at agg/deg lines.
125

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reach averaged - The total width changes were averaged by subreach and by reach. The

results of the reach-averaging are presented in Figure 5-14. Between 1985 and 1992 the total

channel width of Reach 4 did not change while the active channel width decreased. This

demonstrates that the outer banks of the channel did not move on average, while the active

channel narrowed through vegetative growth on mid-channel bars. The same phenomenon

occurred on Reach 2 between 1918 and 1935.
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Figure 5-14 - Reach averaged change in channel width (a) change in non-
vegetated active channel width, (b) change in total channel width between
outer bank lines, including mid-channel bars and islands.
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Lateral Migration Rates
The lateral movement rates (£ and V) described above were derived from the total bankline
change, which included narrowing or widening of the channel as well as migration. In the
interest of comparing the migration rates of the Rio Grande with those on other rivers and for
attempting to sort out relationships between the inputs to the channel and the type and rate of
resulting movements, the true migration rate, M, was computed as follows:

w__.,-W
- Ar + Al _ o2 ror-1 E_dnfm , (m/year)

M
t,—1, t, -,

where:
M = Migration rate (m/year);
t; and t; = dates of compared aerial surveys (vears);
W01 = Active channel width at time ¢, (m);
W2 = Active channel width at time ¢, (m); and
4t =ty —1; = length of time period between aerial surveys in years.

The total width was subtracted because it is the measure of width between the outermost
banks of the channel. As with the other lateral movement and width change rates, the true
migration was computed at each agg/deg line from the GIS coverages of the active channel.

Then, the rates at each line were subreach and reach averaged using distance between lines as
weighted factors.

Spatial variabilitv - Migration rates at agg/deg lines are plotted in Figure 5-15. The reach

between 24 and 28 km downstream is stable. The rates decrease with time. Reach 4 from 1972

to 1992 exhibited low rates, therefore changes in N result from width changes not true migration.
The peaks at the downstream ends of reaches 1 and 2 result from the avulsions described above

and were therefore not due to changes in width. The rate of migration in reach 4 after 1962 was
lower than the other reaches.

There is less variability and fewer peaks in the plots of M than in the other measures of lateral
movement. The decreased variability demonstrates that much of the fluctuation in £ and N was

actually changes in width, not true migration of the channel.
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Figure 5-15 - True migration rate, M measured at each agg/deg line.
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Temporal variability - Histograms of frequency distributions are plotted in Figure 5-16. The
frequency distributions of M are skewed for all time periods. Greater proportions of the lines
exhibited low migration rates through the entire study period.
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Reach averaged - Reach averaged migration rates peaked during the 1962-72 period as a
result of the avulsion/channel abandonment described above. Reach 2 exhibited the highest rates
of true migration for the entire time period, except between 1949 and 1962. The migration rates
for reaches 3 and 4 increased between 1985 and 1992. These reaches also exhibited the lowest

migration rates through the whole time period. By 1992, all reaches migrated at a rate less than 2
m/year.
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Figure 5-17 - Time series of true migration rate, M

5.1.2 Lateral Stability
The lateral stability of the channel was quantified by measuring the changes in the non-
vegetated active channel area with time. First the total channel area was computed for the
reaches and subreaches for each aerial survey. Then coverages were overlain and the area of
unchanged active channel area from one survey to the next was measured. Dividing this area by

the active channel area at the beginning of the time period results in the lateral stability index.

Change in Active Channel Area
The planview non-vegetated active channel area was measured from the GIS coverages.

Subreach and reach areas were measured for each survey available.
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Figure 5-18 is a time series of the active channel area for the reaches. As expected, the total
active channel area for the entire reach declined over the study period. This is consistent with the
narrowing trend seen in the time series of active channel width. Between 1935 and 1949, the
areas of subreaches 1 and 4 increased. The increase may be a result of the high floods during the
early 1940’s that may have kept the channel area larger rather than continued the high rate of
decrease prior to 1935 and after 1949. The areas of reaches 2 and 3 both increased between 1985
and 1992. The active channel widths of reaches 2 and 3 increased between 1985 and 1992.

In order to compare changes between reaches of different area, the reach area for each survey
was divided by the area in 1918. These normalized channel areas are plotted in Figure 5-19.

Reach | decreased the most, to only 24% of the original 1918 area.

40 T
- X |
™y 351 e :
<° : --X-- Reach 1
* 301 |- ©--Reach 2| |
<E 251 {—A&—Reach 4 :
c : |
i - !
< 20 1 l
'g:'a [ ;
€ 151 |
] r ;

£ [
(&) [ :
o 10+ ;
2 X ;
b L :
Q . i
< os{ }
: ;
0.0 . ' - - -t

1915 1925 1935 1945 1955 1965 1975 1985 1995

Time

Figure 5-18 - Time series of active channel area, measured from digitized
aerial photos as the non-vegetated channel area.
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Figure 5-19 - Active channel area normalized by the active channel area in
1918.

Normalized active channel measurements were also made for the subreaches. The results are
shown in Figure 5-20 and Figure 5-21. The subreaches identified as being more mobile (1.4, 1.8,
1.9, 2.2, 2.3, 2.6) all exhibit consistent decreases in active channel area to values that are less than
or approximately 40% of the original channel area. These subreaches are all located more than 1
km downstream from a tributary and in unconfined portions of the valley. The subreaches that
were less mobile (3.1, 3.2 and 3.5) achieve an area of about 60% of the original active channel
area. The less mobile subreaches are either geologically confined or impacted by a manmade
structure (Angostura diversion dam). Another pattern becomes evident from these plots.
Subreaches 1.2, 2.1, 2.4 and 4.2 are all directly below the mouths of major tributaries and exhibit

increases in channel area at some point in the study period.
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Figure 5-20 - Active channel area of subreaches normalized by the area in
1918 (a) Reach 1, (b) Reach 2.
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Lateral Stability Index
Using the overlay coverages of different years, the percentage of the “active channel” that

remained in the area of the old active channel was measured, as illustrated in Figure 5-22:

Unchanged Active Channel Area

Lateral Stability Index = - -
Previous Active Channel Area

A value close to one indicates that the channel has not moved and is relatively stable. Small
values of the index indicate that the channel has moved from its location at the beginning of the

time period.

N
A 0 100 200 300 Meters
A e —

Agg/deg Lines
R 1849 Active Channel
{11935 Active Channel
S Unchanged Active
Channel Area

Reach 1

Figure 5-22 - Lateral stability index = Unchanged active channel
area/previous active channel area.

Figure 5-23 shows the values of the lateral stability index for the entire time period for the
four reaches. The increasing trend in this index shows the increasing level of lateral stability of
the river. This could be considered a relative indication of the degree of lateral stability. A value

of one indicates that the channel did not move at all.

The trend is toward increasing stability in all reaches through the entire study period, except
for reach 4 from 1985 to 1992. Study of the 1985 and 1992 aerial photos reveals that
simplification of the channel and a move from multi to single thread channel occurred during this

period in reach 4. The result is an increase in vegetative growth on mid-channel bars and islands,
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therefore abandonment of areas that were formerly part of the active channel. Incision of the

channel bed makes it impossible for even the highest flows from Cochiti dam to flood these now

abandoned areas.
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Figure 5-23 - Lateral stability index - Time series of the area of active
channel that remained unchanged since the last aerial photo. Itis
expressed as a percentage of the previous total active channel area.

5.1.3 Summary and Discussion
The lateral stability and mobility indices utilized in this study provide important insights into
where, when and how the channel moved laterally. Combined with the analysis in Chapters 3 and

4, a complete picture of the channel adjustments of the Rio Grande since 1918 begins to emerge.

The analysis of the spatial variability in the lateral mobility indices indicates that tributary
inputs and geologic setting may have significant influence on how and where the channel moves
laterally. High mobility measured by the total bankline change rate, E, and the normalized lateral
movement rate, N, was always associated with high variability in width change and not
necessarily with true migration. The least mobile reaches were either confined by geologic
features or by manmade structures (Angostura diversion dam). Temporal trends in mobility
demonstrate that the channel became less mobile with time since 1918.
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The lateral stability indices computed from active channel areas suggest that the more mobile
reaches underwent greater adjustment before attaining a "stable” configuration. The reaches that
were initially less mobile did not have to adjust as much to attain a stable configuration. Also the
subreaches directly downstream from tributaries exhibit wide fluctuations in channel area,
including increases in channel area at some point in the study period. These changes are
illustrated in Figure 5-24, which groups the subreach active channel area plot by degree of
mobility and tributary influence. The tributaries that appear to influence the lateral response of
these subreaches are the Santa Fe River (pre-Cochiti dam), Borrego Canyon, Galisteo Creek and
the Jemez River. The subreach just downstream of Angostura diversion dam also exhibits similar
behavior and is included in this grouping. Las Huertes Creek enters the main stem just
downstream of Angostura, so it is difficult to determine if the measured response is associated

with the dam or the tributary.
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Figure 5-24 - Change in active channel area of the subreaches that exhibit

either high or low mobility or tributary influence. The subreach number
is given on the line.

The reaches associated with tributary mouths also exhibit large variability in width and not
necessarily large migration rates, M. True migration rates seem to increase further downstream

from tributaries where the channel is not confined.
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Based on the indices presented in this chapter, it appears that the lateral mobility of the
Cochiti reach has decreased with time since 1918 and that the lateral stability has increased.
Also, the rate of change of the indices has decreased with time since 1913 indicating that there
may be a relationship between how far away a river is from its dynamic equilibrium state and the
rate of change of the channel. Using this underlying premise to model and predict lateral
mobility is the focus of Chapter 6. With the measured lateral movement rates from this chapter
and the other parameters from Chapters 3 and 4, the next step is to find associations between
movement rates and other parameters in an attemnpt to model the historic changes in the channel

with the intention of predicting future lateral mobility.
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CHAPTER 6

LATERAL MOBILITY/STABILITY MODELS

As seen in Chapter 5, the Cochiti reach exhibits both spatial and temporal variability in lateral
movement rates. This chapter presents three models to describe the variability in lateral
movement rates of the Cochiti reach. measured by lateral migration (M) and width change
(dW,.;). All three models were calibrated using 1918 to 1985 data. The 1985 to 1992 data were
reserved for validation as discussed in Chapter 7. The first model was a simple estimation of
movement rates as a percentage of channel width. The second model was based on the premise
proposed in Chapter 5 that the further a river is from a state of dynamic equilibrium, the more
mobile it is. The third model explored associations of lateral mobility rates with discharge, slope.

sediment supply, width, bed material, sinuosity, and other measures of channel form via multiple

regression analysis.

Successful and sustainable management of the river corridor requires an understanding of
which areas are more susceptible to adjustments resulting from changes in the input regime and
which areas are not. This chapter is an attempt to understand the underlying differences along the
reach that may contribute to variability in lateral response to altered inputs. Comprehending
these differences is important to river managers from both ecological and engineering viewpoints.
Habitat restoration efforts often require a laterally mobile channel whereas engineering
management attempts to reduce risk to riverside structures and communities through a laterally
stable channel. Knowledge of what makes a reach more or less mobile will help produce better
management solutions for both objectives. The preceding two chapters have provided the basis
from which to undertake an analysis of the relationships between lateral movement and channel
form and processes. Understanding these relationships is important in understanding the river

environment and may have value in predicting channel adjustment and lateral movement (Hooke
1986).
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6.1 Simplified Model
Other studies have shown relationships between lateral movement and channel width (Hooke

1979; Brice 1982; MacDonald 1991). Brice (1982) proposed a line on a width vs. migration plot
to separate stable from unstable rivers and suggested that the slope of 0.01 was appropriate. This
line corresponds to migration rates that are 1% of channel width. It is interesting that his data
points fall reasonably along this line, suggesting that a simple approximation of migration rate

based on a flat percentage of channel width could provide a useful “first-order” model of lateral

movement.
The methodology used is as follows:

1) Compute average rate of movement per unit width by dividing the movement rate (either

M or dW,.,) by the channel width at each cross-section then reach averaging.

2) Apply this percentage rate to the reach averaged width for each reach for each survey

date to estimate the movement rate (M or dW,).
3) Compare the estimated reach-averaged movement rate with the measured movement rate.

Using the 1918-85 Cochiti reach data, when the migration rate at each cross-section line is
divided by the active channel width at that line and then reach averaged, the average migration
rate is 1% of channel width per year. The mugration rate computed from the average bankline
change, M,.,, was used because it is more comparable to the method of measurement for
migration rates on meandering rivers in other studies,

- /
M =M —-((A’“\‘I 7‘1W“=" ’) ........ (6-1)

avg 7-

4

Based on this average rate. the migration rates for the reaches were modeled using the

following equation:

M, =0.01-W,, ... (6-2)

act

where W, is the active channel width at the beginning of the time period.

The predicted rates for each reach produced an average error [(Mpres — Mavg)/Mag ] of 122%.
The results are plotted in Figure 6-1 and show the inaccuracies of using channel width as the sole
predictor of lateral migration. The pre-dam migration rates are greater than 1% of channel width
and the post-dam are less than 1%.

140

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



To illustrate the variability in migration rates of the Cochiti reach, the reach and subreach
migration rate data (average migration rate = M/2 = M,,,) were plotted in relation to active
channel width at the beginning of each time period (Figure 6-2, a and b). The average migration
rate data from the Cochiti reach do not fall closely along the M = 0.01# line (Figure 6-2a) and it
is apparent that there is more variability in the migration rate data than can be predicted by
channel width alone. Obviously, the relationship between width and lateral movement changes
with the degree of stability of the channel, quantified by Brice in the form of stream type (Figure
2-1). The subreach data (Figure 6-2b) plot mostly between 0.1% and 5% of the width.

1
& Mpred = 1% Waii

Predicted Migration Rate = 1% Wact (m/year)

0 1 2 3 4 5 6
Measured Migration Rate, Mavg (m/year)

Figure 6-1 - Comparison of predicted migration rates vs. measured. The
line represents perfect agreement.
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The change in the active channel width was modeled in a similar manner. The weighted-
reach-average of the change in active channel width (dW,.) divided by the active channel width
resulting in an average width change rate of 2.1% of channel width per year for the 1918-85

period. This value was used to predict width change rates:

dw,., =0.021-W, (6-3)

P Bt e R LR I

where W,,, is the active channel width at the beginning of the time period. The resulting
comparison between predicted and measured width change rates is presented in Figure 6-3. The
resulting fit was much better than for migration rate over the full range of measured rates. The
lower rates (< 4 m/year) were over-predicted. The average error [(dWpreq — AWpeas)/ AW peas] Was
360%. Also, this model only predicted the absolute value of the channel width change and says

nothing about whether the channel is widening or narrowing.

8

\,

[+ ]
*

3 * . & dWpred = 2.1% Wact

Predicted Width Change Rate = 2,1% Wact (m/year)
¢
*
[ J

0 1 2 3 4 5 6 7 8
Measured Width Change Rate, dWact (m/year)

Figure 6-3 - Comparison of predicted vs. measured width change rates.
The line indicates perfect agreement.

A simple estimation of width change based solely on width forces the rate of change to go to
zero as the width goes to zero. This is contrary to equilibrium theory, which suggests that there is
a stable or equilibrium width (non-zero) that the channel will maintain given constant input

conditions. The imperfect fit of the Cochiti reach data to this simple model suggests that the rate
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of change of channel width may be variable depending on how far the channel is from this stable
configuration. The indices presented in Chapter 5 showed that the rate of lateral channel change
decreased with time as the channel moved toward a more stable configuration. A model that

employs this concept is presented in the following section.

6.2 Exponential Model
It was shown in Chapter 4 that the channel width appears to be moving toward a stable or

equilibrium configuration as predicted by hydraulic geometry equations. Additionally, in Chapter
5, the rate of lateral channel change appeared to decrease with time as the channel stabilized. The
following section describes models of width change and lateral migration rates based on how far
away the channel form is from equilibrium rather than solely as a function of time, as in Williams
and Wolman's (1984) hyperbolic model. The further the channel is from an equilibrium state, the
more mobile it is and the more rapid the lateral changes. Equilibrium channel form is measured

using the equilibrium width of the channel.

Width change
An exponential function (Figure 6-4) was selected to fit the width change and lateral

migration rate data from the Cochiti reach. The hypothesis is that the magnitude of the slope of

the width vs. time curve increases with deviation from the equilibrium width, #:

AW

=_kl(W-We)

where:
AW = change in active channel width (m), during time period 4r; and

At = time period (vears).
Differentializing equation (6-4) results in the following:
aw

—=—k\W-W,). 6-5
dt l( ¢) ( )
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Figure 6-4 - Schematic of exponential channel width changes with time.

Rearranging and integrating equation 6-5:

J.__(Wd-ﬂ;tfe) = ]'— k.t

W, 0

In(W—WJ:o =-k;
In(W - W,) - In(W, -W,) =k +0

-W . (6-6)
ln[ il }=—k,z
W -W

B -”e —kyt
=e
”a— ;

W, =, )™

The result is an exponential function (as shown in Figure 6-4):

W=W+W,-W)e" 67)

where:
k; = rate constant;
W, = Equilibrium width toward which channel is moving;
W, = Channel width at time, ¢,; and

W = Channel width at time, ¢.
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Plotting the width change rate vs. the width (Equation 6-5), the rate constant k; and the
equilibrium width W, can both be determined empirically from a regression line. The rate

constant, k,, is the slope of the regression line and the intercept is &, /..

Given the abundance of data on the Cochiti reach and the different possibilities for
representing it, there were several options for estimating values for k; and We. Data at individual
cross-sections, subreach averaged or reach-averaged width and width change values can be used.
Also, the positive width change measurements indicating that the channel widened could be

excluded. Three methods were selected for comparison:

1. subreach averaged data (Figure 6-5),

o

. reach averaged data, and
3. reach averaged narrowing only data.
The results of the regressions are summarized in

Table 6-1. To determine which method best fit the historic data, the empirically determined
k; and W, were input into Equation 6-8 to model the width for each reach as a function of time
from 1918 to 1985. The sum-squared error (SSE) between the predicted and observed reach-

averaged active channel width was computed for each model.

The results from the equations producing the smallest SSE are plotted in Figure 6-6 and
Figure 6-7. The regression results using the reach-averaged data (method 2) produced the best fit
to the individual reach data (Figure 6-6) despite the higher r-square values for the regression with
the reach-averaged, narrowing only data (method 3). Method 3 produced a negative value for the
equilibrium width for reach 2. A similar selection method was used for the entire Cochiti reach.

Method 3 produced the best fit for the entire Cochiti reach as shown in Figure 6-7.
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Figure 6-5 - Linear regression results of subreach-averaged data - observed
width change (m/year) with observed active channel width (m).

Table 6-1 - Empirical estimation of k; and W, from linear regressions of
width vs. width change data.

kW,
24174
1.6905
3.3785
6.6157

kW,
1.5342
0.6802
2.6345

Reach #

1 0.0283 1.2083

2 0.0116 -0.816

3 0.0286 1.8086

4 0.0266 1.6564
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Figure 6-7 - Exponential model of width change applied to the entire
Cochiti reach.
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In an effort to better estimate the equilibrium width, the empirically determined k-values

were used and the equilibrium width values were varied to produce a "best-fit" equation that

minimized the SSE between the predicted and observed widths from 1918 to 1985. The results of

these "best-fit" equations are also shown in Figure 6-6 and Figure 6-7.

One final method was attempted to model the width changes with Equation 6-7. The results

of the Julien and Wargadalam (1995) hydraulic geometry equation for width for each reach were
used as the equilibrium width, W, (See Section 4.5.1). The k;-value was determined by varying it

until the SSE for each reach was minimized for 1918 to 1985. The results are plotted with their -

squared values in Figure 6-8. This model consistently over-predicted the 1992 width; but, the -

square values are comparable if not better than those resulting from the equations using

empirically derived parameters.
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Figure 6-8 - Application of exponential model of width change using Julien
and Wargalam's (1995) predicted equilibrium width and empirically

derived k.
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Migration Rate
Considering the theory that the lateral migration rate will also decrease as the channel width

approaches the equilibrium width, the following equation was tested:

LY (2 A W (6-8)

where, M = lateral migration (total bankline change - width change) as defined in Chapter 5. The
rate constant k, can be estimated from the slope of a linear regression between M and #. One
problem with this equation is that as the channel width approaches the equilibrium width, the
migration rate goes to zero. And, if the measured channel width is less than the predicted

equilibrium width, then the resulting migration rate is less than zero.

