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ABSTRACT

The worst case projection predicts a 27% flow decline in Moyer Springs
during mining operations, reducing average flows from 1.27 cfs to .92
cfs. Without any mitigation or enhancement measures, the net effect
would be a slightly more rapid increase in water temperature during
the summer months as the stream flows from the spring sources. This
effect would result in a slight upstream translocation of the marginal
temperature zone for trout and slightly favor the native species of
minnows and white sucker in the downstream area. No oxygen problem is
anticipated. Physical habitat conditions would be essentially
unchanged because of the low stream gradient. Gage height-flow data
reveal a 277 flow reduction would reduce the surface level of the
stream by less than one inch. A 277% reduction would provide an
average daily flow 73% of the long term average flow--an optimum
fishery flow.

With mitigation and enhancement measures, including the establishment
of réparian vegetation to shade the stream and maintain lower water
temperatures, structural devices to improve habitat conditions for

various life history stages, and flow augmentation, if deemed
beneficial, the abundance of the present trout population in Moyer
Springs Creek could be greatly increased.




INTRODUCTION

Moyer Springs Creek, a tributary to the Dry Fork of the Little Powder
River, Campbell County, Wyoming, is reputed to be the only perennial
trout stream in the county and this unique attribute has stimulated
considerable concern for possible environmental consequences that
might result from a coal mining operation in the watershed. The major
impact predicted from environmental assessment studies is a maximum
depletion of spring flows by 27% during mining. The small stream,
maintained by the springs presently contains a population of
introduced brook trout, Salvelinus fontinalis, in the cooler upstream
area and native longnose dace, Rhinichthys cataractae, lake chub,
Couesius plumbeus, and white sucker, Catostomus commersoni.

CHARACTERIZATION OF PRESENT ENVIRONMENT

The source of perennial flow originates in Moyer Springs at about 4275
feet elevation. The stream courses about 2.5 miles to join the Dry
Fork Little Powder River at about 4230 feet elevation. The gradient
is gentle, dropping little more than 20 feet per mile; or about .47%.
The stream averages about 6 feet in width with a total water surface
area of about 1.9 acres. It provides good fish habitat with abundant
aquatic macrophyte vegetation in the upstream reaches with deep pools
and undercut banks as prominent features downstream. The streambanks
lack woody riparian vegetation for shade, however, and the water warms
relatively rapidly towards the junction with the Dry Fork due to
incident solar radiation. Summer temperatures of 22°C (72°F) or more
are reached near the mouth which are marginal for trout, but favorable
to the native species. Water temperatures in July, to within a about
a mile of the source springs, remain cool, about 13°C (55°F), an ideal
temperature for trout feeding and growth. Gage recordings indicate
continual input from springs along the route of flow. The upstream
gage indicates an average flow of about .8 cfs and the flow near the
mouth averages 1.27 cfs. The flow is extremely stable. The small
size of the watershed minimizes the effects of precipitation.
Generally, the runoff from a storm event can produce a brief spate
that doubles the normal flow. The limited sampling data indicates a
healthy brook trout population in the upper reaches of the creek along
with longnose dace. Near the mouth, the white sucker is the dominant
species.

The watershed is grazed by livestock. Livestock grazing probably
restricts the establishment of shading riparian vegetation.

POTENTIAL IMPACTS

The following assessments are made assuming a worst case situation--a
27% flow depletion without mitigative or enhancing measures.

Temperature. The lack of shading vegetation and low stream gradient,
resulting in low velocity flow, combine to optimize the warming of the
water from solar radiation during the summer months. Marginal water
temperatures with daily maxima from 21 to 25°C (70 to 77°F) are not
lethal to brook trout but place them at a competitive disadvantage
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with warm water species such as suckers and chubs. The extension of
the "warm-water" zone upstream due to flow depletion would favor the
native fishes over the brook trout to some extent. A more precise
quantification of this impact is not possible without before and after
monitoring of stream temperatures and air temperatures at several
sites along the stream correlated with fish sampling data. It can be
roughly estimated, however, that present trout abundance and biomass
may decline about 10 to 15% overall and native fishes would increase
about 257 due to their lower trophic levels and higher production
potential.

A solution to this problem would be the establishment of shading
riparian vegetation that would extend the cool water environment
downstream to the mouth.

Oxygen. There are no data available to me concerning the water
quality parameters of the spring flows as they come out of the ground.
Unless the Moyer Springs are highly unique in comparison to most
springs, however, their waters contain little or no dissolved oxygen
and high concentrations of carbon dioxide. Spring flows, at their
source, are typically uninhabitable to fishes because of the lack of
oxygen and/or high carbon dioxide levels. Gaseous exchange with the
atmosphere and photosynthesis by plants create a suitable
oxygen—-carbon dioxide regime for fishes some distance downstream from
a spring source, depending on the volume of flow. If the gas regime
of Moyer Springs are comparable to most springs, a reduction in flow
would not reduce dissolved oxygen levels in the stream; on the

contrary, reduced volume of spring flows would cause the oxygen-carbon
dioxide equilibrium to be attained more rapidly, nearer to the spring
sources and extend the =zone of the habitable trout environment
upstream.

The only possible oxygen depletion problem from reduced stream flow
concerns situations where dilution ‘flows are needed in =zones with
excessive loads of organic matter such as a stream receiving raw
sewage or coursing through a feedlot causing oxygen depletion from
decomposition and respiration leading to fish kills unless adequate
dilution with highly oxygenated flows are available. I can find no
evidence of sources of excessive organic matter in Moyer Springs Creek
nor any indication in any data that flow reduction will result in
lower levels of dissolved oxygen in the stream.

Physical Habitat. The Wyoming Game and Fish Department long ago
realized the threat to trout habitat from flow depletions and the
department has established a leadership position in trout habitat
research. This research has been led by Dr. Allen Binns (Binns 1979,
Binns and Eiserman 1979). In conjunction with the Game and Fish
Department, the Wyoming Water Resources Research Institute at the
University of Wyoming, has conducted several research projects to
quantify the correlation of trout habitat quality with various stream
flows (Wesche 1973, 1974, Wesche and Rechard 1980). The critical
limiting factor is the summer base flow. When the base flow falls
"too low", water levels recede to a point that the prime trout habitat
associated with undercut banks is lost. For most streams the "too
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low" point is reached when flows are 20 to 30% of the long term

average daily flow. Dr. Binns found that the annual flow regime, of
all habitat factors, was the major determinant of trout abundance.
The best trout streams in Wyoming were those that exhibited the most
stable flows and maintained a summer base flow of at least 55% of the
average daily flow.

A flow reduction of 27% in Moyer Springs Creek would result in a flow
of 73% of the average daily flow. Data from the two gaging stations
on the creek indicate a 277 flow reduction lowers the stream surface
by .8 of one inch at the lower gage and by .9 of an inch at the upper
gage. This small decrease in stream surface level would not have a
significant impact on the physical habitat characteristics of the
stream. This conclusion is in agreement with predictions based on the
Wyoming trout habitat research cited above.

MITIGATION, ENHANCEMENT SUGGESTIONS

If the major emphasis is placed on creating conditions that favor
trout over the native fishes, then the most important objective would
be to extend the zone of cool (less than 70°F) water downstream to the
mouth of the creek during the summer months. This could only be
accomplished by the establishment of abundant shading riparian
vegetation, such as willow, aspen, or alder, to greatly reduce the
incidence of solar radiation. It would probably be impossible to
establish suitable plants with 1livestock grazing pressure. The
riparian zone would have to be fenced to exclude livestock. The
feasibility of planting and fencing could be tested by treatment of a
short section of stream to observe the results.

