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Bankfull-Channel Geometry and Discharge Curves
for the Rocky Mountains Hydrologic Region in Wyoming

By Katharine Foster

Abstract

Regional curves relate bankfull-channel geometry and
bankfull discharge to drainage area in regions with similar
runoff characteristics and are used to estimate the bankfull
discharge and bankfull-channel geometry when the drain-
age area of a stream is known. One-variable, ordinary least-
squares regressions relating bankfull discharge, cross-sectional
area, bankfull width, and bankfull mean depth to drainage area
were developed from data collected at 35 streamgages in or
near Wyoming. Watersheds draining to these streamgages are
within the Rocky Mountains Hydrologic Region of Wyoming
and neighboring states.

Data collected at each streamgage reach included one
longitudinal profile of bankfull features, water surface and
channel-bed elevations, one or more riffle cross-section sur-
veys of channel geometry, and riffle and reach-average pebble
counts. Various indicators were used to determine bankfull-
channel geometry. Field data were analyzed to determine
bankfull area, bankfull width, bankfull mean depth, D, - and
D,,-particle size for each pebble count, bankfull discharge, and
recurrence interval at each site.

Two sets of regional curves were developed; one for
streamgages representing the range of mean annual precipi-
tation and one for streamgages with greater than 25 inches
mean annual precipitation. All regional curves presented in
this report have slopes that are significantly different from
zero. Drainage area explains most of the variability in cross-
sectional area for all streamgages and for streamgages with
greater than 25 inches mean annual precipitation (coefficient
of determination (R?) = 0.85 and 0.91, respectively). Drainage
area explains less of the variability in bankfull discharge for
all streamgages and streamgages with greater than 25 inches
mean annual precipitation (R?=0.77 and 0.87, respectively),
bankfull width (R? = 0.80 and 0.83, respectively) and bank-
full mean depth (R? = 0.48 and 0.64, respectively). Residual
standard error ranges from 24 to 56 percent for all streamgages
and from 20 to 41 percent for streamgages with greater than
25 inches mean annual precipitation. Some streamgages exhib-
ited influence, leverage, or both on all regional curves devel-
oped for the Rocky Mountains Hydrologic Region.

Limitations associated with streamgage selection and
development of the curves result in some constraints for the
application of regional curves presented in this report. These
curves apply only to streams within the study area in water-
sheds having land use, streamflow regulation, and drainage
areas consistent with criteria used for streamgage selection.
Regional curves presented here are not intended for use as the
sole method for estimation of bankfull-channel geometry char-
acteristics; however, they may supplement field identification
of the bankfull channel when used in combination with field-
verified bankfull indicators, streamflow-frequency analysis,
or other supporting evidence.

Introduction

Wyoming’s waters are protected to provide the high-
est possible water quality commensurate with their desig-
nated uses, some of which include aquatic life, drinking
water, recreation, and agriculture (Wyoming Department
of Environmental Quality, 2007). Streams that fully support
their designated uses meet applicable water quality standards,
are biologically functional, and are geomorphically stable
systems. Major disruptions to stream channel stability are pri-
marily attributed to changes in flow and(or) sediment regime
caused by current (ongoing) and historic land use and water-
shed development activities. The cumulative effects of channel
and watershed disturbance can cause persistent instability
problems with long-term consequences, including: accelerated
streambank erosion and lateral channel migration rates; chan-
nel degradation (incision) or aggradation (excess sediment
deposition); frequent flooding; loss of land, productive soil,
buildings, and road crossings; and(or), impairments to water
quality, biological function, and scenic value.

Stream channels are formed and maintained by a dis-
charge defined as the dominant or effective discharge. The
effective discharge is considered to be the most effective
streamflow for moving sediment, forming or changing stream-
channel bars and meanders, and performs much of the work
to construct a channel with the proper dimension, pattern, and
profile required to efficiently process the water and sediment
produced from its watershed (Wolman and Miller, 1960;
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Dunne and Leopold, 1978). Wolman and Miller (1960)
initially proposed that bankfull discharge is similar to effective
discharge. Andrews (1980) later verified that both are strongly
correlated based on an analysis of the relation of discharge

to total sediment load transport rates. Therefore, bankfull
discharge is considered the same as effective discharge and

is used throughout this report. Unique characteristics of the
bankfull discharge and resultant channel features it creates

are summarized by Andrews (1980) and Leopold (1994).

The bankfull discharge and its unique channel dimen-
sions provide consistent measures from which channel condi-
tions can be characterized and related to streams of similar
morphology. For stable stream reaches with a well-developed
flood plain, bankfull stage can be readily identified in the
field from visible indicators or features. Identification and
verification of bankfull discharge and its associated channel
dimensions are critical steps in the channel stability assess-
ment process and a key concept in determining departure from
stream channel stability (Rosgen, 2006).

Some of the more common tools available for supporting
selection of the bankfull channel are regional curves. Regional
curves are one-variable, ordinary least-squares regressions
relating bankfull discharge, cross-sectional area, width, and
mean depth to drainage area in settings that are expected
to have similar characteristics (Dunne and Leopold, 1978;
Leopold, 1994). Equations describing regional curves can be
used to estimate the discharge and dimensions of the bankfull
channel when drainage area of the watershed is known.

Hydrologic regions or physiographic provinces are often
assumed to have homogenous runoff characteristics and
are commonly used to define the area that regional curves
represent. A hydrologic region is an area with similar geology
and climate. Miller (2003) divided Wyoming into six hydro-
logic regions based on similarities in peak-flow character-
istics and environmental factors that influence them. Please
refer to Miller (2003) for more information on how regions
were delineated. Annual peak flows in mountainous areas
of Wyoming typically are in response to snowmelt runoff.
Annual peak flows in basins and plains areas generally are
the result of rainfall runoff. Recent studies have also used
hydrologic regions or physiographic provinces as a basis for
developing regional curves (McCandless and Everett, 2002;
Chaplin, 2005; Krstolic and Chaplin, 2007; Mulvihill and
Baldigo, 2007).