The k;-value was computed from the regressions shown in Figure 6-9 using only data from
1918-1985. The migration rates were computed for each time period (1918 - 1985) and each
reach using Equation 6-9. The measured channel widths at the beginning of each survey period,
and the equilibrium width computed from the "curve-fit" method described above, were also used
as input. The results were very poor. Instead, using the “curve-fit” equilibrium width for each
reach from the previous section, the k-value was varied to minimize the SSE between the
measured values of M and the predicted (Table 6-2). The results are shown in Figure 6-10. The
value of M is for the time period following the date shown, e.g., the 1918 value is for the 1918-35
time period. The prediction of M is extended to 1992 based on the 1992 measured width. So the
1992 value is the expected migration rate following 1992. The same method was applied again,
but using the equilibrium width suggested by the Julien and Wargadalam (1995) hydraulic
geometry equations. The results are plotted in Figure 6-11. Using the equilibrium width

predicted by the hydraulic geometry equations does not increase the accuracy of the model.
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Figure 6-9 - Lateral migration, M (m/vear) plotted against the active
channel width (m) for estimation of the parameter k, the slope of the
regression line.

Table 6-2 - Comparison of "best-fit" k-values and k-values resulting from
the reach regressions in Figure 6-9.

Regression results Best-fit k-values and’
from Figure 6-9 W from dW-W
relationship
Reach # k W, (m) k W,
1 0.024 37 0.028 63
2 0.0351 34 0.036 41
3 0.0656 75 0.059 68
4 0.0218 131 0.021 124
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Some problems encountered with this method are:
1) Potential to end up with a negative migration rate,
2) Potential to have a migration rate = 0, which is not realistic either,

3) Curve does not approach an asymptote, which in theory would provide the "dynamic

equilibrium" value of migration rate,
4) Need for an estimate of the equilibrium width, and

5) Estimation of migration rate depends only on width and an estimated equilibrium width.

6.3 Statistical Analysis
The previous two sections analyzed the relationship between channel width, stream type and

lateral movement. This section explores the associations between lateral migration rates and
other hydraulic, sedimentologic and channel-form parameters via statistical analysis using a
multiple regression model. Chorley (1966) provides justification for the use of multiple
regression in geomorphic investigations because of the inherent multivariate nature of the
systems..."one of the most significant characteristics of geological, geographical and geomorphic
phenomena is that they are the result of 2 number of simultaneously operating variables which
must be evaluated separately, relatively and in combination” (p.366). He notes that the natural
high variability or noise (spatially and temporally) in geomorphic measurements often creates
difficulty in sorting out the important factors. and that the noise can obscure significant

relationships. Multiple regression analysis provides a useful tool for identification of significant

relationships.

Additionally, Chorley (1966, p.367) recognized that "Statistical methods are an adjunct to
hypothesis. experience and intuition—not a substitute for them”. He continues to suggest that you

first employ experience and intuition, and statistical methods help you test your hypotheses:

Thus statistical methods. although providing a standardized,
rigorous, conservative and objective framework for the
extracting of the maximum amount of information from
numerical data, are only an adjunct and not a substitute for the
initial qualitative stage of any investigation. This qualitative
stage is entirely a matter for the exercise of experience and
controlled intuition, in which statistical methods are of no help--
although they may subsequently be used to test the efficiency of
this qualitative framework. Statistical methods are tools which
assist and test imagination. Some of these tools, however, like
Galileo's telescope, may prove to be vehicles which enable
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human imagination and intellectual grasp to operate on higher
planes than ever before. For the geornorphologist. multivariate
analysis may well be such a tool. (Chorley 1966, p. 377)

Recognizing the value of statistical analysis in identifying significant associations. it is

esssential to note that association does not prove causation.

6.3.1 Expected relationships - Experience and Intuition
The Cochiti reach exhibits both spatial and temporal variability in both lateral migration and

rate of change in channel width. Before blindly applying multiple regression analysis to a list of
variables, expected relationships between independent and dependent variables need to be
identified. Following Chorley’s (1966) admonition to employ experience and intuition, this
section identifies potential relationships between lateral movement and other parameters through

other researchers’ published experience and contributions from the author’s intuition.

Other studies have employed statistical analyses to identify important associations between
measured lateral movement rates and other hydraulic. sedimentary, and channel form parameters.
Some of the significant relationships that emerged from these studies are summarized in Table
6-3. Parameters that have been identified to be important in describing and predicting lateral
mobility are: channel form (Brice 1982), sinuosity and curvature of bends (Brice 1982; Hickin
and Nanson 1975; Nanson and Hickin 1983: Hooke 1987: Thome 1991: Biedenharn at al. 1989;
Shields et al. 2000; MacDonald 1991), stream power (Nanson and Hickin 1986: Shields et al.
2000; Lawler et al. 1999), stream size measured by width or drainage area (Hooke 1980, Brice
1982, ), sediment supply (Nanson and Hickin 1983; Carson 1984), and bank material, stability
and vegetation (Hooke 1980; Thorne 1992; Millar 2000: Lawler et al. 1999).

Based on the results and observations of these other studies. it would be expected that the
spatial and temporal variability of lateral migration of the Cochiti reach would be associated with
the spatial and/or temporal variability in flow energy, bed material size, suspended sediment
discharge, river size (channel width), and planform. Some of the relationships are

straightforward, whereas others are more complex.

Based on observations on the Rio Grande and results of other studies, it seems that lateral
migration rates increase with increasing flow energy. Flow energy includes the kinetic energy of
the water discharge and the potential energy measured by either the valley or channel slope.
Different measures of flow energy include total and specific stream power as described in chapter
2.3. Nanson and Hickin (1986), Lawler et al. (1999), Hooke (1979) and MacDonald (1991) all

found that lateral migration increased as the energy of the flow increased in meandering rivers.
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Table 6-3 - Summary of published relationships between lateral migration
rates and other parameters.

Source Significant Notes
Relationship
Hooke (1979) M ~ Qpear, API API = Antecedent precipitation
index
Hooke (1980) M ~ A (drainage area)
M ~ % silt-clay in bank
Hickin and Nanson (1975) M ~R/W Also identified bank texture.
Nanson and Hickin (1983) planform and sediment supply rate
as important o )
Hickin and Nanson (1984) M~ R/W Also identified bank resistance as
important ~
Nanson and Hickin (1983) M~Qand S
M~Wand S
M~ Q. S and Dy
_ M~W, SandDsy o
_Biedenharn et al (1989) M~RW
Thorne (1991) M~ R/W Also identified bank material and
___geologic controls as important
Klaassen and Masselink (1992) M~ W, R/W Assuming that bank resistance and

sediment concentration do not
vary. Bank vegetation was not

_ important.
MacDonald (1991) M~h
M-~0 o
Lawler et al. (1999) M~L L = distance downstream. Also
found stream power and bank
material to be important
Shields et al. (2000) M~ W, R/\WW Comparing pre and post dam rates
Begin (1981) M~ R/W

Flow energy is also associated with planform shifts, and lateral migration is related to
planform (Brice 1982). Bledsoe (1999) found that measures of stream power were significantly
correlated with degree of lateral stability in river channels measured by the transition to braiding.
and along those same lines Knighton and Nanson (1993) proposed that high flow energy was
necessary for planform shifts from meandering to braided. Brice (1982) showed that both braided
and meandering stream types exhibited either high or low lateral mobility depending on other
factors. He suggested that the lateral mobility of meandering rivers is a function of downstream
variability in width. For braided rivers, if the braidplain was sinuous and point bars were visible.

the rivers tended to be highly mobile laterally, but if a braided river was straight and wide. it
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tended to fall into the more stable region. These wide straight braided rivers were typically

adjusted to a very large discharge, i.e., flow energy.

The associations between flow energy, planform and lateral migration can be combined to
suggest that lateral migration may increase with increasing flow energy up to a threshold. Above
the threshold, the river may either migrate laterally within a wide straight braidplain, or continue
to wander, avulse and braid resulting in extremely high migration rates, such as on the
Brahmaputra River (Coleman 1969). Several studies found that there was 2 maximum erosion
rate for meandering rivers corresponding to a R/W somewhere between two and three (Hickin
and Nanson 1975, 1984; Nanson and Hickin 1983; Biedenharn et al. 1989). The correlation
between radius of curvature and migration rate suggests that there is an associated sinuosity that

would correlate to maximum lateral migration rates.

The relationship between bed material size and migration rate is also not simple. A small bed
material size (non-cohesive) is easier to transport and erode. As Nanson and Hickin (1986)
showed, the bed material size at the toe of the slope can be a good indication of the resistance of
the bank. However, at the other extreme, as the bed becomes armored, for instance downstream
from a dam, the bed is no longer mobile and the flow often begins attacking the banks.
Additionally, incision associated with armoring results in high. often unstable banks. The result
is that high migration rates can be associated with both small and large bed material size.
However, it would be expected that the highest rates would be associated with smaller sized
material in a wandering/braided planform. Channel width has been noted to be important in
associations with lateral migration (Brice 1982; Nanson and Hickin 1986). Channel width has

also been used to scale for flow energy and for river size (Brice 1982; Nanson and Hickin 1986).

Sediment supply also impacts the rate of lateral migration. Carson (1984) suggested that high
sediment supply is an important factor for development of braiding and that the banks are often a
source of sediment. High rates of sediment transport can result in aggradation and avulsion,
whereas extremely low sediment supply encourages bank erosion. Bledsoe (1999) suggests that
sediment supply and bank resistance are the determining factors in whether instability in a
channel is manifested laterally (braiding) or vertically (incision). It appears that it is really the
sediment transport equilibrium state of a reach that would be the important factor here. If the
reach is transport limited (that is, the supply exceeds the transport rate), then the channel will
aggrade and possibly avulse. If the reach is supply limited, then incision and potential bank
erosion could resuit. The most stable state would be that the sediment transport into the reach

equals the transport out of the reach.

156

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6.3.2 Parameter definition
Based on the discussion above, the following grouping of parameters were tested using the
Cochiti reach data:

M =f {Flow energy, Bed material, Sediment supply, Width, Planform}

Ideally, a measure of bank resistance or stability should be included. Unfortunately, a consistent
measure for the entire period of record was not available. It is expected that variation in bank

material, stability and height could play a significant role in both the temporal and spatial

variability of migration rates along the reach.

The dependent variables modeled using multiple regression analysis were lateral migration,
M and change in active channel width, dW,,. The subreach and reach values were determined for
each of these parameters in Chapter 5 for each time period from 1918 to 1985. The migration and

width change data are shown in Appendix B, Tables B-1 and B-2.

This section describes quantification of the independent variables used as input to the
multiple regression analysis to model M and dW,,,. For variables sampled only at the beginning
and end of each time period (e.g., active channel width), the value at the beginning of the time
period was used as the input value to the regression. For variables measured over the time period,

either an averaged value or maximum value for the time period was used (e.g., suspended

sediment concentration and water discharge).
The independent variables selected for analysis are listed in Table 6-4.

Table 6-4 - Independent variables used in regression models

Model # Independent Variable

Q - Channel-forming discharge (m’/s)

S - Slope at the beginning of the time period

QS - total stream power (m’/s)

S(Q)* - specific stream power (m’/s)*’

MI = S(Q/Dso)** - mobility index (m/s®°)

Ds, - average median grain size of bed material (m)

W, - active channel width at beginning of time period (m)

Wi - total channel width at the beginning of the time period (m)
dW,, - rate of change of active channel width (m/year)

dW,, - rate of change of total channel width (m/year)

W, - width ratio Wact/Wtot

P - sinuosity at beginning of time period

P, - total sinuosity at beginning of time period

b - reach averaged number of channels at beginning of time period
C - average suspended sediment concentration (mg/L)
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Flow Energy
Discharge - The peak mean-daily discharge value for the time period between aerial surveys
was selected based on the results presented in Chapter 4 regarding channel-forming discharge.
For example for the 1918 and 1935 surveys, the peak mean daily discharge between 1918 and

1934 was used. The gage data used for the corresponding reaches are shown in Table 6-5.

Table 6-5 - Daily mean discharge data

g e OO T
Discharge Values
Reach 1 1918-35 Otowi
1935-1992 Cochiti
Reach 2 1918-35 Otowi
1935-1992  Cochiti
Reach 3 1918-35 Otowi
1935-1992 San Felipe
Reach 4 1918-35 Otowi

1935-1972 Bernalillo
1972-1992  Albuquerque

Slope - Reach averaged slope measurements computed as described in Chapter 4 were used
as input to the regression models. The value of the slope at the beginning (or the closest to the

beginning) of each time period was used.

Stream Power and Unit Stream Power - Stream power, either total or specific (See discussion
in Chapter 2.3) has been shown to be an important indicator of the erosive power and energy of a
flow (Bledsoe 1999). The correlation of stream power with channel pattern and the importance of
channel pattern on the lateral mobility of a channel support the use of these measures in the

statistical analysis described in this section.

Both total and specific stream power were used in the model in the forms of S and S \/5 .

respectively, in this analysis. These parameters were computed for each reach using the slope
and discharge measurements described above. The slope and discharge were both estimated at a
reach level. The representative values for each reach were applied to the corresponding

subreaches. As a result, all of the subreaches within a particular reach have the same values for

total and specific stream power for a given time period.
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Mobility Index - The mobility index,

m=s |2 .. ] (6-9)

has dimensions of L/T%*, and is used in the multiple regressions in SI units, with discharge in m’/s
and Ds, in meters, resulting in units of m/s™*. A mobility index was computed for each reach and
subreach for each time period using the peak daily discharge for the time period, the time-average

slope, and the time-averaged bed material size.

Sediment
Bed Material - The median bed material size estimates for the subreaches as presented in

Chapter 4 were time averaged for each time period for the subreaches. A weighted average of the

subreach data was performed to get the reach-averaged data, and was then time averaged.

Suspended Sediment Concentration — The average suspended sediment concentration was
selected as a measure of sediment supply for each reach. It would be most appropriate to include
a measure of bed material transport, but these data are not available for the entire period of
record. Prior to construction of Cochiti Dam, the flows in the Rio Grande were very turbulent.
As a result, Woodson and Martin (1962) suggested that suspended sediment samples from the Rio

Grande are more nearly indicative of the total load than similar samples from other rivers.

Average suspended sediment concentrations measured from double mass curves of
cumulative annual water discharge and suspended sediment yield as described in Chapter 4 were
used. The reach averaged values were applied to the appropriate subreaches as the suspended

sediment concentration probably does not change between subreaches.

Channel Width
Width and Width Change - The total channel width and active channel width were used as

input to the regression models. The subreach-averaged and reach-averaged values computed by
the methods described in Chapter 4 at the beginning of each time period were used. Additionally,
the changes in active and total channel width were input into the regression. These measures
would not be appropriate to use for predictive abilities because it would not be possible to
estimate the future change of width during the time period of interest. However, it was
considered to be important to determine if there was an association between channels that

migrated and channels that also changed in width.

159

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Planform

Channel Planform - The measures of channel pattern presented in Chapter 4 were used in the

multiple regression analysis. These include:

e Sinuosity (P) - thalweg length/valley length
e Total Sinuosity (P..) - total centerline channel length/valley length

e Average number of channels (b)

e  Width ratio (W,) - active channel width/total channel width.
The subreach and reach values of these parameters at the beginning of each time period were

used as input to the regression model.

6.3.3 Correlation and Scatter Plots
The first analysis performed was an application of a correlation model to all of the parameters

described above. In the correlation model. no distinction is made between an independent and a
dependent variable. Instead, the nature (i.e., positive or negative) and degree of relation between
two variables is sought. The test is for linear correlation between variables and the resulting
coefficient, r, is 1 or -1 for perfect correlation, and zero for no correlation. The correlation
coefficient is not a measure of a linear correlation between two variables. but it does provide
information about the covariance between the two variables (Pedhazur 1997). Additionally. the
significance of the correlation can be tested using an F-statistic and a corresponding p-value

indicating the confidence level.

Table 6-6 is the correlation matrix for the 1918-85 reach-averaged data. The correlation
coefficient is listed first, and the significance or p-value is provided below. A p-value <0.05
indicates 95% confidence in the correlation. The correlation coefficients for any parameters that
exhibit multicollinearity with another parameter are shaded in dark grey. These include the
stream power parameters and their correlation with @, S and Ds,, the width measurements with
each other, and the planform measures with each other. This was done to eliminate confusion
when reviewing the table. The parameter, 4, is a dummy variable indicating pre vs. post dam

samples.

It should be noted that an underlying assumption of this model is that ail of the samples are
independent. It could be argued that sampling different points along a river at different time
periods could violate the presumption of independence. This is particularly a problem with the
subreach data, which are modeled as if they are 150 independent data points, when that is rot the
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reality. The result is that the p-value will not be accurate. It will artificially be smaller than it

should be and as a result should be used with caution.

Keeping these cautions in mind, some interesting and significant correlations are apparent
from this analysis. The bed material size, mobility index and suspended sediment concentration
are all highly correlated with the presence of the dam. As shown in Chapters 4, the bed matenial
coarsened and suspended sediment concentration decreased immediately following construction
of the dam. Bed material size is in the denominator of the mobility index, so it decreases as bed

material size increases.

Some of the hypotheses presented earlier in this chapter are supported by the correlations
shown in Table 6-6. Lateral migration correlates well with discharge, stream power. mobility
index and total channel width. When lateral movement is normalized by the width, the planform
indices (P, b, and W,) become more significant. The only significant correlation with change in
active channel width is with width itself. Total channel width correlates with total stream power,
mobility index and discharge. This could indicate that, as Nanson and Hickin (1986) showed, the

channel width may be useful as an estimator of flow energy.

Similar correlation matrices for subreach data and non-transformed reach data are presented
in Appendix E, Tables E-1 through E-4. As expected, the p-values for the subreach data are
much lower (indicating spurious high significance) and the correlation coefficients are also lower

(indicating lower explained variance).

Continuing to explore relationships between individual parameters and the lateral movement
rates, scatter plots were created of the significant parameters with the lateral movement rates.
The plots presented here show the pre-dam and post-dam reach averaged data separately.
Additionally, the subreach-averaged data are presented to illustrate the true variability within the

reach.

The total channel width is plotted against lateral migration rate in Figure 6-12. The
separation between pre and post dam data is evident as well as a trend toward increasing lateral
migration with increasing total channel width. The trend in the subreach data is not so clear and

the scatter is much greater.
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Table 6-6 - Correlation matrix between reach-averaged parameters using
1918 - 1985 data. The p-value for the correlation coefficient is listed
below the r-value. P-values <0.01 are highlighted as well as r-values >
0.65. The values highlighted in dark gray are auto-correlated. A
subscript of 1 indicates the value of the variable at the beginning of the
time period.

Ren d Q@ S Dy QS, SQ° M C Wy Wey dWy dW,, W. P, Py b M N

Resch 100 000 000 073 013 -027 042 018 038 019 008 013 003 054 03 V6 072 027 D40
1 0987 <0001 0.54% 0.208 0.043 0412 0.070 0365 0.721 0.558 0880 0.007 0058 0.000 <0001 0.321 0.053
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Figure 6-12 - Total channel width vs. lateral migration rate

The four different measures of flow energy are plotted against lateral migration Figure 6-13
through Figure 6-16. The first is discharge and no clear trend is evident. The highest migration
rates occur at the highest discharges for the pre-dam reach-averaged data. Figure 6-14 shows the
specific stream power. In this graph and the following plot (Figure 6-15) of total stream power.
the pre-dam and post-dam reach averaged data are more clearly separated than in the discharge
plot. Additionally, the reach averaged migration rates appear to increase with increasing stream
power and attain a peak value then decline. It is possible that this peak corresponds to the

transition to a straighter and wider braided channel configuration as discussed in Section 6.3.1.

The mobility index (Figure 6-16) shows a more clear demarcation between the pre and post
dam periods. The bed material size is in the denominator of the mobility index. Following
construction of Cochiti Dam, the bed material size increased significantly. producing a similar
decline in the mobility index. Migration rates greater than 3 meters per year do not occur at M/
below 0.8. This corresponds to Chang’s (1988) 0.76 threshold from meandering to braided
transition.
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The measure of planform that produced the highest correlation with migration rate was the

width ratio. This is the ratio of active channel to total channel width. It approaches a value of

one as the channel moves toward being single thread. In Figure 6-17, there is a trend toward

declining migration rate as the width ratio approaches one.