Otter Creek, Nebraska, is a small spring fed creek draining to Lake
McConaughy. The Nebraska Game and Parks Commission desired to improve
the Otter Creek environment for trout. The stream bottom land was
leased and a fence constructed to exclude livestock. REHOrURED
fencing, livestock had virtually eliminated the riparian vegetation
and water temperatures warmed rapidly downstream from the spring
source. Before livestock were excluded from the riparian zone, the
fish composition of Otter Creek was 1% rainbow trout (Salmo
gairdneri), 177 brown trout (S. trutta), 22% white sucker, and 60%
creek chub (Semotilus atromaculatus). After fencing, Otter Creek
maintained lower summer temperatures and turbidity and siltation were
reduced. Riparian vegetation flourished, the species composition
changed to 97% rainbow trout, 2% brown trout, and suckers and chubs
made up 1% of all fishes (Van Velson 1979).

Other measures for mitigation and enhancement of the trout population
include flow augmentation from sediment ponds to replace the amount of
flow lost from the springs. If the water from the sediment pond were
to be taken from near the bottom and piped underground to the creek,
water temperatures during the summer should remain below 70°F. If
spring flows at 50°F made up 73% of the flow and pond water at 70°F
were 277 of the flow, the maximum summer temperatures should be in the
55° to 60°F range near the source. If shading vegetation were to be
established along the entire length of the stream, optimum to good
water temperatures should extend to the mouth.
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Modification and manipulation of the physical habitat can greatly
increase trout abundance if the population is habitat limited rather
than food limited (Behnke 1981). That is, a stream may produce a
surplus of food that is unutilized by the trout population because of
a lack of suitable habitat (areas of deep, low velocity water with
adequate protective cover, such as undercut banks, pockets associated
with boulders, logs, tree roots, etc.). In such situations, ‘the
creation or improvement of optimum habitat sites will result in an
increase in trout abundance.

Before any extensive mitigation or enhancement measures are decided
upon, experienced trout stream biologists should make a qualitative
evaluation of the potential for dimprovement. For example, a
knowledgeable biologist such a Dr. Binns of the Wyoming Game and Fish
Department and a biologist experienced in trout habitat research
representing the mining company could critically examine the creek for
one or two days to qualitatively assess the following habitat
components and limiting factors: Overall habitat quality in relation
to a food limited vs. a habitat limited population, spawning habitat,
rearing habitat for young-of-year and yearling fish, adult habitat,
and overwinter habitat.

Soundly based recommendations for mitigation and enhancement could
then be made. I would caution against a detailed quantitative
research project designed to precisely determine the effects of a flow
depletion such as the habitat models developed by the U.S. Fish and
Wildlife Service (Instream Flow models and Habitat Evaluation
Procedure [HEP] models). These models would not likely contribute
much to what is already known or apparant in this situation and they
hold the danger of erroneous (although quantitative) conclusions.
This is due to the fact that not only habitat, but a species niche
quantification is attempted. The niche of a species is a complex
concept. It is an '"n dimensional hypervolume'" (Hutchinson, 1957). As
such the niche is not static but expands and contracts under influence
of ' bioticitiand Wlabiotic “factors' 'and i is' “especial ly “Winfluencediiby
interaction with the niches of other species (fundamental niche vs.
realized niche). There is no way we can know all of the necessary
information to accurately portray a niche mathematically. At best we
can obtain a highly simplified abstract of nature that may be
essentially correct for a particular situation (if lucky). A more
qualitative, but critical and holistic interpretation by experienced
and competent biologists would produce more efficaceous results and
recommendations at far less cost to resolve the problem of the
potential flow depletion in Moyer Springs Creek.
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SYNOPSIS

Rationale and procedures are presented for determining those
streamflows needed as an integral part of management of National
Forest System lands in the Big Horn River Basin, Wyoming, for the
purpose of "securing favorable conditions of water flows." The
procedures focus on streamflows required to maintain stability of the
stream channel systems for the orderly conveyance of water from and

through the National Forest.

The streamflows necessary for the maintenance of stream channel
stability include "bankfull" discharge, a range of flows representing
the rising and recession limbs of the hydrograph, and a "baseflow"
discharge. The magnitude and durations of these discharges were
determined for selected stream systems by hydraulic geometry measure-

ments, drainage basin characteristics, and regionalized dimensionless

flow-duration curves developed from long-term streamgage records

'

within the Big Horn River Basin.

The required streamflows approximate the rising and recession limbs cf
the snowmelt hydrograph. This involves a series of flows which are
distributed over a 69-day period starting at a flow comparable to the
mean annual discharge, increasing to bankfull discharge for 3 days,
and decreasing back to mean annual discharge. In addition, a
"baseflow" discharge is required, which is approximately 11 percent of

the mean annual discharge, or 1.7 percent of bankfull discharge. These




flows represent approximately 78 percent of the total average annual

water yield. Being non-consumptive in nature, these flows are

available for both historic and new downstream appropriation.

These flows are necessary to provide for the self-maintenance of
stream channel networks so as to retain their capebility for passing
flood flow discharges, and to reduce excessive channel ercsion and/or
sediment deposition associated with stream channel instebility or

disequilibrium conditions.

The potential consequences of channel instability that may develop as
a result of streamflow regulation are presented including channel
aggradation, channel erosion, floodplain encroachment, vegetation
encroachment, changes in the hydraulic geometry of stream chanrels,
and reduced channel capacity with resultant increased hazard for

flooding and associated resource damage.
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A PROCEDURE AND RATIONALE For

'SECURING FAVORABLE CONDITIONS Of WATER FLOWS"

On NATIONAL FOREST SYSTEM LANDS In NORTHERN WYOMING

INTRODUCTION

The Organic Administration Act of June 4, 1897 (16 U.S.C. 47%)
authorized the establishment of National Forests to improve anc
protect them for the purpose of securing favorable conditions of water
flows, and to furnish a continuous supply of timber. This authori-
zation recognized that forests exert a most important resulting
influence upon the flow of rivers. An important aspect of management
in "securing favorable conditions of water flow" is the maintenance of

stream channel stability and equilibrium.

Stability of stream channel systems

"Every river appears to consist of a main trunk, fed from a variety of
branches, each running in a valley proportioned to its size, and all
of them together forming a system of valleys connecting with one
another, and having such a nice adjustment of their declivities that
none of them join the principal valley either on too high or too low a
level; a circumstance which would be infinitely improbable if each of
these valleys were not the work of the stream which flows in it," from

Playfair's classic law of streams, 1802 (Horton, 1945).
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The existing form and characteristics of rivers have developed in a
predictable manner as a result of the water and sediment load imposed
from upstream. Natural stream channels are self-formed and
self-maintained. Their shape and size develop consistent with the
basin's character and area. Hydrologic alterations within the besin,
including changes in stream discharge, often lead to acceleratec
stream channel erosion and deposition of sediment in the channel
creating the potential for reduced capacity for floocd flows which, in

turn, endangers downstream values.

A range of streamflows are necessary to maintain the form and

characteristics of existing streams for their proper functioning.

Fundamental concepts developed from research, actual stream gaging

data, measured hydraulic geometry of stream channels, and drainage
basin characteristics can be used to quantify these necessary "chennel
maintenance" streamflows.

Stable alluvial stream channels clearly exhibit.certain consistent
morphological characteristics which have developed over time from an
integration of erosional processes and dominant stream discharges.
Geomorphic evidence for the existence of such a condition of equili-
brium between channel form and the independent variables of discherge
and sediment load was presented by Leopold and Maddock (1953). They
stated, ". . . the average river-channel system tends to develop in a
way to produce an approximate equilibrium between the channel and the

water and sediment it must transport. Thus, approximate equilibrium
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appears to exist even in headwater, ungraded tributaries, and in a

given cross section for all discharges up to bankfull stage."

