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ABSTRACT

The relation of sediment yield with climate for selected

watersheds west of the Great Plains is evaluated in four regression

models, each model representing a separate climatic zone. Evaluation

of the estimated sediment yield probability distributions assesses	 ,

the relative likelihood of sediment yield occurrence. Desert climates

produce maximal sediment yields. Sediment yields from forest climates

are relatively high, a reaction thought to be caused by efficient

sediment transport systems associated with mountainous terrain.

ix



CHAPTER 1

INTRODUCTION

The detachment, transport, and deposition of soil particles

by flowing water exerts a continuing influence on geomorphic

development, plant and animal domain, and man's control of his water-

dependent environment. If one acknowledges that the elements of

irrigation began in Jericho nine millennia ago, man's familiarity

with destruction of fields, canals, and reservoirs by erosion and

sedimentation extends into the mists of prehistory. The same

processes responsible for the collapse of the early fluvial

civilizations continue today, causing decreased agricultural

production, diminished canal and reservoir capacities, and altered

wildlife environment.

The increasing importance of reservoirs and canals to

arid zone economies has heightened interest in water yield and

water quality west of the Great Plains. In partial response to

that need, this thesis summarizes the roles of climate and runoff

in eroding and transporting sediment from a selected group of

large watershed basins in New Mexico, California, Oregon, Utah,

Wyoming, and Washington (Figure 1).
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Figure 1.	 Watershed locations.



CHAPTER 2

ELEMENTS OF EROSION AND SEDIMENT TRANSPORT

Erosion, the wearing away of the regolith by detachment and

transport of soil and rock particles, is a natural phase of geomorphic

development. Primary agents of erosion include climate, land use and

vegetation, parent material and soil, and topography.

Climate 

Climate is the principal factor affecting distribution of

most living things on the earth's surface. While natural vegetation

is particularly sensitive to climate, climate also influences soil

distribution. When superimposed, the boundaries of climate, natural

vegetation, and soil zones roughly coincide (Figure 2).

In the sense that broad soil regions of the world follow the

distribution of climatic zones, so too do erosion processes and

erosion rates respond to different climatic regimes. In the eastern

United States where undisturbed slopes receive sufficient moisture to

be well vegetated with grass or forest, erosion rates tend to be

minimal. In regions of low precipitation and long dry summers, an

infrequent convectional storm is sufficient to overcome the

protection offered by scarce vegetative cover.

Langbein and Schumm (1958), utilizing a climatic index of

annual runoff expressed as annual precipitation at a mean

3
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evaporative temperature of 50° F (effective precipitation) (Figure 3),
determined sediment yields to be minimal in extreme arid and in humid

zones and maximal in semiarid zones (Figure 4). A decrease of sediment

yield in arid climates is attributed to lack of water while a decrease

of sediment yield in humid climates is caused by the moderating

influence of increased vegetation.

Fournier (1949) determined sediment yields to be maximal in

both semiarid and seasonally humid tropical climates (Figure 5).

Langbein and Schumm (1958) questioned the upward trend of Fournier's

model for precipitation less than twelve and more than forty-three

inches. Fournier's curve must reverse its slope and swing towards the

origin if there is to be zero sediment yield for zero precipitation.

Fournier's model is in contrast with Corbel's (1964) observation that

erosion rates vary inversely with mean annual temperature. Holman

(1968), in cataloging average sediment yields for the world's rivers,

cited discrepancies between measured and estimated sediment yields

utilizing Fournier's model.

Land Use and Vegetation 

Land use and vegetative cover are among the important factors

controlling soil loss. Vegetation exerts an influence upon erosion

by affecting infiltration and surface flow velocity and by protecting

and binding the soil surface. An increase in infiltration decreases
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Figure 3. Relation between annual precipitation and runoff for a
mean temperature of 50°F (from Langbein and Schumrn,
1958).
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surface flow permitting less water to cause erosion. Decreased

velocity imparts less energy for the detachment and transport of

soil particles.

The protection offered by vegetation against erosion is in

proportion to its canopy above and root distribution below the soil

surface. Plant litter also protects soil against splash erosion

while roots serve as reinforcement against detachment. Decomposing

plant remains add to the soil organic matter content and thus provide

a better soil structure by binding the elemental particles

(Colman, 1953).