Rate of change of active channel width only produced significant correlations with measures

of width. The change in active channel width is plotted against both active and total channel

widths in Figure 6-18. There is a clear association between wider channel widths and greater

rates of narrowing.
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Figure 6-17 - Width ratio vs. lateral migration rate.
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6.3.4 Regression models
Linear and log)o-transformed regressions were performed using the variables described

above. First each variable individually (as shown in Table 6-4) was regressed against M and
dW,.. (Models 1-15). Mutiple regression analyses with stepwise selection techniques were then
applied to different combinations of the measures of flow energy, width change and planform.
The regression models were structured to compare the different measures of flow energy, width
change and planform. Table 6-7 illustrates the structure of the regression models by indicating
which input variables were used for each regression model (Models 16-63). Each measure of
flow energy (Q, S, and Dy, individually, § \/—Q- , 08, and M) was used in combination with
measures of width or width change (dW,.,, dW,,,, and W,,;) and of planform (P, P,,, b, and W,).
Suspended sediment concentration was included in each model as an estimator of sediment
supply. Preliminary results showed that the active channel width was not significant and as a
result it was not included. A total of 63 models was applied to each data set: the reach averaged
data, the logo-transformed reach averaged data, the subreach averaged data and the log,e-
transformed subreach averaged data. The models utilized data from each time period from 1918-
1985 using migration rate (M) as the dependent variable.
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Table 6-7 - Structure of independent variables used as input to multiple
regression models with stepwise selection for M as dependent variable.

Suspended Planform/
F.::., or Flow Energy Sediment width
ray Concentration Pattern
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For the width change rate (dW,,,), a similar input variable structure was used, but the active
channel width and total channel width were both included as independent variables, and the width
change variables (dW,, and dW,,,) were not included as independent variables. The result was a
total of 46 models that were applied to the four different data sets from 1918-1985. The 1985 to

1992 data were reserved for validation of the resulting equations.

Migration rate regression
The results of all of the regression analyses for lateral migration rates (M) are presented in

Appendix E, Tables E-5 through E-8. The arithmetic regression resuits are described below
followed by the results using the log)e-transformed data. In general. the reach-averaged data
produced higher explained variance (R-squared) values than the subreach-averaged data. For the
reach-averaged data, log,o transformation did not increase the accuracy of the models. However,
the logyo-transformation did produce better results for the subreach-averaged data. The decreased
accuracy using the subreach data is likely a result of the natural variability in the system that is
not accounted for by the chosen parameters, for instance bank material and stability, bank

vegetation, variations in water slope with stage, and other details of cross-section and planform

geometry.

Arithmetic regressions - A measure of stream power or flow energy was present in all of the

significant (R* > 0.5 and p < 0.005) relationships. The highest description of variance was from
models combining a stream power measure with either total channel width or a planform

measure.

Using the subreach-averaged data, the highest R-squared value is 0.34 and the residual plots
reveal that the residuals are far from normally distributed. The level of significance determined
by the p-values is very high as a result of the higher number of observations. However. this p-
value is not accurate and may be unrealistically low because of the lack of independence between

the samples. The low R-square values reduce the predictive capabilities of the equations.

Sinuosity was important in several of the relationships. However, the exponent or coefficient
for sinuosity was generally so high that it was considered to be unrealistic for predictive
possibilities. The sinuosity of the Cochiti reach between 1918 and 1985 based on the reach-
averaged data is less than 1.2. If a higher value of sinuosity were input, the resulting variation in
M could be extreme and unrealistic. As a result, the usefulness of these equations is limited. The
results do, however, reveal that there is a significant relationship between migration rate and

sinuosity.
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The following model combines discharge with width ratio:

M=888 + 00090 - 10.19W, (6.13)
64.9 48.9 15.9 (% explained variance)
0.0001 0.0006 0.0129 (p-value - significance of r*; F-test)
0.0018 0.0129

(p-value - significance that exponent = 0; F-test)

The stepwise selection method using the subreach-averaged data resulted in inclusion of a
planform parameter in 20 of the 28 models. The resulting R-square values are < 50% as with all
of the subreach results. but, the inclusion of planform indicates the significance of its association

with the variability in lateral migration rates.

The total channel width, or the width of the channel from outer-bankline to outer-bankline

including vegetated islands and mid-channel bars, explained 61% of the variance in the lateral

migration rate:

M=-0240 + 0.015 W,

(6.14)
60.9 60.9 (% explained variance) ,
<0.0001 <0.0001 (p-value - significance of r: F-test)
<0.0001

(p-value - significance that exponent = 0: F-
test)

Each of the measures of flow energy separately described between 46 and 51% of the
variance. Total stream power produced the best results, followed by mobility index, discharge.

and specific stream power:

M=0086 + 6408 OS (6.15)
51.2 51.2 {% explained variance) .
0.0004 0.0004 (p-value - significance of r™: F-test)
0.0004 (p-value - significance that exponent = 0; F-test)
= 2
M=0459 + 2328 MI (6.16)
511 511 (% explained variance)
0.0004 0.0004 (p-value - significance of r”; F-test)
0.0004 (p-value - significance that exponent # 0; F-test)
M=-0795 + 0011Q (6.17)
489 48.9 (% explained variance)
0.0006 0.0006 (p-value - significance of r*; F-test)
0.0006
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M=-1523 + 1955 sJo

(6.18)
458 45.8 (% explained variance)
0.0011 0.0011 (p-value - significance of t*; F-test)
0.00t1 (p-value - significance that exponent # 0; F-test)

Inclusion of bed material and suspended sediment concentration did not increase the accuracy
or significance of the equations. Based on the regression results using subreach-averaged data
(Appendix E, Table E-6), the total channel width and change in total channel width both
contribute significantly to the variability in M.

Logjo-transformed regressions - The R-squared values from the logq-transformed reach-
averaged data are lower than the arithmetic results, but higher than the arithmetic for the
subreach-averaged data. The Q-Q plots of the residuals are much closer to a straight line.
indicating that the log)o-transformation creates a more normal distribution, which is an underlying
assumption of the multiple regression model. Again, some measure of flow energy shows up in
all of the significant relationships (p < 0.005). Discharge combined with width ratio produced the

highest explained variance using the reach-averaged data:

M=0004 Q0 WS (6.19)

33.0 39.2 138 (% explained variance)
0.0016 0.0031  0.0395 (p-value - significance of r*; F-test)
0.0115 0.0395 (p-value - significance that exponent = 0; F-test)
The negative exponent for W, indicates that as the number of channels or island width

increased, the migration rate increased.

Using subreach-averaged data, the log,o-transformation produced better results than the
arithmetic regressions. As with the reach-averaged data, all of the significant regressions

included some measure of flow energy and/or total channel width.

The rate of change of total channel width (dW,,,) showed up as significant in the eight best
models. For the logo-transformed data, the absolute value ( IdW,,J ) of this measure was used, so
in this analysis it is really the magnitude of the width change and not whether it narrowed or
widened that was important. There are several ways that this could be addressed in future studies.
Cross-section lines that narrowed could be averaged separately from those that widened, resulting
in an average value for narrowing and widening separately for each reach. The exponent for
ldW,, is positive, indicating that the higher width change rates are associated with higher lateral

migration rates.
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Sinuosity also showed up as a significant variable. This time the exponents are not as large
and perhaps more reasonable, but it should still be kept in mind that the maximum value of
sinuosity for the subreaches is 1.34, so these equations are not applicable to sinuosities > 1.34.
The models that include mobility index with suspended sediment concentration are not presented
because of near collinearity between M1, C and Ds, as demonstrated by the high correlation

between these variables.

M=3.15 Q 1102 S L.118 P 3.269 (6.20)
30.9 21.1 39 6.0 (% explained variance)
<0.0001 <0.0001 0.010 0.002  (p-value - significance of r*; F-test)

<0.0001 0.010 0.007  (p-value - significance that exponent = 0; F-test)

M=282 (QS)1%  p3s (6.21

309 264 45 (% explained variance)
<0.0001 <0.0001  0.006  (p-value - significance of r’; F-test)
<0.0001  0.006  (p-value - significance that exponent = 0: F-test)

The measures of flow energy individually contribute more (20% to 26%} to the explained

variance than any of the other parameters.

Width Change
The results of ail of the regression models applied to the change in active channel width are

presented in Appendix E. Tables E-9 through E-12.

Arithmetic regressions - In the arithmetic regressions the active channel and total channel
width were the only variables that contributed significantly to the variability in the active channel

width change. The results using the reach-averaged data are as follows:

dW,,=1391 -  0.022 W,

(6.22)
344 344 (% explained variance)
0.0066 0.0066 (p-value - significance of r*: F-test)
0.0066 (p-value - significance that exponent # 0 t-test)

The coefficients indicate that the rate of change of width will scale to approximately 1% of
the total width and 2% of the active channel width. The measures of rate of change of width do
include a sign indicating whether the channel on average was narrowing (-) or widening (+). The
resulting negative coefficient for active or total channel width in the regressions will produce a

negative rate of change if the initial channel width is above a certain threshold. The values ot the
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coefficients are such that if the active channel width is > 64 m, then the rate of change of width
would be negative (narrowing). Obviously, this is not the case, as some sections of the Cochiti
reach with widths greater than 64 m actually widen. A threshold width, below which a channel
would widen rather than narrow, is a realistic concept, but the data do not support the values
predicted by this model. The 1985-92 data were not included in this regression. Two of the
reaches widen during that time period. It appears that total channel width is not a good predictor
of active channel width change, as the resulting equation would indicate channel narrowing for

any total channel width.

The subreach averaged data produced better results than the reach averaged. Similar
equations result from the arithmetic regressions of the subreach averaged data, except that the

change in active channel width scales to about 3% of the active channel width:

dWy=3.28 - 0.032 W,

(6.23)
429 429 (% explained variance)
<0.0001 <0.0001 (p-value - significance of r"; F-test)
<0.0001 (p-value - significance that exponent # 0: F-test)

Again, these equations result in threshold widths of 102.5 m and 10.8 m for active and total
channel, respectively, below which the channel would widen rather than narrow. Again. the
active channel width produces better resuits than the total channel width. The increased accuracy
using subreach data is likely a result of the better representation of what is really going on in the
channel by the way the data are averaged. Averaging narrowing and widening over a long reach
of channel can result in a width change value that may not be very representative of the changes

occurring in the channel.

Log;o-transformed regressions — The absolute value of the width change was used as the
dependent variable in the following models. The logo-transformed regression models produced
better results than the arithmetic for modeling variability in width change using reach-averaged
data. Either active or total channel width appears as significant in all of the models. The highest

description of variability is 50%:

AW, =923x10% (5/0) "% W, '® (6.24)
495 14.8 348 (% explained variance)
0.0030 0.0396 0.0008  (p-value - significance of r*; F-test)
0.0396 0.0062  (p-value - significance that exponent # 0; F-
test)
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dW,, = 1.70x10°  (QS) "% W, >*8 (6.25)

493 14.5 34.8 (% explained variance)
0.0031 0.0412 0.0062  (p-value - significance of r*; F-test)
0.0412 0.0008  (p-value - significance that exponent # 0: F-test)

AW, = 7.87x10° W, (6.26)
34.8 34.8 (% explained variance) .
0.0062 0.0062  (p-value - significance of r"; F-test)

0.0062  (p-value - significance that exponent # 0; F-test)

The subreach averaged log;o-transformed results for active channel width:

dW,, = 6.32x10" W,

(6.27)
349 349 (% explained variance) ,
<0.0001 <0.0001 (p-value - significance of r"; F-test)
<0.0001 (p-value - significance that exponent # 0: F-test)

Summary — The highest percentage of explained variance results from models containing
measures of both flow energy and planform. A comparison of the predicted migration rate with
the measured migration rates for the models producing the smallest error are presented in Figure
6-19 and Figure 6-20. The solid line on the plot indicates perfect agreement between predicted
and observed whereas the dashed lines indicate +/- 50% error. The models generally

underpredict the higher values of lateral migration rates.
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6.4 Summary
Three different methods of modeling lateral movement rates measured by width change and

lateral migration were presented. The first was a simple estimation of migration rate and width
change based on a percentage of channel width. A flat percentage of width did not model the
migration rate well, but it did highlight the differences between the pre and post dam migration
rates. The pre-dam rates generally were greater than 1% of the channel width. The post-dam
migration rates were generally less than 1% of the channel width. This 1% differentiation

corresponds to Brice’s (1982) delineation between stable and unstable channels.

The second method was based on the premise that the rate of lateral movement decreased as
the river moved toward an equilibrium condition. This was accomplished via an exponential
model with empirically derived parameters applied to each of the reaches. The results fit the
historic data well, with up to 98% of the variance in width change rate explained and 89% for

lateral migration rate.

The final method was an application of multiple regression models to the reach-averaged and
subreach-averaged data sets. The resulting equations do not explain more than 65% of the
variance, but they do identify potentially important associations. The variables that contribute
most to the variability in migration rate are flow energy and planform. Total stream power was
the best measure of flow energy, and width ratio and sinuosity were both significant measures of
planform. The active channel width was the most significant parameter in explaining the
variance in the rate of change of active channel width. In general, the results using the reach-
averaged data were better. indicating that there is more variability at the subreach level that is not
accounted for in the parameters used in these models. The potential for application of these

models in a predictive capacity is explored in the following chapter.
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CHAPTER 7

DISCUSSION AND APPLICATIONS

This chapter assembles the analyses presented in Chapters 4. 5 and 6 into one big picture and
discusses the results in the context of other rivers and other studies. The sections are outlined as

follows:

7.1 - Summarizes the historic geomorphic analysis of the Cochiti reach, including the
temporal trends of hydraulic. sedimentary and morphologic variables observed in the
study reach from 1918 to 1992 are described. Compares these data and trends with
those reported in other published studies from other rivers. Summarizes the spatial
variability in the reach and provides a "snapshot" of the river for each of the survey
dates from 1918 to 1992.

7.2 - Summarizes the results that provide evidence of a trend toward an equilibrium state

exhibited by the Cochiti reach.

7.3 - Provides validation of the lateral movement models presented in Chapter 6 by predicting

the lateral movement of the Cochiti reach between 1985 and 1992.

7.4 - Additionally, the models are tested with lateral movement data and compared with

models from published studies of other rivers.

7.5 - Finally, the ecological implications and potential applications of the methods presented

in this study to other rivers are explored.

7.1 Channel Adjustment
Chapters 4 and 5 quantified the inputs to the Cochiti reach and the resulting response. Each

variable (e.g., slope, bed material) was analyzed separately. The next two sections combine the
results from those chapters into a single "big picture”. First the temporal changes are summarized
and discussed. Then the spatial variability is illustrated through presentation of a "snapshot” of

the river at each survey date from 1918 to 1992.
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7.1.1 Temporal variability
Figure 7-1 presents a summarization of the temporal changes in the inputs to the Cochiti

reach and the corresponding response of the channel.
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The high energy and high sediment supply of the late 1800’ and early 1900’s created a wide,
braided, multi-channel configuration that was laterally mobile. The sandy bed of the channel
responded to the temporal variability in the sediment inputs by alternating aggradation and
degradation with the net sum being gradual aggradation of the bed. As the peak discharges began
to decrease (ca. 1930°s) due to natural and anthropogenic factors the channel responded by

narrowing, simplifying and reducing its rate of lateral migration.

Analysis of inputs to the Cochiti reach reveal that prior to construction of Cochiti dam, the
peak flows were decreasing. Uncovering the reasons for the decline are beyond the scope of this
study, however, changes in upstream agricultural diversion, land use and construction of
upstream dams occurred during this time period (ca. 1920-1970) (Scurlock 1998). Also, climatic
variations have been documented between the late 1800’s and mid-1900's (Scuriock 1998;
Crawford et al. 1993; Graf 1994). As a result, the variation in water discharge prior to
construction of Cochiti dam are likely a result of combined natural and anthropogenic factors.
The time period from the 1850’s through the 1920's was characterized occurrences of rainfalls
greater than 1.25 cm (0.5 inches) becoming more and more frequent with the trend peaking in the
1920’ followed by a decline in frequency (Crawford et al. 1993; Graf 1994).

There is little evidence of sediment supply changes prior to construction of Cochiti dam.
other than the obvious fact that if the water discharge decreased. the transport capacity of the flow
probably decreased. Also, changes in bed material (Figure 4-14) and bed elevation (Figure 4-15)
were minor during this time period. However, lateral changes in the channel were significant.
The width declined in all sections of the study reach from 1918 to 1972 (Figure 4-18).
Simplification of the channel also occurred during this time period as evidenced by increases in

the width ratio (W, = Active channel width/Total channel width. See Figure 4-28).

The temporal changes in the characteristics of the Cochiti reach can be summarized using
Schumm’s (1969) qualitative model of channel metamorphoses (See Section 2.3). The pre-dam
period was characterized by decreasing water discharge, which according the Equation 2-3 should
lead the following changes:

Q" ->W-,d . (W/d) ,x,S"
Based on the discussion above, and the results in Chapters 4 and 5, all of the changes described

by Equation 2-3 were seen in the Cochiti reach except for increasing slope. Slope is one of the

least adjustable parameters and the time period for adjustment can be very long (Knighton 1998).
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Following construction of Cochiti dam, the largest peak flows (>5,000 cfs or 142 m*/sec)
were attenuated (Figure 4-5), however, no significant decrease in peak flow was identified
between the 1942-72 and 1973-96 time periods (Table 4-2). The sediment supply decreased
dramatically following dam construction (Figure 4-9). The corresponding response of the
channel was immediate coarsening of the bed material size (Figure 4-14) and bed degradation
(Figure 4-16). Laterally, the study reach as a whole continued to narrow and stabilize. The
planform shifted from a braided configuration as meandering became more pronounced with
increasing sinuosity (Figure 4-27). Following construction of the dam. the lower peak flows
combined with depleted sediment supply resulted in degradation and coarsening of the bed and
continued narrowing and decreased lateral mobility. Post-dam lateral adjustments were not as

pronounced as the vertical changes.

The post-dam period (1973 to 1992) was characterized by decreased water discharge and bed

material load corresponding to Equation 2-7:
Q°.Q, > W .d* (W/d) .\ ,P".S*

Based on the findings of Chapters 4 and 5 as discussed above and presented in Figure 7-1, the
reach narrowed and sinuosity increased following construction of the dam. According to Lagasse
(1980) and Mosely and Boelman (1998, Draft) the width-depth ratio decreased for the Cochiti
reach since construction of the dam. As seen in Figure 4-13, there is no evidence of a significant
trend in the slope, though the increased bed degradation at the downstream end of the reach
suggest an increase in channel slope. The increasing trend in sinuosity suggests that the meander
wavelength is decreasing. These changes during both the pre and post dam periods suggest that
dimension. shape, gradient, and pattern of the Rio Grande are responding to changes in water and

sediment discharge as proposed by Schumm (1969).

The changes observed in the discharge regime and responding channel width suggest that the
peak discharges play a significant role in determining the resulting shape of the channel. In this
semi-arid climate, it does not appear that the channel is adjusted and formed by discharges that
are relatively frequent, such as bankfull discharge as suggested by Wolman and Miller (1960) and
supported by Surian (1999). Large, infrequent floods appeared to have a greater impact on the
lateral adjustment and mobility of the Rio Grande.
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7.1.2 Spatial Variability
Figures 7-1 through 7-7 provide snapshots in time of the entire Cochiti reach at the survey

dates utilized in this study (1918, 1935, 1949, 1962, 1972, 1985, and 1992). These figures are an
attempt to summarize the spatial variability in the channel that was explored in detail in Chapters
4 and 5. Several important features are emphasized by these plots. Tributary influences on
lateral migration rates are evident. The most pronounced impacts are by Galisteo Creek and the
Jemez River between 1918 and 1949 (Figure 7-2 and Figure 7-3) with migration rates as high as
80 m/year. Both of these tributaries were dammed, the Jemez in 1953 and Galisteo in 1970. It is
likely that their diminished influence on migration rates is in apart a result of lfow and sediment
regulation following dam construction. Impacts of other tributaries become more pronounced as
the average migration rate decreases with time. Similar response to tributary inputs have been
found in other studies as discussed by Gilvear and Winterbottom (1992). Zones of instability
often exist downstream of tributaries and are characterized by larger bed material particle sizes
with wider, shallower and steeper channels. Lagasse (1980) also noted the importance of

tributary influence on the response of the Cochiti reach during the 1970%.