Equilibrium or a ". . . stable channel balance may be described as a
balance that exists between the eroded material supplied to and stored
in the stream channel and the energy available (streamflow) to
transport the material" (Rosgen, 1980). Lane (1955) initially
described a stable channel "balance" as one which shows a propcrtional
relationship of sediment joad and material size tc strez-

and stream slope (Figure 1). In addition, a channel is considered to
be "in regime" (stable) if it can accommodate its flow over a period
of years without a net change in hydraulic characteristics (Blench,
1969). Schumm (1973), in his presentation of the processes and
feedback mechanisms which affect the response of river channels to
flow regulation, emphasized the importance of a competent flow for
maintaining the geomorphic thresholds of stream channels.

Human alteration of natural stream systems and éhe subsequent effects
on stream-channel geometry and related flow conditions have been
studied and evaluated for many years. To assure the proper function
of the natural water conveyance system described, the maximum benefits
of available water resources must be balanced with the stability of

the system from which these resource benefits are derived.

Hydrology literature contains many studies which support the need for

stream channel stability maintenance. For example, morphological




changes (altered stability) of river channels due partly to streamflow
changes have been documented by Daniels (1966), Orme and Bailey
(1971), Mundorff (1967), Gregory and Park (1974), Wolman (1967),
Leopold (1973), Dury (1973), Emmett (1974), and Einstein (1961).

Petts (1979) summarized interpretations by Gregory (1976, 1977) arnd
Hollis (1979) by describing the relationship between alterations 1in

natural stream systems and resultant stream channel changec.

Hydraulic Geometry-Discharge Relationships

It has been well demonstrated that the size, shape, and pattern of
river channels are closely related to the flow which they transmit
(Leopold, et al., 1964). Hydraulic geometry has been used for many
years for estimating both water yield and flood peaks. Methods of
quantifying the interrelations between the flow characteristics of
rivers and channel size have long been utilized by practitioners where
actual streamgage data are not available. Leopold and Maddock (1953)

described downstream hydraulic characteristics of stream channels es a

function of a constant-frequency discharge such that, for width,

depth, and velocity:

where: W = width; D = mean depth; V = mean velocity; Q = constant-

frequency discharge, and a, ¢, k, b, f, and m are numerical constants.




These basic concepts are shown in Figure 2, where the hydraulic
geometry of stream width, depth, and mean velocity are related to meen

annual discharge for various streams in the Big Horn River Basin. The

most consistently employed hydraulic geometry parameter is bankfull

width; for it, more than any other easily measured charrel
characteristic, is correlated with flow parameters having specific
recurrence intervals (Dunne and Leopold, 1978). Thus, the shape anc
hydraulic character of individual stream reaches can be definec and
related tc specific discharges «hich are ¢ ‘stent over a wide rar
of conditions involving similar geographical areas. One particular
characteristic of stream channels, uriform over a wide range of
conditions, involves dimensionless rating curves where the ratic of
mean cross-section depth to mean bankfull depth is relatec

ratio of mean daily discharge to bankfull discharge for streams in
eastern United States and Idaho (Figure 3). This relationship is
utilized in determining potential for flooding based on channel depths
for various flood discharges for various recurrence intervals. The
difference in depth/discharge relationships due to basin area can be

eliminated if the rating curve is expressed in terms of dimensionless

ratios (Dunne and Leopold, 1978).

Studies by the U.S. Geological Survey in most of the western states
have tested the relationship of width and depth of stream channels at
point bars in meandering channels to the mean annual discharge of
these drainc.es (Hedman, et al., 1972). The relationships and statis-

tical reliability of these methods are consistent to the degree that
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engineers have been able to utilize these procedures for discharge
determinations on ungaged streams over widespread areas. Similarly,
Leliavsky (1955) used the regime theory to describe empirical
relations of hydraulic properties, where approximate equilibrium could

be expressed as exponential functions of discharge.

Bankfull Discharge

The discharge at which a large portion of effective channel
maintenance occurs is that which occurs at bankfull stage. Bankfull
discharge is defined as "that water discharged when stream water just
begins to overflow onto the active floodplain; the active floedplain
is defined as a flat area next to the channel, constructec by the

river, and overflowed by the river . . ." (Wolman and Leopold, 1957).

A commonly accepted principle of geomorphology is that channel

geometry is influenced by a formative or dominant discharge that has a

fairly frequent recurrence interval. Much of the early research work

involving stream channels was oriented towards e&pressing channel
dimensions as a function of the formative or dominant discharge. In
recent years, investigative efforts have focused on using the
dimensions of stream channels as indices of flow characteristics,
particularly flood flows. An analysis by Wolman (1955) of Brandywine
Creek in Pennsylvania related bankfull discharge to a wide range of

channel-geometry properties, including bankfull width.

According to Leopold, et al. (1964), "The channel is formed and

reformed during a range of flows lying between the Tower limit ot
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competence and an upper limit at which the flow is no longer confined
within the channel. The range so defined consists of flows which
reoccur more often than once a year or once in 2 years. Although
great erosion does occur during exceedingly large flows in streams
with developed meander patterns and floodplains, the channel forming
discharge does not seem to be associated with the infrequent or

catastrophic events."

Bankfull discharge is the discharge at which sediment movement,

forming or removing bars, forming or changing bends and meanders, aicd

generally "doing" work results in the average morphologic
characteristics of channels (Dunne and Leopold, 1978). Very large
hydrologic events are too infrequent to govern channel
characteristics. It is the intermedite size flow that is sufficiently
frequent so that the product of its frequency and magrnitude of forces
determines the effectivess for channel-forming characteristics (Wolman
and Miller, 1960). This principle is shown graphically in a river
mechanics example (Figure 4) where the relative effectiveness (1ine C)
is the product of the frequency of discharge (line B) and the sediment
transport rate (line A). Thus, the range of intermediate discharge,
including bankfull, transports the largest part of the average annual

sediment load.

Having described the significance of bankfull discharge, the question
that next arises is how often does it occur? The average recurrence

interval of bankfull discharge in the Yampa River Basin in Colorado
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duration of occurrence that ranged from 1.5 to 11 days per year or, on

and Wyoming is approximately 1.5 years (Williams, 1978a) with a

the average, 5.8 days per year (Andrews, 1980). The recurrence
interval of flows that equaled or exceeded bankfull discharge on
Brandywine Creek, Pennsylvania, ranged between 1 and 3 years (Wolman,
1955). In another study, Wolman and Leopold (1957) determined the
discharge at bankfull stage for a number of streams in the United
States. They found the annual peak ". . . will equal or exceed the

elevation of the floodplain nearly every year."

Nixon (1959), in a study in England and Wales, concluded that dis-
charge at bankfull stage was that which occurred at the 0.6 percent
point on the flow duration curve based on the 1.5-year recurrence
interval. This is the discharge that is equaled or exceeded, on the

average 2.2 days per year.

Studies by Dury (1961) on the White and Wabash Rivers indicated that

the recurrence interval of bankfull discharge was 1.1 years. Emmett

(1972 and 1975) found from studies both in Alaska and Idaho that the
recurrence interval of bankfull stage averaged about 1.5 years.
Leopold, et al. (1964) included that the recurrence interval for
bankfull state appears to be in the range of 1 to 2 years, or averaged

to a 1.5-year value.

