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Methods for Estimating Magnitude and Frequency of
Floods in the Southwestern United States

By Blakemore E. Thomas, H.W. Hjalmarson, and S.D. Waltemeyer

Abstract

Equations for estimating 2-, 5-, 10-, 25-, 50-, and 100-year peak discharges at ungaged sites
in the southwestern United States were developed using generalized least-squares
multiple-regression techniques and a hybrid method that was developed in this study. The
equations are applicable to unregulated streams that drain basins of less than about 200 square
miles. Drainage area, mean basin elevation, mean annual precipitation, mean annual evaporation,
latitude, and longitude are the basin and climatic characteristics used in the equations. The study
area was divided into 16 flood regions; Region 1 is a high-elevation region that includes the entire
study area.

Floods in the northern latitudes of the study area generally are much smaller than floods in the
southern latitudes. Typical unit peak discharges of record range from 316 cubic feet per second per
square mile for sites between 29° and 37° latitude to 26 cubic feet per second per square mile for
sites between 41° and 45° latitude. An elevation threshold exists in the study area above which
large floods caused by thunderstorms are unlikely to occur. For sites between 29° and 41° latitude,
the elevation threshold is approximately 7,500 feet. For sites between 41° and 45° latitude, the
elevation threshold decreases in a northward direction at a rate of about 300 feet for each degree
of latitude.

Detailed flood-frequency analyses were made of more than 1,300 gaging stations with a
combined 40,000 station years of annual peak discharges through water year 1986. The
log-Pearson Type III distribution and the method of moments were used to define flood-frequency
relations. A low-discharge threshold was applied to about one-half of the sites to adjust the
relations for low outliers. With few exceptions, the use of the low-discharge threshold resulted in
markedly better-appearing fits between the computed relations and the plotted annual peak
discharges. After all adjustments were made, 80 percent of the gaging stations were judged to have
adequate fits of the computed relations to the plotted data. The individual flood-frequency relations
were judged to be unreliable for the remaining 20 percent of the stations because of extremely poor
fits of the computed relations to the data, and these relations were not used in the generalized
least-squares regional-regression analysis. Most of the stations with unreliable relations were from
extremely arid areas with 43 percent of the stations having no flow for more than 25 percent of the
years of record. A new regional flood-frequency method, which is named the hybrid method, was
developed for those more arid regions.

An analysis of regional skew coefficient was made for the study area. The methods of
attempting to define the variation in skew by geographic areas or by regression with basin and
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climatic characteristics all failed to improve on a mean of zero for the sample. The regional skew
used in the study, therefore, was the mean of zero with an associated error equal to the sample
variance of 0.31 log units.

Generalized least-squares regression was used to define the regression models in 12 regions
where sufficient data allowed a reasonable regional model to be developed using the
flood-frequency relations at gaged sites. Four regions had more than 30 percent of the gaged sites
with no defined relations; thus the regression method was not used because of the large amount of
missing information. The hybrid method was used in those four regions because individual fitted
flood-frequency relations are not required and data from all gaging stations in a region can be used.
Average standard error of prediction of the generalized least-squares regional models for 12
regions ranged from 39 to 95 percent for the 100-year peak discharge, and only three of those
models have errors of greater than 70 percent. The estimated average standard error of the hybrid
models for four regions, which was computed differently than generalized least-squares errors,

ranged from 0.44 to 1.8 log units for the 100-year peak discharge.

INTRODUCTION

Flood-frequency information is needed for the
cost-effective design of bridges, culverts, dams, and
embankments and for the management of flood
plains. In this study, methods were developed
by the U.S. Geological Survey for estimating
magnitude and frequency of floods of streams in
basins of less than about 200 mi? in the arid
southwestern United States. The reliable estimation
of flood-frequency relations for both gaged and
ungaged streams that drain these arid basins is
complex because rainfall is variable in time and
space and the physiography of the drainage basins
is extremely variable. The development of accurate
flood-frequency relations at gaged sites is unlikely
in some areas because of the variability of annual
peak discharges and short records. At some sites,
most years have no flow. At other sites, commonly
used probability distributions do not appear to fit
the plot of annual peak discharges.

The understanding of the flood characteristics
of streams in arid lands is improved because of the
regional perspective of this study. A large data base
of streamflow-gaging-station records was evaluated
for most of the southwestern United States. The

studly was done in cooperation with the
Departments of Transportation of nine
States—Colorado, Arizona, California, Idaho,

Nevada, New Mexico, Oregon, Texas, and Utah.

Purpose and Scope

This report describes the results of a study to
develop reliable methods for estimating magnitude
and frequency of floods for gaged and ungaged
streams in the southwestern United States and to
improve the understanding of flood hydrology in
the southwestern United States. The large study
area, which encompasses most of the arid lands of
the southwestern United States, provided an
opportunity to examine truly regional relations.
Current and new methods for estimating regional
flood-frequency relations and associated errors
were investigated. The study area includes all of
Arizona, Nevada, and Utah, and parts of California,
Colorado, Idaho, New Mexico, Oregon, Texas, and
Wyoming (fig. 1).

The data examined in the study include sites
with drainage areas of less than 2,000 mi? and mean
annual precipitation of less than 68 in. The focus of
the study, however, was on drainage areas of less
than about 200 mi? and arid areas with less than
20 in. of mean annual precipitation. The series of
annual peak discharges for sites used in this study
are unaffected by regulation, and the individual
sites have at least 10 years of record through water
year 1986.

The basic regional method used in this study is
an information-transfer method in which flood-
frequency relations determined at gaged sites are
transferred to ungaged sites using multiple-












Table 1. Areas of study of previous regional flood-frequency investigations

Multiple-regression method

State Index-flood method
Basin and climate Channel geometry
Arizona Patterson and Somers Roeske (1978) Nodata
(1966) Boughton and Renard (1984)
Eychaner (1984)
California Butler and others (1966) Wannanen and Crippen (1977) No data
Patterson and Somers
(1966)
Colorado Patterson and Somers McCain and Jarrett (1976) Hedman and others (1972)
(1966) Kircher and others (1985)
Idaho Thomas and others (1963)  Thomas and others (1973) Riggs and Harenburg (1976)
Riggs and Harenburg (1976) Harrenburg (1980)
Kjelstrom and Moffatt
(1981)
Nevada Butler and others (1966) Moore (1976) Moore (1974)
Patterson and Somers
(1966)
New Patterson (1965) Scott (1971) Scott and Kunkler (1976)
Mexico Patterson and Somers Thomas and Gold (1982)
(1966) Hejl (1984)
Waltemeyer (1986)
Oregon Thomas and others (1963)  Harris and Hubbard (1982) No data
Hulsing and Kallio (1964)
Butler and others (1966)
Texas Patterson (1965) Massey and Schroeder (1977)  No data
Schroeder and Massey (1977)
Utah Patterson and Somers Butler and Cruff (1971) Fields (1975)
(1966) Eychaner (1976)
Butler and others (1966) Thomas and Lindskov (1983)
Christenson and others (1985)
Wyoming Patterson and Somers Lowham (1976) Lowham (1988)
(1966) Craig and Rankl (1978)
Butler and others (1966) Lowham (1988)
Multiple Benson (1964) Hedman and Osterkamp (1982)
States

Physiography and Drainage

The topography varies between high rugged
mountains and flat continuous plains. The elevation
of the crestline of the Cascade-Sierra Mountains to
the west and the Rocky Mountains to the east is
commonly more than 10,000 ft; some peaks are
more than 12,000 ft. In the interior part of the area,

isolated mountains are separated by arid desert
plains. Most of the mountain ranges trend north and
northwest and commonly rise a few thousand feet
above the adjacent alluvial plains. A large plateau
was incised by the Colorado and Green Rivers in
southeastern Utah, northeastern Arizona, and
northwestern New Mexico.



Fenneman (1931) provided a detailed
description of the physiographic provinces in the
study area (fig. 2). The northen, middle, and
southern Rocky Mountains in the northem and
eastern parts of the study area are high complex
mountainous areas separated by lower basins or
valleys. The Wyoming basin province in
southwestern Wyoming lies between the southern
and middle provinces of the Rocky Mountains. The
major landform of the Wyoming basin is an
elevated plain or plateau with some isolated low
mountains scattered throughout the basin.

The Colorado Plateau province in the central
part of the swdy area has nearly horizontal
sedimentary rocks, generally high elevations of
5,000 to 11,000 ft, and many canyons and
escarpments. Landforms include plains, plateaus,
pediments, and isolated mountains.

The Basin and Range province in the western
and southern part of the study area has mostly
isolated block mountains separated by aggraded
desert plains. The mountains commonly rise
abruptly from the valley floors and have piedmont
plains that extend downward to neighboring basin
floors. Several large flat desert areas are
interspersed between the mountains, and some are
old lake bottoms that have not been covered with
water for hundreds of years. Many of the piedmont
plains contain distributary-flow arcas that are
composed of material deposited by mountain-front
runoff.

The Cascade-Sierra Mountains province,
which forms the west boundary of the study area,
consists of volcanic mountains in Oregon and
northern California and a block mountain range in
eastern California. The Columbia Plateaus province
in the northwestern part of the area mainly has
nearly horizontal sheets of lava with a flat or rolling
surface and some broad alluvial terraces and valleys
interspersed throughout the area.

Major drainage basins in the study area include
the entire Colorado River basin, the upper Rio
Grande River basin, interior drainage of streams in
the Great Basin, and part of the Snake River basin
(fig. 1). The large rivers originate in high-elevation
- mountainous areas where precipitation is abundant
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and pass through arid desert areas on the way to the
oceans or playas.

Most of the streams in the study area flow only
in direct response to rainfall or snowmelt. In the
northern latitudes and at the higher elevations
where the climate is cooler and more humid, most
of the streams flow continuously. Streams in
alluvial valleys and base-level plains are perennial
or intermittent where the stream receives
ground-water outflow. Small streams in the
southern latitudes commonly flow only a few hours
during a year (Hjalmarson, 1991).

Climate

An arid or semiarid climate in the middle
latitudes exists where potential evaporation from
the soil surface and from vegetation exceeds the
average annual precipitation (Trewartha, 1954,
p. 267). About 90 percent of the study area is arid
or semiarid and has a mean annual precipitation of
less than 20 in. In addition to the generally meager
precipitation, the climate of the study area is
characterized by extreme variations in precipitation
and temperature. Mean annual precipitation ranges
from more than 50 in. in the Cascade-Sierra
Mountains in California to less than 3 in. in the
deserts of southwestern Arizona and southeastern
California. Temperatures range from about 110°F
in the southwestern deserts in the summer to below
O°F in the northern latitudes and mountains in the
winter. Precipitation in the study area is variable
temporally and spatially. As a general rule, the
relative variability of annual precipitation increases
with decreasing annual amounts (Trewartha, 1954,
p. 269). In some extremely arid parts of the study
area, the mean annual precipitation has been
exceeded by the rainfall from one or two summer
thunderstorms.

Climate in the study area generally is
influenced by latitude, elevation, and orographic
effects. In the desert lowlands of the southern part
of the study area, the climate is hot and dry. The
high valleys of the north are cooler and also dry.
Elevation has a complex effect on climate. On a
small scale, annual precipitation increases and
mean temperature decreases with increased
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elevation. Thus, throughout the study area, the
climate can range from humid to arid within a few
miles between mountains and adjacent valleys. On
a larger scale, large elevation differences that are
consistent over large areas cause an orographic
effect on the climate. Areas on the leeward side of
major mountain ranges such as the Cascade-Sierra
Mountains of Oregon and California receive small
quantities of precipitation. Areas on the windward
side of land masses that intercept prevailing wind
movement, such as the southermn edge of the
Colorado Plateau in central Arizona, receive large
quantities of precipitation.

Flood Hydrology

Floods have been assigned many definitions
on the basis of quantity and expected frequency of
streamflow, relation of flow to the geometry of the
stream channel, and possible damage to property.
Thus, a flood can be any flow event that is large,
that overtops the natural or artificial banks of a
stream, or that results in loss of life or damage to

property.