The U.S. Geological Survey (USGS), Wyoming Water
Science Center in cooperation with the Watershed Program of
the Wyoming Department of Environmental Quality, Wyoming
Department of Game and Fish, and the U.S. Department of
Agriculture Forest Service, Region 2, conducted a study to
collect bankfull-channel geometry and bankfull discharge
data at streamgages within the Rocky Mountains Hydrologic
Region in Wyoming because of the need for more information
about the relation of channel geometry and stream discharge
to watershed area. These data then were used to develop
regional curves. Regional curves are useful aids for estimating
bankfull discharge and related channel geometry at ungaged

sites, particularly where field indicators of bankfull stage are
not apparent, such as actively incising or degrading stream
channels. The intended use of regional curves is to validate
estimates of bankfull discharge needed to conduct stream
channel stability analyses and classify stream types as well as
other uses such as stream channel restoration (Rosgen, 2000).

Purpose and Scope

This report presents methods used, data collected, and
equations describing regional curves development for the
Rocky Mountains Hydrologic Region in Wyoming. Bankfull-
channel geometry data were collected at 37 active and discon-
tinued streamgages between July 2010 and September 2011.
Regional curves were developed by relating cross-sectional
area, bankfull discharge, bankfull width, and bankfull mean
depth to drainage area through regression analysis based on
precipitation zones. The data collected for this project are suf-
ficient to categorize each survey location by use of the Rosgen
stream classification system (Rosgen, 1996). Use of this clas-
sification system is not addressed in this report.

Description of the Study Area

Wyoming is located in the western United States on the
edges of the Great Plains and the Rocky Mountains. Topo-
graphic relief of the State is large; altitudes range from less
than 3,100 feet where the Belle Fourche River flows into
South Dakota, to over 13,000 feet in the Wind River Range
(fig. 1). The Continental Divide forms the crest of several of
Wyoming’s mountain ranges, traversing the State from south-
east to northwest.

Diverse physiographic characteristics combine with
regional climatic patterns to create environmental conditions
that influence streamflow characteristics of Wyoming streams.
Most important of these combinations are the mountain ranges
of the State and two different continental-scale precipitation
sources. Weather systems transporting moisture from the
Pacific Ocean are the primary source of precipitation in the
western part of the State. Upslope systems bring moisture
from the Gulf of Mexico and are the main source of precipita-
tion in eastern Wyoming.

Mountain ranges dominate the western two-thirds of
Wyoming. The mountain ranges, because of their orientation,
serve as barriers to prevailing westerly winds and southeast-
erly upslope winds. Air masses from lower elevations are
forced up the mountain ranges by winds. Higher mountain
elevations cause cooling of these air masses and moisture con-
densation, resulting in precipitation. The mountain ranges and
the high average elevation and northerly location of the State
cause most of the precipitation to occur as snow. Because of
the effects of the mountain ranges, at least 70 percent of the
State’s waters originate as snow in the mountainous areas
(Wahl, 1970; Martner, 1986; Druse, 1991; Miller, 1999; Perry
and others, 2001).
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Figure 1. Surveyed streamgage location and Rocky Mountains Hydrologic Region in Wyoming.
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The Rocky Mountains Hydrologic Region incorporates
most mountainous areas of Wyoming, including all ranges in
northwestern Wyoming, the Wind River Range, the Bighorn
Mountains, the northern Laramie Mountains, the Sierra Madre,
the Medicine Bow Mountains, and the Uinta Mountains (fig. 1).
These medium- to high-elevation ranges mostly are forested
with some alpine areas and open woodlands. Most precipitation
in these ranges occurs as snow from Pacific storm fronts during
winter months. Annual peak flows generally are caused by late
spring and early summer melting of winter snow accumulations.
Because of the low spatial and annual variability in snow accu-
mulations, variability also is low in the resulting annual peak
flows (Miller, 2003).

Methods

Streamgages were evaluated for use in the study and
annual peak flow data and basin characteristics data were com-
piled. Frequency analyses were completed for each streamgage
in accordance with recommended methods. Regional regres-
sion equations relating bankfull-channel geometry and bankfull
discharge to drainage area were developed.

Data Compilation and Streamgage Selection

Active and discontinued streamgages were evaluated to
determine their suitability for inclusions in the study based
on initial filtering criteria. Streamgages located in Wyoming
and within 50 miles of the State were considered. Filtering
criteria are intended to provide a consistent means of select-
ing streamgages to characterize the bankfull channel. A brief
description of each criterion is provided below:

» No more than approximately 20 percent of the upstream
watershed is classified as “urban” land use. This percent-
age was chosen for consistency with the selection crite-
ria of White (2001), Cinotto (2003), and other efforts to
develop regional curves.

* The streamgage has a period of record of at least
10 years.

* If the streamgage is discontinued, the streamgage must
have been operational until at least 1993 to minimize the
possibility of changes to the channel that would require
redevelopment of the water-surface elevation (stage) to
discharge (rating) curve. Redevelopment of ratings is
beyond the scope this study.

» Streamflow at the streamgage is subjected to no greater
than approximately 20 percent regulation. This per-
centage was chosen for consistency with the selection
criteria of White (2001) and Cinotto (2003).

* A suitable length of stream reach is available to com-
plete the field survey.

 The stream is wadeable at the time of survey.

Streamgages were selected by applying these filtering
criteria to a database of active and discontinued continu-
ous streamgages that are or were operated by the USGS in
the study area. Figure 1 shows all streamgages used in the
analysis, including streamgages no longer operated by the
USGS. Streamgages not operated by the USGS are operated
by the Wyoming State Engineers Office or local conservation
or irrigation districts. The period of record, date of discon-
tinuance, and amount of regulation of each streamgage were
determined from data stored and maintained by the USGS
in the Automated Data Processing System (ADAPS) of the
National Water Information System (NWIS) (U.S. Geological
Survey, 2009). The National Land Cover Data (NLCD) for
2001 was used to determine percent urbanization. The NLCD
is a Geographic Information System (GIS) data set contain-
ing land use and land cover data (Homer and others, 2004).
The percent urbanization in each watershed is defined as the
sum of three land-cover classifications—low-intensity urban,
medium-intensity urban, and high-intensity urban. Total
urbanization ranged from 0 to 5.4 percent for all streamgages
that met the initial filtering criteria. Peak-flow analysis of
long-term streamflow records following guidelines from the
U.S. Interagency Advisory Committee on Water Data (1982)
was used to determine the annual exceedance probability
(AEP) and corresponding recurrence interval of the range of
streamflows observed at each streamgage. The AEP is the
probability that a streamflow will be equaled or exceeded in
any given year and the recurrence interval is the reciprocal
of the AEP. Annual peak-flow data through water year 2010
were used for the peak-flow analysis. Hydraulic geometry
curves (width, mean depth, and cross-sectional area) and
mean velocity in relation to discharge were developed from
streamflow-measurement data (Form 9-207 used by the
USGS) for each streamgage for use in aiding identification in
bankfull channel features. Form 9-207 summarizes the data
pertinent to the actual discharge measurements taken over a
range of flows made at a streamflow gaging station, as well
as the gage height, cross-sectional area, and width associated
with each discharge. The most recent water-surface elevation
(stage) to discharge relation (rating) also was obtained for
each streamgage.