Bankfull discharge recurrence intervals for a number of streams, with

drainage areas from 4.3 to over 13,000 square miles, are shown in
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Table 1. The mean recurrence interval value averaged 1.57 years.

According to Leopold, et al. (1964), "The work of perennial streams in

scour and fill and in transport of debris is accomplished principally
by flows near or above bankfull state which occur less than 0.4
percent of the time or roughly once a year...thus, it appears that the
channel and pattern forming discharge is one which reocurrs

frequently."

Hydraulic geometry measurements were utilized in comparing the
1.5-year recurrence interval discharge (bankfull discharge) to field
surveys of bankfull stage is shown in Figure 5 (Dunne and Leopold,
1978). Reasonable agreement as shown in this relationship for basins

whose discharges range through three orders of magnitude.

According to Emmett (1975), "Bankfull discharge tends to have &
constant frequency of occurrence among rivers, and discharges equal to
a given percentage of bankfull discharge also appear to have a given
frequency of occurrence." In relation to this, ©on the averace,
bankfull discharge is approximately 10 times "average annual
discharge" and "baseflow discharge" is approximately 2 percent of

bankfull discharge.

The evidence suggests, therefore, that the bankfull discharge in &
river or stream will be equaled or exceeded 2 out of 3 years on the

average.




Table 1  Observed bankfull flows, measured discharge, and computed recurrence interval (Leopold, et al., 1964)

Maximum Flow
of Record Bankfull Flow
Mean Recur-
Drainage Annual Dis- Gage Dis- Gage rence
Area Discharge charge Height charge Height Interval
River -and Location # (sq. mi.) (cfs) (cfs) L1t} (cfs) &30 R 07 )

Wabash River near New Corydon, Indiana 258 202 4,690 1L 1,240 14,14 1.3

Fe1 River at North Manchester, Indiana 416 372 7,500 14. 2,160 529
Wabash River at Delphi, Indiana 4,032 3,490 145,000 28. 92550 .92
Wildcat Creek at Owasco, Indiana 390 366 102000 13 3,390 .58
Wabash River at Covington, Indiana 8,208 6,979 200,000 35. 20,900 .84
Wabash River at Riverton Indiana 13,100 10,880 250,000 26. 31,900 202
Fall Creek at Millersville, Indiana 313 264 22,000 16. 3,400 83

Bean Blossom Creek at Ben Blossom,
Indiana 14. 165 1,720 1 1,090 .40

White River at Newberry, Indiana 4,696 4,475 130,000 2% 14,700 A
Youngs Creek near Edinburg, Indiana 109 104 10,700 13). 1,270 .08

Pt
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.
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Driftwood Creek near Edinburg, Indiana 1,054 1,142 34,500 16. 10,100 13521

Trempealean River at Arcadia, Wisconsin- 552 23230 Szl
Wapsipinicon River near Dewitt, lowa 2,330 1,320 26,000 ]2 5,080 9536
Wahoo Creek at Ithaca, Nebraska 202 9 18,900 s 42,500 .00
Silver Creek at Ithaca., Nebraska 1) g 25450 12522 450 gE50
Nemaha River at Falls City, Nebraska 1,340 659 51,400 24 32,000 2632

Powder River near Baker, Oreqon 219 111 1,820 7 i 956 5026
Watts Branch near Rockville, Maryland qa. 430 4.05
Bogue Chitto Near Tylertown, Mississippi 502 875 45,700 3 7,000 16.0

Clear Creek at Bovina, Mississippi 36 : 2, 10 vl B 42
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Mean Recurrence Interval = 1.57 yearszz:iitj
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Sediment Transport-Discharge Relationships

Although the mechanisms of sediment transport are extremely
complicated and not entirely understood, there are some generally

accepted concepts utilized by engineers and hydrologists which apply

1n this study.

As mentioned earlier, the stream channel stability balance is a
function of the energy available for the transport of sediment arnc the
sediment available to such transport (Figurs 1). Lars 1%53)
described this "balance" as a proportionate relationship between

sediment and water discharge using the equation:

Qs D« Qw S

sediment discharge
water discharge
sediment particle size

stream slope

Any changes on one side of the proportionality creates an ecjustment
on the other to maintain equilibrium. Thus if frequenty-occurring

stream flows were reduced, sediment supply and/or channel grade line
would have to change to prevent channel aggradation. In most cases

requlated flows in alluvial channels result in stream aggradation -




because sediment supply is largely controlled by tributary input,
channel storage, and the erosion of stream adjacent slopes. When the
sediment supply is greater than the system's transport capability, a
series of channel adjustments occur. These adjustments involve
lateral migration of the channel, encroachment onto the active flooc-
plain during normal flood events, and darmage to bridges and other

structures.

It has been found that in natural channels, sediment loed varies
roughly as the square of the discharge (Heede, 1980). This 1is repre-

sented by the equation:

sediment load in tons per day
water discharge in cubic feet per second

a coefficient that changes from various streams

A temporal relationship for a mountainous snowmelt stream is shown in

Figure 6 where sediment concentration is related to water discharge

(Guy, 1970). This figure indicates the close relationship of vari-

ations in sediment concentrations due to natural variations in water
discharge. Even at baseflow, sediment concentrations are influenced

by water discharge. It may also be noted that the bulk of the




sediment yield (product of water discharge x sediment concentration)
occurs in a 2-month period representing the "rising, bankfull, and

recession portions of the annual snowmelt hydrograph."

The size of sediment in transport is also important because it is

related to stream discharge and channel stability. Andrews (1980)
displayed the relation between discharge and grain size of bed
material at the threshold of transport for the Little Srzke River near
Dixon, Wyoming, (Figure 7). The particle size ranged from 6 mm. 2*
mean annual discharge to 17 mm. at bankfull. Extrapolating this

curve, the potential grain-size for transport at baseflow discharge is

approximately 2.0 mm., which is very coarse sanc.

Another fundamental concept of sediment transport is thet of stream
power or rate of doing work. This expression of transport capability
is a simple product of three terms; discharge, water surface slope,
and a constant (Dunne and Leopold, 1978). This relationship takes the

t

form:

stream power in kilograms per meter of channel width per
second

unit weight of water in kilograms per cubic meter




mean velocity in meters per second
mean depth in meters

river slope

The unit bedload transport rate (1b) (in kilograms per meter-second)

related to unit stream power ( w) shown in Figure 8 is taker from
bedload transport data measured on the East Fork River, Wyoming,
(Leopold and Emmett, 1976). Using this relationship, a reduction in
flow would cause a similar reduction in the unit stream power and the
corresponding transport rate. This relationship indicates the volume
as well as the size of bed material that would be depcsited in the

channel.

Data from Andrews (1980) indicates that the initiation of becload
sediment transport on the Little Snake River near Dixon, Wyorming,
occurred under moderate discharges. One might ask, at what discharges
does the initiation of bedload sediment transport occur? In order to
answer this question, the velocity at which motion begins for non-
cohesive grains is needed. To deal with this question, a conversion
was made of the basic Shields Diagram (ASCE, 1975, p. 96) by Sagan and
Bagnold (1975) for sand and gravel particles. Their conversion
involved the dimensionless functions Rg and © of the Shields

Diagrams:




Reynolds number of the grain
shear velocity

grain diameter

kinematic viscosity
entrainment function

density of the grain

density of the fluid

Tocal acceleration due to gravity

By combining these two dimensionless functions and solving for

critical shear velocity (u,), they derived the equation:

Values of Rg and g were then read from the Shields Diagram, computing

corresponding values of D and y,, which are plotted in figure 9. This




simplified version enables a determination of the sizes of materieal

entrained under various critical velocities.