Meteorologic and Hydrologic
Characteristics

Floods in the study area can be generated by
several processes. High rates of rainfall that exceed
infiltration capacity of the soils can cause rapid
runoff and floods. Rapid melting of a snowpack as
a result of high temperatures or rainfall on a
snowpack also can cause floods. A unique
combination of accumulation of snowpack, melting
of the snowpack, freezing of the melied snow and
ground, and then rainfall has caused large floods in
northern Nevada and southern Idaho. Nearly all
streams in the study area have a mixed population
of floods. A mixed population is defined as an
aggregation of floods that are caused by two or
more distinct and generally independent
hydrometeorologic conditions such as snowmelt
and rainfall. Populations of floods in the study area
are those caused by snowmelt; rainfall from
thunderstorms, midlatitude cyclonic storms,
upper-level low-pressure systems, and tropical
cyclones; and rainfall on snow. The distribution of
the populations of floods is related to distance from
moisture sources and elevation.

Much of the moisture in the study area comes
from the Pacific Ocean and the Gulfs of California
and Mexico (fig. 1). In the northem part of the study
area, moisture comes from all three sources, and
midlatitude cyclonic storms and upper-level low
pressure systems that move from west to east during
October through May are the most frequent weather
systems. Rainfall or snow and subsequent
snowmelt from those weather systems cause most
of the larger floods. In the southern part of the study
area, the Gulf of Mexico and Gulf of California are
the primary moisture sources, and rainfall from
summer thunderstorms causes most of the larger
floods. Elevation also influences the type of
precipitation; snow commonly falls in the high
elevations, and rain commonly falls in low
elevations. Snow can occur in most of the study
area; however, most of the accumulation of snow is
at high elevations and in the northern latitudes.
Because of a cooler climate, more floods from
snowmelt occur at lower elevations in the northern
latitudes than in the southemn latitudes.

A general picture of the areal distribution of
populations of floods in the study area can be seen
by examining the season of occurrence of annual
peak discharges. Each population of floods usually
occurs during a particular season, therefore, the
populations can be placed into three groups—peaks
that occur in the spring, summer, or fall and winter.
Snowmelt causes floods in the spring, and
thunderstorms cause floods in the summer.
Midlatitude  cyclonic  storms,  upper-level
low-pressure systems, and tropical cyclones result
in floods in fall or winter.

The season of occurrence of annual peak
discharges in the study area primarily is related to
latitude (table 2). For sites between 29° and 37°
latitude, the average gaging-station record has 14
percent of its peaks in the spring, 60 percent in the
summer, and 26 percent in the winter. Thus, most of
the annual peaks in the southermn part of the study
area are caused by summer thunderstorms. An
average site between 41° and 45° latitude has only
6 percent of its annual peaks occur in the summer.
Spring peaks (snowmelt) have the opposite relation
1o latitude; the percentage increases from 14 percent
in the south to 70 percent in the north. The
percentage of winter peaks (rainfall from cyclonic



Table 2. Relation between season of occurrence of
annual peak discharges and latitude in the south-
western United States

Average percentage of peak dlscharges
In gaging-station records

Latitude, in Spring Summer | Fall-winter
degrees
Aprisiuns | oo er | Maroh
29-37 14 60 26
37-39 49 38 13
3941 62 22 16
4145 70 6 24

storms, upper-level lows, and tropical cyclones) is
about 25 percent in the south and north, and only 13
to 16 percent in the middle part of the study area.
The lower percentage of winter peaks in the middle
part of the area may be related to the cold winters in
the midlatitudes and to the orographic effect of the
high elevations of the Cascade-Sierra Mountains
between 35° and 41° latitude, which acts as a barrier
to the winter systems.

Summer thunderstorms generally result in the
largest unit-peak discharges in the study area. To
examine the magnitude and distribution of
thunderstorm-caused peaks, the maximum peak
discharge of record for all gaged sites was divided
by its drainage area, and that value, called unit-peak
discharge, was compared to site characteristics. All
unit-peak discharges greater than 100 (ft*/s)/mi?
were caused by rainfall except for one site in Idaho
that had a discharge of 130 (ft*/s)/mi? caused by
snowmelt. Summer thunderstorms caused about 90
percent of the maximum unit peaks greater than 100
(ft*/s)/mi2. The remainder of the maximum unit
peaks greater than 100 (ft*/s)/mi® were caused by
rainfall from other types of storms.

The magnitude of the unit peaks decreases in a
northward direction with a significant decrease at
41° latitude (fig. 3). In the southern part of the study
area (between 29° and 37° latitude), where 63
percent of the maximum peaks were caused by
summer thunderstorms, the average maximum unit
peak discharge of record is 316 (ft*/s)/mi? (table 3).
In the northem part of the study area (between 41°
and 45° latitude), the average maximum unit peak
ofrecord is 26 (fi*/s)/mi? and only 9 percent of those
peaks were caused by summer thunderstorms.
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Typical peak discharges for major floods in the
southemn latitudes are nearly 10 times greater than
peak discharges for major floods in the northemn
latitudes.

Jarrett (1987) and Tunnell (1991) determined
that large floods caused by thunderstorms are
unlikely to occur above an elevation threshold. The
physical basis of this threshold probably is related
to factors that include available energy and
moisture in the atmosphere for the convective
process and a generally abundant cover of
vegetation in high elevations below the timber line
that enhances infiltration of rainfall and thereby
reduces runoff.

The elevation threshold of large floods that
result from thunderstorms was investigated for this
study by comparing the relation between the
maximum unit peak discharge of record and site
elevation. The relations discovered in this study
agree with relations presented by Jarrett (1987). For
sites between 29° and 41° latitude, the elevation
threshold for large floods caused by thunderstorms
is about 7,500 ft (fig. 4). For sites between 41° and.
45° latitude, the estimated elevation threshold
decreases in a northward direction at a rate of about
300 ft for each degree of latitude (fig. 5), and the
general magnitude of unit peaks is much smaller
than for sites south of 41° latitude (fig. 4).

Basin and Channel Characteristics

‘When runoff from rainfall or snowmelt begins,
drainage-basin and stream-channel characteristics
affect the quantity and rate of runoff.
Drainage-basin and stream-channel characteristics
that influence flood runoff are vegetation,
topography and orographic influences, topography
and stream channels, and distributary-flow areas.

Vegetation—Most of the study area is
sparsely covered with vegetation because of the arid
climate. A dense cover of vegetation exists only in
the high elevations of the mountains where
precipitation is abundant. Most of the low-elevation
areas are sparsely covered with shrubs and grasses
with large areas of sagebrush in the north and
creosote bush in the south. At intermediate
elevations, juniper and pinyon woodland is
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Table 3. Magnitude of maximum unit-peak discharge of record compared to latitude and proportions of peaks
caused by thunderstorms in the southwestern United States

Average
Maximum unit peak Percentage of
Latitude, In Number of sites  discharge of record, maximum peaks of Percentage of entire
degrees record with peaks
in cublc feet per record caused by caused by summer
second per square summer thunderstorms
mile thunderstorms
29-37 559 316 63 60
37-39 256 66 47 38
3941 226 61 34 22
4145 282 26 9 6

common in the isolated mountains of Nevada and in
large areas of Utah, Colorado, Arizona, and New
Mexico. Forests of pine and fir trees are common in
the higher elevations of the mountains.

Topography and orographic influences.—
Mountains with high topographic relief influence
the quantity and distribution of precipitation and
runoff. As moisture moves into the study area from
the north, west, or south, mountains act as barriers
and cause an uneven areal distribution of
precipitation. Along the windward side of
mountains, moving air masses drop much of their
moisture as the air is forced to ascend over the
mountains. In contrast, on the leeward sides of
mountains, air masses usually descend,
temperatures increase, and precipitation decreases.
In the study area, areas of increased precipitation
and heavy runoff on windward sides of mountains
occur in central Arizona, central New Mexico,
east-central Utah, and southwestern Colorado.
Areas of decreased precipitation and smaller runoff
on leeward sides of mountains occur in most of
Nevada, western Utah, and northeastern Arizona.

Topography and stream channels.—The
conveyance properties of stream channels are
related to the slope of the channel, material
constituting the bed and banks of the channel,
geometry of the channel, shape and width of the
natural flood plain, and the topography of the arca
through which the stream is flowing. The

topography of the study area can be grouped into
three broad categories in which the streams have
similar conveyance properties. These categories are
(1) mountains, (2) piedmont plains, and (3)
base-level plains, plateaus, or alluvial valleys.
Burkham (1988) described flood hazards for a
similar classification of topography for streams in
the Great Basin in California, Idaho, Nevada,
Oregon, Utah, and Wyoming.

Mountainous areas typically have V-shaped
valleys that are well drained and composed mostly
of bedrock and colluvium. The stream channels are
typically steep, scoured, and rocky. The flood plain
is narrow or nonexistent. The system of stream
channels in the mountains is tributary, and the peak
discharge of large floods typically increases as the
drainage area increases. Another physiographic
region with similar properties of mountain streams
is the canyonland areas of the Colorado Plateau
(fig. 2) where the channels are deeply incised into
the surrounding bedrock.

Piedmont plains are transition areas between
mountains and base-level plains or plateaus. The
upper elevation limit of a piedmont plain is
commonly at a sharp decrease in the slope of land
surface at a mountain front. A piedmont plain
consists of pediments, alluvial fans, or old-fan
remnants. A pediment is an erosional surface cut on
rock and usually covered with a thin layer of
alluvium. The upper elevation limit of a pediment is
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southwestern United States.

commonly at the mountain front. Alluvial fans are
composed of material deposited by streams
emerging from mountains or pediments, thus the
upper elevation limit of alluvial fans may be at the
mountain front or at the lower part of a pediment.
Alluvial fans are active where stream deposition is
common and stream systems are distributary.
Alluvial fans are inactive where stream deposition
is less common and most stream Ssystems are
tributary. Thus, active fans are mostly depositional
surfaces, and inactive fans are mostly erosional
surfaces.

Floodflow on pediments commonly is
confined to tributary channels separated by stable
ridges that are above the level of large floods.
Floodflow on active alluvial fans commonly is
unconfined in a distributary system of small
channels separated by low and unstable ridges that
are often overtopped during large floods. The size
and location of channels on active fans can change
during flooding. In contrast, floodflow on old-fan
remnants commonly is confined to a tributary
system of incised channels.

Typical streams in base-level plains, plateaus,
or alluvial valleys have a defined main channel with

an adjacent flood plain. During large floods,
floodwater may spill over the banks of the main
channel onto the flood plain. Flood plains are
commonly wide, flat, and covered with riparian
vegetation or agricultural crops. These
characteristics can cause the peak discharge of large
floods to decrease or attenuate, mostly because the
floodflow is temporarily stored in the wide, flat, and
hydraulically rough flood plains. Some streams in
plains, plateaus, or alluvial valleys have small main
channels, and most of the floodflow of medium and
large floods spreads over wide and flat flood plains.
For these streams, the peak discharge of large
floods can decrease in the downstream direction
even where there is a large increase in drainage
area. Other streams may have enlarged channels
because of lateral erosion of the channel banks and
(or) downcutting of the channel bed. Some of these
entrenched channels can convey large floods within
the confines of vertical banks.

In a few parts of the study area, streams in
base-level plains, plateaus, or alluvial valleys flow
through areas of highly permeable geologic
material such as limestone, basalt, or sandy alluvial
bed material. Large proportional losses of flow to
infiltration can occur during the small to medium
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floods. Most of these areas are localized except for
much of the Snake River basin in Idaho (fig. 1),
which is a large area of permeable volcanic
material. In the Snake River basin, many streams
originate in the surrounding mountains and flow
onto a flat plain where the water rapidly infiltrates
into the ground.

Distributary-flow areas—Throughout the
study area, but especially in Nevada, western Utah,
southeastern California, and southern and western
Arizona, distributary-flow areas can have a large
effect on the flood characteristics of streams. The
magnitude of peak discharges leaving a basin can
be significantly reduced in Dbasins with
distributary-flow areas. A distributary-flow area,
which includes active alluvial fans, commonly
occurs on piedmont plains downslope from
mountains. A distributary-flow area contains a
primary diffluence where floodflow in a single
channel separates into two or more channels. The
channels commonly remain separated and have
terraces. In many distributary-flow areas, the
channels divide and join over wide areas and the
erratic flow paths appear to occur randomly over
much of the land surface (Hjalmarson and Kemna,
1991).