Andre and Anderson (1951) investigated the relation between

soil erodibility and natural vegetation type in northern California.

They observed erosion to be highest for soils developed under brush.

Forest soils and grassland soils rated second and third respectively

in relative erodibility. Jansen and Painter (1974) rated natural

vegetation groups in order of decreasing protection as forest, grass,

steppe, and desert. Their listing is probably accurate to the degree

that climate accounts for broad associations of vegetation and that

erosion is a surface phenomenon not subject to mass wasting.

Land disturbances tend to affect increases in sediment load

normally associated with a vegetative type. Colman (1953) discussed

increases of sediment load caused by burning of forest and grass

lands. Dunford (1954), Branson, Miller and McQueen (1962), Rauzi

(1960), Rauzi and Hanson (1966), Rauzi and Kuhlman (1961), and Rauzi

and Smika (1963) discussed increased erosion rates associated with

ranges in poor condition.

8



Parent Material and Soil 

A number of factors contribute to the detachment and transport

of a soil or rock particle from its parent mass. Primary physical

characteristics affecting a soil particle's erosion potential include

its cohesiveness, its density, and its size.

Other factors being equal, an increase in soil bulk density

decreases soil porosity and infiltration, causing an increase in

surface flow. Copeland (1965) observed an increase in erosion rates

corresponding to increased soil bulk densities on elk winter range.

Foster and Martin (1969) observed low unit weight soils on steep

slopes to be particularly prone to erosion. Similarly, Rowlison and

Martin (1971) observed maximum erosion rates to be a function of soil

unit weight, slope, and depth of water flow. Wischmeier and

Mannering (1969) considered unit weight of the plow layer in

estimating soil erodibility for their soil loss equation.

Andre and Anderson (1961) noted the ratio of suspension of

fines to total silts and clays (soil dispersion ratio) to be an

indicator of soil erodibility correlated with parent material rock

type. Northern California soils derived from acid igneous rock were

two-and-one-half times more erodible than soils derived from basaltic

rock. Wallis and Stevan (1961) correlated erodibility of California

wetland soils with metallic cation exchange capacity, noting surface-

aggregation ratio to be a function of calcium and magnesium adsorbed

on clay particles.

9
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Jansen and Painter (1974) observed relative erodibility to be

inversely related to rock hardness and rock age (Table 1).

Table 1. Relative erodibility as a function of rock age and rock
hardness.

Approximate Years	 Order of	 Order of
Age
	

Before the Present	 Rock Hardness	 Erodibility

Paleozoic	 600 000 000 to 230 000 000	 4	 2

Mesozoic	 230 000 000 to 63 000 000 	 3	 3

Cenozoic:

Tertiary	 63 000 000 to 2 000 000	 2	 4

Quaternary 2 000 000 to 	 present	 1	 1*

* Quaternary rocks erode least because of their frequent location in
low flat alluvial plains where denudation rates are low (Jansen and

Painter, 1974).

Particle size may also influence erosion processes. Splash

erosion increases with the percentage of sand in the soil and

decreases with increases of water-stable aggregates (Linsley, Kohler,

and Paulhus, 1958). Flaxman (1972) observed temporary organic

bonding (and resistance to detachment) of coarse-grained soil to

be associated with soil pH. Areas with soil pH greater than 7.0

tend to have low precipitation, sparse vegetal cover, low soil organic
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content, and poor aggregation. Exceptions are basic soils derived

from calcium which are well aggregated (e.g., Rendolls) and soils with

high exchangeable sodium (e.g., Natrustolls).

Topography 

Topography influences sediment yield by affecting the ease

of particle detachment and the physics of turbulent transport. By

magnifying soil instability and by augmenting flow velocity, slopes

play a major role in increasing erosion. Slope lengths, drainage

networks, and possibly other physiographic characteristics also

influence soil loss.

The steeper the slope, the more effective splash erosion

becomes in downward transportation of detached soil particles. On

slopes, soil movement caused by splashing is in all directions with

net displacement downhill.