Streams also have the potential for sediment transport capability
during low flows in order to maintain low flow features such as the
winding thalweg, inner berms, and riffle-pool sequence. Leopold's
(1969) study of the rapids and pools of the Colorado River revealed a
condition where the migration of sediment from a riffle to a pcol
occurred during summer low flows. This is shown in Figure 10, where
the elevation of the stream bed is decreased at very low flows and
associated velocities. This same phenomencon was observed in the East
Fork River, Wyoming, where sand-size particles were moved under
baseflow stage from riffles to pools (Leopold, personal communication,

1980).

Streambank Erosional Processes

Many of the processes associated with bank erosion are controlled to a

large degree by the full range of streamflow components. The natural

rate and magnitude of stream or channel bank erosional processes are
influenced by both the processes of fluvial entrainment and the actual
weakening and weathering of bank materials (Thorne and Tovey, 1979).
Fluvial entrainment is a process whereby the channel bed and bank
materials can be detached and transported by flowing water. The
"weakening and weathering" process includes those forces which operate
on or within the bank to reduce its strength and loosen or detach

particles of the bank surface materials. Such processes are creep,




surface erosion, mass wasting, freeze-thaw, dry ravel, and soil piping

due to positive pore water pressures.

Geomorphic processes affecting bank materials, and associated with
fluvial entrainment include rejuvenation or over-steepening of stream
adjacent slopes, where stream disequilibrium conditions occur; as well
as liquefaction or the mass wasting of a fully saturated cohesionless
soil due to extremely rapid changes in inundation (Thorne and Tovey,
1979). The relative contribution of these bank and adjacent slope
erosional processes depends upon whether the bank and/cr slope
material is cohesive, non-cohesive, or composite. In additior, the
processes of leaching and softening due to rapid movement of water
through the bank can reduce the strength of cohesive banks causing
them to behave similar to cohesionless banks. Rapid drawdown due to
flow regulation or other conditions which reduce the wettea perimeter
associated with frequently occurring long duration natural flows can
increase the rates of weathering and weakening of these banks. For
example, in a study by Thorne and Tovey (1979), accelerated downslope
creep was decreased by providing a flow which inundated most cf the

bank area portions of the bank.

Consequences of Stream Channel Disequilibrium or Channel Stabilityv
Imbalance

Alterations in natural streamflow can change inherent stream channel
stability, setting up both short and long-term adjustments in the

conveyance system. When disequilibrium conditions occur as a result
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of alterations in the frequency and magnitude of natural discharges, a

series of adjustments are 1likely to occur. These include:

Reduced flood flow capacity

Floodplain encroachment

Building of new floodplains

Lateral migration of channels and/or evulsion

Increased channel erosion with an associated increase in

sedimentation

Damage to structures such as roads and bridges or property

adjacent to the floodplain

Reduced surface water available at baséflow discharges

creating intermittent and/or subterranean flow

Damage to riparian vegetation

Increased downstream hazards due to flooding from lower

magnitude flows




The physical processes responsible for these consequences can be

grouped under the following major categories: (a) Channel

Aggradation, (b) Hydraulic Geometry, (c) Bank Erosion, and (d) Vege-

tation Encroachment. Examples and discussion are provided for each

major category.

(a) Channel Aggradation

Reductions in stream discharge result in reductions in sediment
transport. The sediment material normally transported is
deposited on the channel bed, bars, and other channel features.
This process of deposition tends to reduce the channel cross-
sectional area, reducing flood flow capacity. In addition, the
process sets up a series of channel adjustments, some of which
include lateral channel migration, floodplain encroachment, and
rejuvenation of stream adjacent slopes. Under conditions of
unregulated streamflow, side tributaries will normally contribute
sediment yields to the main trunk during tributary runoff. If
flow regulation were to reduce the main stem discharges, the
delivered tributary sediment tends to be deposited near the mouth
of the tributary of the main channel, causing an increase in the
base level of the tributaries. This base level change can cause
rejuvenation (over-steepening) of the unregulated tributary
streams, supplying even higher sediment loads to the regulated

trunk stream.




Aggradation may also create a condition of reduced surface water
availability as many streams become intermittent and/or

subterranean.

The effect of lateral migration, typical of aggrading meandering
streams, is to accelerate erosion on stream adjacent lan

rebuild floodplains. This is often undesirable as many str
adjacent lands support valuable timber resources, associatec
riparian values, developments, and structures. Lateral channel
migration due to aggradation also results in increasec sediment
supplies, primarily due to accelerated erosion caused by fluvial
entrainment and associated rejuvenation of stream adjacent
slopes. Research results reporting such consequences are
numerous. The most serious impact due to channel aggradation is

an increase in the potential for downstream floocing. Several

studies have reported the results of dam construction on a

channel system's flood-discharge capability. Leopold and Maddock
(1953) have contended that flow regulation due to dam
constructions may adversely affect the flood discharge capability
of the river channel. In further support of this contention, a
review by Petts (1979) showed channel-capacity reductions below
reservoirs which ranged from 25 percent to 73 percent on eight
different streams. Although the mechanisms responsible for the

loss of channel capacity are varied, the dominant processes




summarized included aggradation, vegetation encroachment, and

channel bank collapse.

(b) Hydraulic Geometry

The basic relationship of discharge and channel cheracteristics
has been clearly demonstrated. Reductions in the frequently
occurring discharges can be expected to result in corresponding
adjustments in channel geometry. The Platte River systerm in
Nebraska offers a good example of the result in flow -=zuctiens

due to regulation and associated changes in channel geometry

(Figures 11 and 12). From records dating back to 1865, as

analyzed by Williams (1978b), these relationships show a
reduction in channel width coinciding with a reduction in mean
annual flow and annual peak flows. Vegetaticn now occupies much
of the zone that used to be channel. Many flow regulation
structures which result in reduced natural flows are not designed
to store the larger flood events. The reductior in channel
capacity in the years prior to such a flood event due to flow
regulation causes a greater potential for flood damage than the

same magnitude flood under pre-regulation conditions.

(c) Bank Erosion

Rapid drawdown of flows often results in increased pore water
pressure in the channel bank materials, which accelerates the
bank weakening and weathering rate (Thorne and Tovey, 1979).

Cycles of wetting and drying are also extremely important as they




cause swelling and shrinkage of the soil leading to downslope
soil creep, ravel, and sloughing. As channel banks collapse, and
the energy for fluvial entrainment is reduced in these regulated
streams, deposition of sediment and reduced channel capacity

results.

Lowered or regulated discharges occurring in channels with large

flow capacities often result in the development of & windirg

thalweg (low flow channel) that may later cause severe channel

erosion by concentrating flow against the banks (Mahrood ana
Shen, 1971). For this reason, it is recommended that the minimur
discharge in a mature irrigation canal be controlled at flows cf,
at least, 55 percent of the design capacity. Similarly, the rate
of water level fluctuations is frequently controlled to avoid
severe variations during low flow, so as to prevent the failure
of side berms due to positive seepage forces. Seepege flow
caused by pore water pressure in banks and resulting from channel
drawdown or low flows can be a major factor rin the developmert of
channel instability. Such bank or berm erosiorn may also charge
the channel bed form from dune to flatbed, which further reduces
flow resistance during subsequent higher flows anc thus decreases
bed resistance beyond the limit of channel stability (Mahmcod and

Shen, 1971).

(d) Vegetation Encroachment
A reduction in the range and magnitude of frequently occurring

discharges can result in the invasion of riparian vegetation into
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the channel area, with resultant reductions in the capacity of

channels to transmit flood flows. Evidence of this process is
documented by Turner and Karpiscak (1980) where, within 13 years
following construction of Glen Canyon Dam, accelerated riparian
vegetation encroachment occurred within the main channel, down-
stream from the dam. Williams (1978b), as stated earlier,
described riparian vegetation establishment in the original

channel of the North Platte River.