In the arid southwestern United States, some of
the flood-peak attenuation shown by comparison of
flood-frequency relations for sites on the same
stream is related to the presence of distributary-flow
areas in the intervening drainage area. An example
is Brawley Wash in southemn Arizona, in which the
100-year peak discharge decreases from 24,100 to
20,000 fi3/s between streamflow-gaging stations
09486800 and 09487000 (see data section, flood
region 13). Altar Wash (station 09486800) is a
tributary to Brawley Wash (station 09487000). The
gross drainage area for these two sites increases
from 463 to 776 mi2 A large percentage of the
potential intervening runoff from the mountains and
pediments must traverse many distributary-flow
areas. The floodflow divides and combines many
times and spreads laterally over the permeable soil.
Even during large floods, most of the peak
discharge in the distributary-flow areas can be lost
- to infiltration or attenuation.

During this study, a few streamflow-gaging
sites that appeared to have unusually small
quantities of peak discharge for the size of drainage
arca were examined and found to be on distributary
strtcam channels. During floodflow, some of the
flow was bypassing the gaged sites in other
distributary channels. At two sites, some of the flow
appeared to leave the drainage basin upstream from
the site and enter an adjacent drainage system. Sites
with known distributary flow that could bypass the
gaging station were excluded from this study.

Distributary-flow areas can be identified on
standard 7.5-minute series of USGS topographic
maps, which provide much of the information
needed to delineate distributary-flow areas.
Bifurcating intermittent stream symbols on maps
depict distributary-flow areas. Small wash or
intermittent stream symbols that end abruptly in an
area with smooth contours also may depict
distributary flow. Broad areas of piedmont that are
marked with the sand symbol (stippled pattern) may
depict aggrading areas and possibly distributary
flow. Relative drainage texture domains depicted
by contour-crenulation counts (small rounded
upslope projection of a contour line) provide
excellent clues to the type of landform and potential
distributary-flow areas (Hjalmarson and Kemna,
1991). The drainage texture (spacing of the more
low-order drainage channels) of active areas of
distributary flow normally is uniform in the upslope
direction. Smooth contours that are straight and
parallel (or slightly convex pointing downstream in
plan view) indicate mild relief that may result from
distributary flow. Contours with relatively large
and narrow crenulations may reveal remnants of old
inactive fans.

DESCRIPTION OF METHODS

Methods developed for this study to estimate
flood-peak discharge for various recurrence
intervals are for gaged and ungaged natural flow
streams. A study site will fit into one of three
categories—(1) a gaged site, (2) a site near a gaged
site on the same stream, or (3) an ungaged site. The
methods and their limitations are explained in this
section, and step-by-step procedures and examples



of using the methods are given in the section
entitled “Application of Methods.”

Gaged Sites

Flood-frequency relations for gaged sites can
be estimated using the relations defined in this
study. In the data section at the end of the report, the
top line for each station in the peak-discharge col-
umns is the peak discharge from the station
flood-frequency relation. The bottom line is a
weighted estimate of the peak discharge based on
the station flood-frequency relation and the regional
relation. Regional regression equations are dis-
cussed in the section entitled “Ungaged Sites.”

Weighted estimates are considered to be the
best estimates of flood frequency at a gaged site and
are used to reduce the time-sampling error that may
occur in a station flood-frequency estimate. The
time-sampling error is the error caused by having a
sample of floods that is not representative of the
population of floods. Usually, the time-sampling
error is decreased as the length of record at a gaged
site is increased. A station with a short period of
record may have a large time-sampling error
because the short period of record may not repre-
sent the full range of potential floods at the site. At
short-record sites, the observed period of record at
a station has the possibility of falling within a wet
or dry period, and a preponderance of unusually
small or large floods may yield a significantly
unrepresentative computed flood-frequency rela-
tion. The weighted estimate of flood frequency
should be a better indicator of the true values
because the regression estimate is an average of the
flood histories of many gaging stations over a long
period of time.

The weighting procedure used in this study
weights the station flood frequency and the
regression estimate of flood frequency by the years
of record at the station and the equivalent years of
record of the regression estimate (Sauer, 1974). The
equivalent years of record are an expression of the
accuracy of the regression relation. Thus, in a
weighted estimate, the flood-frequency relation for
a station with a long period of record will be given
greater weight than that for a station with a short
period of record. Equivalent years of record for
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each regression estimate were estimated using a
procedure described by Hardison (1971). The
following equation was used for the weighted
estimate (Sauer, 1974):

OrogN+QrnE

N+E ’ M

QT w =

where

Orqv) = weighted discharge, in cubic feet per
second, for T-year recurrence interval,;

Or(s) = station value of the discharge, in cubic
feet per second, for T-year recurrence
interval,;

Oy =regression value of the discharge, in
cubic feet per second, for T-year
recurrence interval;

N =number of years of station data used to
compute Ofyy), and

E = equivalent years of record for 07,

Sites Near Gaged Sites on the Same
Stream

Flood-frequency relations at sites near gaged
sites on the same stream can be estimated using a
ratio of drainage area for the ungaged and gaged
sites. The drainage-area ratio should be
approximately between 0.5 and 1.5. Characteristics
of the ungaged and gaged drainage basins need to
be examined. The method for ungaged sites should
be used if a large tributary stream is between the
ungaged and gaged sites and the tributary basin has
much different topography, geology, vegetation,
and other characteristics that may affect flood
magnitudes. If the basins have similar
characteristics and meet the drainage-area ratio
requirement, peak discharges can be computed by
the following equation:

Qr(u) = QT(g) (Au/Ag)x, 2
where

Orw) =peak discharge, in cubic feet per
second, at ungaged site for T-year
recurrence interval;
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QOr() = weighted peak discharge, in cubic feet
per second, at gaged site for T-year

recurrence interval;
A, =drainage area, in square miles, at
ungaged site;
A, = d_rainage area, in square miles, at gaged
site; and
x =exponent for each flood region as
follows:
Flood region
Exponent X
Name Number
High Elevation .........ccceeuue 1 0.8
NOIhWESL ...ccrecerenneenissnscnns 2 7
South-Central Idaho............. 3 i
Northeast ......cccereeennscscsenanss 4 Ni
Eastern Sierra.......cccoeverenenes 5 8
Northern Great Basin........... 6 6
South-Central Utah ............. 7 5
Four Comners........coeveenennnee 8 4
Western Colorado................. 9 S
Southern Great Basin........... 10 .6
Northeastern Arizona........... 11 .6
Central Arizona ..........cee.. 12 6
Southern Arizona................. 13 5
Upper Gila Basin................. 14 5
Upper Rio Grande Basin ..... 15 5
Southeast.......ccevreerneee 16 4

The exponent was determined by regressing the six
T-year discharges (T=2, 5, 10, 25, 50, 100) on the
drainage area for each flood region and taking the
average of the drainage-area exponent for the six
equations. In addition to the ratio method for sites
near gaged sites, if a study site is between two
gaged sites, the peak discharge may be estimated by
interpolation between values for the two gaged sites
with allowance for major tributaries.

Ungaged Sites

Flood-frequency relations at ungaged sites can
be estimated using the regional models developed
in this study. The models are regression equations
that use basin and climatic characteristics as
explanatory variables. The regional regression
analysis is discussed in the section entitied
“Regional Analysis.”

Models

Three models were used in this study to
express the relation between peak discharge and
basin and climatic characteristics. The most
common relation is in the multiplicative form:

0, = aA’B". (3A)
The following linear relation is obtained by
logarithmic transformation:

logQp = loga+blogA +clogB +..., (3B)

where

QOr =peak discharge, in cubic feet per
second, for T-year recurrence
interval,

Aand B = explanatory variables, and

a, b, c = regression coefficients.

Throughout the study area, drainage area is the
most significant explanatory variable and is used as
the first explanatory variable in all regional models.
In a few parts of the study area, however, the
relation between the logarithm of Qr and the
logarithm of drainage area is not linear as is
expressed in equation 3B. In those areas, therefore,
another model was used in which drainage area is
transformed to produce a linear relation. The
following equations perform that function:

Oy = 10(a+bAREA‘)Bc,

(4A)

or the logarithmic transformation:



Oy = a+bAREA™ +clogB+...,  (4B)

where

AREA = drainage area,

B = other basin or climatic characteristic,
and

x =exponent for AREA for which the
relation is made linear.

The third model used in the study is another
method of accounting for a nonlinear relation. In
this case, the nonlinear relation is between the
residual from the Qr and AREA relation and a
second explanatory variable. The following
equations were used to transform the second
explanatory variable to yield a linear equation:

Q, = aAREA® (B-d)°, (5A)

or the logarithmic transformation:

logQy = loga+ blogAREA +clog (B—d) +..., (5B)

where

d =a constant, which is less than the
minimum value of B, for which the
relation is made linear.

Explanatory Variables

For purposes of this report, six basin and cli-
matic characteristics are referred to as explanatory
variables and are used as terms in the model equa-
tions. Additional explanatory variables that are
described in the section entitled “Explanatory Vari-
ables Investigated” were considered but were not
used. The six explanatory variables that were used
are shown for each site in the data section. The
abbreviation for each variable and method of mea-
suring the variable are as follows.
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1. AREA is the drainage area, in square miles,

and is determined by planimetering the
contributing drainage area on the largest
scale topographic map available.

. ELEV is the mean basin elevation, in feet

above sealevel and is determined by placing
a transparent grid over the drainage-basin
area, which is drawn on the largest scale
topographic map available. The elevations
of a minimum of 20 equally spaced points
are determined, and the average of the points
is taken. As many as 100 points may be
needed for large basins.

. PREC is the mean annual precipitation, in

inches, and is determined by placing a
transparent grid over an isohyetal map of
mean annual precipitation. The drainage-
area boundary is drawnon the map, the mean
annual precipitation is determined at each
grid intersection, and the values are
averaged for the basin.

A single source of isohyetal maps is not
available. To use the regression equations in
this report, the mean annual precipitation
should be determined using the isohyetal
maps that were used to determine the values
for most of the gaging stations in this study.
These maps are referred to as normal-annual
precipitation maps, have a large scale
(1:500,000), and were developed from data
collected during 1931 to 1960 (U.S.
Weather Bureau, 1963). If these maps are
not available, the most recent and largest
scale maps available should be used.

The original isohyetal maps that were used
to determine mean annual precipitation for
some of the gaging stations are in the
“Climates of the States” series of the U.S.
Weather Bureau (1959-61). These page-size
maps were developed from data from about
1955 1o 1960. These maps can be used only
if larger-scale maps are not available.

. EVAPisthe mean annual free water- surface

evaporation, in inches, and was determined
for gaged sites by linear interpolation
between the isolines of map 3 from
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Famnsworth and others (1982). The value
used for the regression equations was the
value at the gaged-site location; therefore, in
the application of the regression equations,
the study-site location should be used. To
use the methods in this report, EVAP should
be estimated for the study site by linear
interpolation between the isolines of EVAP
shown in figs. 7, 11, and 14.

5. LAT is the latitude of the gaged site, in
decimal degrees, and is determined using
the largest scale topographic map available.
The value used for the regression equations
was the value at the gaged-site location;
therefore, in the application of the
regression equations, the study-site location
should be used. Decimal degrees are the
minutes and seconds of the latitude
converted to a decimal.

6. LONG is the longitude of the gaged site, in
decimal degrees, and is determined using
the largest scale topographic map available.
The value used for the regression equations
was the value at the gaged-site location;
therefore, in the application of the
regression equations, the study-site location
should be used. Decimal degrees are the
minutes and seconds of the longitude
converted to a decimal.

Flood Regions and Regression Equations

A single regression model for the entire study
area does not adequately explain the variation in
flood characteristics. The standard errors of
estimate for T-year discharges were more than 100
percent for all attempted single models. In addition,
these single models were biased in certain parts of
the study area. The study area, therefore, was
divided into 16 flood regions, and separate
regression equations were developed for each
region. Use of the 16 flood regions removes some
of the variability in the system that is not explained
by available explanatory variables and thus makes
the subsequent equations simpler and more
accurate. The flood regions were delineated on the
basis of the magnitudes of floods, meteorologic
cause of floods (snowmelt, summer thunderstorms,
or cyclonic rainfall), elevation of the sites, and

geographic pattems in residuals from the regression
analysis. A consistent geographic pattern in
residuals from a single study-wide relation was not
discerned; therefore, an explanatory variable that
could define the study-wide geographic variation
could not be developed.