Estimated mean annual precipitation was determined
from data for the period 19712000, and obtained from the
PRISM Climate Group, Oregon State University (2010). The
estimates were created using the PRISM (Parameter-elevation
Regressions on Independent Slopes Model) climate mapping
system, developed by Daly and others (1994). PRISM is a
knowledge-based system that uses point measurements of
precipitation, temperature, and other climate factors to pro-
duce continuous, digital grid estimates of monthly, yearly, and
event-based climate parameters.

After all data were compiled for each streamgage meeting
the initial criteria, the amount of regulation was the most limit-
ing criteria. Based on information from streamgage descrip-
tions, many streams in Wyoming are regulated for irrigation.
Irrigation may begin in the month of May, which can affect



annual peak flows, which typically occur in late May and early
June. The high elevation Rocky Mountains Hydrologic Region
does not have as much regulation as other hydrologic regions
in the State; therefore, this study concentrated on developing
regional curves for the Rocky Mountains Hydrologic Region.
A total of 74 streamgages that met the above criteria were
indentified in the Rocky Mountains Hydrologic Region and 37
were selected for analysis (table 1). Sites were selected mainly
based on ease of access.

Field Data Collection

A suitable reach near the streamgage was identified at
each site. In general, the selected reach was about 20 bankfull-
channel widths in length and, when possible, the streamgage
was located in the selected reach. Within the selected reach,

a longitudinal-profile survey was conducted, which includes
water-surface, streambed (thalweg), and bankfull-channel
elevations using a survey level, an electronic-surveying
instrument (total station), or a Real Time Kinematic (RTK)
survey-grade Differential Global Positioning System (DGPS).
All longitudinal profile surveys were referenced to the

datum established for gaging streamflow as described in the
streamgage description form. At sites where the drainage area
was greater than 232 mi? (drainage area ranged from 1.5 mi?
to 699 mi®), thalweg measurements were not taken because the
streams were generally too deep to wade. Reaches with flow
obstructions such as bridge abutments, diversion structures,
and culverts were avoided, if possible.

The bankfull stage was readily identified at most sites by
visual or physical bankfull indicators (Rosgen 1996). A partial
listing of these indicators is:

» The presence of a flood plain at the elevation of incipi-
ent flooding.

» The elevation associated with the top of the highest
depositional features (point bars or central bars within
the active channel).

* A break in slope of the banks and(or) a change in
particle size distribution.

» Evidence of an inundation feature such as small benches.
* Staining of rock.

» Exposed root hairs below an intact soil layer indicating
exposure to erosive flows.

 Lichens and locally known riparian vegetation species.

The USDA Forest Service Stream Systems Technology
Center has released a video to assist in the field identification
of bankfull stage (U.S. Forest Service, 1995).

Within each selected reach, one to five riffle cross-
sections were surveyed. The cross-sectional surveys consisted
of surveying bed and bank elevations, bankfull indicators,
and the flood-prone width. Cross-sections generally were
located between channel bends as described by Harrelson and
others (1994), Leopold (1994), Rosgen (1996), and Powell
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and others (2004). The cross-section data that best repre-
sented the bankfull-channel geometry characteristics were
used to provide reach-representative values of bankfull width,
bankfull mean depth, cross-sectional area, width/depth ratio,
and entrenchment ratio. These values are used to develop
hydraulic-geometry relations and to classify the stream.

Two particle-size distributions were determined from
pebble counts through the selected stream reach using methods
described by Wolman (1954), Harrelson and others (1994),
and Rosgen (1996). A 100-pebble count was conducted at a
riffle cross section from bankfull elevation to bankfull eleva-
tion. The D -particle size, which is defined as the particle size
larger than 84 percent of the riffle cumulative sample, is used
to evaluate estimated bankfull discharge values. A reach-
average pebble count was conducted to classify the reach and
uses the D, -particle size, which is defined as the particle size
larger than 50 percent of the reach-average cumulative sample.
For the reach-average pebble count, data collection was parsed
out proportionally among representative features within the
longitudinal-profile reach and 10 pebbles were counted within
each feature. For example, if the reach length consisted of
70-percent nonpool features or riffles and 30-percent pools,
the reach-average pebble count was conducted so that 70 peb-
bles were counted within the nonpool features or riffles and 30
within pools. At four sites, only the cross-section related riffle
pebble count was conducted (table 2).

RIVERMorph analysis software (version 4.3.0,
RIVERMorph LLC, 2001-07, www.rivermorph.com) was
used to analyze longitudinal-profile data. Thalweg, water-
surface, and some bankfull elevations identified from cross-
section surveys also were input into the longitudinal profile to
provide additional bankfull data. From the input field data, a
best-fit line representing the water surface and bankfull slopes
through the study reach was interpolated by RIVERMorph.
Measurements of riffle to riffle slope throughout the study reach
and of local slope in the vicinity of cross-sections were also
made using RIVERMorph. RIVERMorph also was used to ana-
lyze the cross-section survey data and to compile summary data
(bankfull width, mean depth, and cross-sectional area; table 2).