In heavy soils, steep slopes become subject to creep and mass

slides. Creep is the plastic deformation of slopes caused by

gravitational and other forces. Mass slides are processes at

depth rather than surface phenomena. Their index of stability with

respect to sudden failure has been shown to decrease with increasing

angle of repose (Hough, 1969).

Zingg (1940) observed length of slope to be an important

factor in soil loss. Lower slopes receive flow from above, increasing

soil moisture, increasing depth of surface flow, and, in the case
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of soils subject to plastic deformation, decreasing shear resistance

to moving surfaces. Musgrave (1947) and Wischmeier and Mannering

(1969) included both slope steepness and slope length in their soil

loss equations.

Channel network properties portray the efficiency of

drainage systems in collecting runoff and in transporting eroded

material. Maner (1965) and Roehl (1962) investigated the influence

of channel density in affecting the ratio of sediment yield to total

erosion (sediment delivery ratio). High runoff per unit area on

small watersheds with dense channel networks is associated with higher

sediment delivery ratios than would be associated with larger, less

efficient areas.

Erosion Models 

Quantitative assessment of erosion was probably first

realized by the success or failure of early engineering works. Today,

measurements in streams of dissolved solids, suspended solids, and bed

load permit an estimation of erosion rate expressed in terms of

general lowering of the surface (denudation) or in terms of weight

or volume of sediment eroded from a unit area (sediment yield).

Measurements of deposition, usually in the form of reservoir soundings,

are also used to indicate the relative erodibility of a particular

watershed basin.

Erosion models are often separated into two catagories:

those dealing with the hydraulic mechanisms of flowing water to

transport sediment and bed load and those relating sediment yield
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to a variety of basin characteristics and conditions. Concerning the

latter, Anderson (1957) noted the independent variables to be elements

of three sets describing: 1) inherent geomorphic characteristics,

2) land use and vegetation conditions, and 3) storm and streamflow

characteristics.

Two often used methods of estimating soil loss east of the

Rocky Mountains are the Musgrave method and the universal soil loss

equation developed by Wischmeier and Mannering. Musgrave (1947)

determined that soil loss from small plots is related to soil erodibil-

ity, vegetative cover, length and steepness of slope, and rainfall

intensity. Wischmeier and Mannering (1969) expressed soil loss as a

function of soil erodibility, soil use and management, rainfall, and

slope length and steepness. Expression of sediment yield in terms of

gross erosion requires a conversion factor (delivery ratio) (Williams

and Berndt, 1972). Maner (1958 and 1965) and Roehl (1962) discuss

delivery ratios in terms of rainfall and watershed characteristics. The

Musgrave and Wischmeier - Mannering methods neglect sediment caused by

other than splash, sheet, and rill erosion, e.g., bank cutting and mass

wasting. Beer, Farnham, and Heinemann (1966) caution against the use of

simple deterministic models on complex watersheds where their

applicability may be exceeded.

In 1951, Anderson described a multiple regression model

relating sediment yield in California to a vegetative cover index

and a ratio of suspended fines to total silts and clays (soil disper-

sion ratio). In subsequent work, Anderson and Wallis (1963)

proposed a series of multiple regression models relating sediment
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yield to streamflow, topography, soil, and land use. Using factor

analysis, Wallis and Anderson (1966) derived an additional sediment

yield model for northern California using variables expressing

precipitation, area burned by wildfire, area in unimproved roads,

area logged, grassland area weighted by percent slope, and mean

annual runoff. Williams, Hiler, and Baird (1971) used factor

analysis to derive a sediment yield model for blackland soils in

Texas utilizing variables of landmass distribution, weighted rainfall

intensity, rainfall amount, ratio of peak flow to total runoff

(peakedness ratio), and percent cultivated area.

The use of regression and other multivariate techniques to

develop a causal relationship between many interrelated variables is

severely restricted by the quality and quantity of available data.

Weber, Kisiel, and Duckstein (1973) discuss problems of sample size,

measurement errors, missing observations, and proxy data associated

with multivariate hydrologic models. Betson (1963) suggests a

computerized trial and error approach to empirical model building.

Rational control of model construction should provide a prediction

equation resembling more the actual physical processes involved.