Reach 3 is the most stable through the entire time period studied. It is also geologically
confined by a mesa on the right bank, as can be seen in the aerial photo in Figure 7-9. Between
1985 and 1992, the number of channels in Reach 4 increased. Inspection of the aerial photos and
field observations show that the channel is becoming more stable and entrenched into narrower
channels. The mid-channel bars transitions into vegetated islands as the combined effects of bed
degradation and reduced peak flows eliminated inundation of the bar surfaces. The photo in
Figure 7-9 illustrates this process. Other changes between 19185 and 1992 included widening of

Reaches 2 and 3 over significant portions.
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e bars

Figure 7-10 - Stabilization of mid-channel and lateral bars in Reach 4.
Photo is looking upstream from the right bank near CO-27 (July 2000).

7.2 Comparison of adjustment with other studies
The simplification of the Rio Grande as measured by active channel area are comparable to

those seen on the Platte River between 1938 and 1995 (Johnson 1997. 1998). Following a
significant decline in active channel area and subsequent stabilization in area, some sections of
the Platte River increased in active channel area between 1988 and 1995. Johnson (1997)
suggests that the Platte may have reached a new equilibrium after adjusting to past effects of
channel narrowing and woodland expansion. The largest dams on the Platte were constructed
over 50 years ago suggesting that adjustment to a state of dynamic equilibrium took about 20
years. Johnson (1997) also found that the greatest adjustments in channel area occurred in areas

closer to the source of water and sediment reduction, i.e., diversions and dam.

In order to compare the movement rates computed in this study with published rates. an
average of the bankline changes were used rather than the sum of the bankline changes. This was

accomplished by dividing the true migration rate, M, by two. Additionally, the reach averaged
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rates were averaged over the pre (1918 — 1972) and post-dam (1972 - 1992) time periods. A
weighted average was performed using the length of the time period as a weight.

The average pre and post dam migration rates are presented in Table 7-1 along with migration
rate data from other rivers impacted by dams. The channel mobility on the Cochiti reach as a
whole was 3.6 times greater prior to impoundment than after, which is comparable to the findings
of others studying the effects of similar flow regulation. The other data presented in this table are
for meandering alluvial rivers, except for the Hanjiang River in China, which was wandering-
braided prior to regulation (Xu 1997b).

Reaches 3 and 4 of the Cochiti reach exhibit the greatest changes between pre and post dam
rates. Some differences are expected from the variability in methods of measurement. It is
possible that averaging the right and left bank movement results in a lower rate. but this does not

effect the pre/post ratio, which would be high even if the sums of bankline movements were used.

Table 7-1 - Pre and post dam migration rate data.

Pre-dam  Post-dam
migration migration
River Location rate (m/yr) rate (m/vr) Pre/Post Reference
Hanjiang |China 7.6 2.1 3.6 Xu (1997b)
Milk D/s from Fresno Dam, MT 1.7 0.5 3.4 Bradley & Smith (1984)
Missouri D/s from Garrison Dam, ND 5.6 1.3 4.3 Johnson (1992)
Missouri  |Ft. Peck to Brockton, MT 6.6 1.8 3.7 Shields et al (2000)
Rio Grande |D/s from Cochiti Dam, NM This study
Reach 1 2.1 0.8 2.5
Reach 2 3.3 1.0 3.2
Reach 3 1.8 03 6.1
Reach 4 1.6 0.2 8.6
Entire Cochiti reach 2.3 0.6 3.6

The pre and post dam Cochiti reach data can be compared to the published data from Table 2-
3; these are plotted in Figure 7-11. Most of the published data are for meandering streams and
rivers, but the Brice data set and others contain a few measurements for braided rivers. Data from
the Brahmaputra and the Mississippi rivers were removed from the analysis due to the uniqueness
of those systems. The weighted averages of M, using average bankline change (M) were used
and were also normalized by the channel width for comparison with other studies. It can be seen
that the rates from the Cochiti reach (Figure 7-11) fall well within the general distribution with
perhaps higher widths and lower migration rates than some of the other studies. The pre-dam
rates and widths are higher than post-dam.
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Figure 7-11 - Cochiti reach pre and post dam width and lateral movement
data plotted with other published results.

Comparison between published rates and those measured on the Cochiti reach is complicated
by the differing methods of calculation and use of the terms "mean” and "maximum" in reporting
the rates. The mean value. minimum, maximum and 25®, 50". and 75®, quartiles were calculated
for the Cochiti reach data and the other published data (as shown in Table 2-1). The results of
this comparison (Figure 7-12) show that the pre-dam values of M., are greater than the other

published data. The post-dam Rio Grande data fall below the median value.
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Figure 7-12 - Comparison of Rio Grande lateral movement rates with other
published rates.
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When the lateral movement rates are expressed as percent of the channel width (Figure 7-13),
the Rio Grande movement rates are lower relative to the rest of the data because the pre-dam
channel widths of the Cochiti reach are large. All of the Cochiti reach both pre and post dam fall

below the median except for the pre-dam reach 2.

€ 1000% ¢ :

5 ' | —

r [ | | —%—Cochiti - |

% § 10.0% + A ; f pre-dam
> 3 e

s F | —e— Cochiti - -

5 § i ' post-dam .

9 1.0% +

8 .4 0 { —a—All other

® data !

§ _ ! |

2 0.1%

Mean
Minimum
25th
Quartile
Median
75th
Quartile
Maximum

Figure 7-13 - Comparison of Rio Grande normalized lateral movement
rates with other published rates.

7.3 Equilibrium?

Measurements performed in this study clearly show that during the early, pre-dam period.
rates of lateral movement were high, the channel bed underwent cycles of aggradation and
degradation with a net aggradational trend, and the width of the channel was significantly larger
than equilibrium widths predicted by hydraulic geometry equations (Figure 4-24). Defining an
equilibrium state by consistent “‘mean measurable behavior” would suggest that the pre-dam
channel was not in a state of dynamic equilibrium and was undergoing true channel change
(Hooke 1977). Schumm’s (1969) hypothesis described above is for “stable™ alluvial channels.
i.e., ones that have shown no progressive channel adjustments during the last 10 years of record.
The channel changes proposed in Schumm’s model are responses to alterations in hydrologic or
sediment regime. The time period required for a channel to complete its adjustment to a
hydrologic change may be long, resulting in an extended period of “instability” characterized by
considerable bank erosion and lateral shifting (Schumm 1969). The changes in the
characteristics of the Cochiti reach support the concept that the river was undergoing a
metamorphosis from one stable state to another in a manner that is consistent with the changes in

the hydrologic regime. The variability in lateral movement and the measured changes in input
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conditions, prior to construction of Cochiti Dam suggest that the channel was undergoing

adjustment to a changing hydrologic regime.

Construction of Cochiti dam was the zenith of man’s attempts to stabilize the Rio Grande and
succeeded in decreasing the mobility of the channel. Prior to dam construction, the Corps
channelized the river and attempted to stabilize the banks with jetty-jacks and levee construction
with limited success. Since construction of Cochiti dam, localized bank protection measured
have been employed, such as rip-rap on the outer banklines of bends (in the Santo Domingo reach
during the late-1980°), but other than that the channel has been left to migrate across the
floodplain within its levees since the 1960’s. Determining exactly which impacts, either human
induced or natural have resulted in decreased lateral mobility of the channel may be left to
speculation. However, construction of Cochiti dam and the resulting incision of the channel
downstream was clearly the final straw that pushed the channel into its current narrow. deeper,

and faster configuration.

Regardless of how or why the channel has become stable. it is clear that its degree of stability
has increased and that its rate of lateral change decreased. This evidence validates the Simons-
Albertson (1963) and Julien-Wargadalam (1995) estimates of equilibrium width and shows that
an exponential model of width change may be a useful tool for some channels experiencing
regular declines in width (Williams and Wolman 1984). Additionally, this conclusion is
corroborated by Lagasse (1980) who concluded that the section of the Rio Grande between
Cochiti dam and Angostura diversion dam were approaching a stable state, while the reach

downstream from the Jemez River was still in a period of adjustment.

The post-dam “stable” state is not necessarily a natural state. Flow regulation by the dam
created a discharge regime that is not truly a bankfull discharge. resulting in indeterminacy
regarding the true dominant discharge. Bank erosion is primarily caused by erosion at the toe of
the slopes and mass wasting of the bank material. Flows released by the dam are not large

enough to inundate the flood plain or even reach the top of the bank in many areas.

7.4 Lateral Mobility Models
Three models were developed (Chapter 6) to describe the historic changes in lateral migration

and width change rates. These models were calibrated using the 1918 to 1985 Cochiti reach data.
The 1985-1992 data were reserved for validation of the models. The results of the validation are
presented and discussed in this section. The modeling approach consisted of three levels of

models for each measure of lateral movement: migration and width change.
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The first model is a very crude, back-of-the envelope calculation assuming that the movement
rate is a percentage of the active channel width. The second model is based on the assumption
that the rate of change of width increases with deviation from equilibrium width. An exponential
model was empirically fit to the 1918-85 width data and used to predict the 1985-92 width
change. Using a similar concept for migration rate based on deviation from equilibrium width,
the migration rates were also predicted. Different means of empirically estimating the rate

constants and equilibrium width were employed.

The third model employed multiple regression analysis with stepwise selection to identify
significant associates between either migration rate or active channel width change and different
measures of flow energy, sediment supply, bed material and planform. Using the 1918 to 1985
data, the models with the highest R>-value were selected for validation with the 1985 to 1992
data.

The validation results for migration rate are presented in Table 7-2 and Figure 7-14. The best
estimation of the 1985-92 migration rate was using the multiple regression equations. The model
combining discharge and width ratio and the model using only the mobility index produced the
smallest error in predicting the 1985-92 rates. Predictions of migration rates for each of the four

reaches using four of the multiple regression models are presented in Figure 7-15 and Figure
7-16.

The results for prediction of the 1992 width are presented in Table 7-3 and Figure 7-17. All
of the computations for width change presumed that the width change was negative. therefore the
channel narrowed. As a result, for all but two of the models. the widths of reaches 2 and 3 are
underpredicted because those reaches widened between 1985 and 1992. On average, the best
models (minimum error) were the simple estimation of width change as percentage of previous

width, and the regression result including unit stream power and active channel width.

The regression equations were used to predict the rate of change of active channel width
(dW,,). The best results were achieved using a log¢- transformation, which required that only
the absolute value of the width change be predicted. The regression equation that produced the

least error combining unit stream power and active channel width, as mentioned above, is:

W, =9.23x10°[SyOT W2 oo (7-1)
where: dW,, = rate of change of active channel width (m/year);

S -\/a = unit stream power; and
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W, = active channel width at beginning of time period.

Equation 7-1 can then be used to estimate the active channel width at the end of the time period
(Wae2):

W

act2

= Wacll -(At 'dWm,)

Worz = W _(N 923x10° - [sy0] ** W, " ) ............... (72

where: At = length of time period (years).

Similarly, the regression equation resulting from using only the active channel width is:
AW, =T.8TX10™ W, "% oo (7-3)

Equation 7-3 can also be used to estimate the active channel width at the end of the time period
(Waﬂ;‘):

=w,,, -(ar-7.87x107 W'

actl

w

act

The results of application of Equations 7-2 and 7-4 to reaches | through 4 of the Cochiti reach

from 1918 to 1992 to estimate the active channel width are presented in Figure 7-18.

Measurement of lateral channel variables at the subreach level did not increase the accuracy
of the lateral movement predictions. In fact, the high variability in these measurement highlight
that there are other, more localized factors, such as bank stability and vegetation that impact

channel adjustment at a smaller spatial scale.
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Table 7-2 - Validation of migration rate models using the 1985-92 lateral
migration rate results.

Average
Observed M Predicted M Error Absolute
Equation Reach # (m/year) (m/year) (pred - obs)/abs Error
Simple Model M gt M g pred
M gy = 0.01 Wy 1 034 0.90 169%
2 0.52 0.87 61%
3 0.36 0.73 103%
3 0.28 1.51 146% 196%
Exponential Models: M,y =k, (W-W,)
Best-fit kg N “,‘ from dW,,, model M,,b, Mprrd
k,=0.028. W,=63 1 0.67 0.42 -38%
k,=0.036, W, =41 2 1.04 1.89 82%
k,=0.059, W, =68 3 0.72 072 1%
k,=0.021, W,=124 4 0.55 0.01 98% 35%
Best-fitk,. W, from Hydraulic Geom Eqn
k.=0.030, W,=172 1 0.67 0.17 74%
k,=0.045. W,=78 2 1.04 0.66 -37%
k,=0.069, W,=79 3 0.72 0.07 -90%
k,=0.016. W,=85 4 0.55 0.63 15% 4%
Log-transformed regression Models:
Mo M ppes
M =2.518 MI°™ 1 0.67 0.65 3%
2 1.04 0.47 -55%
3 0.72 0.51 -30%
4 0.55 0.62 126 8%
M = 0.004 Q' w, I 0.67 .14 70%
2 1.04 0.89 -15%
3 0.72 0.84 16%
3 0.55 0.83 51% 8%
M =0.001 Q-7 1 0.67 0.94 40%
2 1.04 092 -12%
3 0.72 092 28%
4 0.55 0.98 78% 9%
M =6.268 (S 1 0.67 1.40 108%
2 1.04 0.73 -30%
3 0.72 0.90 26%
4 0.55 0.68 23% 9%
M =2.52(QS)"* pt™s2 1 0.67 1.35 102%
2 1.04 1.61 54%
3 0.72 0.70 3%
4 055 0.73 2% 18%
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Table 7-3 - Validation of width change models using the 1992 reach-
averaged active channel width.

992
Active Estimated Error Average
Channel 1992 Channel (pred - Absolute
Equation Reach# Width (m) Width(m) obs)/obs Error
Simple Model W ocrobs W ocrpred
dw,, =0.021 W, 1 78 79 2%
W2 =Woqy +dWoq 2 93 76 -18%
3 80 64 -20%
4 124 132 6% L&
Exponential Model (Equation 6-8):
Empinical k ; (from subreach data), best-fit W', W ocrots W ocrorad
k,;=0.031, W, =63 l 78 88 12%
k,=0.024, W,=41 2 93 85 9%
k,=0.041, W, =68 3 80 74 1%
k,=0.040. W, =167 4 124 176 41% %
Empirical k; and W, from reach-avg data
k,=0.026, W, =59 1 78 95 %
k;=0.018, W =38 2 93 105 13%
k;=0.034, W =77 3 80 86 7%
k,;=0.033, W, =140 4 124 159 8% 7%
Empirical k ;. W, from Hydraulic Geom Eqn
k,;=0.034, W =T2 1 78 91 17%
k,=0.030, W,=78 2 93 102 9%
k,=0.051. W,=79 3 80 82 2%
k,=0.019. W =85 4 124 151 2% 13%
Log;,-transformed regression Models:
Wx:-aln wm-ppnd
dwW,, =9.23x 10° (5(0)** )"0 w18 ! 78 86 10%
2 93 77 -17%
3 80 68 -15%
4 124 115 1% 2%
dW ., =7.70x 10° (0S)" ¢ w 1 78 82 5%
2 93 68 -27%
3 80 63 2%
4 124 80 -36% il
dW ., =7.87x 10° W' 1 18 ki 1%
2 93 59 -37%
3 80 59 -27%
4 124 44 64% n%
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7.5 Comparison with other Rivers

Simple Model
Brice (1982) showed that different stream types (as defined in Figure 2-1) exhibit varying

rates of lateral migration. Equiwidth channels generally exhibited smaller migration rates and
were more stable laterally. Wide-bend channels. or meandering channels whose width varies
downstream by at least a factor of two between bends and the straight sections between bends,
and braided point-bar channels were the least laterally stable. Brice (1982) showed that a line
could be drawn on a plot of channel width versus lateral movement (bank erosion) that divided
most equiwidth channels from most wide-bend and braided point-bar channels (Figure 2-6). This

line represents migration rates that equal 1% of the channel width (M =0.01 W).

Published lateral movement data (Table 2-1) are plotted against channel width, along with the
Cochiti reach pre and post dam data in Figure 7-19. This is the same data plotted in Figure 7-11,
but it is now grouped by channel pattern in an attempt to see where the Cochiti reach data and
other published data fall within Brice’s channel type classification and with respect to the 1% line.
Brice's data are included and grouped using the braided, wide-bend and equiwidth stream types.
Most of the other data are from meandering rivers, and there are a few other braided-river data

points in addition to Brice’s.

Most of the meandering rivers fall above the line, in the region that Brice suggested to be less
laterally stable. It is expected that the rivers that scientists and engineers choose to study when
they are concerned with lateral migration rates will be rivers that are active laterally. As a result.

much of the data from other studies plot in the less stable region.

The pre-dam Cochiti reach data mostly plot above the line in the region of more mobile
rivers. However. pre-dam reach 4 plots below the line because of its large width and lower
migration rate. During this time period. it was more of a straight braided configuration, which
Brice points out often fall below the curve because their channels are wide relative to their
discharges. The post-dam data plot below the line in the zone of less mobile equiwidth rivers.

except for reach 2, which is more mobile and plots just above the line.
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Exponential Model

To explore the possibilities of using the exponential method presented in section 6.2 to model
width changes on other rivers that exhibited regular narrowing trends, the Williams and Wolman
(1984) data for the Jemez River, Wolf Creek, the Arkansas River and the North Canadian River,
Oklahoma were plotted. Figure 7-20 shows how the relationship between width change and
width on the rivers described above compared with that observed on the Cochiti reach. The
Williams and Wolman (1984) data are presented at individual cross-sections for different years

following dam construction.
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Figure 7-20 - Comparison of width vs. width change rate relationship
between Cochiti reach and other published data. Non-Rio Grande river
data are from Williams and Wolman (1984) and represent narrowing
associated with dam closure.

In order to apply the exponential model to this other data, the values of k; and W, need to be
determined empirically, as it is clear the same values used in Cochiti would not apply. To
estimate the values of k; and W,, the data were reach-averaged for each year that the narrowing
trend continued (Figure 7-21). The reach-averaged narrowing data from the Cochiti reach are
plotted for comparison. The k;-values from the different rivers vary considerably. The resulting
models of width change are presented in Figure 7-22. For comparison, the r-square values from
Williams and Wolman's (1984) hyperbolic model are presented in Table 7-4. Williams and
Wolman (1984) model the width change at each cross-section. which is why there is a range of r-
squared values. The exponential model was applied to the reach-averaged widths for each river.
The r-square values are comparable to Williams and Wolman’s (1984) results from their
hyperbolic model, except for the Arkansas River, which resulted in a very poor fit using the

exponential model.
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m/year. Non-Rio Grande data are from Williams and Wolman (1984) and
represent narrowing associated with dam closure.

Table 7-4 - Comparison of width models between the exponential model
and the hyperbolic model from Williams and Wolman (1984).

r* Values
Hyperbolic
Exponential Model from
River Model Williams and
(Figure 7-3) Wolman
(1984)
Jemez River, New Mexico, 0.78 0.37 - 0.83
Jemez Canyon Dam
Arkansas River, Colorado, John
Martin Dam 0.0 0.79 -0.99
Wolf Creek, Oklahoma, Fort 0.84 0.34 - 0.99
Supply Dam
North Canadian River,
Oklahoma, Canton Dam 0.94 0.30-099
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Figure 7-22 - Application of exponential model to width change data from
Williams and Wolman (1984).

Regression Models
It is possible to compare the equations resulting from the multiple regression analysis

presented in section 6.3 with those from other published studies. However, some of the
differences in data and methods should be noted. A comparison is made between this study and a

few selected other studies in Table 7-6.

Table 7-5. Based on this comparison, it appears that Shields et al. (2000) is the most
comparable to this study. Unfortunately, the only significant association found was with R/W,
which was not included in the analysis presented in section 6.3. Nanson and Hickin (1986) and

MacDonald (1991) provide the best equations for comparison with this study.