Vegetation encroachment on stream channels, as a vies o o i afilon
regulation, has been documented by many other researchers. The
growth of willows within the Republican River channel below
Harlan County Dam initiated the formation of islands, the
development of a new floodplain, and the reduction of channel
capacity (Northrup, 1965). Other observations of streanm channel
aggradation and reduced flood flow capacity caused by vegetation
encroachment are documented by Hathaway (194%) and Serr (1972).

King (1961) examined a stream in the Wind River Basin of Wyoring

where encroaching vegetation also reduced flood flow capacity.

Generally, the rising-recession and baseflow discharges inundate
the channel bed and most of the banks during the growing season.
These conditions normally prevent the invasion of riparian

vegetation within the "active channel” and reduce the occurrence

of vegetation encroachment.




Application of Basic Concepts to Wyoming Streams

The preceding discussion provides the fundamental concepts involiving
stream stability and discharge relationships needed to secure
“favorable conditions of water flow." These relationships were
utilized in the development of a procedure which was used tc calculate
the stream channel stability maintenance flows for the Bighorn &nd

Shoshone National Forests within the Big Horn River Besin in liyoming.

The successful application of any procedure often depends orn the
verification of the fundamental relationships within the physiographic
province under study. Most of the streams to which this
quantification procedure was applied are not gaged. Collection and
analysis of local data were therefore necessary for the development
and application of regionalized channel geometry/stream cischerge

relationships.

The occurrence of direct channel impacts which are associated with

flow reductions is evident from the earlier discussions of sediment
transport-discharge relationships. There are very few streams in
Wyoming with sediment data. However, two gravel-bed streams, the East
Fork River near Pinedale and the Little Snake River near Dixon, have
been studied and measured intensively, and, as such, provide sediment
data which is typical for mountainous snowmelt runoff watersheds in

Wyoming.
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Using the data from the Little Snake River, 86 percent of the total
annual sediment yield is transported at discharges corresponding to
bankfull, mean annual up to bankfull, and baseflow. Using Figure 7,
the size of particles in transport ranged from approximately 2 milli-
meters at baseflow discharge (0.02 percent bankfull), 8.7 millimeters
at mean annual discharge, and 16 millimeters at bankfull discharge

(Andrews, 1980).

The same calculation when applied to the hydrograph-sedigrzr®

typical mountainous snowmelt watersheds (Figure 6) by Guy (1970)
indicated that 79 percent of the total annual sediment vield was
transported by discharges ranging from mean arnual up to and includirg
bankfull discharge; and 21 percent of the annual sediment yield was
transported during low flow periods, of which 12 percent occurred from

June 16 to September 30.

An analysis, conducted to determine a baseflow discharge requirement,

was performed on data for the East Fork River in Wyoming, employing

the "inner berm" concept (Leopold, 1980, personal communication).

The U.S. Geological Survey utilizes this Tow-flow channel feature as &
consistent index to mean annual discharge, in Colorado as well as
other states (Hedman, et al., 1972). The inner berm concept relates
the dimensions of the low flow or thalweg channel feature to the mean
depth of flow for mean annual discharge. Since mean annual discharge
is known to relate strongly to bankfull discharge, it follows that low

flow channel dimensions are also related to bankfull discharge.




The reasoning behind the use of the inner berm concept is that this
particular low flow channel feature is an integral and necessary
characteristic of stable channel systems which is consistently
apparent and measurable. Thus, providing the low flow discharge
necessary to maintain the capacity of the thalweg channel assists in

the maintenance of overall channel stability.

Considering the magnitude of flows at baseflow, the question naturally
arises, how effective is baseflow discharge in terms of the potentizl
for sediment transport, and for the maintenance of these low flow

channel features.

An analysis was made to determine the magnitude of flows associatec
with the inner berm feature. Channel cress-section profiles were
available for the East Fork River in Wyoming, where the inrer berm
feature had been identified and evaluated (Leopold, 1980, perscral
communication). The plot of the cross section data (Figure 13)

relates the mean depth of the inner berm (d) to the mean bankfull flow

depths (dB) in the same cross section.

A plot of the ratios of mean inner berm depth to mean bankfull depth
versus the corresponding ratios of inner berm discharge to bankfull
discharge for the East Fork River is shown in Figure 14. This re-
lationship was compared to plots of similar data for other streams,
from a variety of geographical areas and showed close agreement

(Figure 15).




The ratio of the inner berm depth to bankfull depth for the East Fork

River was calculated as:

d (inner berm depth)
dB (bankfull depth)

0.20 meters

1.60 meter

In order to determine the ratio of inner berm or baseflow discharge to
bankfull discharge, the depth of the inner berm was divided by the
bankfull depth. This value (the ratio of d/db) was then used in
figure 14 to estimate the percentage that baseflow discharge would be
of bankfull discharge. The results of this analysis yielded a value
of .019, or 1.9 percent of the bankfull discharge. Additional data
from several California streams were provided by Leopold (1980,
personal communication). The same analysis applied to these data
indicated that baseflows would average 2.0 percent of the bankfull

discharge.

A baseflow discharge requirement suggests an inherent sediment trans-
port capability in order to maintain this low flow channel feature. A
determination was made of the size of sediment materials that would be
transported by the calculated baseflow, or inner berm discharge for
the East Fork River (Leopold, 1980, personal communication). The

analysis involved calculating a threshold shear velocity, utilizing




DRAFT

the Shields equation as adapted by Sagan and Bagnold (1575) (Figure

9). The modified equation is shown as:

W P auaas

threshold shear velocity (feet per second)
gravitational force constant (32.2 feet per second
second)

depth of inner berm (feet)

slope of channel (decimal percent)

Once the threshold hear velocity was determined, the relationship of
shear velocity and particle size (Figure 9) was used to determine th
potential size of sediment materials that would be transported through
the inner berm cross-sectional area. The results of this analysis

cdines

32.2 feet per second per second
0.69 feet
0.0007
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thus, for the East Fork River, at this low flow condition,
TRl 14

From Figure 9, the corresponding size of transported sediment is 1.6
to 1.7 millimeters or approximately "very coarse"” sand. These data
agree very well with the size of material transported at baseflow
discharge (2 percent of bankfull) on the Little Snake River at Dixon,
where the potential transported sediment size was approximately ¢
millimeters in diameter (Andrews, 1980). Based on tnis analysis, it
is reasonable to assume that a baseflow dfscharge of approximately 1.9
percent of the bankfull discharge can be effective in transporting
sand-sized sediment particles. Thus the cross-sectional arez cf the
thalweg channel is maintained by reducing the potential for aggred-
ation of the sand-sized and smaller sediment materials, in gravel-bed

streams in Wyoming.

This agrees with observations made on the Colorado River where, under
baseflow conditions, sand-sized particles were migrating into pools,
with a corresponding decrease in the elevation of the stream bed at

riffles. See Figure 10 (Leopold, 1969).

It was earlier demonstrated that stable channels generally have a
channel capacity capable of transmitting the 1.5-year recurrence
interval flow. This flow, known as bankfull discharge, is considered

as part of the channel stability maintenance flow reguirement. Since




the channel geometry feature of bankfull width can be correlated with
bankfull discharge, mean basin elevation, and drainage area, the
relationships of these parameters were selected to calculate the
bankfull discharge for ungaged streams. It was, therefore, necessary
to analyze these basic relationships for streams in the Big Horn River

Basin.