CHAPTER 3

MATERIAL AND METHODS

Annual sediment yields representing a total of 178 data years of

seventeen western United States watersheds (Table 2) were correlated

with climate in four separate regression models. Analysis of the

regression equations describes the relative influence of desert,

steppe, and forest climates in eroding sediment. Probabilistic models

developed from the estimated sediment yields provide a forecast of

sediment yields and their relative frequency of occurrence given a

measure of climate. Comparison of the results with other sediment

yield models defines discrepancies important in explaining model

adequacy.

Watersheds

Selection

Watersheds selected as a data base were constrained by a

number of limiting characteristics. To prevent the possibility of a

watershed representing more than one climatic zone, watershed areas

were limited to less than 10,000 square miles. Regulated streams,

streams involving inter-basin transfers, and streams with sediment

sampling stations below major cities and industrial sites were

rejected.

15
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Table 2. Characteristics of the selected watersheds.

Stream State
Watershed

Area
( mi2)

Mean
Average	 Annual

Data Years	 Sediment Yield	 Precipitation

(T/mi 2 )	 (inches)

Colorado River

Animas River at Farmington
Gila River gear Gila
Green River
Paria River at Lee's Ferry
San Pedro at Charleston
San Pedro at Winkleman
Virgin River at Littlefield

NM
NM
WY
AZ
AZ
AZ
AZ

1360
1864

10000
1410
1219
4449
5090

1953 - 69
1960 - 66
1955 - 71
1948 - 70
1964 - 70
1963 - 70
1948 - 68

548
58
33

2511
448
532
455

16.54
12.13
9.60
10.66
15.19
15.20
12.42

Columbia River

John Day River at McDonald
Ferry OR 7580 1963 - 67 376 12.25

Palouse River at Hooper WA 2500 1962 - 67 431 16.42

Tucannon River at Starbuck WA 431 1963 - 67 1 794 13.62

Willow Creek near Arlington OR 850 1963 - 67 495 11.08

Alameda Creek (Enters San Francisco Bay)

Alameda Creek near Niles CA 633 1958 - 68 271 14.88

Missouri	 River

Badwater Creek at Lysite WY 415 1967 - 71 859 8.60

Bridger Creek near Lysite WY 182 1967 -	 71 281 8.60

Fifteen Mile Creek near
Worland WY 518 1953 - 71 1075 6.84

Muddy Creek near Pavillon WY 267 1951	 - 58 462 9.47

Rio Grande River

Rio Puerco near Bernardo NM 7350 1951	 - 69 912 9.30



Descriptions

The data watersheds, for the greater part, are grouped into

separate topographic settings which have common structural, climatic,

vegetational, and soil characteristics. Watershed descriptions are

by comprehensive areas defined by major drainage and physiography.

Except where noted, watershed physiographic, vegetation, and soils

descriptions are from Hunt (1974). Climatic descriptions are

derived from Wernstedt (1972).

Columbia - Snake River Plateau. The Columbia - Snake River

Plateau includes the John Day, the Palouse, the Tucannon, and the

Willow Creek watersheds used in this study. The plateau, extending

slightly more than 100,000 square miles, contains most of the

Northwest's lava fields. Elevations are low, ranging from below

500 feet to less than 2,000 feet. Low rainfall caused by the rain

shadow of the Cascades and moderate temperatures create a generally

semiarid climate.

The greater portion of the study watersheds lie upon the

Walla Walla Plateau with the upper reaches of the John Day River

extending into the Ochoco and Blue Mountains. Downwarped basins

blocked by volcanic activity in early Teritary time accumulated

deposits of sandstone and shale. Continued downwarping and volcanic

activity through the Miocene period created additional accumulations

of lavas known as the Columbia River Basalt.

17
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The lowest part of the plateau, the Pasco Basin, envelopes

the Palouse watershed northeast of the confluence of the Snake and

Columbia rivers. Pleistocene floods stripped lake bed deposits

overlying buried lavas, channeling what is now desert scabland

(Bretz, 1928).

The lavas of the Pasco Basin rise southward, encompassing the

Tucannon and John Day Rivers and Willow Creek in the Ochoco - Blue

Mountains uplift. Deep incision of the John Day River has exposed

the underlying lavas as they begin their rise westward to form the

Cascades.