The first major stratification for the study area
was for a high-elevation region that extends
throughout the entire study area. The lower
boundary of the region corresponds to an estimated
elevation threshold for large floods caused by
thunderstorms (fig. 5). The elevation of the study
site is used to determine if the site fits in the
high-elevation region. The remaining 15 flood
regions consist of low- to middle-elevation sites
(table 4 and figs. 6—16) where nearly all boundaries
are drainage divides. The exceptions are the
boundary between Regions 6 and 10, which is at 37°
latitude, and part of the boundary between Region 8
and Regions 6 and 7 in southern Utah,

Information about the 16 flood regions
includes the number of gaging stations, time of year
of peak discharges, and an index to the many tables
and figures that describe the regions (table 4). The
number of gaging-station records used for most
flood regions is less than the number of available
gaging-station records within the region (table 4
and figs. 17-49). Flood-frequency relations could
not be defined for some sites because the data were
unreliable or because a three-parameter distribution
did not appear to adequately fit the plot of annual
peaks in the records. Also, a few outlier stations
were deleted from the regression analysis, and some
sites had missing values for explanatory variables
and thus were not used. The deleted outliers may be
different from the majority of sites by random
chance, or occasionally their basin or channel
characteristics are much different from the majority
of sites. For Regions 6, 10, 11, and 16 where the
hybrid method was used, data for all available
gaging stations were used (table 4).

The regression equations developed for
estimating regional flood-frequency relations
(tables 5-20) are applicable for sites with
characteristics that fall within the range of
explanatory variables for the gaged sites that were
used to develop the equations. Plots of the



explanatory variables used for the regional
equations were prepared for each flood region.
Figure numbers for the plots are listed in table 4.
The plots depict a cloud of common values. The
regression equations are applicable to sites with
characteristics that fall within this cloud of common
values. The predictive errors of the equations
increase with distance from the mean values of the
explanatory variables, and errors are unknown and
probably are quite large beyond the cloud of
common values.

The regression equations are most applicable
to sites with drainage areas of less than about 200
mi% Gaged sites used in the analysis were selected
to ensure a reliable sample to define regional
relations for basins of up to about 200 mi2. Basins
between 200 mi? and the limits of the cloud of
common values for each region were used to better
define the relation between peak discharge and
drainage area for the small basins. The regression
equations are for basins of less than 200 mi%;
judicious use of the equations should be made for
basins between 200 mi? and the limits of the cloud
of common values.

The peak discharges estimated from the
regional models can be compared to the relations
between the maximum peak discharge of record and
drainage area for gaged sites in each flood region
and for the entire study area (fig. 17). Figure
numbers of the relations for each flood region are
listed in table 4. All available gaged sites in a region
are shown on these plots. Three relations are drawn
on most plots for the flood regions—an envelope
curve for maximum peak discharge of record for the
gaging stations used in the entire study area, the
relation between the 100-year peak discharge and
drainage area for the entire low- to middle-elevation
study area (Regions 2—16), and the relation between
the 100-year peak discharge and drainage area
computed for the region. For regional relations with
multiple variables, the 100-year peak-discharge
relations are for mean values of the variables used
in addition to drainage area. Effects of these
additional variables are not accounted for in the
regional relations between the 100-year peak
discharge and drainage area; therefore, the plots of
these regression lines may not appear to fit the data.
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The envelope curve for the entire study area
(fig. 17) is a measure of the maximum potential
floodflow at gaged sites in the southwestern United
States. The envelope curves for each flood region
are similar measures for each region. The curves are
based on data at the gaged sites used in this study
and do not include miscellaneous data collected at
ungaged sites or data at gaged sites with less than 10
years of record. A few extreme floods at ungaged
sites in the study area are above the envelope curves
and may have been debris flows. Thus, the envelope
curves represent only the data used for the statistical
analysis.

The plots of maximum peak discharge of
record for gaging stations in the study area were
compared to three other envelope curves of
maximum measured peak discharges. The envelope
curve for this study, however, is based on
gaging-station records of 10 or more years, and the
three other envelope curves are based on measured
peak discharges from all available records. Costa
(1987) developed an envelope curve for maximum
rainfall-runoff floods measured in the United
States. The envelope curve for data in this study
(fig. 17) is about 40 percent of the magnitude of the
curve in Costa (1987) for drainage basins of less
than about 100 mi2 For the larger drainage areas,
the envelope curve in this study is only about 20
percent of the magnitude of the curve in Costa
(1987). Crippen and Bue (1977) developed
envelope curves for 17 regions of the United States.
Regions 14 and 16 in Crippen and Bue (1977) are
entirely inside the study area of this report. Flood
regions 7, 8, and 11 of this study are comparable to
Crippen and Bue’s region 14 (1977; see Colorado
Plateau, fig. 2, this report), and flood regions 6, 10,
12, 13, 14, and 16 are comparable to Crippen and
Bue’s region 16 (1977; see Basin and Range, fig. 2,
this report). For region 14 of Crippen and Bue
(1977), the curve for the applicable data in this
study has a similar magnitude as the curve for
region 14. The magnitude of the curve forregion 16
in Crippen and Bue (1977) is similar to the
magnitude of the curve in Costa (1987). The curve
for the applicable data in this study and the curve
for region 16 in Crippen and Bue (1977), therefore,
have the same relation as described for this study
and Costa (1987).
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Transition Zones

At most ungaged sites in the study area,
flood-frequency relations can be estimated using
the single set of equations for the flood region in
which the site is located. When a site is near a
regional boundary, however, a weighted estimate of
peak discharge may be more appropriate.
Computed peak discharges from the equations of
two adjacent regions may be quite different for a
site near a boundary. The method of dividing the
study area into flood regions requires distinct
boundaries, but the boundaries do not necessarily
imply a distinct change in flood characteristics.
Instead of the distinct boundaries, transition zones
can be used to provide smooth transitions across
boundaries.

Two transition zones are defined in this report
where methods are provided to estimate weighted
flood-frequency relations—(1) sites with a drainage
area in two low- to middle-elevation regions and (2)
sites in a low- to middle-elevation flood region with
an elevation that is near the boundary of the
high-elevation region. A third transition zone is
where a site is near a regional boundary, but the
drainage area is entirely in one region.
Characteristics of the drainage basin of the study
site may need to be compared with the general
characteristics of the adjacent flood regions. If the
site is similar to both regions, a straight average of
computed peak discharges from both regions may
be appropriate.

Weighted flood-frequency relations should be
used when the drainage area of the study site is in
two low- to middle-elevation regions. The peak
discharge should be computed using the equations
for both regions. The basin and climatic
characteristics for the entire basin should be used in
the computations for both regions. A weighted peak
discharge is then computed using the percentage of
the drainage area in each region. The following
equation should be used:
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Or (@ AREA ) +Qr ;) AREA

Orem = AREA ©)

where

Orw) = weighted discharge, in cubic feet
per second, for T-year recurrence
interval;

Ora) =discharge for region (a), in cubic
feet per second, for T-year
recurrence interval;

QT(b) = discharge for region (b), in cubic
feet per second, for T-year
recurrence interval;

AREA(a) =drainage area in region (a), in
square miles;
AREA(,) =drainage area in region (b), in
square miles; and
AREA =total drainage area in both regions,

in square miles.

Weighted flood-frequency relations should be
used for sites in a low- to middle-elevation flood
region when the elevation of the study site is near
the boundary of the high-elevation region. A
transition zone is defined as a zone of elevation that
starts at the boundary of the high-elevation region
and extends 700 feet below that boundary (fig. 5).
South of 41° latitude, all study sites with an
elevation between 6,800 and 7,500 ft are in the
transition zone. North of 41° latitude, the zone is at
progressively lower elevations as the latitude
increases (fig. 5). In the transition zone, discharge
should be computed using the equation for the low-
to middle-elevation region in which the site is
located and by using the equation for the
high-elevation region. The characteristics of the
entire basin should be used in both computations,
and then a weighted discharge should be computed
on the basis of the study-site elevation as:

B-E B-E
Orwy = Qroy 7 * Crom U555 )

where

Orw) = weighted discharge, in cubic feet per
second, for T-year recurrence interval;
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Oy =discharge from the low- to middle-
elevation region for T-year recurrence
interval;

Orny =discharge from the high-elevation
region for T-year recurrence interval;

E =elevation of the study site, in feet; and

B =elevation of the lower boundary of the
high-elevation region, in feet (fig. 5).

The weighted discharges are thus close to the low-
to middle-elevation models near the lower part of
the transition zone and close to the high-elevation
model near the upper part of the transition zone.

Excluded Streams and
Distributary-Flow Areas

Regional flood-frequency relations that are
based on a large sample of flood peaks and
explanatory variables are assumed to represent
most of the streams in the study area. A few
streams, however, have variables that are not
represented, and regional relations should not be
used for these streams. Streams that may not be
represented by the regional relations include (1)
streams with basin and climatic characteristics that
are outside the range of explanatory variables, (2)
streams in basins that have large areas of highly
permeable rocks, (3) ungaged streams in some
regions that have less base flow than nearby gaged
streams, (4) streams with channel characteristics
that cause a large quantity of floodflow attenuation,
and (5) streams that are part of a system of
distributary channels or streams that have a
drainage that includes large distributary-flow areas.

Streams that have basin characteristics that are
outside the range of explanatory variables for the
gaged sites used to develop the regional relations
are not represented by the regional flood-frequency
relations. Also, some potentially important basin
characteristics are not defined. For example,
surficial geology is an important characteristic that
affects floodflow, but it is not included specifically
as an explanatory variable in the regional relations.

The regional relations reflect some large regional
differences in geologic conditions, but local effects
of surficial geology may not be reflected.

Drainage basins that have large areas of highly
permeable rocks are not represented in the regional
relations. Only a few stations used in the relations
were in basins draining highly permeable rocks
such as limestone or volcanic rocks. Large amounts
of floodflow can be lost along stream channels that
traverse these areas. The quantity of water lost to
infiltration appears to vary from stream reach to
stream reach, and regional relations of peak
discharge for such streams cannot be defined using
available explanatory variables. The Snake River
plain in Idaho is an example of a large continuous
area for which regional relations were not
developed (fig. 10).

For some regions, the sample of gaged streams
may be biased because streams that are gaged tend
to be those that have more base flow. In the arid
west, the network of streamflow-gaging stations
was established because of water-supply needs and
issues, and flood issues were and continue to be of
secondary concern. In some regions, such as central
Arizona, most of the gaged sites are on streams that
have a large base flow in basins that have a similar
aspect. These gaged basins may have storm
characteristics, such as orographic effects, that are
different from nearby ungaged basins with a
different aspect. In places, the sample of gaged sites
used for this study was defined by water-supply
needs, and the sample may not represent flood
characteristics for nearby ungaged streams.

Streams with channel characteristics that cause
a large amount of floodflow attenuation are not
represented in the regional relations. Such streams
may have small channels and large, hydraulically
rough flood plains. Drainage basins that have large
distributary-flow areas are not represented in the
regional relations. The magnitude of peak
discharges leaving a basin can be significantly
reduced in areas with distributary flow.
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Figure 19. Relations between 100-year peak discharge and drainage area and plot of maximum
peak discharge of record and drainage area for gaged sites in the High Elevation Region 1.
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Figure 20. Joint distribution of mean basin elevation and drainage area for gaged sites in the
Northwest Region 2.

Table 6. Generalized least-squares regression equations for estimating regional flood-frequency relations for the
Northwest Region 2

Equation: Q, peak discharge, in cubic feet per second; AREA, drainage area, in square miles; and ELEV, mean basin elevation, in feet. Data were
based on 108 stations. Average number of years of systematic record is 26.

Recurrence stan::redraegreor of Equivaient
interval, in years Equation prediction, in yr::_:f
percent
2 Q=13.1AREA% 713 /3 0.96
5 0=22 4AREA%723 66 1.80
10 0=55.7TAREA®72(ELEV/1,000) 0353 61 3.07
25 0=84.7AREA%*7(ELEV/1,000) 0438 61 4.64
50 0=113AREA%™$ELEV/1,000) %511 64 547

100 Q=148AREA%2ELEV/1,000) 5% 68 6.05
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Figure 21. Relations between 100-year peak discharge and drainage area and plot of maximum
peak discharge of record and drainage area for gaged sites in the Northwest Region 2.
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Figure 22. Joint distribution of mean annual precipitation and drainage area for gaged sites
in the South-Central Idaho Region 3.