Fortunately, prior work by Lowham (1976) had established flow charac-
teristics of Wyoming streams using channel geometry, drairage area,
and weighted mean basin elevation for the mountainous regions of
Wyoming. His work is widely used by engineers and hydrologists in the
state for the calculation of peak flow events for various return
periods on ungaged streams, in the design of drainage structures,

bridges, etc.

For streams in Region 1 of Wyoming (mountainous, snowmelt watersheds)

the regression relating the 2-year peak flow to bankfull wicth was

positively correlated, with a correlation coefficient of 0,97 @and a

standard error of 35 percent. The 2-year peak flow was derived from
long-term gaging station records using the Log-Pearscn Type IIl method

(Water Resources Council, 1976).

Where field measurement of bankfull width could not be practically
done for large-scale flow determinations, Lowham (1976) utilized
drainage area and weighted mean elevation to predict various

recurrence interval flows. This effort has successfully demonstrated




the practical application of the fundamental hydraulic geometry

principles for mountainous snowmelt streams in Wyoming.

Similar work was also done by Emmett (1975), who developed similar
relationships for snowmelt watersheds in Idaho. Examples of the
approaches of both Emmett (1975) and Lowham (1976) will be used

throughout the procedure section.

PROCEDURE

The objective of this section is to provide the basis for the quanti-
fication procedures as developed for the Big Horn River Basin. The
procedures represent "state of art" applications of established
principles of the sciences of fluvial geomorphology and engineering.
The procedures incorporate site-specific verifications of stream

channel geometry measurements and their relationships to measured

discharges for selected streams in the Big Horn River Basin.

Rationale

These relationships, when combined with basin characteristics, can
then be utilized for flow determinations on individual ungaged third,
fourth, and fifth order alluvial streams in the Bighorn and Shoshone

National Forests.

The range of flows required for self maintenance of the stream channel

systems for ". . . favorable conditions. involve those flows
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which transport the bulk of the total annual sediment load, inundate

the "active" channel area to an extent sufficient to reduce vegetative

encroachment, and maintain the banks and other integral features of
the alluvial channel. Based on the relationships presented, the flows
needed are "bankfull" discharge, a series of flows representing the
rising and recession limbs of the snowmelt hydrograph, and a

"baseflow" discharge.

Some 80 to 90 percent of the total annual sediment yield is
transported during the snowmelt runoff season by those flcws

associated with the rising-recession 1imbs of the annual hydrograph.

This range of flows, considered critical for channel stability main-
tenance, is calculated with the use of the dimensionless flow duration
curve, from bankfull discharge down to a point which represents meen

annual discharge.

Since it has been previously demonstrated that the rapid increase
and/or drawdown of stream flow results in accelerated bank erosionz]
processes, a series of less abrupt rising and recession flows are

needed for channel maintenance.

The importance of mean annual flow, in addition to peak flow, was
demonstrated in a study where lowered annual peak flows and lowered
mean annual flow resulted in reduced channel widths in the Platte

River system (Williams 1978b.) These data further support the concept




of a range in flows doing most of the "work" in the self maintenance

of channel networks.

The basic interrelationship of mean annual, bankfull, and baseflow

discharges make it easy to apply these principles to widely divergent

hydrophysiographic provinces. For example, baseflow discharge is
generally 10 percent of mean annual discharge and 2 percent of bark-
full discharge. Furthermore, bankfull discharge is generally 10
percent of the mean annual discharge, thus the determinaticr

flow can be used to approximate the other two.

For the streams in the Big Horn River Basin, these flows, including
the rising and recession flows, were determined individually,
utilizing a regionalized dimensionless flow-duration curve

specifically developed for this purpose.

In order to apply these procedures, the following assumpticns were

made. '

Assumptions
1. The rate of sediment supply in the watershed will not be

accelerated over time.

The dominant or effective discharge, defined as bankfull
discharge, is the flow at bankfull stage and has a recurrence

interval of 1.5 years.




Bankfull discharge can be described as a function of bankfull
width, which can be determined by using established regional

relationships, verified with field measurements.

Bankfull width is related to drainage area and weighted mean

basin elevation.
Mean annual and baseflow discharges can be reasonably estimated
through the use of a regionalized dimensionless flow-duration

(elvllanii=ts

The procedure as designed, is applicable to alluvial channels

only.

Analysis Steps

A generalized flow chart showing the stepwise progression cf the

analysis steps used in the procedure is found in Figure 16.

Dimensionless Flow-Duration Curves:

Step 1 Develop regionalized dimensionless flow-duration curves from
surface water data for local "representative watersheds"
that have not been subject to streamflow reguiation and for

which there are at least 10 years of record.

Perform a Log-Pearson Type III calculation to determine the

1.5-year return period discharge (bankfull discharge;QB)




(Water Resource Council, 1976). An example is shown in

Figure 17.

Using standard techniques, plot flow-duration curves which
relate mean daily discharge to a frequency of occurrence for

each selected gaging site (Figure 18).

Develop a dimensionless flow-duration curve for the
individual selected gaged stations. This - accomplishec :
calculating the ratios of mean daily discharge to bérkfull

discharge (Q/QB) and plotting these ratios on probability.

paper for selected durations.

Combine all dimensionless flow-duration curves into &
composite regional curve representing the full range of
drainage areas for the hydro-physiographic region to be
analyzed. This process yields a single average curve valid
for all locations in a local study area.An exeample is shcwrn

in Figure 19 (Emmett, 1975).

At this point, the ranges of required flow and their respective

durations can be calculated for ungaged streams.

Baseflow discharge may be estimated by constructing two lines tangent
to the lower segments of the flow-duration curve. A line, which then
bisects the angle formed by the intersection of the twn tangents, will

intersect the flow duration curve at a point which represents the
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value of baseflow discharge as a percent of bankfull discharge. The
value of mean annual discharge can be plotted directly on the duration
curve from the long-term data summary; or it can be obtained using the

procedure described in Step 13.

Relationship of Basin Characteristics to Bankfull Discharge:

Step 6 Obtain bankfull surface width of gaged stream, i.e.,
measure the stream channel width at the bankfull stage on an
appropriate reach at or very near the gaging station, using
measurement techniques described by Lowham (1976, Appendix

L)

Obtain bankfull discharge (QB) from the Log-Pearson flow

frequency analysis (Step 2). Regress QB (dependent

variable) against bankfull surface width NB (independent
variable) obtained in Step 6 for all selected stations
within the hydrophysiographic region. An example is shown
in Figure 20 (Emmett, 1975). With the data transformed to
base 10 logarithms, a regression analysis is performed

resulting in equations of the form:

Equation 1:




bankfull discharge represented by the
1.5-year recurrence interval discharge (in

cubic feet/second)

bankfull width (in feet)

a and b = regression constants of slop

intercept

Obtain correlation coefficient arnd standzard error

Statilsticsh

For each selected gage site, calculate the area (in square
miles) and area-weighted mean elevation of the contributing

watershed.

Analyze data from selected gaging stations: i.e., bankfull
width (dependent variable), drainage area, and earea-weichted
mean elevation (independent variable) using a log

transformed multiple regression analysis of the form:

Equation 2: wB = cAdEe




wB = bankfull width (feet)
c, d, e = regression constants
A = drainage area (square miles)

I area-weighted mean elevation (feet in

thousands)

Obtain correlation coefficient and standard error
statistics. An example of this relationship (nct includirg
elevation) is shown by Emmett (1975) in Figure 21. (This
allows for office calculations where bankfull widths carnct

be measured.)