Determination of Bankfull Discharge

Streamflow-measurement data (Form 9-207) were used
in combination with bankfull indicators identified in the field
to define the bankfull channel at each site. Bankfull features
from the longitudinal profile surveys were nearly parallel to the
water-surface slope (fig. 2). For active streamgages, a best-fit
trend line through the longitudinal profile bankfull features was
extended through the location of the streamgage (staff plate in
figure 2). The elevation where the trend line crossed the location
of the streamgage represents bankfull stage. The water-surface
elevation (stage) that would occur in the bankfull channel and a
relation between stage and discharge (rating) were used to select
the discharge that corresponded to the elevation of the bankfull
channel at the streamgage. This value was compared to stream-
flow-measurement data (Form 9-207) along with associated
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8 Bankfull-Channel Geometry and Discharge Curves for the Rocky Mountains Hydrologic Region in Wyoming
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Figure 2. Longitudinal profile data collected at U.S. Geological
Survey streamgage 06299500 Wolf Creek at Wolf, WY.

channel geometry characteristics. From the peak-flow analysis
of long-term streamflow records, the exceedance probability and
corresponding recurrence interval were determined. Then using
the cross-section data that best represent the bankfull-channel
geometry characteristics, bankfull discharges were determined
from methods outlined in Rosgen (2008). Discharges computed
from the appropriate methods at the representative cross-section
were averaged to determine the bankfull discharge. The bank-
full discharges determined from the stage to discharge rela-

tion were verified with the computed discharges. For inactive
streamgages, the bankfull discharges were determined from
methods outlined in Rosgen (2008). In all cases, the computed
discharge values were used as the bankfull discharge and used
for development of regional curves.

The recurrence interval of the chosen bankfull discharge
was determined by comparing the bankfull discharge to a fre-
quency distribution of annual peak discharges fit to a Pearson
Type III frequency distribution (U.S. Interagency Advisory
Committee on Water Data, 1982). The recurrence interval for
bankfull discharge was somewhat variable from site to site and
ranged from 1.0 to 1.7 years (table 2). The median recurrence
interval was 1.4 years, which is similar to Chaplin (2005;

1.4 years) but more than Cinotto (2003; 1.3 years) and less
than the recurrence interval (1.5 years) for bankfull discharge
determined in Rosgen (1996) and Lawlor (2004).

USGS streamgages provide a source of readily avail-
able and reliable information from which regional curves can
be developed. Drainage area has been determined accurately
for each streamgage, and discharge measurements provide a
long-term record of channel dimensions over a broad range of

flows. Analysis of streamgage records provides the frequencies
of occurrence for a range of streamflows. By identifying the
bankfull stage at a streamgage, the investigator can determine
the recurrence interval of the associated flow. Use of USGS
streamflow-measurement data (Form 9-207) does not neces-
sarily provide absolute confirmation of the bankfull channel
but does support identification of the bankfull channel when
used along with field indicators. Caution should be observed
when using data from a USGS streamgage for geomorphic
analysis because the measurement section is selected by USGS
personnel to provide accurate velocity and area determina-
tions for the computation of streamflow only. These measuring
sections may be in slow-velocity, pool-dominated sections

and not in riffles as required by most computations involved
in fluvial geomorphology. Therefore, the user of these data
should review streamgage descriptions carefully to establish
whether the measurement section used by USGS personnel is
a riffle, run, pool, or glide, because the methodology used to
determine bankfull discharge uses riffle cross-sections and if
USGS measurement are not taken in a riffle comparisons may
be difficult.

Development and Evaluation
of Regional Curves

Studies by Emmett (1975) and Dunne and Leopold
(1978) have shown that bankfull-channel geometry character-
istics and bankfull discharge are related to the size of drain-
age area. In regions where hydrologic processes and climate
are similar, regression analysis of the relation between these
bankfull channel-geometry characteristics and drainage area
and bankfull discharge and drainage area for gaged streams
can provide a means of estimating bankfull-channel geometry
and bankfull discharge for ungaged streams when the drainage
area is known. These curves can be used as a means of validat-
ing bankfull indicators observed in the field as well as esti-
mates of bankfull discharge and associated channel geometry.

Analysis of 37 surveyed streamgages in the Rocky
Mountains Hydrologic Region in Wyoming indicated that
streamgage 06260000 South Fork Owl Creek near Anchor,
WY (table 1) had a small amount of flow for its watershed
area. Anchor Reservoir is known for its inability to hold
water because of substantial seepage loses presumably from
sinkholes associated with the underlying geology (Nelson
Engineering, 2004). The Madison Limestone formation is
prevalent throughout the upper Owl Creek basin (Love and
others, 1979; Ogle, 1992). Streams draining watersheds under-
lain by carbonate bedrock commonly experience underflow
and storage within karst features (Chaplin, 2005). As a result,
these streams commonly have lower peak flows than streams
in watersheds without carbonate bedrock (White, 1976;
Stuckey and Reed, 2000). Therefore, this site was not used to
develop regional curves.



Another site omitted from the development of regional
curves was 06265337 Cottonwood Creek at High Island Ranch
near Hamilton Dome (table 1). This site is listed as being in
the Rocky Mountains Hydrologic Region in Miller (2003)
but upon further investigation, including the rather low mean
annual precipitation, it was determined to be in a different
hydrologic region. Therefore, this site was not used to develop
regional curves.

Another site that needs mentioning in the development
of regional curves is 06278300 Shell Creek above Shell Creek
Reservoir, WY. Even though the bankfull discharge estimate at
Shell Creek did not fall within an expected recurrence interval
relative to other sites with similar precipitation and drainage
area (table 2) because the peak flow values used to develop the
streamflow-frequency curve were suspect at this site, confi-
dence is high that an accurate bankfull discharge was obtained.

Simple linear regression techniques were used to develop
regional curves for the Rocky Mountains Hydrologic Region.
A computer-based statistics package, S-PLUS (TIBCO
Software, Inc., 2008), was used for statistical analyses and
graphics. Response variables—bankfull discharge, cross-
sectional area, bankfull width, and bankfull mean depth for
the 35 sites used to develop regional curves (table 2)—were
regressed against the explanatory variable—drainage area
(table 1)—to show the relation between drainage area and
each of the variables. The relation between drainage area
and each response variable was described by fitting a power
function with a best-fit line through the data points for each
parameter using the least-squares method. The power func-
tions are plotted on a log-log scale.