Climate of the Columbia - Snake River Plateau is semiarid

and cool. Winter temperatures tend to freezing while summer

temperatures average seventy degrees (Figure 6). Average annual

precipitation is twelve inches on the John Day River and increases

eastward. Rainfall distribution is fairly even except for summer

droughts.

Sagebrush predominates on the Palouse, Tucannon, and Willow

Creek watersheds and grades into bunchgrass, ponderosa pine, and

Douglas-fir on the upper reaches of the John Day River. Availability

of water largely governs vegetation type, about ten inches of

precipitation regulating the brushland-grassland transition and about

fifteen inches of precipitation regulating the grassland-forest

transition.

Surface deposits are generally pre-Wisconsin loess. Loess

deposits are absent on the channeled scablands of the Palouse drainage
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Figure 6.	 Climate of the Columbia - Snake River Plateau.
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but overlie basalts on the divides. Alkaline soils predominate in

the west, becoming increasingly acidic in an easterly direction.

Middle Rocky Mountains and Wyoming Basin. The Middle Rocky

Mountains and Wyoming Basin encompass Fifteen Mile Creek, Bridger

Creek, Badwater Creek, Muddy Creek, and Green River gaged watersheds.

The Bighorn Mountains, which divide the province into north and

south segments, direct runoff from the Wyoming Basin into the

headwaters of the Colorado River while the remaining watersheds empty

northward into the upper reaches of the Missouri River. Primary

features of the area include Tertiary valley sediments bounded by

Precambrian anticlines. Paleozoic and Mesozoic formations are deeply

downfolded under younger deposits, forming broken hogbacks and cuestas

along mountain flanks. The climate is generally semiarid save for

colder, more humid conditions at higher elevations.

The Bighorn Basin is flanked by Bridger and Badwater Creeks

with Fifteen Mile Creek situated centrally on the basin floor and with

Muddy Creek lying on the north facing slopes of the Owl Creek Range.

A basin similar in many respects to the Great Plains, geologic cross

sections reveal Tertiary deposits overlying a Precambrian base.

Pleistocene glaciation of higher elevations filled the valleys with

sand and gravel and exposed the Precambrian cores of the surrounding

peaks. Watershed topography is governed primarily by location in

relation to the basin floor; Fifteen Mile Creek represents
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depositional terrain features while the other watersheds possess the

hogbacks and cuestas generated by exposed disconformities of downwarped

deposits.

The drainage of the Green River connects the Great Plains with

the Colorado Plateau. Physiographic features of the watershed

represent characteristics both of the plains and of the surrounding

mountains. Geologically similar to the watersheds of the Bighorn

Basin, some variance is created by the Great Divide Basin to the

east, in effect separating the Continental Divide by a depression

Climate of the Middle Rocky Mountains and of the Wyoming

Basin is semiarid and cool with short periods of winter drought on

the Bighorn Basin (Figure 7). Average annual precipitation increases

with mean elevation, being about seven inches at Fifteen Mile Creek

and about ten inches on the Green River. Temperatures fall well

below freezing during winter with averages of about seventy degrees

during summer.

Vegetation is altitudinally zoned, though the only watershed

with significant stands of timber is the Green River. Sagebrush

dominates all the data sites with alkali-tolerant greasewood present

on alkaline alluvial flats near Fifteen Mile Creek.

The Wyoming and Bighorn Basins are dominated by alluvial

deposits, dry lake beds, and aeolian deposits of dune sand and loess.

Soils tend to be alkaline with little organic matter in the surface
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horizons. Subsoils may contain caliche hardpans. Parent materials

tend to dominate soil textures and compositions, sandy formations

producing sandy soils and shale formations producing clayey soils.

Colorado Plateau. The Virgin, Paria, Animas, and Rio Puerco

watersheds share primary characteristics of the Colorado Plateau with

some overlap into the Southern Rocky Mountain and Basin and Range

Provinces. Principal to the area are extensive fields of horizontal

sediments broken by structural upwarpings, igneous structures and

lava pleteaus, high altitudes, and semiarid climatic regimes.