Table 7. Generalized least-squares regression equations for estimating regional flood-frequency relations for the
South-Central ldaho Region 3

Equation: Q, peak discharge, in cubic feet per second; AREA, drainage area, in square miles; and PREC, mean annual precipitation, in inches. Data
were based on 35 stations. Average number of years of systematic record is 32.

Average
Recurrence Equation standard error of Eq::::':;“
interval, in years prediction, in y d
percent recor
2 0=0.444AREAY¥PREC! 13 86 0.29
5 0=1.21AREA$¥PREC09%5 83 A9
10 Q=1.99AREAVSFBPRECOS% 80 77
25 0=3.37AREAYSZ’PRECO-849 78 1.23
50 Q=4.T0AREA%SZPRE(C0802 77 1.57

100 0=6.42AREA%62'pRECO757 78 192
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Figure 23. Relations between 100-year peak discharge and drainage area and plot of maximum
peak discharge of record and drainage area for gaged sites in the South-Central Idaho Region 3.
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Figure 24. Joint distribution of mean basin elevation and drainage area for gaged sites in the
Northeast Region 4. '

Table 8. Generalized least-squares regression equations for estimating regional flood-frequency relations for the
Northeast Region 4

Equation: Q, peak discharge, in cubic feet per second; AREA, drainage area, in square miles; and ELEV, mean basin elevation, in feet. Data were
based on 108 stations. Average number of years of systematic record is 28.

Average
ntorval,In Equation stndarderror £ I
ea > q of prediction, in Y record

years percent

2 0=0.0405AREA*70{(ELEV/1,000)>! 64 0.39

5 0=0.408AREAS#3(ELEV/1,000)2% 57 95

10 0=1.26 AREAYS’4(ELEV/1,000)!-% 53 1.76

25 0=3.74AREAYT(ELEV/1,000)!-% 51 3.02

50 0=1.04 AREA%*4(ELEV/1,000)!-%2 52 3.89

100 0=11.8AREA%SS2(ELEV/1,000)%83 53 4.65
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Figure 25. Relations between 100-year peak discharge and drainage area and plot of maximum
peak discharge of record and drainage area for gaged sites in the Northeast Region 4.
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Figure 26. Joint distribution of latitude and drainage area for gaged sites in the Eastern

Sierras Region 5.
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Figure 27. Joint distribution of mean basin elevation and drainage area for gaged sites in the
Eastern Sierras Region 5.
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Figure 28. Relations between 100-year peak discharge and drainage area and plot of maximum
peak discharge of record and drainage area for gaged sites in the Eastern Sierras Region 5.

Table 9. Generalized least-squares regression equations for estimating regional flood-frequency relations for the
Eastern Sierras Region 5
Equation: Q, peak discharge, in cubic feet per second; AREA, drainage area, in square miles; ELEV, mean basin elevation, in feet; and LAT,
latitude of site, in decimal degrees. Data were based on 37 stations. Average number of years of systematic record is 31.

Average

Equivalent
lnl:m,r ::;e:ars Equation “::":dalr;i::?lrno' y::::'
percent

2 0=0.0333AREA%>3(ELEV/1,000)>%8[(LAT-28)/10)41 135 0.21

5 0=2 42AREA%SZ(ELEV/1,000)! 9! [(LAT-28)/10]*! 101 73

10 0=28.0AREA®326[(L AT-28)/10]*3 84 1.69

25 Q=426 AREA®$'Z(ELEV/1,000) -9 (LAT-28)/10]*3 87 2.62

50 0=2,030AREA* 7% ELEV/1,000)1-7}[ (LAT-28)/10]*4 91 3.26

100 Q=7,000AREA®#2(ELEV/1,000) 213 (LAT-28)/10}*¢ 95 3.80
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Figure 29. Joint distribution of mean basin elevation and drainage area for gaged sites in the
Northern Great Basin Region 6.

Table 10. Hybrid equations for estimating regional flood-frequency relations for the Northern Great Basin Region 6

Equation: Q, peak discharge, in cubic feet per second; AREA, drainage area, in square miles; and ELEV, mean basin elevation, in feet. Data were
based on 80 stations. Dashes indicate no data. Average number of years of systematic record is 19.
Estimated average standard error of regression for the hybrid method includes much of the within-station residual variance and therefore is not
comparable 1o standard error of estimate from an ordinary least-squares regression. See section entitled “Hybrid Method” for explanation of error.

Estimated Equlval
average ulvalent
oy ity
log units
2 Q=0 - -
5 Q=32AREA%3%ELEV/1,000) 066 147 0.233
10 Q=590AREA%S(ELEV/1,000) 16 1.12 748
25 ©0=3,200AREA®2(ELEV/1,000)2! 796 2.52
50 0=5,300AREA®*4(ELEV/1,000)%! 1.10 175
100 0=20,000AREA®3}(ELEV/1,000)%3 1.84 794
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Figure 30. Relations between 100-year peak discharge and drainage area and plot of maximum
peak discharge of record and drainage area for gaged sites in the Northern Great Basin Region 6.
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Figure 31. Joint distribution of mean basin elevation and drainage area for gaged sites in the
South-Central Utah Region 7.

Table 11. Generalized least-squares regression equations for estimating regional flood-frequency relations for the

South-Central Utah Region 7

Equation: Q, peak discharge, in cubic feet per second; AREA, drainage area, in square miles; and ELEV, mean basin clevation, in feet. Data were
based on 28 stations. Average number of years of systematic record is 23.

Average

Equivalent
s e yoaro
percent

2 0=0.0150AREA%®7(ELEV/1,000)*1¢ 56 0.25

5 0=0306AREA*®(ELEV/1,000)222 45 1.56

10 0=1.25AREA%S?6(ELEV/1,000)!%3 45 3.07

25 O=122AREA%440 49 4.60

50 0=183AREA%3% 53 5.21

100 0=264AREA%3% 59 5.68
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Figure 32. Relations between 100-year peak discharge and drainage area and plot of maximum
peak discharge of record and drainage area for gaged sites in the South-Central Utah Region 7.
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Figure 33. Joint distribution of mean basin elevation and drainage area for gaged sites in the
Four Corners Region 8.

Table 12. Generalized least-squares regression equations for estimating regional flood-frequency relations for the
Four Corners Region 8

Equation: Q, peak discharge, in cubic feet per second; AREA, drainage area, in square miles; and ELEV, mean basin elevation, in feet. Data were
based on 108 stations. Average number of years of systematic record is 27.

Average
Recurrence Equation standard error of Eq::::l:;n
Intervali, in years q prediction, in y
record
percent
2 0=598AREA%S}(ELEV/1,000) -9 72 0.37
5 0=2,620AREA**(ELEV/1,000) -2 62 135
10 0=5310AREA%Z(ELEV/1,000)140 57 2.88
25 0=10,500AREA%40%(ELEV/1,000) 14 54 5.45
50 0=16,000AREA%¥YELEV/1,000!5* 53 7.45

100 0=23,300AREA%*"(ELEV/1,000)1%° 53 9.28
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Figure 34. Relations between 100-year peak discharge and drainage area and plot of maximum
peak discharge of record and drainage area for gaged sites in the Four Corners Region 8.
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Figure 35. Joint distribution of mean basin elevation and drainage area for gaged sites in the
Western Colorado Region 9.

Table 13. Generalized least-squares regression equations for estimating regional flood-frequency relations for the

Western Colorado Region 9
Equation: Q, peak discharge, in cubic feet per second; AREA, drainage area, in square miles; and ELEV, mean basin elevation, in feet. Data were
based on 43 stations. Average number of years of systematic record is 28.

Recurrence Average Equivalent
int 1, i Equation standard error ears of
nlerval, In 9 of prediction, in yreeor d

years percent
2 0=0.0204AREA®%S(ELEV/1,000)%3 68 0.14
5 0=0.181 AREA®3'S(ELEV/1,000)2° 55 i
10 0=1.18AREA%483(E] EV/1,000)%2 52 1.70
25 0=18.2AREA™$S(ELEV/1,000)!"! 53 2.81
50 O=248AREA"449 57 336

100 0=292AREA%4# 59 3.94
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Figure 36. Relations between 100-year peak discharge and drainage area and plot of maximum
peak discharge of record and drainage area for gaged sites in the Western Colorado Region 9.
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Figure 37. Relations between 100-year peak discharge and drainage area and piot of maximum
peak discharge of record and drainage area for gaged sites in the Southern Great Basin Region 10.

Table 14. Hybrid equations for estimating regional flood-frequency relations for the Southern Great Basin Region 10
Equation: Q, peak discharge, in cubic feet per second; and AREA, drainage area, in square miles. Data were based on 104 stations. Average
number of years of systematic record is 21.

Estimated average standard error of regression for the hybrid method includes much of the within-station residual variance and therefore is not
comparable to standard error of estimate from an ordinary least-squares regression. See section entitled “Hybrid Method” for explanation of error.

Estimated
R average Equivalent
Int eﬂ:";m“ Equation standard error of years of
nterval, In years regression, in record
‘ log units
2 Q=12AREA%3# 1.14 0.618
Q=85AREA%? 602 3.13
10 Q=200AREA%62 675 345
25 Q=400AREA’65 949 2.49
50 Q=590AREA®¢7 928 322

100 Q=850AREA%® 123 2.22
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Figure 38. Joint distribution of mean annual evaporation and drainage area for gaged sites
in the Northeastern Arizona Region 11.

Table 15. Hybrid equations for estimating regional flood-frequency relations for the Northeastern Arizona Region 11
Equation: Q, peak discharge, in cubic feet per second; AREA, drainage area, in square miles; and EVAP, mean annual evaporation, in inches. Data
were based on 46 stations. Average number of years of systematic record is 20.

Estimated average standard error of regression for the hybrid method includes much of the within-station residual variance and therefore is not
comparable to standard error of estimate from an ordinary least-squares regression. See section entitled “Hybrid Method” for explanation of error

Estimated
In ::::,r::;:rs Equation stan:‘a,:;aereor of E;:::I:? t
regression, In record
log units
2 QO=26AREA%62 0.609 0.428
5 Q=130AREA®56 309 2.79
10 0=0.10AREA%52EVAP20 296 4.63
25 0=0.17AREA®52EVA P20 191 17.1
50 0=0.24AREA®EVAP20 294 9.20

100 0=0.27AREA®®EVAP20 863 132
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peak discharge of record and drainage area for gaged sites in the Northeastern Arizona Region 11.
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Figure 40. Joint distribution of mean basin elevation and drainage area for gaged sites in the
Central Arizona Region 12.

Table 16. Generalized least-squares regression equations for estimating regional flood-frequency relations for the

Central Arizona Region 12

Equation: Q, peak discharge, in cubic feet per second; AREA, drainage area, in square miles; and ELEV, mean basin elevation, in feet. Data were
based on 68 stations. Average number of years of systematic record is 21.

Average
Recurrence Equivalent
standard error
Inte::al, in Equation of prediction, in yre;r:, :f
years percent
2 Q=41.1AREA%62° 105 0.23
5 Q=238 AREA%S37(ELEV/1,000) 0358 68 1.90
10 0=479AREA®}(ELEV/1,000) 0398 52 6.24
25 0=942 AREA%S3(ELEV/1,000) 0383 40 17.8
-0.08.
50 Q=100736-4.17AREA™") B EV/1000) 0440 37 275
100 0=106553.17AREA MY By By 000)0454 39 32.1
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Figure 41. Relations between 100-year peak discharge and drainage area and plot of maximum
peak discharge of record and drainage area for gaged sites in the Central Arizona Region 12.
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Figure 42. Relations between 100-year peak discharge and drainage area and plot of maximum
peak discharge of record and drainage area for gaged sites in the Southern Arizona Region 13.

Table 17. Generalized least-squares regression equations for estimating regional flood-frequency relations for the
Southern Arizona Region 13
Equation: Q, peak discharge, in cubic feet per second; and AREA, drainage area, in square miles. Data were based on 73 stations. Average number
of years of systematic record is 21.