The percent of explained variance (R*-value) found in the models in section 6.3 are
comparable to those found by Nanson and Hickin (1986). The highest values are less than 70%.
Nanson and Hickin (1986) found that the highest explained variance (69.1%) was produced by a
combination of @, S, and Ds, to model the variation in volume of migration measured by M*h

where h = bank height. Difficulties arise in comparing the results of the equations from section
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6.3 with those of others when parameters are used in different forms. For instance, Nanson and

L. . S . -
Hickin (1986) used unit stream power, @ = Y% , while a surrogate for @ was used in this study,

S4/Q . A comparison of published equations with the results from Section 6.3 are presented in

Table 7-6.
Table 7-5 - Comparison of selected studies utilizing regression analysis to
model lateral migration rates.
This Study | Hooke Nanson and | Shields et Lawler MacDonald
(1980) Hickin al. (2000) (1999) (1991)
(1986)
Planform . . Sinuous . :
Planform wansition Meandering | Meandering braided Meandering | Meandering
Special Dam Dam
Impacts Impacts Impacts
# study 6 study 3 study 1 study 3 study 2 study 1 study
eriods _periods periods period periods periods period
Time ’ 1974-76 and 1890's to
eriod 1918-1992 1842-1975 21-33 yrs 1991 1996-97 ~20 years
#of rivers | Single river :3:::35 on7 18 reaches Single river | Single river [ 16 sites
Spatial and Spatial and .
Typ_e o.f . temporal Regional Regional temporal Spgna! .. | Regional
variability (abili “abili bl {abili variability in | € bili
alyzed variability variability variability variability one river variability
ana'yz with in reach with in reach
. Field . . .
Method of | Aerial Aerial Aerial Aerial
measure- photos/ :;s;::ls and photos/ photos/ }r:scrl:ms photos/
ment maps photos/maps maps maps Maps
Signifi-
cance level . . .
used in 95% Not given 90% 90% Not given Not given
regressions
Significant
associations .
identified Flow energy | Drainage Flow energy R/W Distance 8:;‘;??&1\
With Planform area Bed material downstream N
.. height
migration
rates
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Table 7-6 - Comparison of regression results with those from other studies

This Study Nanson and Hickin (1986) MacDonald (1991)
M - 54.3QI.I203S1.4531 M = L663Q0.48250.363
R*=0.50 R*=0.53

M =1778W,, ° "7 §' e

R*=0.36 M =0.301W o8 gon
M =6.155W, ¥ 5082 R?=0.54
R*=0.45
M =2611(S,/Q)"*" M -h = 04500
R>=0.48 R*=0.20
M =194.3(S\/@)"** D" M -h=0.6070°% D2
R’ =0.54 R2=0.29
M =0.007W,,"" M = 0.28W 00
R’ =0.42 R =034
M =0.001Q"" M =0.0220°%
R*=0.39 R:=0.75

The regression results from this study support Brice's (1982) conclusion that planform is an
important factor in lateral migration. The inclusion of planform measures in this study reveals
that migration rates increase with increasing sinuosity (P < 1.2-1.3). Also, the migration rates
increase with decreasing width ratio, signifying that the reaches with more or larger mid-channel
vegetated bars were more laterally mobile. Also reaches with higher total channel width
(including bars) also exhibited higher mobility.

It was anticipated that decreasing the spatial scale of measurement would increase the
accuracy of the regressions, however this was not the case. This illustrates that there are other
factors not accounted for in this study that contribute to the spatial variability in M in the Cochiti
reach. Such factors may include bank stability, vegetation, detailed cross-section geometry,

meander geometry and randomness.
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7.6 Ecological Implications
Predicting the effects of human modification of streamflow on natural ecosystems is

complex. Complex relationships exist between the biota and hydrogeomorphic processes
(Johnson 1994). The movement of the Cochiti reach towards a more stable configuration with
decreased lateral mobility and encompassing reduced channel area may have negative ecological
implications. The dynamic nature of a natural river system increases the biodiversity of the
river’s aquatic and riparian habitats (Ward et al. 1999; Winterbottom 2000). Human attempts to
"stabilize” the middle Rio Grande in New Mexico have succeeded in reducing the dynamism in
both the inputs to the reach and in the responding form of the channel. Decreased frequency and
intensity of flooding has been documented to have major effects on riparian ecosystems (Busch
and Smith 1995). Ward et al. (1999) states that floodplain rivers with ecological integrity are by
definition non-equilibrium systems. A natural and diverse disturbance regime (e.g., discharge
events in excess of bankfull) combined with some freedom of lateral migration are necessary

elements of non-equilibrium systems Ward et al. (1999) defines.

Additionally, connection of the river with its floodplain is a key element in maintaining
ecological integrity and diversity of river systems (Ward et al. 1999). On the Cochiti reach,
incision of the channel bed following construction of the dam disconnected the channel from the
floodplain. The resulting narrow and deep configuration of the channel and reduced peak flows
creates a situation in which even the highest flows no longer achieve bankfull conditions.
Bravard et al. (1997) found that incision and narrowing of channels at a watershed scale

decreased habitat heterogeneity, and, thus decreased biodiversity.

Given the unliklihood of the removal of Cochiti Dam. this study provides insights into the
response of the Cochiti reach that may be useful for creation of sustainable habitat restoration
under the current regulated conditions. For instance, increased lateral mobility is observed in
some sections downstream from tributaries. Identification of more mobile subreaches lends itself
to implementation of innovative river management practices, such as the "streamway" concept

employed in France (Piegay et al. 1997).

Along the Galaure River, actively meandering sections of the river were identified and all
bank protection measures are prohibited in those sections where ecological conservation or risk
management are of interest. Within the non-protection areas or defined "streamway”, the
community agreed to allow the river to freely move laterally. The management plan created a

contract between riverside property owners and the managing agency that restricts construction of
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protective measures and financially encourages natural vegetative rehabilitation of the floodplain.
The use of GIS-based maps of risk of lateral movement proved to be an extremely useful tool in

the development of the management plan (Piegay et al. 1997).
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

The 45-kilometer long Cochiti reach of the Rio Grande, NM provided an excellent case study
in lateral response of an alluvial river to natural and anthropogenic alterations in water and
sediment inflows. An extensive database that documents the changing water and sediment
regimes and the corresponding lateral and vertical adjustments of the channel from 1918 to 1992
(Leon et al. 1999h) was utilized to quantify historic trends. measure indices of lateral mobility

and stability, and model lateral movement rates. The primary conclusions are as follows:

1) The historic analysis revealed significant differences (>50%) between pre and post dam
inputs and responses. During the pre-dam period (1918-72) the peak flows decreased and
the channel exhibited a corresponding decrease in width and lateral movement rates.
Following construction of Cochiti dam in 1973, the sediment supply was virtually
eliminated and the channel bed coarsened from sand to gravel and degraded up to two

meters. The pre-dam trends toward narrowing and stability continued following
construction of the dam.

2) Between 1918 and 1992, the channel moved toward a more stable/equilibrium
configuration as evidenced by agreement with hydraulic geometry equations and
decreased rates of lateral movement. Comparisons with existing hydraulic geometry
equations indicate that the 1992 width is close to an equilibrium width. The 1918
channel width was on average 2.3 times greater than the estimated equilibrium width

from the Julien-Wargadalam (1995) hydraulic geometry equations.

3) Four indices of lateral movement and two indices of lateral stability were computed from
bankline movement and channel changes measured from digitized coverages of the active
channel. The lateral movement indices provide two different measures of gross bankline
change (E, total bankline change and N, bankline movement normalized by channel
width) and two that separate the lateral movement into migration (M) and width change
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(dW,). The degree of lateral stability was quantified using two indices computed from
changes in active channel area. The following temporal and spatial trends were
identified:

a) Between 1918 and 1992 the rates of lateral movement decreased and the degree of

stability increased.

b) Increased rates of lateral migration were noticed downstream of tributary
confluences. The most stable reaches were single thread and in areas with geologic

control of lateral movement.

4) Three models of lateral migration and width change rate were developed utilizing the

Cochiti reach data from 1918 to 1985 as measured by the indices described above:

a) A simple model predicting lateral movement rates based solely on the active channel
width provided a rough approximation of movement rates. The measured rates of

migration as percentage of width were comparable to those measured in other rivers.

b) The assumption that lateral channel changes were proportional to the deviation from
equilibrium allowed for the fit of an exponential function to changes in active
channel width and migration rates. The exponential model explained up to 98% of
the temporal variance in width and up to 88% of the temporal variation in migration

rates.

¢) Multiple regression models showed that lateral migration rates were significantly
associated with measures of flow energy and the ratio of active channel width to total
channel width. Rates of change in active channel width were associated with the
active channel widths at the beginning of the time period. The models explained up
to 65% of the variability in migration rates and 50% of the variability in width
change for the 1918 to 1985 time period.

5) The models were validated using the 1985 to 1992 lateral movement measurements from
the Cochiti reach. The regression equations using the mobility index or water discharge
combined with width ratio predicted the 1985-92 migration rate with 25 to 38% average
error. The 1992 width was predicted equally well (12% average error) by the simple
estimation of width change rate as percent of width and by the regression results using
unit stream power and active channel width. The exponential model was also applied to

the Williams and Wolman (1984) width change data for channels that narrowed

214

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



following dam completion. The exponential model accurately modeled the width

changes (r* > 0.75) for three out of the four rivers modeled.

8.2 Recommendations
The database utilized in this study (Leon et al. 199%h) is one of the most comprehensive sets

of data available for an alluvial river in the western United States. Daily water discharge records
on the middle Rio Grande began in 1895 and sediment sampling commenced in the 1940’s,
creating one of the longest hydraulic and sediment records available in the US. Documentation of
channel response began in 1918 with a topographic survey followed by aerial photos from 1935
to 1992 and commencement of cross-section surveys in the 1930%. Further documentation of the
channel continued with regular surveys of established cross sections by the U.S. Bureau of
Reclamation. Continued data collection and further use and validation of the models presented in
this dissertation could enhance their future predictive capabilities on the Cochiti reach. More
specifically, incorporation of digitized aerial photos of the active channel taken after 1992,
quantification of changes in bank vegetation both historic and current, and measurement and
prediction of bed load transport would all be useful in increasing the predictive capabilities of the

regression analysis.

Incorporation of the planform data into a Geographic Information System (GIS) allowed for
automation of measuring the characteristics of the channel planform and the lateral movement of
the channel. Use of the GIS made it possible to measure lateral movements every 150 meters
along the channel for 45 km and six different time periods quickly and accurately. The increased
spatial resolution possible with a GIS will be useful for future mapping and identification of
stable or unstable sections of the river. Measurements of lateral migration rates and width
changes rates using the bankline delineated in the GIS coverages of the non-vegetated active
channel were comparable to those found in other studies that utilized field measurement and/or

measurements from aerial photos.

The methods of compilation, manipulation, and analysis of the historic data employed in this
study can be applied to similar rivers and other reaches of the middle Rio Grande. Already,
database similar to that used in this dissertation has been compiled by CSU on the Bemnalillo to
San Acacia reach of the Rio Grande, just downstream from the Cochiti reach (Bauer 1999). A
qualitative geomorphic analysis of the Rio Grande between Bernalillo and San Acacia was
conducted by Bauer (1999) and a quantitative analysis of channel adjustments of the Rio Grande
between the Rio Puerco and San Acacia diversion dam were conducted by Richard et al. (2000,

draft). Future applications of the models presented in this dissertation to the database compiled
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on the Bernalillo to San Acacia reach of the Rio Grande (Bauer et al. 1999) and possibly to other
rivers would improve river management while increasing the validity and robustness of the

methodologies presented herein.

The longer-term (74 years) view of channel adjustments taken in this study, as compared to
earlier short-term (< 25 year) studies of the Cochiti reach (Lagasse 1980, 1981, 1994; Leon
1998), provides more information regarding the historical character of the river that will be useful
in restoration planning. Implementation of environmental legislation, such as the Endangered
Species Act of 1973 can result in the creation of Habitat Conservation Plans and require the
determination of restoration goals. This dissertation presents an historic study of changing
processes acting on the channel and the resulting response of the Cochiti reach that can give river
managers, engineers, geomorphologists, and ecologists a picture of how the river behaved
historically. The predictive capabilities of the models presented herein can aid managers in design

of management strategies once specific restoration goals have been identified.

Lastly, the author concludes that empirical methods and simplifying concepts such as stability
or equilibrium are useful tools for understanding the inherent dynamic nature of fluvial systems.
The results of the analyses in this dissertation indicate that combined human-induced and natural
changes in water and sediment inputs produced a more stable, less active channel. Just as the
dams and diversions attempt to force rivers into manageable and stable conditions, empirical
models and equilibrium concepts are human constructs that endeavor to describe rivers in a more
controllable and convenient manner. Fortunately, the chaotic nature of fluvial systems does not
easily permit human management or simple description, for it is the chaotic and often

unmanageable nature of rivers that sustains diverse ecosystems. as well as human fascination.

Landscape is often seen as static; but it never is static. From its
first rock in the sky to its last embrace by the estuary at the sea,
the river has been surrounded by forces and elements constantly
moving and dvnamic, interacting to produce its life and
character. (Horgan 1954, p.7)
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APPENDIX A - DATA LISTS

Table A-1 Aerial Photos

Aerial Photos digitized in the Rio Grande Geomorphology Study, v. 1 by the USBR, Remote

Sensing and Geographic Information Group, Denver, CO:

1)

3)

4)

5)

6)

7

1918 — Scale: 1:12,000, Hand drafted linens (39 sheets), USBR Albuquerque
Area Office. Surveyed in 1918, published in 1922.

1935 — Scale: 1:8,000. Black and white photography, USBR Albuquerque Area
Office. Flown in 1935, published 1936.

1949 — Scale 1:5,000. Photo-mosaic. J. Ammann Photogrammetric Engineers,
San Antonio, TX. USBR Albuquerque Area Office.

1962 — Scale: 1:4,800. Photo-mosaic. Abram Aerial Survey Corp. Lansing, MIL.
USBR Albuquerque Area Office.

1972 - Scale: 1:4,800. Photo-mosaic. Limbaugh Engineers, Inc.. Albuquerque,
NM. USBR Albuquerque Area Office.

1984/1985 — Scale: 1:4,800. Orthophoto. M&I Consulting Engineers, Fort
Collins, CO. Aero-Metric Engineering, Sheboygan, MN. USBR Albuquerque
Area Office.

1992 — Scale: 1:4,800. Ratio-rectified photo-mosaic. Koogle and Poules
Engineering, Albuquerque, NM. USBR Albuquerque Area Office.
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Table A-2 - USGS Daily Mean Discharge Data

. USGS Station
USGS Station Name ‘ Dates of Record
Number
Rio Grande at Embudo 08-2795.00 | 13891904
1912 - present
Rio Chama - Abiquiu 08-2865-00 1961 — 1993
Above and Below the dam 08-2870-00 -
Rio Chama near Chamita 08-2900-00 1912 - present
1895 - 1905
Rio Grande at Otowi 08-3130-00 1909 - 1914
1918 — present
Rio Grande at Cochiti 08-3145-00 1926 - 1970
Rio Grande below Cochiti 08-3174-00 1970 - present
Dam
Galisteo Creek at Domingo 08-3180-00 1941 - 1971
(D;ahsteo Creek below Galisteo 08-3179-50 1970 — 1994
am
1927 - 1928
Rio Grande at San Felipe 08-3190-00 Sporadic 1929 & 1930
1930 - present
1936 - 1941
Jemez River near Jemez, NM 08-3240-00 1949 - 1950
1953 - 1994
Jemez River 1936 - 1937
Below Jemez Canyon Dam 08-3290-00 1943 - 1994
. 1929 - 1969
i .3295.-
Rio Grande near Bernalillo 08-3295-00 (no daily — peaks above base flow)
Rio Grande at Albuquerque 08-3300-00 1942 - 1997
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Table A-3 - Range line locations
Reach 1 - Cochiti Dam to Galisteo Creek

Rangs'tineNumbers. | . .~ 7
- - AL 1.0
25 1.2
26| 1.4
27 1.6
28 1.7
29 1.9
1.3 30 2.0
3 2.1
32 2.2
33 2.4
34] 860.4A 2.5
c0-2 2.6
35 7
36 2.8
37 2.9|
ag 3.1
39 3.2
40 3.4
a1 3.5
42 3.7
43 3.8|
44 4.0
1.4 45 4.1
46 4.2
47] 8622 4.3}
co-3 43|
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4.6]
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Table A-3 - Range line locations
Reach 1 - Cochiti Dam to Galisteo Creek

Jecos | — [ F 79
1.7 68 74
69 7.6

70 7.8

7 7.9}

72 8.1

73 8.2

1.8 74 8.4
75 8.6}

CO-6 8.6]
76 8.8|

COo-7 8.8}
7 8.9|

78 9.0]

79 9.2

80 9.3|

81 865.3] 9.5

1.9 82 9.7
83 9.9

84 10.0|

85 10.2}

86 10.3]

87 10.5}

88 10.6}

89 10.7

90 10.9|

91 11.0]

92 11.1

CO-8 11.2
93] 865.3A 11.3

94 1.4

95 11.5

96 11.7

97 11.9}
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Table A-3 (cont) - Range line locations
Reach 2 - Galisteo Creek to San Felipe

“IE

%!

‘Range Line-Numbers - .
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CO-10 . 136
109} .~ 868} - 13.7
110} 13.9
1T1Ef ) 14.0
112 14.2
113 14.4
114 . 14.5
2.3 115 14.6
116 14.8
117 14.9
CO-11 15.0
118 15.1
119 15.2
120 15.4
121 15.5
122 15.7
123 15.8
CO-12 124]868.0A 16.0
125 16.1
126 16.3
127 16.5
128 16.6
129 16.8
130 17.0
131 17.2
132 17.3
133 17.5
134 17.6
135 17.8
136 870.5 17.9
CO-13 18.0
18.1
18.2
e A
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Table A-3 (cont) - Range line locations
Reach 2 - Galisteo Creek to San Felipe

BTABIING: [T o072 195
TS ok o ke s 102
S | SRl SR

CO-15

2.6

Co-16
169 23.0
170 232
in 234
172 235
173 237
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Table A-3 (cont) - Range line locations
Reach 3 - San Felipe to Angostura Diversion Dam

—IEE T T T T
skrdoaky| CO-17 FAa: AT Y

11

, u;' g "“’“‘1,»:’&26._9‘#

N |
b

co-19 1 1 27.3

28.3
28.5
S e f .. 286
_28:8]
29.0
29.2
29.4
29.5

3.3] CO-20
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Table A-3 (cont) - Range line locations
Reach 3 - San Felipe to Angostura Diversion Dam

CO-21 30.6
217 30.7

34 218 30.8
219 31.0

220 31.2

221 31.3

222 31.5

223 31.7

224 31.8

225 32.0

226 32.1

CO-22 32.2

L Ee 2T AR A RTY

"CO23 FoRsrRe iRy, e o Taah
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Table A-3 (cont) - Range line locations
Reach 4 - Angostura to Bernalillo Bridge

S

Tl

D R -

240 34.3

241 34.4

242 34.5

- 243 34.6
244 34.7

245 348

246 34.9

247 35.1

248 882.2 35.2

249 35.3

250 35.4

251 35.6

252| 35.8

253 35.9

254 36.1

S 255 36.3
748 CO-25 R irERA 2560 43T ‘*'*f,.MS&Eu
- %ﬁ%m",iﬁtf"f‘? -!*sat.’as‘é,‘

——
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Table A-3 (cont) - Range line locations
Reach 4 - Angostura to Bernalillo Bridge

SRR S i 408
N N )
T - 288] " - . 411
L 289} . 413
asf - 290 414
- 291 41.6

- 292 41.7
D 293 41.9
L 294] 8848 42.0

- CO-29 42.1
. 295 42.2
- ' 296 885 42.3
- 297| 42.5

3 298 887.7 42.6
46 .- 299 42.7
E. . 300 42.9
S 301 43.0
SRS 302 432

b T 303 434
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Table A-4 - SCS Line survey dates and sources

Cross-section Number (SCS Lines/Agg-!
Collected by Date
860.4 | 860.4A | 862.2 864 865.3 | 865.3A| 0868 | 868.0A| 870.5 | 870.5A| 873
21 34 47 66 81 93 109 124 137 152 163
Note: These surveys were oblained lrom the NRCS
office in Albuquarque. They are copied from the original
linan sheets. The cross sections are drawn looking
upsiream. The exact location and corresponding
agg/deg line number is unknown for several sections.
SC8 1918} X X X X X X X
SCS 1936]
SCS 1937]  x X x
SCS 1939]
SCS 1940 X X X X X X X
SCS 1941 X X X X X X X
Note: These surveys are from USBR drawings. Some
of the surveys duplicate those from the NRCS sheets
listed above. The sections are drawn looking
downstream. These sheets were obtained from Paula
Makar at the USBR Denver Oflice. The comresponding
agg/deg line numbers were handwrilten on the sheats.
The source of this information is unknown.
USBR 1936
USBR 1937]  x X X
USBR 1939
USBR 1940 X X X X X X
USBR 1841 X X X
USBR 1942 X X X
USBR 1844 X X X X X X X X X
USBR 1847| X X x
USBR 1952
USBR 1953}
USBR 1954]  x X X X x X X X X X X
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|8 74

Table A-4 (cont) - SCS Line survey dates and sources

Collected by Date |Renge ab.| Range b, Range ab. Rangebl. | Range | Range Range |Bern-alllio
S. Felipe | S. Felipe | 878 Former Bern-| 884.8 | 887.5 | 890 | Ango-stura|Ango-stural Ango- |Ango-stural Hwy
Bridge Bridge alilio Bridge Div. Dam A" stura "B" “c" Bridge
178 179 215 237 248 262 268 298
Note; These suiveys were oblained lrom
the NRCS oflice in Albuqueique. They
are copied from the original linen sheels.
The cross sections are drawn looking
upeiream. The exact location and
corresponding agg/deg line number is
unknown far several sections
SCS 1918| X X X X
sCs 1938]  x X X
SCS 1937] X x
5CS 1939] X X x
SCS 194 X X X X X X X
§CS 1941 X X X
Note: These surveys are from USBR
drawings. Some of the surveys duplicale|
those irom the NRCS shees lisied
b The sections are drawn lnoking
downsiream. These sheels were
obtained lrom Paula Makar at the USBR
Denver Olilce. The conesponding
agg/deg line numbers were handwritlen
on the sheets. The source of this
information is unknown
USBR 03] X X
USBR 1937] x x
USBR 1939] x x x
USBR 1940] x X X x
USBR 1841 X
USBR 1842 X X
USBR 1944 X
USBR 1847|
USBR 1952 X
USBR 1953] X X x X
USBR 1954]  x x X
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Table A-6 ~ Bed Material Data

Description of Data Sources: Median bed material size - CO Lines

Data Source ID Years | - : Data Source Description

Dewey 1970 - 1975 Dewey- data is from the Dewey et al. (1979) USGS Water
Resources Investigations 79-70

Olivas 1970 - 1982 |Olivas data is from USBR file labeled Cochiti Division:

USGS Cochiti to Below Isieta Diversion - Cross Section
Plots, Corps of Engineer Plots, Summary, and Bed
Material Size Analysis. D50 sizes were taken from
handwritten notes by E.S. Olivas dated 1-14-86 which were
taken from gradation curves in the Cochiti Division River
Characteristics Study, X-Sections 1 thru 23 (bound
report w/yellow cover includes plots of gradation curves
from 1970-82).