Computation of the diagnostics required transformation
of the regional curves from commonly reported power func-
tions (Dunne and Leopold, 1978; White, 2001; Cinotto, 2003)
to log-linear functions. For the sole purpose of computing
diagnostic statistics, each power function of the general form
v =a(DA)b was transformed to the form:

log(y) = log(a) + (b * log(DA)) (M

where
log is the logarithm to base 10,

y s the bankfull-response variable,

S

is the intercept of the regression line,
b isacoefficient of regression representing the
slope of the regression line, and

DA is the drainage area.

Development and Evaluation of Regional Curves 9

Annual precipitation variation of 5 inches (in.) or more
can have a large influence on regional relations (Dunne and
Leopold, 1978; Leopold, 1994); mean annual precipitation
ranged from 20.5 in. to 48.6 in. for the entire study area.
Statistical procedures that test for the differences in regional
curves between precipitation zones provide a means to deter-
mine if there is justification for separate relations. A significant
difference in slope or intercept would indicate that separate
curves are appropriate.

To ensure that regional curves relating bankfull-channel
geometry and bankfull discharge to drainage area alone
would include the effects of mean annual precipitation, each
streamgage was assigned an index number of 0, or 1, depend-
ing upon the value of mean annual precipitation at the site. All
streamgages having a mean annual precipitation of less than
25 in. were given an index number of 0, and all streamgages
having mean annual precipitation greater than 25 in. were
given an index number of 1. The results of an ordinary least-
squares stepwise-regression analysis indicate that the differ-
ence between less than and greater than 25 in. mean annual
precipitation is significant (p-values less than 0.05) for the
slope for bankfull cross-sectional area and bankfull mean
depth but not for the slope for bankfull width (table 3). Given
that regressions for the other bankfull-channel geometry and
bankfull discharge are significant, there would be little to no
confidence and power achieved by developing separate bank-
full width regressions.

Regional curves for the Rocky Mountains Hydrologic
Region (35 streamgages) and for streamgages with greater
than 25 in. mean annual precipitation within the Rocky
Mountains Hydrologic Region (29 streamgages), were devel-
oped (fig. 34 through D and fig. 44 through D, respectively).
Precipitation ranges of less than 25 in., 25.1 to 30 in., 30.1 to
35 in. and greater than 35 in. mean annual precipitation are
presented on figures 3 and 4. Regional curves for streamgages
with less than 25 in. mean annual precipitation were not pre-
sented because the small sample size provided poor relations.

The power functions that relate the variables of cross-
sectional area, bankfull discharge, bankfull width, and bank-
full mean depth to drainage area for streamgages representing
the Rocky Mountains Hydrologic Region are illustrated in
figure 34 through D. Table 4 gives the equations and diagnos-
tic statistics for each regression. These regional curves show
the 95-percent prediction intervals for individual estimates
of the response variable. Prediction intervals represent a
95-percent certainty that an individual observed value of y
for a given x will fall within the upper and lower limits of the
interval (Helsel and Hirsch, 2002). These regional curves also

Table 3. Statistical results relating bankfull-channel geometry and bankfull discharge to drainage area in watersheds with less than
and greater than 25 inches mean annual precipitation in the Rocky Mountains Hydrologic Region, Wyoming.

Bankfull Bankfull Bankfull Bankfull
cross-sectional area discharge width mean depth
p-value p-value p-value p-value
Intercept Slope Intercept Slope Intercept Slope Intercept Slope
<0.0001 0.0002 <0.0001 <0.0001 <0.0001 0.3440 0.0034 0.0001
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12 Bankfull-Channel Geometry and Discharge Curves for the Rocky Mountains Hydrologic Region in Wyoming

Table 4. Equations and diagnostic statistics for regional curves
relating bankfull-channel geometry and bankfull discharge to
drainage area for streams in the Rocky Mountains Hydrologic
Region, Wyoming.

[R?, coefficient of determination; CSA, cross-sectional area; DA, drainage
area; <, less than; Q, bankfull discharge; W, bankfull width; D, bankfull
mean depth]

Residual .
Residual p-value
standard
. 2 standard for p-value
Equation R error .
(log error  regression for GOF®
\ 2
uniits) (percent)’  slope
CSA=8.57 x (DA)*? 0.85 0.147 35 <0.0001  0.896
Q=2455x(DA)” 0.77 0.228 56 <0.0001  0.756
W=2822x(DA* 0.80 0.123 29 <0.0001  0.960
D=1.04 x (DA 048 0.104 24 <0.0001  0.628

'Residual standard error in percent determined from methods described by
Tasker (1978).

2A p-value of less than or equal to 0.05 indicates that the slope of the
regression line is different from zero.

3Kolmogorov-Smirnov Goodness of Fit (GOF) tests the regression model
assumption that residuals fit a normal distribution. This test is not a repre-
sentation of how well the regression line fits the data. A p-value greater than
0.05 indicates that regression residuals are normally distributed (fail to reject
the null hypothesis).

show the 95-percent confidence intervals (fig. 34 through D).
Confidence interval represents a band within which there is

a 95-percent probability that estimates of the mean bankfull-
channel geometry or bankfull discharge for a particular drain-
age area will be observed.

Regional curves for streamgages representing the Rocky
Mountains Hydrologic Region (fig. 34 through D) have slopes
that are significantly different than zero (p-values are less than
0.05; table 4) and normally distributed residuals (p-values from
Kolmogorov-Smirnov Goodness of Fit tests are greater than
0.05; table 4) that vary randomly with drainage area. Values
of DFFITS, a measure of the influence in the y direction by
each streamgage, indicate that streamgage 06223500 Willow
Creek near Crowheart, WY has a high influence on the cross-
sectional area regional curve (fig. 34; table 5), and streamgage
062627800 Jack Creek above Coyote Draw near Saratoga,
WY has a high influence on the regional curves for bankfull
discharge and bankfull mean depth (fig. 3B and D; table 5).
Streamgages 06301480 Coney Creck above Twin Lakes near
Big Horn, WY and 06614800 Michigan River near Cameron
Pass, CO have high leverage, potential of exerting strong influ-
ence on the regression slope in the x direction, on all regional
curves developed for streamgages representing the Rocky
Mountains Hydrologic Region (fig. 34 through D; table 5). This
is probably because they have such small drainage areas. Resid-
ual standard errors, expressed in percent by methods described
by Tasker (1978), ranged from 24 to 56 percent (table 4).