Average
?:t?nrl:nr: Equation standard error E;‘:;‘r':i:? ‘
years, of prediction, in record
percent
2 Q=10(6.38-4.29AREA'0"%) 57 20
5 Q=10(5.78-3.31AREA'0'08) 40 6.25
10 0=10(568-3.024REA 0.0%) 37 111
25 0= 10(5.64-2.78AREA010) 39 15.0
0.1
50 Q=106-57-259AREA™") 43 159

100 Q=10(5.52-2.42AREA4“?-) 48 161
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Figure 43. Joint distribution of mean basin elevation and drainage area for gaged sites in the
Upper Gila Basin Region 14.

Table 18. Generalized least-squares regression equations for estimating regional flood-frequency relations for the

Upper Gila Basin Region 14

Equation: Q, peak discharge, in cubic feet per second; AREA, drainage area, in square miles; and ELEV, mean basin elevation, in feet. Data were
based on 22 stations. Average number of years of systematic record is 26.

Average

Recurrence Equation standard etror of Eq::::l:;ﬂ
interval, in years 9 prediction, in yrm rd
percent

2 0=583AREA®SS8(ELEV/1,000) 13 74 1.69
0=618AREA%S2(ELEV/1,000)%70 63 354

10 0=361AREA%4¢* 65 495

25 0=581AREA%462 63 175

50 Q=T7T9AREA?462 64 9.65

100 0=1,010AREA%463 66 1.2
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Figure 44. Relations between 100-year peak discharge and drainage area and plot of maximum peak
discharge of record and drainage area for gaged sites in the Upper Gila Basin Region 14.
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Figure 45. Joint distribution of longitude and drainage area for gaged sites in the Upper Rio
Grande Basin Region 15.
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Figure 46. Joint distribution of mean basin elevation and drainage area for gaged sites in the
Upper Rio Grande Basin Region 15.
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Figure 47. Relations between 100-year peak discharge and drainage area and plot of maximum peak
discharge of record and drainage area for gaged sites in the Upper Rio Grande Basin Region 15.

Table 19. Generalized least-squares regression equations for estimating regional flood-frequency relations for the
Upper Rio Grande Basin Region 15

Equation: Q, peak discharge, in cubic feet per second; AREA, drainage area, in square miles; ELEV, mean basin elevation, in feet; and LONG,
longimde of site, in decimal degrees. Data were based on 17 stations. Average number of years of systematic record is 35.

Average
Recurrence Equation standard error of Eq:;::l:;ﬂ
interval, in years q prediction, in y
record
percent
2 0=18,700AREA%3OELEV/1,000) 236{(LONG-99)/10)}>% 64 0.13
5 0=31,700AREA*%S(ELEV/1,000) 267[(LONG-99)/10))%7 66 64
10 0=26,000AREAS82(ELEV/1,000) 22 [(LONG-99)/10))>7 68 124
25 0=34,800AREA32(ELEV/1,000) 215[(LONG-99)/10)]%¢ n 2.04
50 0=44,200AREA**}(ELEV/1,000) 2! [(LONG-99)/10))%5 73 2.60

100 0=91,800AREA**¥(ELEV/1,000) 222[(LONG-99)/10)]>5 76 3.12
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Figure 48. Joint distribution of mean annual evaporation and drainage area for gaged sites
in the Southeast Region 16.

Table 20. Hybrid equations for estimating regional flood-frequency relations for the Southeast Region 16

Equation: Q, peak discharge, in cubic feet per second; AREA, drainage area, in square miles; and EVAP, mean annual evaporation, in inches. Data
were based on 120 stations. Average number of years of systematic record is 30.

Estimated average standard error of regression includes much of the within-station residual variance and therefore is not comparable to standard
error of estimate from an ordinary least-squares regression. See section entitled “Hybrid Method" for explanation of error.

Estimated
Recurrence average Equivalent
Interval, in vear Equation standard error of years of
al, Inyears regresslon, In record
log units
2 O=14AREA%(EVAP - 32)0% 0.664 0.410
5 QO=3TAREA%¥(EVAP - 32)0.63 269 3.77
10 0=52AREA%47(EVAP - 32)¢7 177 12,6
25 QO=T0AREA%4¥(EVAP - 32)074 425 3.20
50 QO=110AREA%4T(EVAP - 34)074 367 5.38

100 O=400AREA%O(EVAP - 37)045 442 454
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Alternative Methods

The methods in this study apply to streams
with flow unaffected by works of man and are based
on a sample of gaging stations on streams draining
areas of less than 2,000 mi%. Existing
flood-frequency relations in the referenced reports
can be used for sites with flow affected by works of
man and for large drainage areas. In the unusual sit-
uations where the described methods of this report
do not apply, many alternative methods can be used
to estimate flood-frequency relations. Most of the
alternative methods require an estimate of rainfall
intensity for a specific probability. Runoff charac-
teristics for the estimate of rainfall are then esti-
mated using a deterministic model of rainfall-runoff
relations (Crawford and Linsley, 1966; Leavesley
and others, 1983), an empirical relation such as the
rational method (Chow, 1964, p. 14-6 to 14-8), or
a model such as the unit hydrograph (Chow, 1964,
p. 14-13 to 14-34). A nationwide comparison of
alternative methods for estimating flood-frequency
relations on ungaged streams is provided by the
U.S. Water Resources Council (1981).

The channel-geometry method is applicable to
many natural stream channels; however, a visit to
the study site is required. Estimates from
channel-geometry methods are based on the
concept that the size and shape of an alluvial
channe] are a measure of the discharge of water and
transport of sediment. Reports describing
channel-geometry methods within the study area
are shown in table 1. A review of channel-geometry
methods was made by Wahl (1984).

The methods presented in this report, the
rainfall-runoff models, and the channel-geometry
method are applicable to streams on tributary
systems of channels. Floodflow is much more
difficult to estimate on alluvial fans or
distributary-flow areas (Dawdy, 1979; McGinn,
1980; Hjalmarson and Kemna, 1991).

Assumptions and Limitations of
Methods

It is important to recognize the assumptions
and limitations inherent in the statistical methods
used to estimate flood-frequency relations. The

flood-information transfer method used in this
study for most regions has two main components.
Flood-frequency relations are first estimated from
the series of annual peak discharges at
streamflow-gaging stations. Information then is
transferred to ungaged sites by relating the peak
discharges at specific recurrence intervals at gaged
sites to explanatory variables by using
multiple-regression techniques. In this approach,
the flood-frequency relations determined for gaged
sites are the foundation.

Flood-Frequency Relations at Gaged Sites

Flood-frequency relations at gaged sites were
estimated by fitting a probability distribution to the
gaging-station records. In this study, the
log-Pearson Type I distribution was fit to the data
using the method of moments. The assumptions for
applying a probability distribution to a set of
streamflow records are that the record at the gaged
site is representative of the population of floods that
can occur at the site, and that the annual peak
discharges are independent, homogeneous, and
random.

The population of annual peak discharges is
defined as the whole class of possible occurrences
of annual peak discharges in the past, present, and
future. A sample is used that is an observed part of
the population to describe and make inferences
about this population. The annual peak discharges
generally are independent and random; however,
homogeneity may be a problem and needs careful
examination. The factors that affect the annual peak
discharges generally should remain constant to
assure a homogeneous sample or population. Thus,
watershed conditions should be constant during the
period of record for the sample and for the period
for which flood frequency is to be estimated. Cover
conditions of the watershed such as vegetation, soil,
and extent of urban areas generally should be con-
stant. The streamflow regime should not change
significantly because of urbanization, channeliza-
tion, or construction of reservoirs, diversions, and
levees. If all the assumptions are met, the relations
of magnitude and frequency for past floods are
assumed to be applicable to future floods and there-
fore are used to predict the future magnitude and
frequency of floods.



An unbiased and accurate record of annual
peak discharges is needed for a flood-frequency
analysis made on the basis of gaged data. Methods
used in this study to ensure record accuracy include
analysis of the accuracy of measurements of peak
discharges, addition of historical and paleoflood
information to records, comparisons of systematic
records and frequency estimates to envelope curves
of maximum measured floods, comparison of
records to droughts and wet periods, and
stationarity analysis.

Regional Flood-Frequency Relations

The multiple-regression method that was used
for determination of most of the regional
flood-frequency relations provides a means of esti-
mating design-flood magnitudes at ungaged sites.
The regional relations are based on a sample of
gaged streams that is assumed to represent the pop-
ulation of flood events and streams in the study
area. Thus, any errors or uncertainty contained in
the estimates of flood-frequency relations from
records of gaged sites are transferred to the esti-
mates for ungaged sites. A potentially large prob-
lem with an individual relation at a gaged site is the
time-sampling error, which is the error caused by
having a sample that does not represent the popula-
tion of floods at the site. This time-sampling error,
however, is partially reduced by the combining and
averaging of station flood-frequency relations in the
regression method.

Flood magnitudes at ungaged sites in Regions
6, 10, 11, and 16 were estimated using a new hybrid
method. As in the multiple-regression method the
hybrid regional relations are based on a sample of
gaged streams that is assumed to represent the
population of flood events and streams in the study
area. The hybrid regional relations are subject to a
time-sampling error associated with the sample of
gaged sites used to represent the regional
population of floods.

Use of regional relations with values of
explanatory variables outside the range of the
sample that is used to define the relations can result
in unreliable estimates of peak discharge. Average
standard errors of prediction for the regional

-equations in this report are for the average of the
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explanatory variables. For values of variables that
are much different from the average, errors may be
much greater than the average standard error of
prediction. For explanatory variables with a large
exponent, small departures from the average value
of the variable can have corresponding large errors.
Application of a regional relation where two or
more of the values of the explanatory variables are
near the limits of the range of sample values may
result in a combination of values that is outside the
sample range. Such extrapolations are subject to
large potential errors, and the results may be
misleading.

Predicted floods from regression models are an
average for an entire area; therefore, a particular site
may have smaller or larger floods depending on
basin, climatic, and channel characteristics that are
not used in the regression equations. The user of the
regression models should be aware of the
characteristics of the basin to which the model is
applied. Because of the averaging characteristic of
the regression models in this study, another
limitation of their application is that estimated peak
discharges near many of the flood-region
boundaries may be quite different using two
adjacent regional models.

APPLICATION OF METHODS

To estimate flood-frequency relations at a
study site, the user should use the following steps.
Examples are given for sites in one region and for
sites near flood-region boundaries.

1. Using latitude and elevation of the study
site, determine if the study site is in High
Elevation Region 1 or in a low- to
middle-elevation region (fig. 5). If the
study site is in a low- to middle-elevation
region, determine the flood region of the
study site using figures 6-16.

2. Using the flood region and the data
section, determine if the study site is on a
gaged stream.

3. If the study site is at a gaged site, use the
listed weighted flood-frequency values for
that site in the data section.
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4. If the study site is near a gaged site on the
same stream, use the method described in
the section entitled “Sites Near Gaged
Sites on the Same Stream.”

5. If the study site is on an ungaged stream,
use the method described in the section
entitled “Ungaged Sites.”

Sites Near Gaged Sites on the Same
Stream

Flood-frequency relations for sites near gaged
sites on the same stream can be computed using the
drainage-area ratio of ungaged site to gaged site. If
the ratio is between 0.5 and 1.5 and the ungaged and
gaged sites are draining similar basins, equation 2
should be used to compute the required peak
discharges. If the ratio is outside that range or the
basins are significantly different, the method for
ungaged sites should be used. Flood-frequency
relations for sites between gaged sites on the same
stream can be determined by interpolating between
values of drainage areas for gaged sites in the data
section.

The following is an example of determination
of the 10- and 100-year peak discharges for the
Pecos River in New Mexico at an ungaged site. The
drainage area (A,) is 165 mi2, In the data section, the
station, 08378500 Pecos River near Pecos, New
Mexico (drainage area A =189 mi?), is in High
Elevation Region 1 and is downstream from the
study site.

1. Check that the drainage-area ratio A,/A, is
between 0.5 and 1.5. That ratio is as

follows:
2
AyA, = B o8,
189mi
which meets the ratio requirement.
Equation 2 is used.

Orqy = Or¢p (A/AD

where

= weighted discharge from the

O1(9)
data section, and

x =0.8 for the High-Elevation
Region.