FLO 1992 & 1995 |FLO Engineering Data is from the final reports entitled
Cross Section Surveys and Bed Material Sampling
Cochiti Range (CO) Lines July and August 1992 and
August 1995.

Dates and sources of bed material data collected at CO-lines.

Collected by Date
USGS - Dewey 1970
USGS - Dewey 1971
USGS - Dewey 1972
USGS - Dewey 1973
USGS - Dewey 1974
USGS - Dewey 1975
USGS - Dewey 1979|
USGS - Dewey 1980
USGS - Dewey 1982
FLO Engineering 1992
FLO Engineering 1995
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Table A-6 (con’d)

Bed Material Data at gaging stations retrieved from EPA’s STORET database and collected by the USGS.

Collected by Date Gaging Station

Rio Grande at]Rio Grande at}Rio Grande at] Rio Grande | Galisteo at} Jemez River
Otowi Bridge Cochiti San Felipe |[Near Bernalilloj Domingo | Near Jemez

USGS 1960} X

USGS 1961 X X

USGS 1966 X X

USGS 1967 X

USGS 1968 X

USGS 1969 X

USGS 1970 X

USGS 1971 X

USGS 1972 X

USGS 1973 X X

USGS 1974 X

USGS 1992 X
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Table A-7 - Suspended Sediment Sampling Dates

Gaging Station
Rio Grande at| Rio Grando at| Rio Grande | Rlo Grande | Rio Grande |Galisteo Creek] Galisteo at | Jemez River | Jemez River
Collected by . Below Cochiti below Galisteo| Below Jemez
Otow! Brid Cochiti Dam at San Felipe] Near Bernalillo Dam Domingo Canyon Dam | Near Jemez
USGS 1960 X X X
USGS 1961 x X X
USGS 1962 X X X
USGS 1963} X X X
USGS 1965) X X x
USGS 1966] X X X
USGS 1067] x X X
USGS 1968] X X X
USGS 1969 X X x
USGS 1970) X
USGS 1971 X X x
USGS 1972 X X x
USGS 1973] X X X x
USGS 1974] X X X x X
USGS 1975} X X X
USGS 1976] X X X
USGS 1977] x X X
USGS 1978] X x X x
USGS 1979 X X X X
USGS 1980 X X X X
USGS 1981 X X X
USGS 1982 X X X X
USGS 1983] X x X x
USGS 1884] X x X X
USGS 1885] X x X X
USGS 1986] x X X X
USGS 1987] X x x x
USGS 1988] x x X X
USGS 1980] X x x
USGS 1980 x x X
USGS 1991 X X X
USGS 1992} . X X
USGS 1993] X x X
USGS 1994] X X X X
USGS 199s] X x X X
USGS 1906] X x x X




APPENDIX B

HISTORIC GEOMORPHIC ANALYSIS RESULTS

COCHITI REACH, RIO GRANDE, N\M
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Table B-1 - Reach averaged dala - Cochiti Reach, Rio Grande, NM

Active
Slope trom Bed Avg Channe) c::::r:el Tota!
Peak Mean Lincar Material st Unit Suspended Widih - Width - Change | Change Ratlo ot Sinuosity| Sinuosity, ¥of
ream Mobility Rch avg In total } in active |aclive to lotal Channels True
Dally Regression -| Size - at P Stream tnd Sediment d Rch avg h 1| en \ Idth - At atformer| atthe
Discharge | atformer | former | ' O™®' | Power ndex | concentrat] 299999 |ao0/geg .| ChenNel | channel | width - year | tormer | former] Migration
widths - at width width | former yoar year
year year on (mglL) former at former year
year
g — dWiol | dWact
Time Period | Reach # Q(m"alli) ] d50 (m) [}] JIS‘O‘OJ 0.5 C(mgn) | Wact(m) | Wtot (m) | (m/year) | (m/year) | WacUWiot M (m/year)
1918-1935 629 0.0018, 0.0002 1.1317]  0.0451 3.1914 2218.0 308.6; 450.4] -11.008 -7.423 0.8244 5.838
2 629 0.0014] 0.0002] 08802 0.0351] 2.2659] 2218.0 288.3]  679.7] -25.859 -2.3?5]
3! 629 0.0017, 0.0003 1.0688 0.0426 2.6959 3050.0 188.9] 394.9] -13.125) -3.833]
4 629 0.0011] 00003] 0.6916] ©0.0276] 1.7105 388_2.0| 347.4 420.8] -12.224] .7.904
1935-1949 634 0.0018)  0.0003 1.2053 ’i.mgi 2.7745 2195.0] 182.4 263.3| 0.10% 0.062
2 603 0.0012] 0.0003] 0.7238] 0.0285] 1.6541 2195.0 248.6] 266.4] 0.847 -4.726
3 603 0.00t 0.0003 D.6032 0.0246 4678 3041.5 123.8 171.8 -4.035 +1.018
4 §_86 D.0011 0.0003 D.6449 %& 213.0| 213.0 6. 5.237
1949-1962 AI 300 D.0016] _ 0.0005] _0.4803] 2449.4] 183.3 264.7) -4, -4.268}
2 286 D.0012]  0.0005] 0.3432 30103 182.5/ 278.2] -10.255 -5.210
3 286 D.0011]  0.0003]  0.3148] 3603.1 109.5! 1153 -1.417]  -1.351
4 329 D.0011] ~ 0.0003] 0.3614| 4196.0 286.3] 302.3] .8.655] 6.
1962-1972 21 o.oowl o.OOOSI 0.3435) 1871.1] 1:!7@' 211.8 -6.777, -2
2 26 0.0012] 0.0004 0.3127 264 o.g| 114.7 144.9 -2.417 -
3 26 0.001{  0.0003 0.260§_I 3701.1 91.9] 86.9] .0.997 1,266
4 206 0.0012] 0.0003] 0.2474 X 033 3701.1 208.3] 2158]  -3.807] -3.244|
1972-1985 1] 235 0.0017] 0.00680] 0.3891] 0. 0.3351 33.0 102.1 | l«.ol -1.434 -0.894
2 244 0.0011] 0.0122] 0.2685] 0. 0.1557 3464' 95.4 120.8 -1.846]  -0.656
3 244 0.0011 0.0122 D.2685] 0. ),1553| 504.0 79.3] 86.9] -0.'764 -0.478 . . X
4 245 0.0011] 0.0031 0.2695] O. .3101] 1228.7| 175.9] 176.9]  -1.842 -1,814] K K .
1985-1992 167 0.0017| _0.0218 .2845] 0. ).1488 33.0 g0.5] 1254] -2518 -1.% 0.8575 1.oaszl 4834]  1.4002 0.671
2 165 0.001] .0189 .1648] 0.0 D.0933 182.0| 86.9] 96.8] 0.682 0.866] 0.9464 1.1825 3287] .157_(21 ,042
3 165 0.0012] 0220 1978 0.0 0.1038 182.0 73.1 76.9 1.276 1.020 0,9697 1.0515] 2708 .1351 0.7192]
4] 173 0.0008]  0.0073 .1560]  0.0118]  0.1386 174.6) 151.0) 153.0 0.444] -3.786 0.9907]  1.0880] 1300 1.0330] [ 5524
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Tabie B-3 - Resuits of the Indicators of Hydrologic Alteration analysis for Otowi Gage, Rio Grande, NM

Pre-impact period: 1896-1973
Post-impact period: 1974-1997
Means Coefficients of variation
Streamflow
(m°/s) Deviation Deviation
Pre- Post- Pre- Post-
dam dam __Magnitude dam dam__ Magnitude
Monthly Means
October 24 22 2 -9 0.96 0.40 -0.57 -59
November 26 28 2 8 0.57 0.44 -0.13 -23
December 22 28 6 27 0.52 0.42 -0.10 -19
January 20 24 4 19 0.48 0.38 -0.10 21
February 24 28 4 15 0.45 0.56 0.10 23
March 33 41 8 25 0.48 0.42 -0.07 -14
April 62 71 10 16 0.69 0.59 -0.10 -14
May 117 113 -4 -3 0.82 0.56 -0.26 -31
June 88 104 17 19 0.89 0.61 -0.28 -31
July 35 53 17 49 0.84 0.77 -0.07 -9
August 26 34 8 30 0.65 0.98 0.32 50
September 23 31 9 39 0.77 1.09 0.31 41
Magnitude and duration of annual extremes
1-day minimum 9 10 1 12 0.81 0.38 -0.43 -53
3-day minimum 9 11 2 16 0.80 0.38 -0.41 -52
7-day minimum 10 12 2 25 0.76 0.37 -0.39 -51
30-day minimum 12 16 4 34 0.62 0.33 -0.29 -46
90-day minimum 14 19 4 29 0.48 0.32 -0.15 -32
1-day maximum 203 173 -30 -15 0.73 0.53 -0.20 -28
3-day maximum 192 167 -25 -13 0.74 0.53 -0.21 -29
7-day maximum 179 158 -2t -12 0.75 0.53 -0.22 -30
30-day maximum 144 136 -8 -5 0.74 0.53 -0.21 -28
90-day maximum 95 105 10 10 0.67 0.52 -0.15 -23
Timing of annual extremes
Julian date of annual
minimum 244 261 17 10 0.19 0.09 -0.10 -53
Julian date of annual
maximum 164 161 3 2 0.17 0.18 0.00 2
Frequency and duration of high and low pulses
Low pulse count 7 6 -1 -19 0.71 0.84 0.12 17
Low pulse duration 10 6 -3 -34 0.91 1.00 0.10 11
High pulse count 2 2 0 -18 0.95 0.89 -0.06 -6
High pulse duration 14 30 17 125 1.13 1.20 0.08 7
The low puise threshold is 15
The high pulse level is 97
Rate of change in conditions
Rise rate 151 114 -37 -25 0.65 0.30 -0.34 -53
Fall rate -126 -105 21 -17 -0.61 -0.29 0.32 -53
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Table B-4 - Results of the Indicators of Hydrologic Alteration analysis for

Otowi & Cochiti Gages, Rio Grande, NM
Pre-impact period:  1896-1973
Post-impact period: 1974-1996

Means Coefficients of vaniation
Streamflow
(m?/s) Deviation Deviation
Pre- Post- Pre- Post-
dam dam __Magnitude dam ____dam Magnitude %
Monthly Means
October 22 15 -7 -31 1.14 0.48 -0.66 -58
November 25 25 -1 -2 0.65 0.45 -0.20 -31
December 22 27 6 27 0.56 0.40 -0.16 -28
January 19 25 5 29 0.49 0.46 -0.03 -7
February 23 29 6 25 0.47 0.70 0.23 49
March 32 37 5 16 0.53 0.49 -0.04 -7
April 62 64 2 3 0.71 0.63 -0.08 -1
May 122 95 -26 -22 0.81 0.55 -0.25 -31
June 90 92 1 1 0.88 0.62 -0.26 -30
July 33 52 18 54 0.93 0.86 -0.07 -8
August 24 25 2 7 0.70 0.73 0.03 4
September 20 19 0 -1 0.84 0.55 -0.30 -35
Magnitude and duration of annual extremes
1-day minimum 6 4 -1 -24 0.75 0.86 0.10 14
3-day minimum 6 5 -1 -15 0.74 0.77 0.03 4
7-day minimum 7 7 0 -5 0.67 0.67 0.01 1
30-day minimum 9 10 1 11 0.52 0.47 -0.05 -10
90-day minimum 12 14 2 18 0.37 0.31 -0.06 -17
1-day maximum 218 136 -82 -38 0.67 0.44 -0.22 -33
3-day maximum 204 133 Al -35 0.69 0.45 -0.23 -34
7-day maximum 191 130 -61 -32 0.70 0.46 -0.24 -34
30-day maximum 152 117 -35 -23 0.70 0.49 -0.21 -30
90-day maximum 99 93 -6 -6 0.65 0.50 -0.15 -23
Timing of annual extremes
Juiian date of annual
minimum 248 218 30 16 0.14 0.29 0.15 1M
Juiian date of annual
maximum 158 138 17 9 0.15 0.12 -0.03 -21
Frequency and duration of high and low pulses
Low pulse count 8 8 ¢] 3 0.70 0.81 0.11 16
Low pulse duration 10 7 -3 -30 1.07 0.60 -0.47 -44
High pulse count 2 2 0 -1 0.89 1.06 0.16 18
High pulse duration 15 24 9 60 1.11 1.23 0.13 12
The low pulse threshold is 14
The high pulse level is 99
Rate of change in conditions
Rise rate 175 113 -62 -35 0.51 0.32 -0.18 -36
Fall rate -141 -114 27 -19] -048 -0.34 0.14 -28
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Table B-5 - Results of the Indicators of Hydrologic Alteration analysis for

the Albuquerque Gage, Rio Grande, NM

Pre-impact period: 1943-1973
Post-impact period: 1974-1997
Means Coefficients of vanation
Streamflow
(m3/s) Deviation Deviation
Pre-  Post- Pre- Post-
dam _ dam Magnitude % dam dam __Magnitude %
Monthly Means
October 8 12 3 41 1.19 0.70 -0.48 -41
November 25 27 1 5 0.68 0.51 -0.18 -26
December 23 29 7 30 0.53 0.44 -0.10 -18
January 18 27 9 49 0.21 0.40 0.19 88
February 24 31 7 32 0.39 0.68 0.28 73
March 22 38 16 70 0.56 0.49 -0.07 -13
April 39 61 22 57 0.81 0.68 -0.14 17
May 73 93 20 27 0.93 0.60 -0.34 -36
June 57 86 29 5t 1.04 0.69 -0.35 -34
July 20 52 31 153 1.45 0.94 -0.52 -36
August 19 27 9 48 1.16 1.12 -0.04 -3
September 9 22 13 146 1.09 1.32 0.22 21
Magnitude and duration of annual extremes
1-day minimum 1 3 3 424 1.87 1.13 -0.74 -40
3-day minimum 1 4 3 395 1.99 1.07 -0.92 -46
7-day minimum 1 5 4 359 1.80 0.96 -0.94 -50
30-day minimum 2 7 5 201 1.45 0.87 -0.78 -54
90-day minimum 6 12 6 95 0.74 0.43 -0.30 -41
1-day maximum 147 141 -6 -4 0.65 0.44 -0.22 -33
3-day maximum 133 137 3 3 0.69 0.45 -0.24 -35
7-day maximum 124 131 7 6 0.70 0.46 -0.24 -34
30-day maximum 98 116 17 17 0.74 0.49 -0.25 -33
90-day maximum 66 93 27 42 0.71 0.51 -0.20 -28
Timing of annual extremes
Julian date of annual minir 251 259 8 4 0.11 0.12 0.01 14
Julian date of annual maxi 169 144 26 14 0.18 0.14 -0.04 -24
Frequency and duration of high and low pulses
Low pulse count 9 4 -5 -54 0.58 1.12 0.53 92
Low pulse duration 9 5 -3 -39 0.75 1.1 0.37 49
High puise count 3 3 1 30 0.90 0.97 0.07 8
High pulse duration 1 26 15 131 1.20 0.94 -0.26 -22
The low pulse threshold is 6
The high pulse level is 68
Rate of change in conditions
Rise rate 142 134 -8 -6 0.43 0.29 0.14 -32
Fall rate -125 121 4 -3 -0.48 -0.33 0.14 -30
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Table B-6 - Results of the indicators of Hydrologic Alteration analysis for Otowi Gage, Rio Grande, NM

Pre-impact period: 1956-1973
Post-impact period: 1974-1994
Msans Coefficients of variation
Suspended
Sediment
Concentration
(mgl) Deaviation Deviation
Pre- Post- Post-
dam dam __Magnitude Pre-dam dam  Magnitude %
Monthly Means
October 1,089 553 -536 -49 0.93 0.77 -0.16 -17
November 1,366 579 -786 -58 0.57 0.81 0.24 42
December 803 484 -320 -40 0.71 0.75 0.04 6
January 613 371 -242 -39 0.61 0.80 0.19 32
February 830 389 -441 -53 0.77 0.81 0.03 4
March 1,233 733 -501 -41 0.70 0.68 -0.02 -3
April 1,756 1,058 -697 -40 0.79 0.65 -0.14 -17
May 1,708 1,133 -574 -34 0.62 0.64 0.02 3
June 1,026 633 -393 -38 0.53 0.61 0.08 18
July 2,028 1,041 -987 -49 0.65 0.81 0.16 25
August 3,701 1,694 -2,007 -54 0.68 0.76 0.08 12
September 1,785 1,120 -665 -37 0.60 0.97 0.36 60
Magnitude and duration of annual extremes
1-day minimum 71 49 -22 -30 0.97 0.80 -0.17 -18
3-day minimum 93 64 -30 -32 1.02 0.82 -0.20 -20
7-day minimum 113 86 -27 -24 0.93 0.85 -0.07 -8
30-day minimum 217 156 -61 -28 0.74 0.77 0.03 5
90-day minimum 400 260 -140 -35 0.58 0.70 0.12 20
1-day maximum 20,542 15,097 -5,445 -27 0.51 0.75 0.24 47
3-day maximum 12,613 9,196 -3,417 27 0.47 0.73 0.26 55
7-day maximum 9257 5200 -4,057 -44 0.46 0.63 0.17 37
30-day maximum 5218 2,751 2,467 -47 0.43 0.58 0.15 35
90-day maximum 3,188 1,619 -1,570 . -49 0.32 0.45 0.13 42
255

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Tabie B-7 - Results of the Indicators of Hydrologic Alteration analysis for
Otowi & Cochiti Gages, Rio Grande, NM