Coefficients of determination (R?) indicate that 85, 77,
and 80 percent of variation in cross-sectional area, bankfull
discharge, and bankfull width, respectively, is explained

by drainage area compared to 48 percent of the variation in
bankfull mean depth (table 4). Wider 95-percent confidence
intervals for bankfull mean depth (fig. 3D) reflect greater
uncertainty in estimates of regression parameters for this rela-
tion compared to the other regional curves (fig. 34, B and C).
Thus, regional curves are more reliable for estimation of cross-
sectional area, bankfull discharge, and bankfull width than
bankfull mean depth for streamgages representing the Rocky
Mountains Hydrologic Region.

The power functions that relate the variables of cross-
sectional area, bankfull discharge, bankfull width, and bank-
full mean depth to drainage area representing streamgages
with greater than 25 in. mean annual precipitation for the
Rocky Mountains Hydrologic Region are illustrated in
figure 44 through D. Table 6 gives the equations and diagnos-
tic statistics for each regression. These regional curves show
the 95-percent prediction intervals and the 95-percent confi-
dence intervals (fig. 44 through D).

Regional curves representing streamgages with greater
than 25 in. mean annual precipitation in the Rocky Mountains
Hydrologic Region (fig. 44 through D) have slopes that are
significantly different than zero (p-values are less than 0.05;
table 6) and normally distributed residuals (p-values from
Kolmogorov-Smirnov Goodness of Fit tests are greater than
0.05; table 6) that vary randomly with drainage area. Values
of DFFITS indicate that streamgages 062228350 South Fork
Little Wind River above Reservoir near Ft. Washakie, WY
and 06301480 Coney Creek above Twin Lakes near Big Horn,
WY have a high influence on the bankfull mean depth regional
curve (fig. 4D; table 7). Streamgage 062228350 South Fork
Little Wind River above Reservoir near Ft. Washakie, WY
also has a high influence on the bankfull width regional curve
(fig. 4C; table 7). Streamgage 06614800 Michigan River near
Cameron Pass, CO has high leverage on all regional curves
for streamgages with greater than 25 in. mean annual precipi-
tation in the Rocky Mountains Hydrologic Region (fig. 44
through D; table 7). Residual standard errors ranged from 20
to 41 percent (table 6).

Coefficients of determination (R?) indicate that 91, 87,
and 83 percent of variation in cross-sectional area, bankfull
discharge, and bankfull width, respectively, is explained
by drainage area compared to 64 percent of the variation in
bankfull mean depth (table 6). Wider 95-percent confidence
intervals for bankfull mean depth regional curve (fig. 4D)
reflect greater uncertainty in estimates of regression parame-
ters for this relation compared to cross-sectional area (fig. 44),
bankfull discharge (fig. 4B), and bankfull width (fig. 4C)
relations. Thus, regional curves are more reliable for estima-
tion of cross-sectional area, bankfull discharge, and bankfull
width than bankfull mean depth for streamgages with greater
than 25 in. mean annual precipitation in the Rocky Mountains
Hydrologic Region. This is consistent with other studies
(Chaplin, 2005; Krstolic and Chaplin, 2007; Mulvihill and
Baldigo, 2007).



Development and Evaluation of Regional Curves 13

Table 5. Streamgages exceeding at least one test criterion for influence and leverage for streams in the Rocky Mountains Hydrologic
Region, Wyoming.

[--, not applicable]

Map Cross-sectional Bankfull Bankfull Bankfull
Station . area discharge width mean depth
number number Station name Lever- Lever- Lever- Lever-
(fig. 1) DFFITS’ ,  DFFITS! ,  DFFITS! ,  DFFITS' ,
age age age e
8 06223500 Willow Creek near Crowheart, WY -0.730 - - - - - - -
21 06301480 Coney Creek above Twin Lakes near -- 0.187 -- 0.187 -- 0.187 -- 0.187
Big Horn, WY
25 06614800 Michigan River near Cameron Pass, CO - 0.286 -- 0.286 - 0.286 - 0.286
28 06627800 Jack Creek above Coyote Draw, near —0.520 -0.534
Saratoga, WY

'DFFITS is a statistical term that measures the influence in the y direction that each streamgage has on the regression relation (Helsel and Hirsch, 2002).
A streamgage is considered to have high influence if the absolute value of DFFITS is greater then 0.478.

2Leverage is a measure of an “outlier” in the x direction. A high leverage point has the potential of exerting a strong influence on the regression slope (Helsel
and Hirsch, 2002). A streamgage is considered to have high leverage if greater than 0.171.

Table 6. Equations and diagnostic statistics for regional curves relating bankfull-channel geometry and bankfull discharge to drainage
area for streams with mean annual precipitation greater than 25 inches in the Rocky Mountains Hydrologic Region, Wyoming.

[R?, coefficient of determination; CSA, cross-sectional area; DA, drainage area; <, less than; Q, bankfull discharge; W, bankfull width; D, bankfull mean depth]

Residual Residual -value for value
Equation R? standard error standard error pva 5 P 5
(log units) (percent) regression slope for GOF
CSA =8.90 x (DA)*® 0.91 0.119 28 <0.0001 0.713
Q =125.64 x (DA)"” 0.87 0.171 41 <0.0001 0.841
W =8.85 x (DA)"* 0.83 0.117 27 <0.0001 0.913
D =1.02 x (DA)"" 0.64 0.086 20 <0.0001 0.608

'Residual standard error in percent determined from methods described by Tasker (1978).
2A p-value of less than or equal to 0.05 indicates that the slope of the regression line is different from zero.

3Kolmogorov-Smirnov Goodness of Fit tests the regression model assumption that residuals fit a normal distribution. This test is not a representation of how
well the regression line fits the data. A p-value greater than 0.05 indicates that regression residuals are normally distributed (fail to reject the null hypothesis).

Table 7. Streamgages exceeding at least one test criterion for influence and leverage for streams with mean annual precipitation
greater than 25 inches in the Rocky Mountains Hydrologic Region, Wyoming.