Determine how well the relationships of drainage arez,
area-weighted mean elevation, and bankfull surface width for
ungaged areas relate to gaged watershed data, using a wide

range of watershed sizes and elevations. Plot these deta
over the relationships shown in Step 9. Determine if the
regional relationships fit the gaged area cata. If

necessary, repeat the analysis in Step 9 and utilize local

data for best relationships (i.e., best correlation

coefficient and lowest standard error).

To calculate bankfull discharge (QB) for ungaged streams:




Calculate drainage area in square miles and

area-weighted mean elevation in thousands of feet.

d

From equation 2, (NB cA%E®), determine NB (bankfull

surface width).

From equation 1, (QB = awBb), determine QB (bankfull

discharge).

To obtain the duration of QB’ calculate the duration in
days from flow duration curve (Step 5)(365 days x %
time equaled or exceeded = duration in davs).

To calculate baseflow (QL):

Obtain ratio of Q/Q, from dimensionless flow-duration curve.
B

Convert to equivalent QL where QL = Q/Qg X Qg-

Calculate the rising and recession flows. Obtain mean
annual discharge from the regionalized dimensionless
flow-duration curve. Select flows from the flow-duration
curve such that the slope of the rising/recession limbs of
the snowmelt hydrograph is approximated at a rate O 2
percent of bankfull discharge per day up to bankfull and
back down to mean annual discharge. The snowmelt

rising/recession rate can also be calculated in uniform




PR/

described in Figure 22. The inflection point indicating the

segments of the dimensionless flow duration curve as

change in slope of the flow-duration curve starting upwards
from baseflow very closely approximates the mean annual

discharge. Rising and recession flows are represented from
this inflection point (mean annual discharge) up to bankfuil

discharge.

PROCEDURAL RESULTS

Surface water records were obtained from the Cheyenne Oftice

of the U.S. Geological Survey and from publications by

Lowham (1976). APPENDIX II shows station locaticns.

Discharge for The 1.5-year recurrence interval discharges

were obtained from the U.S. Geological Survey for selected

streams within the analysis area, usinb the Log-Pearson Type

111 analysis method as specified by the Water Resources

Council (1976).

Flow-duration curves were obtained from selected gaced
stream sites in the region. A typical curve for Tensleep

Creek is shown in Figure 23.

Dimensionless flow-duration curves were developed for each

stream with adequate long-term records. The basic data for

45




the streams in the Big Horn River basin were derived from
U.S. Geological Survey Water Supply Papers, flow-duration
curves, and basic data from Lowham (1976). Figure 24 shows
the dimensionless flow-duration curve, where the ratio of
mean daily discharge to bankfull discharge is plotted as a
function of duration (percent of time a flow is equaled or

exceeded).

A1l of the flow-duration curves for st~
anzlysis were combined into a composite regional dimensicr-

less flow-duration curve (Figure 22).

Water surface width measurements at bankfull stage for
selected gaging sites were available through measurements
completed by Lowham (197€).

Bankfull discharge (Q,) was regressed against bankfull width

B)

(W,) for the representative gaged streams (Figure 26). The
B

bankfull discharge used was that for the 1.5-year recurrence

interval. The resultant relationship is:

Equation 1: QB =.1.63 WBI.SS

with a correlation coefficient of 0.975 and a standard error

of 35 percent.
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The mean elevations and drainage areas were obtained from
maps and analyzed by the U.S. Geological Survey for those
gaged streams in "Region 1" (high elevation snowmelt

watersheds) (Lowham, 1976).

Relationships, for the USGS stream gaging stations, of
measured channel width at bankfull stage to drainage area
are shown in Figure 18. An additional variable, area

weighted mean elevation, was added (Figure 1¢) to this

relationship. This improved the r2 value from 0.88 to 0.923

and explained much of the variability shown in Figure 27.

The relationship took the form of:

Equation 2:

bankfull width (feet)

drainage area (square miles)
Weighted mean elevation (M feet)
correlation coefficient = .93

standard errori= 0:187

Step 10 Data gathered on numerous ungaged streams in the analysis

area were plotted and the above regional curves developed




from the gaged station data to determine the appropriateness
of a regional relationship. The data points for the ungaged
stations were in very close agreement with the regional

curve (Figure 28).

The calculation of bankfull discharge and its duration for
streams on National Forest System lands in the Big Hern River

Basin were caiculated. Determaination of bankTuii widtn weés
o e gl iS5 08 e by
accomplisned using Equation Z, HB s R

L
Area-weighted mean elevation and drainage area were determined

for each watershed. Once bankfull width was obtained, bankfull

discharge was determined from Equation 1.

Lt
B

QB A N
The average duration of bankfull discharge, from the regiconé-
lized dimensionless flow duration curve, was approximetely
three days (Figure 29). This is an agreement with bankfull

durations from other studies in Wyoming.

"Baseflow" was determined from the regionalized
dimensionless flow-duration curve. The procedure discussed

in Step 5 was used, where two lines tangent to the lower

straight segments were constructed. This resulted in a Q/QB

ratio of 1.7 percent. To further verify this value,




hydrographs from the gaged streams in the Big Horn Basin
were analyzed for the percent of baseflow to bankfull for
each respective stream. The average of these was 1.9
percent of bankfull, thus this procedure using flow duraticn
curves was representative of basefiow corditions. The
estimate of baseflow discharge can be determined by multi-

plying the bankfull discharge times 0.017.

The series of rising and recession flows, starting with the
point of mean annual discharge, as apprcximated on the
dimensionless flow-duration curve and progressing to

bankfull discharge is shown in Figure 29. These flows were
distributed into nine segments where, beginning with bankfull
discharge, the Q/QB ratio of 1.0 was reduced by a factor of
0.10 for each of nine segments to approximate the respective

rising and recession flows.

The conversion of these required discharges into acre-feet yields is

simply accomplished by the multiplication of the discharge in cubic
feet per second, times the acre-feet per day conversion factor of
1.90, times the duraticn of flow in days. The results of this con-
version indicated that the needed channel stability maintenance flows

approximated 78 percent of the total annual water yield.




As more water becomes diverted from headwater areas, it becomes
increasingly important to state the flow requirements necessary to
prevent adverse changes in channel conditions due to these diversions.
An range of in-channel non-consumptive discharges are required
annually which will transport the bulk of the water and sediment in an
orderly fashion for purposes of maintaining the stability of the

natural conveyance system.

Since the required flows are non-consumptive in nature, they are
available for historic downstream use and appropriation. The pro-
cedures presented are based upon a series of fundamental concepts
supported by established research and measurement methodologies. The
conceptual base is founded upon well-known principles of geomorpholgy
and fluid mechanics. While the procedures involve in innovative

combination of such principles and techniques, they do not depert in

substance from the body of accepted scientific thoucht and principle.

The use of the described procedures represents an attempt to apply
current "state-of-the-art" techniques to accomplish the basic manage-
ment objectives of ". . . securing favorable conditions of water
flows . . .," in terms of maintaining the inherent stability of
natural stream channel systems. Improvement in the procedure will
obviously occur and is expected as a part of the normal evolutionary
process associated with "state-of-the-art" technigues, but is not

expected to result in consequential changes to the results.




DRAF

northern Wyoming, and may be employed elsewhere to make reasonable

The procedures were applied on National Forest System lands in

requests for a range of specific stream discharges and flow durations

that will tend to assure ". . .favorable conditions of water

flows. . .." Further, it is felt the recommended instreamflow values

are reasonable in the context of existing appropriative downstream

water uses. In addition, the long-term benefits derived from the

maintenance of natural water conveyance systems will extend directly
"

to the downstrean water user as a result of securing these ". . .favorable

conditions of water fliows."
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