Pre-impact period:  1956-1973
Post-impact period: 1974-1984
Means Coefficients of vanation
Suspended
Sediment
Concentration
(mg/L) Deviation Deviation
Pre- Post- Pre- Post-
dam dam__ Magnitude % dam dam __Magnitude
Monthly Means
October 1,089 114 -975 -80 0.93 2.75 1.82 196
November 1,414 102 -1,312 -93 0.58 2.75 217 377
December 878 92 -787 -80 0.76 2.66 1.90 252
January 703 77 -626 -89 0.73 2.73 2.00 275
February 911 66 -845 -93 0.76 2.67 1.91 251
March 1,269 62 -1,208 -95 0.70 2.26 1.56 225
April 1,705 59 -1,647 -97 0.80 1.74 0.94 118
May 1,607 71 -1,536 -96 0.60 0.88 0.27 45
June 1,022 49 -974 -85 0.52 0.63 0.10 20
July 2,016 29 -1,987 -99 0.66 0.53 -0.13 -19
August 3,691 31 -3,660 -99 0.69 0.48 -0.20 -30
September 1,764 22 -1,742 -99 0.62 0.33 -0.29 -47
Magnitude and duration of annual extremes
1-day minimum 81 4 -77 -95 1.04 1.08 0.04 4
3-day minimum 93 5 -88 -94 1.02 0.95 -0.07 -7
7-day minimum 113 6 -107 -95 0.93 0.86 -0.06 -7
30-day minimum 250 8 -241 -97 1.00 0.69 -0.31 -31
90-day minimum 417 10 ~407 -98 0.63 0.54 -0.09 -14
1-day maximum 20,542 2385  -20,307 -99 0.51 1.30 0.79 154
3-day maximum 12,613 209 -12,404 -98 047 1.47 1.00 214
7-day maximum 9,257 182 -8,076 -98 0.46 1.69 1.24 7N
30-day maximum 5,181 153 -5,029 -97 0.44 1.98 1.54 351
90-day maximum 3,185 128 -3.057 -96 0.32 2.12 1.80 569
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Table B-8 - Resuits of the Indicators of Hydrologic Alteration analysis for

the Bernalillo and Albuquerque Gages, Rio Grande, NM

Pre-impact period: 1956-1973
Post-impact period: 1974-1995
Means Coefficients of variation
Suspended
Sediment
Concentration
(mg/t) Deviation Deviation
Pre-  Post- Pre-  Post-
dam __ dam Magnitude % dam___ dam__Magnitude %
Monthly Means
October 2,353 338 2,016 -86 1.03 1.73 0.70 69
November 2,826 473 2,354 -83 0.41 0.90 0.49 120
December 1,731 656  -1,074 -62 0.38 1.65 1.27 333
January 1,589 695 -894 -56 0.46 221 1.75 377
February 1,741 269  -1,472 -85 0.52 1.01 0.48 92
March 1,958 325 -1,633 -83 0.59 0.86 0.27 45
April 2,549 563  -1,986 -78 0.68 1.03 0.35 51
May 2,551 747  -1,804 71 0.58 0.99 041 71
June 1,790 733 -1,057 -59 0.74 1.16 0.41 56
July 5271 954 4,317 -82 0.96 0.95 -0.01 -1
August 7418 1,156 -6,262 -84 0.58 0.83 0.25 43
September 3,137 515 -2.622 -84 0.88 0.79 -0.09 -10
Magnitude and duration of annual extremes
1-day minimum 10 27 17 166 2.34 0.74 -1.60 -68
3-day minimum 12 36 24 193 2.32 0.64 -1.68 -72
7-day minimum 18 45 27 144 213 0.67 -1.46 -68
30-day minimum 180 82 -89 -85 1.24 0.83 -0.30 -25
90-day minimum 882 169 712 -81 044 1.00 0.57 129
1-day maximum 43,289 11,786 -31,503 73 0.39 0.79 0.40 102
3-day maximum 29,489 7,244 22245 -75 0.29 0.70 0.41 141
7-day maximum 20,706 4,643 -16,063 -78 0.32 0.79 0.47 147
30-day maximum 11,568 2212 -9,346 -81 0.47 0.82 0.36 77
90-day maximum 6,287 1,421 -4,866 -77 0.39 0.77 0.38 96
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APPENDIX C

HYDRAULIC GEOMETRY EQUATIONS

The following hydraulic geometry equations have been applied to determine the predicted

equilibrium width for the subreaches for each time period analyzed:

e Julien & Wargadalam (1995): Julien and Wargadalam’s (1995) regime geometry
equations are “semi-theoretical” equations developed by simplifying Julien’s (1988)
theoretically based equations. They are based on four fundamental hydraulic
relationships - continuity, resistance, sediment transport and secondary flow. The
equations are supported by 835 field river measurements from around the world and
produced a correlation coefficient greater than 90% between prediction and observation.
The application of the equations in their calibration, validation and verification was on
rivers with very different alluvial conditions, varying from sand-bed channels to
gravel/boulder-bed channels and small-scale laboratory channels. The follwoing
equations are the simplified form that use discharge, bed material size and slope as the
independent vanables to calculate depth, width, velocity and Shield’s parameter:

2 6m !

D= 0.200Q6m+5d36m+55 6m+5

dme2 L mel

W =1.330Q5™5d_ enes S om*s

2m+l am 2m-l

V =3.758Q°™5d, me3 S 6m+S

T. =0.12105™5d “emes S 03

where: D = flow depth;
W = channel width;
V = average velocity;
d, = bed material sediment size;
7. = Shields number;
Q = dominant discharge;
§ = channel slope; and
m = exponent of resistance equation.
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Simons & Albertson (1963) developed the equations from analysis of Indian and
American canals.

1. Sand bed and banks:

P= 3.5Q0.512 . (ft)
2. Coarse non-cohesive material:

P=1.75Q%" . (fy)
where,
P = wetted perimeter = width (for width >> depth)

Blench [(1939-1957), from Wargadalam (1993)] developed a relationship that accounts
for the cohesiveness of the sides of the channel:

1
301l
N W=(9.6(1+£.012c)] :

s

where,

¢ = sediment load concentration (ppm).
d = dsp (mm), and
F;=0.1,0.2, 0.3 (scale of cohesiveness of banks from slight to high).
Lacey [(1930-1958), from Wargadalam (1993)]
P =2.667Q% (f1)
where,

P = wetted perimeter (feet)

Klaassen-Vermeer (1988) developed a relationship for braided rivers based on work on
the Jamuna River:

W =16.10%" (m)

Nouh (1988) - developed for ephemeral channels in extremely arid regions of south and
southwestern Saudi Arabia.

Q 0.83
W= 28.3(%} +0.018(1+4)’ "', (m)

where,
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QOso = peak discharge for 50 yr. Return period (m’/s)
Q =annual mean discharge (m*/s)
d =ds, (mm) of suspended sediment
¢ = mean suspended sediment concentration (kg/m’).
Other hydraulic geometry equations such as Kennedy, Lindley, Bose, and Chitale include an
exponent of 0.5 and similar coefficients. Because of the poor correlation with other similar

equations, it was decided to not apply them to this reach.
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APPENDIX D -

CHANNEL PATTERN CLASSIFICATION METHODS

Leopold and Wolman (1957) were among the first to classify channel planform as
meandering, braided and straight and to assign a slope-discharge relationship to distinguish
between these planform classes. Braided channels are separated from meandering by a line

described by the equation:

S, =0.06 Q%+
Q = Bankfull discharge, cfs

S, = Channel slope
They also define meandering to be where the sinuosity (thalweg length to valley length) is

>1.5. Braiding refers to channels with relatively stable alluvial islands.

Lane (1957, from Bauer 1999) also proposed a slope-discharge relationship to distinguish
meandering from braided channel patterns. The relationship among annual discharge in cfs, slope
in foot/foot and sand bed river pattern is SQ"** = K. If K is less than or equal to 0.0017 the river
tends towards a meandering pattern. When K is greater than or equal to 0.010, the planform is

braided. If K is between these two values, the classification is an intermediate sand bed stream.

Henderson (1963, from Henderson 1966) added bed material to the slope-discharge
relationship to describe channel pattern. Plotting the ratio of $/0.06Q°** against median bed size
d (in feet), a line can be drawn having the equation,

S = 0.64dLI4Q-°'“
such that most of the channels with straight or meandering pattern fall close to the line. All
braided channels had values of S that were substantially greater than indicated by the equation.

He notes that this discriminates between braided and single-thread channels. which included both
straight and meandering channels.
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Ackers and Charlton (1970, from Ackers 1982) also proposed slope discharge relationships to

describe channel pattern. Their focus was on the transition from straight to meandering:

Straight channels:

S <0.001Q°"
Straight channels with alternating bars:

0.001Q*"*< S <0.0014Q°*"
Meanders develop if:

S >0.0014Q°"

Later, Ackers (1982) noted that sand-bed river and canal data are compatible with
S = 0.0008 Q°*
as a threshold from straight to meandering.
Schumm and Khan (1972) proposed to define channel pattern based on valley slope
thresholds derived from flume experiments:
e Straight S <0.0026
o Meandering thalweg 0.0026 < S < 0.016

e Braided S > 0.016

Rosgen’s (1996) channel classification system is based on channel morphology and sediment.

Classification is determined from slope, entrenchment, sinuosity, and bed material.

Parker’s (1976) analysis provides a determination of braided vs. meandering that is
independent of sediment transport. He notes that braided rivers can be in quasi-equilibrium. and
that aggradation can push the transition from meandering to braided. If the slope and the width-
depth ratio are high then braided planform is favored and if the slope and the width-depth ratio

are low then meandering planform is favored.

His classification is based on the relative magnitudes of the depth-width ratio and the ratio of

the channel slope to the flow Froude number according to the following trends:
S/F << d/B - Meandering
S/F >> d/B - Braided

S/F ~ d/B - Transition
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Van den Berg (1995) proposed a discriminator between braided and single-thread channels
that is based on unit stream power and bed material size. The following equation defines this

discriminator:
o, = potential unit stream power, for sand-bed:

, =2.1-5,./Q, Wim?)

Dsp = median grain size (mm)
Sy = Valley slope

Knighton and Nanson (1993) define channel pattern in terms of the following three variables:

e Flow strength
e Bank erodibility

o Relative sediment supply

Their general classification is based on the continuum from straight to meandering to braided
corresponding to increases in the tiree variables listed above. The flow strength can be measured
by either stream power or shear stress. They suggest that bank erodibility could be measured by

the silt-clay content of the bank material and that the relative sediment supply is represented by

the bed and suspended sediment load.

Knighton and Nanson (1993) don’t quantify thresholds for these variables. However. it is

possible to look at changes in these variables in the Bernardo reach in relative terms.

Nanson and Croke (1992) develop a classification of floodplains based on specific stream
power and sediment characteristics. For non-cohesive floodplains, the following groupings
apply:

e Confined coarse-textured floodplain - ® = >1,000 W/m®

e Confined vertical-accretion sandy floodplain - @ = 300-1,000 W/m*

e Cutand fill floodplain - ® = ~300 W/m®

¢ Braided river floodplain - ® = 50-300 W/m?

¢ Lateral migration (actively meandering) - ® = 10-60 W/m®
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Cobhesive floodplains fall into the low-energy anastamosing category:

e Anastamosing and straight - ® = <10 W/m?
They define gross stream power to be Q = YQS and specific stream power to be ® = /W and
is calculated for bankfull flow conditions.

Chang (1979) analyzes changing channel pattern based on stream power and presents a

classification using slope and discharge.

Dade (2000) developed a method based on Parker (1976) to identify a critical slope for
transition from meandering to braided channel pattern. It is based on grain size and discharge and
varies depending on the transport regime of the river (bedload, mixed load, suspended load). The
Cochiti reach falls into the mixed load classification prior to construction of the dam when the
bed was primarily sand. The post-dam coarser bed is considered to be characterized by bedload
transport. This is a more physics based approach at determining the planform transition than most

other empirical approaches.
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APPENDIX E

REGRESSION RESULTS

Table E-1 - Correlation matrix between reach parameters using 1918 - 1985
data. The p-value for the correlation coefficient is listed below the r-
value. P-values <0.01 are highlighted as well as r-values > 0.65. Dark
shaded cells indicate potential collinearity.

Rch d Q S Dy 0S, SQY M € Wy Wpy oW dWee W, P Poy b M N

Rfeach 100 000 000 -073 013 -027 042 018 038 019 008 013 003 054 -039 -067 072 021 040
1 0987 <000t 0.541 0.208 0.043 0412 0070 0.365 0721 0.558 0.880:"(:007 0.058 0.000 <0001 0.321 0.053

d 100 06! 016 083 054 -050 -075 089 056 -053 038 034 033 018 039 03 052 040
<0002 0.450 “<000T7i000Z 0.014. £000TRE000T~ 10008 01007 0.066 0.104 0.114 0.404 0.060 0.112::0.009 0051
Q 1.00 027 -056 049 088 071 041 -020 -040 006 024 024 075 053
0.194 0.015 (000, <0001 0.046 0345 0.055 0.776 0.267 0.262 <0001 .0.007
Sy 013 014 036 028 -016 062 012 068 071 €37 042
0557 0511 0087 0.182 0467 000% 0530 0.001 0000 0071 0.040
Dsoars 100 048 044NN 079 058 051 034 038 025 008 030 024 045 029
0.018 0.034 JERONR <00G1,*(003 0012 0.106 0.065 0.246 0700 0.158 0.256 0028 0.166
as, 033_ 050 072 -044 023 055 007 045 046 076 067
0.119770:002, <0008 0.032 €284 L0008 0.732 0.028 0.025 <0001 0.002
s.a** 025 053 068 043 -024 -062 010 056 05 072 06
0.238°70:0077 0000 0.034 0288 Q00T 0.657 (005 0.003 <000t~ 0.002
M 100 056 063 078 -050 033 052 008 045 042 078 06
<005, 0.000°<0001 0012 0.110 0009 0663 0028 0.039 <0001 0.002
c 106 055 039 025 028 004 -004 008 002 029 O
0005 0063 0232 0190 0836 0852 0683 0938 0172 0616
W 1.00 084 -056 062 027 021 015 012 062 038
<0001 0004 0.001 0199 0.337 0473 0581 0001 0090
Wit 100 -088 051 071 033 047 046 081 068
«000% 0010 0000 0.115 0019 0.024 <0001 _0.000
Wi, 100 057 081 -023 053 052 065 -0.68
7008 <000t 0.284 -0.008:- 0:009’ -0.001 - 0.000
Werr 100 027 006 023 02 035 031
620 077 027 030 010 013
w, .00 0.63 -G.81
@001 <0001
Py 100 044 040 037 047
0.032 0055 0078 0.02¢
Puacy
By
"]
N %
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Table E-2 - Correlation matrix between sub-reach parameters using 1918 -
1985 data. The p-value for the correlation coefficient is listed below the r-
value. P-values <0.0001 are highlighted as well as r-values > 0.65. Dark

shaded cells indicate potential collinearity.

d subreh reh QS Dy QS S0° Ml C Wy Wy dWy, dW,., W,

subrch

Qs,

s5,0%

Wen

W

AWy,

W,

Pun

.00 000 000 -045 -0.08 0.70 -0.39 034 0682 -O.M -0.35 033 017
1.000 1.000 <000k 0.293 0 0.056

1.00 001 073 -007 030 045 023 053 010 -092 008

0.339 <0001 0.457 7000%<000% 0.011 <000L. 0.263 0.183 0.349

100 001 076 005 031 -047 -02¢ 056 008 -012 008
0.943 Q00T 0.573 JGNO0ZE000TS- 00T <0001 0.384 0.188 0.377

100 026 033 029 050 052 O
L0008 CBDOF <000F<000%. 0.018

1.00 01 €33 016 032 Q.18
0.242 T000G 0.067 20Q00 0.079

100 029 -028 -060'-0.29 025 Oon
... QROXhE: ;0008 1 Q0083 0,006 0221

003 046 054 023
0.293 <0001 <0001~ "Q00F

1.00 001 042 052 023
0.882 <.000Y-1<.000T ~ G.010

100 033 052 057 028
70.000.<.0001 | <0001, 0.002

100 031 016 .07
2000 0079 0470

1.00 <0.38

P,

Peg B M N

0.3§
0.098

.07

Q14
Q132

0.38

0.470 <.0001

009

034

0.335 <.000t

-0.08
0.308

Q.12

020
o.022

-0.39

0.182 «.000%

a.10
0.258

<013
0.163

-0.14

0.08
Q.508

03
Q.000

-0.36

0.3129 <.0001

-0.18
0.046

Q.09
0.338

-0.65

<0001 <.0001-

1.00 078

040

-0.29
Q001

0.10
0.269

Q.11
0.215

970

<0001 <.0001 <000t

Q.1¢
0.131

-0.20

015 013 025 025
0.096 0.165.-0.008 - 0.004

-047 0458 010 022

.mmm 0277 0014

048 045 009 022

0.026 <0001 <000t 0293 0.013

0.04
0.689

0.12

007 Q08 Q42 032
0416 0.348 <0001 0.000

045 044 02t 028

0.168 <0001 <0001 0.017 G.004

Q.07
0.423

.01
0.a75

093
0.765

.02
0.865

Q.01
0.882

.05
0.55¢

0.08

008 -006 -015 -Omn
0483 0495 0085 9.223

025 025 043 036
0.008. 0.006 <.0001 <.000%

033 03X 040 036
0.000 0.000 <.0001 <.000%

022 02t 043 038
0.014  0.019 <.000T. <.0001

011 013 009 003
0234 0159 0.32¢ 0.738

Q14 01v 0¥M 013
0.114 0.223- 0.000 0.163

058 08 052 o054

0.351 <0007 <0001 <0001 «.0001

Q.11

053 05 QR 08

0.204 <0007 <0003 0.000 «.0001

0.00
0.999

Q.18
0.045

1.00

Q.12 007 008 Q.11
0177 0419 0528 0223

€33 083
- 0.000 <0007

020 016 022 026
0027 0.0868 0015 0.003

'oo 017
0055(@01
100 016 o038
0073 <0001
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Table E-3 - Correlation matrix between log),-transformed reach
parameters using 1918 - 1985 data. The p-value for the correlation
coefficient is listed below the r-value. P-values <0.01 are highlighted as
well as r-values > 0.65. Dark shaded cells indicate potential collinearity.

Roh d QS Oy QS; SO M € Wy Wig OWe dWoee W, P; Pen b, M__ N
Reach 100 000 000 073 -0.09 -028 -045 -0.11 038 017 010 019 028 048 -042 073 -076 036 054
1 0993401000 0721 0.229 0.048 0646 0.091 0484 0.675 0435 0.225 0.027 0.067%0.000-:0,000 0.121 0.015
d 100 047 0.1 096 043 037 088 -0.82 -050 -050 -032 039 023 -029 025 020 054 -0.41
0039 0.652°<.0001 0.057 0.104 <000T:&000E 0.024 0024 0.163 0.093 0.332 0208 0.288 0.387 0.015 0.068
Q 037 062 066 021 013 033 012 011 013 063 048
0.113 30;008% 0003 0.381 0.589 0.161 0.625 0.643 0.599 0.003 0032
S, 025 021 045 -001 014 058 020 069 071 046 050
0296 0373 0.045 0.962 0.546- (X007 0.20770°00F-0.001 0.044 0.025
Dssavg 081 -061 -058 035 -041 021 -021 015 011 053 -0.35
TY0005. 70007 0.131 0071 0370 0.382 0.540 0.644 0.017 0.126
Qs, 021 060 073 017 005 -050 021 036 038 070 060
0.37370/005:.0.000 0.469 0.828 0.025 0.368 0.119 0.099 0:001 -G.008
s,Q** 1.00 009 054 072 013 000 -058 026 050 052 070 062
0704 0.014 0000 0572 0.9%0 0008 0271 0026 0019 0.00T 0.003
M 100 066 067 073 032 031 -039 026 030 029 067 05
10.002:/0.00% 0000 0.170 0.179 0093 0271 0191 0221 0.001 0.02)
c 100 048 036 029 039 00t 009 -006 011 0.19 007
0034 0.116 0211 0.08% 0961 0700 0.806 0.836 0433 0775
Waen 100 0980 051 059 -025 036 008 006 048 027
<0001 0.022 .0:006 0285 0.118 0.743 0.793 0.033 0.258
Weer 100 062 048 -064 045 041 04t 065 056
0.004 0031 0.002 0.029 0.070 0.074 0.002 0.010
AW 100 079 -046 036 045 011 033 035
<0001 0.039 0.117 0.538 0645 0.153 0.131
AWeee 100 002 037 015 021 023 O
092 011 053 038 033 065
w, 100 -0.50 055 -0.74
0.024 0.011 0.000
Py 100 051 048 050 051
0.021 0.034 0027 2.020
Puc 100\ 036 061
R 0:23 0.004
by 1.00 038
0.101
M 1.00§)
N
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Table E-4 - Correlation matrix between log;-transformed subreach
averaged parameters using 1918 - 1985 data. The p-value for the
correlation coefficient is listed below the r-value. P-values <0.0001 are
highlighted as well as r-values > 0.65. Dark shaded cells indicate potential