[--, not applicable]

Map Cross-sectional Bankfull Bankfull Bankfull
Station . area discharge width mean depth
number ber Station name Lever- Lever- Lever- Lever-
(fig.) ™™ DFFITS' <% DFFITS' c'oy  DFFITS' c'o' DFFITS' < o
a age age age
9 06228350 South Fork Little Wind River above Reservoir near -- -- -- -- 0.538 -- -0.546 --
Ft Washakie, WY
21 06301480 Coney Creek above Twin Lakes near Big Horn, WY - -- -- - -- - 0.597
25 06614800 Michigan River near Cameron Pass, CO -- 0.300 - 0.300 - 0.300 - 0.300

'DFFITS is a measure of the influence in the y direction that each streamgage has on the regression relation (Helsel and Hirsch, 2002). A streamgage is
considered to have high influence if the absolute value of DFFITS is greater then 0.525.

’Leverage is a measure of an “outlier” in the x direction. A high leverage point has the potential of exerting a strong influence on the regression slope (Helsel
and Hirsch, 2002). A streamgage is considered to have high leverage if greater than 0.207.
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Limitations

Bankfull-channel geometry and bankfull discharge data
are inherently variable. Regional curves use drainage area to
explain this variability and are described by a best-fit equa-
tion that can be used to estimate bankfull-channel geometry
characteristics and bankfull discharge. The quality of these
estimates depends on how well the population is represented
(number of streamgages available and their relative drainage
areas) and variability caused by factors other than drainage
area. The small number of streamgages used for analysis
is a major limiting factor in the strength of results of this
investigation. Streams with drainage areas less than 25 mi? are
underrepresented in the data set. Additional bankfull discharge
and bankfull-channel geometry data from small watersheds
might reduce the influence of small watersheds, increase confi-
dence, and generally improve the regional curves.

Regional curves developed for this study should only
be used to confirm the bankfull channel for streams in the
Rocky Mountains Hydrologic Region. Land use and other
basin characteristics upstream from the reach in consider-
ation should be similar to those used for selection criteria in
this assessment. The stability of the reaches included in this
study—in terms of sediment transport, hydraulic conveyance,
and degradation and(or) aggradation of the stream reaches—
has not been confirmed, and long-term monitoring of the
reaches has not been completed. Stream channels in transi-
tional states may have introduced increased variance into the
regional curves.

Constraints on Application
of Regional Curves

The limitations presented above result in some con-
straints for the application of regional curves presented in this
report. These constraints are briefly described below:

1. Regional curves apply only to streams within the study
area draining watersheds no larger or smaller than the
range of watershed areas used to develop the curves.

2. Regional curves apply to streams in watersheds having
land use and streamflow that is consistent with criteria
used for streamgage selection.

3. None of the regional curves are intended as the sole tool
for estimation of bankfull-channel geometry characteris-
tics but may supplement field identification of the bank-
full channel when used in conjunction with field-verified
bankfull indicators, streamflow-frequency analysis, or
other supporting evidence.

Summary

The USGS, in cooperation with the Watershed Program of
the Wyoming Department of Environmental Quality, the Wyo-
ming Department of Game and Fish, and the U.S. Department
of Agriculture Forest Service, Region 2, developed bankfull
regional curves for the Rocky Mountains Hydrologic Region of
Wyoming in 20102011. These regional curves are one-variable,
ordinary least-squares regressions relating bankfull discharge,
cross-sectional area, bankfull width, and bankfull mean depth to
drainage area in settings that have similar runoff characteristics.
Equations describing regional curves can be used to estimate the
discharge and geometry of the bankfull channel when the drain-
age area of the stream is known.

Bankfull-channel geometry and bankfull discharge
data were collected at 37 streamgages and associated stream
reaches (sites) in or near Wyoming. Data from streamgage
06260000 South Fork Owl Creek near Anchor, WY was not
used in the development of regional curves because it did not
exhibit the expected relation between runoff and watershed
size, probably because of the underlying limestone geology
in the drainage basin. Data from streamgage 06265337
Cottonwood Creek at High Island Ranch near Hamilton Dome
was not used in the development of regional curves because
upon further investigation, including the rather low mean
annual precipitation, it was determined to be in a different
hydrologic region. All sites represent drainages that are in the
Rocky Mountains Hydrologic Region. Drainage areas, for the
35 sites used in the analysis, ranged from 1.5 mi? to 699 mi>
and mean annual precipitation ranged from 20.5 in. to 48.6 in.

Field-data collection included one longitudinal pro-
file, one or more cross-section surveys of bankfull-channel
geometry, one pebble count at a riffle cross section, and one
reach-average pebble count at most streamgages. Field data
were analyzed to determine bankfull area, bankfull width,
bankfull mean depth, D, - and D, -particle size for each pebble
count, bankfull discharge and return interval at each site.
RIVERMorph analysis software (version 4.3.0, RIVERMorph
LLC, 2001-07, www.rivermorph.com) was used to analyze
the data.

Simple linear regression techniques were used to
develop regional curves for the Rocky Mountains Hydrologic
Region in Wyoming. Cross-sectional area, bankfull width,
bankfull mean depth, and estimated bankfull discharge—the
response variables—were regressed against drainage area—
the explanatory variable—to show the relation between
drainage area and each response variable. Two sets of regional
curves were developed for each response variable based on
the range of mean annual precipitation for all streamgages and
for streamgages with greater than 25 in. mean annual precipi-
tation. The relatively high coefficient of determination (R?)
value for all streamgages and streamgages with greater than
25 in. mean annual precipitation (0.85 and 0.91, respectively)