2. Obtain the weighted discharges at the
gaged site from the data section:

Ql()( g) = 1,480 ft3/S, and
QIOO( g) = 3,250 ft’/s.

3. Compute thedischarges at the ungaged site:

0.8

Qo = 1,480(%) = 1,330 fi'/s,
0.8

Qioogy = 3, 250(—;—% = 2,920 fi’/s.

The computed 100-year peak discharge
appears reasonable in comparison to the plot of
maximum-peak discharge of record and drainage
area for the region (fig. 19).

Ungaged Sites

Flood-frequency relations at ungaged sites can
be determined using one of the following
procedures, depending on the location of the site
and its relation to the flood-region boundaries. The
first procedure is for sites with a drainage area in
one region. The second procedure is for sites with a
drainage area in two low- to middle-elevation
regions. The third procedure is for sites in a low- to
middle-elevation region with an elevation that is
within 700 ft of the boundary of High-Elevation
Region 1.

Use the following step-by-step procedure to
compute flood-frequency relations at ungaged sites.

1. If the drainage area of the study site is
entirely within one flood region, compute
the required information for one region. If
the drainage area of the study site is in two
low- to middle-elevation regions or if the
elevation of the study site is within 700
feet below the boundary of the High-
Elevation Region, a weighted flood-



frequency relation is needed and the
required information for the two adjacent
regions should be computed.

2. Use table 4 and the flood region(s) of the
study site to find the tables and figures
containing the required information. The
explanatory variables required for each
region are in column 3. The numbers of the
tables of equations for estimating regional
flood-frequency relations are in column 4.
Figures showing the relation between
maximum-peak discharges of record and
drainage area are in column 5. Figures
showing plots of explanatory variables
and their cloud of common values are in
column 6.

3. Compute the required explanatory
variables using the methods described on
pages 17 and 18.

4. Determine if the values of explanatory
variables are within the cloud(s) of
common values shown in the figures listed
in column 6 of table 4. If they are within
the cloud(s) of common values, then
proceed to step S. If they are outside the
cloud(s), the methods are not defined for
the study site, and the methods should be
used with extreme caution.

5. Use the equations for the appropriate
region(s) (tables 5-20) to compute the
flood-frequency relation at the study site.
See the following examples for sites using
equations for one region or two regions.

Site With a Drainage Area in One Flood
Region

The first example is the use of the regression
equations with the model described by equation 3.
Determine the peak discharges for recurrence
intervals of 10 and 100 years for an ungaged site in
the Northeast Region 4 (fig. 6 and tables 4 and 8).
The required basin characteristics are drainage area
(AREA), in square miles, and mean basin elevation
(ELEYV), in feet. Using the procedures described in
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the section entitled “Explanatory Variables,” the
drainage area is computed as 35 mi? and the mean
basin elevation is 7,500 ft. The drainage area and
mean basin elevation are in the cloud of common
values for the region (fig. 24). The characteristics
are inserted into the appropriate equations as
follows:

1.64

0.674 ELEV)

= 1.26 (35) %™ (71.5) % = 377 £/,

and

~ oss2 , ELEV %8%
Qie0 = 118 (AREA) " (7550

= 11.8(35)%%2(7.5)%835 — 668 fi’/s.

The computed 100-year peak discharge
appears reasonable in comparison to the plot of
maximum peak discharge of record and drainage
area for the region (fig. 25).

The second example is for the use of the
regression equations with the model described by
equation 4. Determine the peak discharges for
recurrence intervals of 50 and 100 years for an
ungaged site in Central Arizona Region 12 (fig. 6
and tables 4 and 16). The required basin
characteristics are drainage area (AREA), in square
miles, and mean basin elevation (ELEV), in feet.
Using the procedures in the section “Explanatory
Variables,” the drainage area is computed as 110
mi?, and the mean basin elevation is 5,900 ft. The
drainage area and mean basin elevation are in the
cloud of common values for the region (fig. 40).

The characteristics are inserted into the
appropriate equations as follows:

0 = 10 (736~ 417 (AREA) %) (ELE V)'o'440
% 1, 000

- 10(7.36—4.17(110)*’“) (5_90)—&440
= 14,400 ft’/s,

and
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(655~ 317 (AREA)™"Y ELEV

641
= 10(655-17 (™Y (5'90)41154

-0454

= 20,400 fi*/s.

The computed 100-year peak discharge
appears reasonable in comparison to the plot of
maximum-peak discharge of record and drainage
area for the region (fig. 41).

Site With a Drainage Area in Two Low-t0
Middle-Elevation Flood Regions

A hypothetical study site has a drainage area in
the Northern and Southern Great Basin Regions
(Regions 6 and 10). Thus, an averaging procedure
based on the percentage of the drainage area in each
region should be used. The peak discharges are
estimated for each region as if the drainage area is
entirely in one region. Then, a weighted peak
discharge is estimated using equation 6,

An example for the use of regression equations
for two regions is as follows. Determine the peak
discharges for recurrence intervals of 10 and 100
years for an ungaged site with a drainage arca in
Northern Great Basin Region 6 and Southern Great
Basin Region 10 (fig. 6 and tables 4, 10, and 14).
The required basin and climatic characteristics are
drainage area (AREA), in square miles and mean
basin elevation (ELEV), in feet. Using the proce-
dures discussed in “Explanatory Variables,” the
basin and climatic characteristics are computed as
57 mi? for drainage area and 6,500 fi for mean basin
clevation. The drainage arca and mean basin eleva-
tion arc within the cloud of common values for
Region 6 (fig. 29), and the drainage area is within
the range of drainage area for Region 10 (fig. 37).
On the topographic map, the drainage area is
bisected by the regional boundary at 37° latitude.
The nornthern region includes 21 mi?, and the south-
ern region includes 36 mi?, The basin and climatic
characteristics arc inscried into the appropriate
regional equations to obtain cstimates of T-year dis-
charges for each region. Then, equation 6 is used to
obtain weighted estimates of T-year discharges. For
the Northemn Great Basin Region 6, the cquations
are as follows:

=1.6
Qo = 590 (AREA)O.&(ELEV)

= 500 (57)%% (65)71% = 362 11%/s,

and

0.51 (ELEV)’"
o0’

= 20,000 (57)%%] (6.5) % = 2,120 8%/5

Q100 = 20,000 (AREA)

For the Southern Great Basin Region 10, the
equations are as follows:

Oy = zoO(AREA)“’
= 200( (57)%) = 2,450 1/,
and
Qy00 = 850 (AREA) 'S
= 850[(57)%%] = 13,800 /3.

The computed 100-year peak discharges for
Regions 6 and 10 appear reasonable in comparison
w0 the plots of maximum peak discharge of record
and drainage area for the regions (figs. 30 and 37).

Estimates of weighted peak discharges using
equation 6 are as follows.

(362 % 21) + (2, 450 % 36)
Liow) = 57

= 1,680 fi*/s,

and

(2, 120 x 21) + (13, 800 x 36)
QIOO = 57f

= 9,500 fi®/s.

Low- to Middle-Elevation Site Near the
High-Elevation Flood Region

A hypothetical study site is in a low- to
middle-elevation flood region but the site elevation
is within 700 ft of the boundary of High-Elevation
Region 1 (fig. 5). Thus, an averaging procedurc
based on the rclation between the elevation of the
study site and the 700-foot transition zone should be
used. The peak discharges are cstimatcd for each
region as if the drainage atea is entirely in onc
region, Then, a weighted peak discharge is
estimated using equation 7.



An example for the use of regression equations
for High-Elevation Region 1 and a low- to
middle-elevation region is as follows. Determine
the peak discharges for recurrence intervals of 2 and
50 years for an ungaged site in the Four Comers
Region 8 with a site elevation of 7,100 feet (fig. 6).
The site elevation is within 700 feet of the boundary
of High-Elevation Region 1, which is 7,500 feet in
the latitudes of Region 8 (figs. 5 and 6). The
regression equations for Region 1 are in table 5 and
the equations for Region 8 are in table 12. The
required basin and climatic characteristics are
drainage area (AREA), in square miles, mean basin
elevation (ELEV), in feet, and mean annual
precipitation (PREC), in inches. Using the
procedures in the section “Explanatory Variables,”
the drainage area is computed as 45 mi?, the mean
basin elevation is 8,900 ft, and the mean annual
precipitation is 28 in. The drainage area and mean
annual precipitation are in the cloud of common
values for Region 1 (fig. 18), and the drainage area
and mean basin elevation are in the cloud of
common values for Region 8 (fig. 33).

Basin and climatic characteristics are inserted
into the appropriate regional equations to obtain
estimates of T-year discharges for each region.
Then, equation 7 is used to obtain weighted
estimates of T-year discharges. For the Four
Corners Region 8, the equations are as follows:

oso1 , ELEV -1.02

Q, = 598 (AREA) (TTOE)

= 598 (45) %% (8.90) 12 = 433 £¥/s,

and

0390  ELEV 1%

Oy, = 16,000 (AREA) ¥ (T

= 16, 000 [ (45) %3] (8.90) ™% = 2, 440 /5.

For High-Elevation Region 1, the equations
are as follows:

Q, = 0.124 (AREA) "> (PREC)*
= 0.124 [ (45)%%) (28)1* = 375 £/,

and
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Qo = 4.75 (AREA)*™® (PREC) *™*
= 4.75 [ (45)%™%) (28)%7%2 = 975 £/s.

Computed 50-year peak discharges for regions
1 and 8 appear reasonable in comparison to the plots
of maximum peak discharge of record and drainage
area for the two regions (figs. 19 and 34).

Estimates of weighted peak discharges using
equation 7 are as follows.

7,500-7, 100
Qz(w) = 433(_—7W'—)
7,500-7,100, _ 3
+375 (1 - ) = 408 fr'/s,
and
7,500-17, 100

Qsowy) = 240 (——5—)

7,500-17, 100

- 3
700 ) = 1,810 fc'/s.

+975(1 -

ANALYSIS OF GAGING-STATION
RECORDS

Gaging-station records of annual peak
discharges are the foundation of the data base used
in this study. Records throughout the study area
were selected and examined for accuracy and the
required assumptions for a statistical analysis.
Flood-frequency relations were computed using
statistical and graphical analyses. The final best-fit
individual relations then were used to develop
regional flood-frequency relations using the
methods described in the following section
“Regional Analysis.”

Records Used

Records for 1,323 gaging stations in the USGS
peak-flow file were used in this analysis. The
records contain the maximum peak discharge for
each water year (October 1-September 30). Gaging
stations selected for this study (1) are mostly within
the study-area boundary, (2) have 10 or more years
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of systematic record, (3) have annual peak
discharges that were not significantly affected by
regulation or diversions, and (4) are on a system of
tributary streams,

The systematic gaging-station records are for
data collected by the USGS during 1890 to 1986.
Systematic data are the result of regular
observations over a period of time. The systematic
records range in length from 10 to 83 years and
approximately 32,500 station years of data are
included in the 1,323 records. The period of record
was extended at 119 sites with historic floods and at
5 sites with paleofloods. A historic flood or
paleoflood is the largest in a known period beyond
the systematic record. Historic-flood records
ranged from 12 to 200 years and paleoflood records
ranged from 280 to 2,100 years. The historic and
paleoflood information added about 7,500 station
years for a total of 40,000 station years in the data
base.

The gaging stations are fairly well distributed
in the study area (fig. 50). Several gaging stations
outside the study-area boundary in northeastern
New Mexico and west-central Texas were included
in the analysis to add some information to that part
of the study area. The stations are most dense in the
humid mountainous areas and least dense in the arid
desert areas. The average systematic record length
for all sites is 25 years and ranges from 19 to 35
years for the 16 flood regions defined in this study.
Record length tends to increase with drainage area
because most early data-collection efforts were
concentrated in the larger basins for water-supply
purposes (table 21).

Table 21. Drainage area and years of systematic record
at gaging stations in the southwestern United States

Drainage area, in Numberof  Average years

uare miles gaging of systematic
* stations record
Less than 1 120 16.4
1-10 299 17.3
10-100 507 23.1
100-1,000 342 34.2
1,0“)—2,000 55 37.4

The annual peak discharges, in cubic feet per
second, are converted to common (base 10)
logarithms for the flood-frequency analyses in this
study. The average of the mean peak discharges in
each record is 2.3 log units, the average standard
deviation is 0.45, and the average skew coefficient
is 0.028.