Py Pon B M N

collinearity.
d_subreh rch QS Dy QS0 SQ° ML C  Weo Won dW,, dW,, W,
da 100 000 000 046 010 082 -043 037 084 082 042 -039 033 032 04
1.000 1.000 <000% 0.281 «000ERe.000%: <.000¥ < 00f)~<.0007<000%: «.00050:000 70.000 0.127
subreh 1.00' 000 073 01 029 04 011 037 009 -310 013 007 033
0.978 <0008, 0.217 QIRE<000% 0.233 <00QY 0.34§ 0277 G.155 0.468 0.000°
rch 100 000 @77 .10 030 048 012 038 006 -0r1 014 008 030
0.963 20001, 0.258%;000K<000F 0.172 S000%: 0.498 0243 0.124 0.347 J.G:00T
(<} 100 021 055 037 053 042 03¢ O
0.020 </000T: mssmmcwﬂ 007
S, 100 -0.08 026 021 035 02 016 038
0318 w008 0.016 <000t 0.013 0.074 <0003
[ - 1.00 049 042 080 -047 -042 030 027 a1
<000%:-<.0003. <0001 <.0007. <0008 0001 0.002 0.207

as, 02t 053 058 044 035 0313

B 0.021 <0001 «.0001 <0001 <000t 0.000

s,a* t.oo- 008 048 057 041 033 038
0.374.<000T <000t <.000% ~0.000 <.000%

i 100 063 056 055 040 033 -02¢

<000t <0003. <.000%. <000t ._(:000:0.008

c 100 033 028 023 023 002

<.000% -’ 0.00¢ 1 0.000—0.008 0.787

Ween <20

0.027

Waeer 160 085 051 -067

<0007 <0001 <.000%

AWy 1.001 Q.44

0001

AWer 100 010

Q277

W, 1.00
Py
Pun
b
L]

034 014 013 0K 03
0121 0122 0.159 <0001 (O:000

025 048 047 024 O
Q005:<.0003 .<000% 0007 Q.000
021 Q48 045 025 -0M
0.018 <0001 - <0001 __ '0.005- 0,000

003 006 008 046 03
Q.725 0.542 0.360 <000% <000t

015 044 Q4 0 030
0.089 000t <0008 - *0.000 0.001
003 005 005 032 022
0.724 0618 0578 0.000 0012

003 022 028 CS51 Q41
0.70¢ 0.013 0.008 <.0001 <.0001

007 031 033 05! 042
0.406 __ 0.000 - 0:000 <0001 <.0001

008 016 017 045 034
0.541 0068 0.052 <.0001 ‘<0001

003 -006 008 015 Q11
0.755 0528 0480 0.105 0240

Q01 018 018 030 019
0.948 0.043 0043 GO0t 0031

009 056 o058 020 048
0.31% <.0001- <0007 <0001 «.0001

008 036 035 048 075
0.514 <0003 <.000%: <.0001. «.000%

002 019 018 022 039
0.800 0.031 0048 0.014 <0001

Q.18 027 048
0.041 . 0.003.<.0001

100 023 017 023 025
0010 0053 0010 QO0S

Q.18 039
0.043 <0001

.00 015 036
0.09% <.0001

269

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table - E-5 - Reach averaged regression results for migration rate, M.
Note: © =S(Q)** and Q = QS

Model: M =B, +B,x, +B.x, +B,x,

Independent Model  Model

Model # Variable(s) R p-value B, p-value B, p-value B, p-value B8, p-value
2 Q dwW,, and P 0.76 <0.0001 -18.39 0.0307 001 <0.0001 -0.15 0.010! 16.10 0.0369
33 2,dW,, and P 0.76 <0.0001 -1745 0.0411 524 0.0001 -0.14 00155 1585 00418
36-39 2 and Wy, 0.72 <0.0001 -090 0.1691 326 0.0372 0.01 0.0037
24-27 Qand W, 0.71 <0.0001 -1.28 0.0849 0.01 00424 0.01 0.0032
20,22.23 Qand dW,, 0.70 <0.000f -0.76 0.3014 0.01 0.0002 -0.17 0.0049
32,34,35 £2 and dW,, 0.70 <0.0001 -0.12 08487  5.17 0.0003 -0.17 0.0077
16 Qand W, 0.69 <0.0001 848 00153 0.01 0.0002 -9.78 0.0067
56-59 MI and dW,, 0.68 <0.0001 0.44 04232 1.78 0.0006 -0.15 0.0219
29 2 and P 067 <0.0001 -22.08 0.0209 6.48 <0.0001 20.05 0.0214
53 MI and P 0.67 <0.0001 -20.50 0.0309 224 <0.0001 19.17 0.0274
17 @and P 067 <0.0001 -23.53 0.0153  0.01 <0.0001 20.66 0.0188
52 Ml and W, 0.66 <0.0001 797 0.0367 1.82  0.0007 -7.90 0.0454
4447 @ and dW ,, 0.65 <0.0001 -1.30 0.1881 150.55 0.0012 -0.18 0.008!
9, 48-51,60-63 W, 0.65 <0.0001 -0.49 04612 0.02 <0.0001
31 @ and P! 0.60 <0.0001 -22.82 0.0289 193.54 <0.0001 19.32 0.0414
6. 54.55 MI 0.58 <0.0001 046 0452 233 <0.000i
4, 28.30.31 2 0.57 <0.0001 -0.15 0.8296 6.69 <0.0001
1.18. 19 Q 0.56 <0.0001 -0.93 0.2824 0.01 <0.0001
5.40,42, 43 (2] 0.51 <0.0001 -180 0.1142 20i.62 <0.000!
10 dw 042 0.0006 193 00014 .027 0.0006
12 W, 040 0001 1678 0.0001 -15.61 0.001
8 W 0.38 0.0013 -054 0.6261 0.02 0.0013
3 Dy 020 0.0275 386 <0.0001 -171.21 0.0275
2 s 0.14 0.0712
13 P 0.13 00784
15 b 0.12  0.0909
18 P 0.12 0092
1 dW o 0.12  0.0952
7 C 008 0.1723
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Table - E-6 -Subreach averaged regression results for migration rate, M.
Note: uQS = S(Q)**

Model: M =B, +B,x, +B.x, +B,x,

Model # Independent Variables sql::re sta::;tlc p-value B0 p-value BI p B2 [ B3 p
25 Q, Weor and P 034 2073 <0001 -12.06 0.01 001 001 00! <000L 977 0.010
37 0S. Wiot and P 0.33 203 <0001 -11.19 001 3.04 001 00! <0001 951 00i3
61 Ml, Wrotand P 0.33 20 <000t -1101 001 1.09 002 00! <000l 953 0.013
49 uQs, Wiot and P 032 1925 <0001 -11.20 001 78.85 0.04 001 <0001 898 0.019
50 uQS. Wror and Prot 032 1902 <0001 -007 095 8017 004 0.0 <0001 -1.22 0.025
51 uQS. Weotand b 032 1888 <0001 0.18 088 8040 004 001 <0001 -1.60 0.030
24 Q and Wiot 030 2646 <0001 -128 0.1l 0.0t 002 0.0 <0001
36 QS and Wiot 0.30 26.1 <0001 -077 026 282 002 00! <0001
60 M! and Wiot 030 2568 <0001 -057 038 I 003 0.0094 <.0001

Wrot and Piot 030 2565 <0001 144 009 00! <000! -1.18 0.033
Wiot and b 029 2544 <0001 168 008 001 <000l -1.54 0.039
21 Q. dWrotand P 0.28 15.54 <0001 -1238 00t 001 <000l -0.10 0.008 1042 0.009
33 QS. dWrot and P 027 1527 <0001 -11.10 Q.01 5.17 <0001 -0.09 0010 1003 0012
57 Ml dWiot and P 0.27 15 <0001 -1093 0.0l 190 <0001 -0.09 0019 10.14 0.0t
9 Wiotl 027 4527 <0001 Q.10 086 00! <0001
45 uQS, dWiot and P 025 1335 <0001 -11.36 0.0% 15018 <000t -0.098 0.0075 -9.21 0.023
16 Q and Wratio 024 1968 <0001 449 002 001 <000l -5672 0.0017
53 Mland P 024 1896 <000! -12.14 001 217 <0001 (13 001
22 Q and dWrot 024 1885 <0001 -086 031 00l <0001 -0.107 0.0034
32 QS and dWiot 024 1881 <0001 -007 092 506 <0001 -0.01 0.0047
52 MI and Wratio 0.23 1872 <0001 50! 001 1.82 <0001 -5.031 0.0066
17 Qand P! 023 18.7 <0001 -13.81 0.00 0.0103 <0001 11752 000
29 QSand P 023 18.61 <0001 -12.37 0.01 58401 <0001 11.272 0.0056
58 M! and dWrot 023 1835 <0001 02325 0.72 1.8493 <0001 -0.097 0.009
28 QS and Wratio 0.23 18.03 <0001 46877 0.01 4.8633 <0001 -3.878 0.0092
44 uQS and dWrot 022 16.78 <0001 -1.286 0.20 150.23 <.0001 -0.108 0.0039
41 uQ@Sand P 020 1552 <0001 -12.79 0.0t 17217 <0001 10.425 0.0118
40 uQS and Wratio 0.20 1541 <000t 35819 0.1l 14046 0.00 -4.805 0.0131
6 Ml 0.19 2827 <0001 03062 064 2.1499 <0001
408§ 0.18 27.7 <000t 0.0386 096 5.7972 <.0001
1Q 0.18  27.07 <000l
5 u@S 0.16 2345 <0001 -1.398 0.18 17461 <.0001
§ Wacrl 0.12 t6.14 0.00 05517 047 00145 0.00
12 Wratio 0.11 1541 0.00 94822 <000l -7346 0.00
10 dWiot 0.10 142 0.00 25476 <0001 -0.143  0.00
13 PI 0.05 6.1 00!
281 0.05 59 002
14 Prot! 0.03 346 007
15 b1 0.03 327 007
3 d50avg 0.02 303 008 35475 <0001 -1598 008
7C 0.0 098 032
11 dWacr 0.00 041 053
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Table E-7 - Log) transformed reach-averaged regression results.
Parameters are not given for p-value’s greater than 0.05. Note: uQS =

S(Q)**

Model: M =10% . ¢ . x,*

Independent Model  Model

Model No. Variable(s) R’ p-value B, p-value B, p-value B, p-value
29, 33,37 QS and P 0.62 0.0003 040 0.0567 1.06 00008 8.76 0.0303
17, 21 Qand P 0.57 0.0007 -3.01 0.0021 1.17 0.0022 10.35 0.0158
52-63 Ml and C 0.57 0.0008 1.57 0.0111 1.02 0.0003 -0.36 0.0476
16, 20 Qand W, 0.53 0.0016 -2.35 0.0177 1.01 0.0115 -2.44 0.0395
4. 28, 30-32, 34-36,38-39 @2 049 0.0006 080 0.0001 1.19 0.0006
5. 40-51 (0] 048 0.0007 342 0.0002 1.837 0.0007
6 Mi 045 0.0011 040 0.0001 0.71 0.0011
9.24-27 W 042 0.0021 -2.16 0.0074 1.10 0.0021
1.18. 19,22, 23 Q 0.39 0.0031 -2.85 0.0081 1.27 0.0031
10 adW o, 0.39 0.1526
12 w, 0.31 0.0i11 0.17 0.1467 -3.44 0.0111
3 Dg 0.28 0.0168 -0.77 0.1056 -0.36 0.0168
13 P 0.25 0.0265 -0.08 0.7169 11.98 0.0265
3 W 023 0.0328 -1.79 0.0761 099 0.0328
2 S 021 0.0438 6.16 0.0324 199 0.0438
15 b 0.14 0.1014
14 P 0.13 0.1229
n aw ., 0.05 0.3282
7 C 0.03 04334
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Table E-8 - Log;, transformed subreach-averaged regression results.
Parameters are not given for p-value’s greater than 0.05. Note: uQS =

S(Q**
Model: M = 10% -xlﬂ' -xzs’xf’xf‘
! |

Model No.llndependent Variable(s);r-square! F-stat | 10f° Bl , B2 B3 B4
21 10, S, dWrot and P P 0370 17.62] 357/ 0.8217] 0.9167] 0.20! 3.0524
33 |QS, dWrot and P t 037 23.66] 1.93] 0.844i 0.197' 3.09|
45 |uQS, dWiot and P b 0.36] 22.98' 11526/ 1.277! 0.2086, 2.85:
57 Ml, C, dWiot and P " 0.36] 16.93] 4.84! 0.6524] -0.215] 0.23] 2.9648
20 \Q, S and dWiot {  0.33] 20.06] 19.07! 0.7754] 1.0875! 0.2062

iMI, dWtot and P ;0331 19.98] 0.98) 0.4477: 0.2293] 2.9854
32 |QS and dWrot ©0.33] 30.04] 2.54! 0.8486, 0.2048 |
44 QS and dWior ©0.33] 29.94] 171.73] 1.31521 0.2131! ;
56 IMI, C and dWrot P 0.32] 19.35]  6.39] 0.6645 -0.217] 0.23!
17 'Q, S and P . 030 18037 3.15; 1.1016! 1.1185! 3.269!
29 '0S and P ©0.31) 27.27°  2.82! 1.1055i 3.2751! '

MI and dWrot b 0.29] 25.42]  1.28! 0.4581! 0.2354 '
41 uQS and P [ 029" 25.27! 646.80| 1.6884, 2.9744 f
53 'MI, C and P | 028 15511 6.44! 0.840; -0.225! 3.14!

:MI. Wtot and P 027 15.04] 0.18: 0.4764; 0.3605: 2.985!
16 'Q and S | 027 22.04] 18.95| 1.0651! 1.3115 i
4 'QS = 0.26] 44.14; 3.85! 1.1214i ‘
60 ‘MI, C and Wiot . 0260 14.29'  1.13{ 0.6885' -0.207; 0.35:
5 uQS 0.26: 42.35{1019.65{ 1.738. i

'MI and P ' 0.25] 19.841  1.22] 0.6287 3.1687.
52 ‘Ml and C . 024] 189 8.72] 0.858, -0.227!

‘MI and Wtot © o 0.23] 18.69'  0.20f 0.4783: 0.3918' -

\MI and Wratio . 0231 18.22]  1.421 0.5862: -0.68; ;
1 0 | 021" 32.8] 0.00] 1.1944! ! !
10 'dWrot . 0217 32.250  1.204 0.3269: |
6 'MI ©0.201 31.42'  1.63! 0.6449! , ;
9 ‘Wrot] | 0.16i 22.85, 0.031 0.7339: ' 5
2 'Sl © 001 1446, ; | ‘
3 1d50avg 'z 0.10) 14| : : :
8 ‘Wactl | 0.09] 1247 | ' , ;
12 Wratio | 007! 9.53 1 ; i i
13 |PI 0.05| 6.83 ; z i r
11 idWact 0.05! 6.27 ; ! : ;
14 Piot! 003 4.19 ] ) |
15 bl S 0.02] 291 i :
7 iIC | 0.02] 267 i ‘
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Model: dW,, =B, +B,x, +B,x, +B;x,

Table - E-9 - Reach averaged regression results for active channel width
change rate, dW,,. Note: uQS = S(Q)**

Independent
Model # Variables r-square  p-value BO p-value Bl p
1 Wactl 0344 0.0066 1.391 0.336 -0.022 0.0066
2 dWrot 0.310 0.0108 -1.380 0.0661 0.238 0.0108
3 Wrotl 0.226 0.0341 -0.165 0.8936 -0.010 0.0341
4 d50avg 0.079 0.2312
5 MI 0.075 0.2416
6 C 0.038 0.4124
7 Wratio 0.059 0.3033
8 uQS 0.031 0.4608
9 Prot] 0.041 0.3948
10 os 0.026 0.4961
11 bl 0.035 0.4278
12 Q 0.014 0.6259
13 S1 0.024 0.5161
14 Pl 0.017 0.5864

All of the stepwise regressions result in either Wact or Wtot as the only significant variables.

Model: dW,,, =B, +B,x, +B,x, +B:x,

Table - E-9 - Subreach averaged regression results for active channel width
change rate, dW,.. Note: uQS = $(Q)**

Model # independent

Variables r-square  p-value BO p-value B1 P B2 [ 1] p

t Q and Wact 0.503 < 1.267 0.1189 0.009 < -0.039 <

2 QS. Cand Wact 0.486 < 1.269 0.1594 3617 0.0018 0.00057 0.0448 0.039 <
3 uQS. C and Wact 0.473 < 0.346 0.7627 95510 0.0100 0.00064 0.0276 0.038 <
4 QS and Wact 0.469 < 2.292 0.0028 3.486 0.0028 -0.037 <

S Ml and Wact 0463 < pX 0.0004 1.220 0.0062 0.037 <

6 Wactl 0.429 < 3.219 < -0.032 <

7 Q. Wiot and Wrane 0.319 < 12.231 < 0.007 0.0034 0.024 < -13.570 <
8 Wrot and Wratio 0.269 < 12.096 < -0.019 < -11.526 <

9 Q Wrotand b 0.232 < -4.376 0.0041 0.006 0.0154 0018 < 2.680 00041
10 dWiot 0.224 <
11 Wrotand b 0.193 < -1.95 0.091 -Q.014 < 202 0025
12 Wrot! 0.159 < 0.119 0.86 0011 <
13 MI 0.032 0.046
14 uQS 0.019 0.129
15 QS 0016 0.163
16 Pror! 0.015
17 st 0.015 0.182
18 dS0avg 001t 0.255

190 0.008 0.308
20C 0.008 0.335
2 0.005
2 Wratio 0.002 0.654
3P 0.000
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Model: dW,, = 10M 'x,”' vxzﬂ' -x,"' X,

Table E-11 - Log, transformed reach-averaged regression results for change in active channel width, dW,,,. Parameters
are not given for p-value’s greater than 0.05. Shaded models exhibit potential collinearity. Note: uQS = S(Q)**

Independent

Model # Variahles r-square  p-value BO p-value B} p B2 p B3 p
| QS, Wiot and b 0.580 0.0026 -5.17 6.71E-06 0.0013 -1.239 0.0287 2310 0.0004 -2.468 0.0292
2 Q, Wiot and b 0.557 0.0038 -1.24 5.78E-02 0.2792 -1.258 0.0462 2.227 0.0007 -3.285 0.0075
3 uQS and Wact 0.495 0.003 <7.03 9.23E-08 0.0029 -1.550 0.0396 2.182 0.0008
4 0S8 and Waci 0.493 0.0031 -5.11 7.70E-06 0.0015 -1,026 0.0412 2.288 0.0008
5 QS and Wior 0.486 0.0035 -8.60 2.19E-(09 0.0024 -2.457 0.0101 2.144 0.0009
6 QS and Wiot 0.429 0.0085 -4.95 1.12E-05 0.0041 -1.399 0.027 2.053 0.0024
7 Wiot and b 00,428 0.0086 -2.72 191E-03 0.0112 1.454 0.0035 -2.788 0.0275
8 S and Wiot 0.397 0.0135 -10.38 4.16E-11 0.0178 -2.507 0.0458 1.471 0.0046
9 Wactl 0.348 0.0062 -3.10 7.87E-04 0.0117 1.536 0.0062
10 Wil 0.233 0.0312 -2.10 7.95E-03 0.0579 1.031 0.0312
11 d50avg 0.170 0.0707
12 C 0.152 0.0893
13 Pl 0.138 0.1067
14 Ml 0.098 0.1785
15 bl 0.043 0.3823
16 Piotl 0.022 0.5314
17 S 0.021 0.5464
18 (4] 0.017 0.5893
19 oS 0003 0.8278
20 Wratio 0.001 0918
21 uQs 0.000 09899
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Table E-12 - Log,, transformed subreach-averaged regression results for change in active channel width, dW,, .
Parameters arc not given for p-value’s greater than 0.05.

Model: dW,, = 10 -x,p‘ -x2”’ -xjp‘ -x4”‘
Model # ln“,'::; ';::::‘ r-square  p-value BO 10°B0 p-value B1 p-value B2 p-value
1 Weat and Wratio 0.362  <0.000] -3.354  4.42E-04  <0.000) 1.646  <0.000) 1975  <0.000)
2 Wactl 0.349 <0.0001 -3.199  6.32E-(4 <0.0001 1.579 <(0.0001
3 Wrotl 0.255 <0.0001 -2.112 7.72E-03 <0.0001 1.039 <0.0001
4 0S 0.123 <0.000)
50 0.117  <0.0001
6 Ml 0.116 0.001
7 80" 0.106  0.0002
8 d50avg 0.074 0.0021
9C 0.054 0.009
10 Pror] 0.037 0.0314
11 bl 0.032 0.0475
12 81 0.026 0.0739
13 Wratio 0.010 0.2768
14 P! 0.001 0.8002