for cross-sectional area indicates that it has the strongest
relation to drainage area of the parameters measured. For all
streamgages the R? values for the other geometry parameters
indicate that 77 percent, 80 percent, and 48 percent of the
variability in each regional curve was explained by drain-
age area for bankfull discharge, bankfull width, and bankfull
mean depth, respectively. For streamgages with greater than
25 in. mean annual precipitation the R? values for the other
geometry parameters indicate that 87 percent, 83 percent,
and 64 percent of the variability in each regional curve was
explained by drainage area for bankfull discharge, bankfull
width, and bankfull mean depth, respectively. Residual stan-
dard error ranged from 24 to 56 percent for all streamgages
and ranged from 20 to 41 percent for streamgages with
greater than 25 in. mean annual precipitation. Streamgage
06223500 Willow Creek near Crowheart, WY has a high
influence on the cross-sectional area regional curve for all
streamgages, and streamgage 06627800 Jack Creek above
Coyote Draw near Saratoga, WY has a high influence on the
regional curves for bankfull discharge and bankfull mean
depth for all streamgages. Streamgages 06301480 Coney
Creek above Twin Lakes near Big Horn, WY and 06614800
Michigan River near Cameron Pass, CO have high lever-
age on all regional curves for all streamgages. Streamgages
06228350 South Fork Little Wind River above Reservoir
near Ft. Washakie, WY and 06301480 Coney Creeck above
Twin Lakes near Big Horn, WY have high influence on the
bankfull mean depth regional curve for streamgages with
greater than 25 in. mean annual precipitation. Streamgage
06228350 South Fork Little Wind River above Reservoir
near Ft. Washakie, WY also has a high influence on the
bankfull width regional curve for streamgages with greater
then 25 in. mean annual precipitation. Streamgage 06614800
Michigan River near Cameron Pass, CO has high leverage on
all regional curves for streamgages with greater than 25 in.
mean annual precipitation.

Regional curves provide an estimate of bankfull-
channel geometry and serve as tools for field identification
of bankfull features. They can be used in stream assessments
of ungaged streams as a guide for identifying the expected
natural-channel geometry in those streams. The bankfull
regional curves developed are applicable to the Rocky
Mountains Hydrologic Region of Wyoming. Regional curves
presented here are not intended as the sole tool for estima-
tion of bankfull-channel geometry characteristics. Instead,
they may supplement field identification of the bankfull
channel when used in combination with field-verified bank-
full indicators, streamflow frequency analysis, or other
supporting evidence.
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Glossary

Glossary

The terms in this glossary were compiled from numerous sources. Some definitions have

been modified for use within this report.

bankfull channel
during the bankfull discharge.

The active stream channel

bankfull discharge The stream discharge
generally considered to be the single dis-
charge that is most effective for moving sedi-
ment, forming or removing bars, and forming
or changing bends and meanders, all of which
result in the average morphological character-
istics of channels (Dunne and Leopold, 1978).

bankfull mean depth The mean depth of the
bankfull channel measured perpendicular to
the streamflow.

bankfull-wetted perimeter The length, in
feet, of the contact between the stream of
flowing water and its containing channel,
measured at a section perpendicular to stream-
flow at bankfull discharge.

bankfull width The width of the bankfull
channel measured at a section perpendicular
to streamflow at bankfull discharge.

c

coefficient of determination (R?) Mea-
sures the amount of variation in the bankfull
response variable (bankfull cross-sectional
area, discharge, width, or mean depth) that is
accounted for by the variation in the explana-
tory variable (drainage area) (Helsel and
Hirsch, 2002).

confidence interval (95-percent) The confi-
dence interval represents a band within which
there is a 95-percent probability that esti-
mates of the mean bankfull-channel geometry
or discharge for a particular drainage area
will occur.

cross-sectional area The cross-sectional
area of the bankfull channel measured perpen-
dicular to the streamflow.

D

DFFITS A measure of influence related
to the studentized residuals (Helsel and
Hirsch, 2002).

DGPS Differential Global Positioning
System, a technique whereby data from a
receiver at a known location is used to correct
the data from a receiver at an unknown loca-
tion. Differential corrections can be applied in
real time or by post-processing. Since most of
the errors in a global positioning system are
common to users in a wide area, the DGPS
corrected solution is significantly more accu-
rate than a normal autonomous solution.

D,, The geometric mean size of streambed
particles as determined by measuring the
intermediate axis of numerous particles on the

streambed surface selected at random.

D,, The particle size that is one standard
deviation larger than the geometric mean
particle size as determined by measuring the
intermediate axis of numerous particles on the

streambed surface selected at random.

drainage area The horizontal projection of
the area upstream from a specific location that
has a common outlet at the site for its surface
runoff from precipitation that normally drains
by gravity into a stream.

E

entrenchment ratio The vertical contain-
ment of the river described as the ratio of
the flood-prone width to the bankfull width
(Rosgen, 1996).

F

flood-prone width The width across the
flood plain, measured at a section perpendicu-
lar to the streamflow, at a water-surface eleva-
tion corresponding to twice the maximum
depth of the bankfull channel (Rosgen, 1996).
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G

Global Positioning System (GPS) Passive, satellite-based
navigation system operated by the Department of Defense of the
United States. Its primary mission is to provide passive global
positioning/navigation for land-, sea-, and air-based operations.

mean annual precipitation The basin average value for
annual precipitation.

P

prediction interval Represent a 95-percent certainty that an
individual observed value of y for a given x will fall within the
upper and lower limits of the interval (Helsel and Hirsch, 2002).

Real Time Kinematic (RTK) An algorithm run in a GPS
receiver that allows its position to be determined in real time,
with centimeter accuracy.

recurrence interval The average interval, in years, between
exceedances of a particular annual peak discharge.

regional curve An ordinary least-squares regression
expressed as a power function that relates drainage area to
selected bankfull response variables.
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regulation A condition where streamflow is controlled by an
upstream human-made feature.

residual standard error Measures the dispersion of the data
around a regional curve and commonly is stated as the standard
deviation of residuals (Helsel and Hirsch, 2002). Residual stan-
dard errors are not comparable between relations of different
bankfull response variables and drainage area. For example, the
residual standard error for the relation between cross-sectional
area and drainage area cannot be compared directly to the resid-
ual standard error for the relation between bankfull mean depth
and drainage area because the magnitude of cross-sectional area
is much greater than bankfull mean depth.

Rosgen classification A system of describing river channels
based on channel geometry, stream plan-view patterns, and
streambed material (Rosgen, 1996).

T

thalweg The lowest point in a stream channel.

w

width/depth ratio The ratio of bankfull width to bankfull
mean depth measured at a section perpendicular to streamflow.
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