Stationarity and Trend Tests

One of the assumptions needed for a statistical
flood-frequency analysis is that the series of annual
peak discharges is homogeneous. One aspect of a
homogeneous series is that the annual peaks should
be stationary over time. The factors that affect the
annual peak discharges generally should remain
constant during the period of record for the sample
and for the period of time for which flood frequency
is to be estimated.

The time series of annual peak discharges were
examined for long-term changes using the
two-sided nonparametric Kendall tau statistical test.
The 340 gaging stations that had at least 30 years of
record were used for the test. At least 30 years of
record was considered necessary for reliable
detection of trends. Eighty-two percent of the
stations had no trend significant at the 5-percent
level (0=0.05), and about an equal number of
stations had positive and negative trends (table 22).
The computed trend apparently is independent of
drainage area because stations that had a wide range
of drainage area had no trend or equal amounts of
increasing and decreasing trends.

The results indicate no significant trend in time
for annual peak discharge at the gaging stations in
the study area. A nonuniform geographic distribu-
tion of computed trends, however, indicates a sys-
tematic effect. A negative trend of decreasing mag-
nitudes of annual peaks for several gaging stations
was detected in the southeastern part of the  study
area. Fourteen percent of the selected stations in
Colorado and New Mexico have a decreasing trend,
and only 2 percent of the selected stations have an
increasing trend. In the northem part of the study
area, 27 percent of the selected stations in Oregon,
Idaho, and Wyoming have an increasing trend, and
no decreasing trends were detected at any stations.
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Table 22. Significance of trends over time in annual
peak discharges for gaging stations with at least 30
years of record in the southwestern United States

Number of gaging stations

State :J;::; - Trend
of record t::' N;e:- None
Arizona......... 31 2 3 26
California ..... 24 1 1 22
Colorado....... 55 1 9 45
Idaho............. 22 7 0 15
Nevada ......... 17 3 0 14
New
Mexico ...... 90 2 12 76
Oregon.......... 15 5 0 10
Texas ...c..cuee 4 0 0 4
Utah............. 55 5 4 46
Wyoming...... 27 5 0 22
Total.....cocovuene 340 31 29 280

Changes of the physical conditions of the
basins in the northern and southeastern part of the
study area that may have caused changes in the
magnitude of flood peaks were unknown for this
study. If the computed trends are related to climatic
variation, extrapolation of the trend to the future is
considered tenuous and beyond the scope of this
study. An analysis of possible trends and climatic
variability for the Santa Cruz River in southern
Arizona showed that these factors introduce
uncertainty in flood-frequency estimates (Webb
and Betancourt, 1992). Adjustment of the computed
flood-frequency relations was not made because
there was no known physical condition in the basins
that could explain the computed trends and because
trends were detected at only a few of the stations in
the northern and southeastern parts of the study
area.

Flood-Frequency Analyses

Analyses were made to determine
flood-frequency relations at 1,323 gaging stations.
The relation of annual peak discharge to
exceedance probability, or to recurrence interval, is

referred to as a flood-frequency relation or curve.
Exceedance probability is the chance that a flood
will equal or exceed a given magnitude in any year.
Recurrence interval is the reciprocal of the
exceedance probability and is the average number
of years between exceedances.

In the flood-frequency analyses, peak-
discharge records were analyzed by mathematical
fitting and graphical analysis. Some adjustments
were made to obtain the best fit of the
flood-frequency relations to the data. Individual
frequency relations were defined for 1,059 sites.
Relations were not defined for 264 sites because of
inadequate samples and poor fits of the relations to
the data. A small sample of gaging-station records
with mixed populations was analyzed to estimate
the effect of such populations on the frequency
relations. A detailed analysis was done to estimate
the regional relations of skew coefficient for the
study area. The final flood-frequency relations
presented in this study reflect the individual
adjustments and the incorporation of the new
information on regional skew coefficient.

The log-Pearson Type III probability
distribution (LPIII) and the method of moments
were used to define flood-frequency relations for
gaging-station records (Interagency Advisory
Committee on Water Data, 1982). In this method,
the series of annual floods at a site is assumed to
represent a random sample from a single
distribution whose characteristics do not change
with time. The LPIII is a three-parameter generali-
zation of the log-normal statistical distribution that
provides sufficient flexibility to approximate many
observed flood distributions. To fit the LPII to a
sample of data using the method of moments, the
annual floods are converted to logarithms and three
statistics are computed—mean, standard deviation,
and skew coefficient. The mean and standard
deviation of the sample define the position and
slope of a plot of the data on log-normal probability
paper. Log-normal data plot as a straight line and
LPIII data plot as a curve with the skew coefficient
defining the amount and sense of curvature,

Detailed evaluations of the computed
flood-frequency relations were made by visual
examination of the fit of the LPIII probability



distribution to the plotted annual peak discharges.
The Cunnane plotting position formula was used to
plot the data on logarithmic normal probability
paper. The Cunnane plotting position essentially is
unbiased and distribution free and provides a
satisfactory visual comparison between the
computed flood-frequency relation and the plotted
peak discharges (Cunnane, 1978).

The shape of flood-frequency relations for
sites is assumed to have limitations. The expected
slope of the relations is positive because peak
discharge increases with decreasing probability of
occurrence. The expected shape of a relation in
log-probability space is a straight line or a smooth
curve with no sharp breaks or discontinuities;
therefore, a three-component LPIII distribution was
used to fit relations. Also the fitted relation is
expected to visually agree with the plotted data; for
example, a persistent departure of the smaller
annual peaks from the fitted relation is not
considered a satisfactory fit.

The reliability of station flood-frequency
relations was assessed by how well the computed
relations fit the plotted peak discharges, the
presence or absence of outliers, and the shape of the
distribution of the plotted peaks. The assessment
showed that 264 sites have a poor fit of the
computed relation to the plotted peaks,
odd-appearing plotted peaks, and usually a large
variance. The peaks at many of these 264 sites that
have inadequate flood-frequency relations were
used in the hybrid analysis to estimate regional
flood-frequency relations. The remaining 1,059
sites were judged to have adequate flood-frequency
relations.

Examination of the plotted peaks found some
similar characteristics that occurred in many of the
records with defined relations (table 23).
Thirty-eight percent of the sites had plotted peaks
with the expected smooth shape of a LPIII
distribution. The remaining sites had one or more
departures from the expected shape. Adjustments to
the frequency relations were made for sites with
low outliers (Interagency Advisory Committee on
Water Data, 1982, appendix 5). When available,
historical periods were applied to sites with high
outliers. Other departures from expectation, such as
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Table 23. Summary of characteristics of station flood-
frequency relations in the southwestern United States

Percent-
age of
Flood-frequency Number stations
of
characteristics stations with
defined
relations
Smooth shape of plotted data.... 399 38
Applied low-discharge
threshold.......coeemieinirsseniinnes 512 48
High outlier.......coocsiniunneeesnnanns 178 17
Historical period used..........c..... 124 12
High outlier and historical
period used......coesrrreenenenseeans 52 5
Jump (discontinuity) in plotted
QAL ovos e ssessess e sisssesen 68 6
Dogleg (break in slope)
in plotted data........cccorseeenns 100 9

sites with discontinuities (jumps) or sharp breaks
(doglegs) in the plotted peaks were coded, but no
adjustments were made.

The percentage of gaged sites with low
outliers, high outliers, doglegs, and jumps in their
plotted peaks was compared to the basin and
climatic characteristics of the sites (table 24). The
gaged sites were placed into three incremental
classes of the characteristics, and an analysis of
variance (ANOVA) was performed to test if there is
asignificant difference in the percentages between
the three classes. The ANOVA was performed by
coding the gaged sites with a 1 if the attribute is
present and a O if the attribute is absent. Thus, the
mean of the 1’s and 0’s in each class of basin or
climatic characteristic is the percentage of the
attributes in each class.The following three sections
discuss the results of these comparisons.

Low Outliers and Low-Discharge
Threshold

Low outliers can have an adverse effect on
computed flood-frequency relations for gaged sites
by causing a large negative skew coefficient that
can distort the frequency relation by flattening the
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Table 24. Characteristics of station flood-frequency relations compared to basin and climatic characteristics in the
southwestern United States

[ANOVA, analysis of variance significance level. The gaging stations were coded with a 1 if the attribute is present and a 0 if the attribute is not
present. The mean of the 1’s and O's in each class of basin or climatic characteristic is the percentage of the attributes in each class. ANOVA was
performed on the three classes to test if a significant difference in means (percentages) exists between the three groups (three classes of basin or
climatic characteristic). Dogleg in plotted data is indicated by a sharp break or dogleg appearance. The data fit into two segments with different
slopes. Jump in plotted data is indicated by a discontinuity or jump where two or more segments are displaced vertically]

Percentage of streamflow-gaging stations with specified characterlstic and

Num- ANOVA significance level
ber
Class of Low dis- Dogieg Jump
sta- charge High in In
tions | thres- | ANOVA | sitiier | ANOVA | Liotted | ANOVA | Liotied | ANOVA
hoid data data

Drainage area, in square miles

Less than 50 536 48 17 7 6
50 to 200 268 48 0.83 12 0.02 9 0.01 9 0.18
More than 200 255 49 21 14 5

Latitude, in degrees
Less than 37 409 53 14 11 6
371041 404 46 .09 19 10 6 .03 8 35
More than 41 246 45 18 11 5

Mean basin elevation, in feet

Less than 6,000 287 55 17 11 7
6,000 to 8,000 382 49 01 16 70 11 08 7 82
More than 8,000 361 43 18 7 6

Mean annual precipitation, in inches

Less than 16 358 56 18 11 8
16 to 25 408 45 .01 16 45 9 17 7 .03
More than 25 254 43 15 7 3

Mean annual evaporation, in inches

Less than 40 383 45 16 9 6
40to 55 429 47 02 19 42 9 78 8 .10

More than 55 247 56 15 10 4




upper end of the relation. Low outliers are small
peak discharges that depart from the low end of a
fitted flood-frequency relation. In addition,
zero-flow years in gaged records are low outliers.
For many sites, the departure of the small peaks
from the fitted relation may be related to
characteristics of the basin or stream channel. This
type of departure should be called a hydrologic low
outlier to emphasize that it is defined by hydrologic
considerations rather than by statistical tests.
Hydrologic low outliers often define a different
relation than the midrange and large peaks. A
peak-discharge record with characteristics of a
hydrologic low outlier may be evidence that the
smaller peaks are from a different flood population
than the larger peaks. Meteorologic processes and
watershed characteristics may affect small flood
peaks differently than large peaks.

Small peaks that are identified as low outliers
using a statistical test and zero-flow years are
truncated, and a conditional probability adjustment
is made to obtain the final frequency relation in the
procedure recommended by the Interagency
Advisory Committee on Water Data (1982,
p. 17-19 and Appendix 5). The statistical
procedure detects the smallest peaks; however,
many small peaks that depart from the fitted
relation are not identified as outliers. In this study,
therefore, a low-discharge threshold was used to
adjust for those small peaks that depart from the
fitted relation but are not detected by the statistical
test. Application of this low-discharge threshold
also used the conditional probability adjustment to
obtain the final frequency relation. The statistical
procedure (Interagency Advisory Committee on
Water Data, 1982) generally is successful in
making appropriate adjustments for low outliers;
however, computed results need to be examined for
hydrologic low outliers if the procedure is not
successful.

The low-discharge threshold was applied to
sites primarily on the basis of the visual fit of the
computed relation to annual peak discharges using
the Cunuane plotting positions. At many sites, the
plot of annual peak discharges has a segment of
small peaks that curves steeply downward. The
low-discharge threshold was commonly set at a
sharp downward break in the relation and always

77

was set at a probability greater than 0.7, which is a
recurrence interval of less than 1.4 years. The
low-discharge threshold was applied to 48 percent
of the sites with defined flood-frequency relations
(table 23), and many of those sites have a statistical
low outlier. The stations with an applied
low-discharge threshold are identified in the data
table under the heading “Relation Characteristics.”
With few exceptions, the use of the low-discharge
threshold resulted in better fits between the
relations and the plotted peak discharges.

Another method used to select the appropriate
low-discharge threshold was to examine the <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>