Basin topography dominates the Rio Puerco watershed situated

within the Navaho depression. Paleozoic rocks forming the rim of the

plateau are overlain at the basin center by more than 10,000 feet

of Cenozoic and Mesozoic deposits. Characteristic of the area are

broad shaly flats separated by low cuestas. To the north, the Animas

River flows from headwaters exceeding 10,000 feet elevation through

canyon walls consistina of crystalline schists and gneisses. Between

Snowdon Peak and Mount Garfield the canyon is 4250 feet deep, passing

through awesome scenery probably responsible for the river's former

name "El Rio del las Animas Perdidas" (River of Lost Souls) (Atwood

and Mather, 1932). Volcanism during late Cretaceous time released

volcanic sediments southward from the San Juan Mountains onto depres-

sions of the Colorado Plateau. Subsequent anticlinal uplifts turned

up Paleozoic and earlier deposits against the mountain flanks,

creating hogbacks at middle elevations on the watershed. Glaciation

during the Wisconsin deposited terminal moraines and outwash terraces

near Animas City (Atwood and Mather, 1932).
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The Virgin and Paria watersheds to the west typify the high

fault block formations of south central Utah. Erosion through under-

lying Tertiary and Mesozoic sediments has formed lava capped plateaus

common to the area.

Climate of the Colorado Plateau is generally semiarid

except for the higher elevation zones of the Animas River (Figure 8).

Precipitation is meager along the major drainages, particularly within

proximity to the plateau center. Convectional storms during the

summer tend to form an important contribution to total annual rain-

fall. Temperatures are high but decrease considerably with increases

in altitude. Winter temperatures are cold.

Vegetation of the plateau region reflects the availability

of water and is largely altitudinally dependent. Forestlands exist

above elevations of about 7500 feet with pinyon and juniper woodlands

existing at lower elevations. All the data watersheds contain some

elements of timbered land, though the Animas drainage predominates in

importance. Below the woodlands is situated the Upper Sonoran

Zone supporting sagebrush, grasses, and xerophytic shrubs.

Surficial deposits on the Colorado Plateau derive principally

from glaciation of high elevations, from thaw of Pleistocene snows

creating massive debris avalanches, from active dunes on upland areas,

and from windblown desert loess. Most plateau soils tend to be only

slightly weathered and strongly resemble their parent materials

(Entisols and Aridisols). Under conditions of extreme aridity a

caliche hardpan is commonly present. Soils of mountain slopes may

be slightly acid while plateau soils are usually alkaline.
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Mexican Highlands. The Mexican Highlands, including the Gila

and the San Pedro watersheds, grades into the Colorado Plateau to the

north and into the Sonoran Desert to the west. Structurally, the

province contains well defined fault block mountains differentiated by

wide valleys trending in a northwest direction. Climate is semiarid

except on mountain summits. Vegetation ranges from forest to desert

shrub, the availability of moisture being the predominate controlling

factor. Soils are generally classed as Aridisols with a caliche

hardpan commonly present.

The structure of the Gila and San Pedro drainages of the

Mexican Highlands is complex owing to major deformations and intrusions

characterizing the province. During late Cretaceous time the

San Pedro drainage was uplifted to elevations higher than the

Colorado Plateau. The situation reversed in Tertiary time, structural

movements lowering the province and creating the faults responsible

for the areas mountains and valleys. The headwaters of the Gila

River on the northern edge of the province consist of a block-

faulted lava plateau grading into Tertiary lavas of the southern

Colorado Plateau.

The climate of the area is semiarid with summer precipitation

contributing an important part of the annual rainfall (Figure 9).

Temperatures are hot during summer and mildly cold during winter.

Potential evaporation is high.
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Brushlands and desert grasses dominate both drainages.

Ponderosa pine and Douglas-fir are present on mountain slopes with

pinyon, juniper, and oak woodlands established on lower elevations.

Unconsolidated alluvium dominates valley profiles. Soils

are usually Aridisols with a well developed caliche hardpan. Soils

at high elevations tend to be better developed, acidic, and devoid

of caliche.

Pacific Coastal Range. The California Coast Mountains contain

Niles Creek which drains the Diablo Range into San Francisco Bay at

Niles. The basin consists of complexly folded formations affected

by seismic activity of the nearby Hayward fault. The climate is

Mediterranean, supporting grassland and woodland vegetation at low

elevations.

Niles Creek watershed, which drains the flanks of Valpe Ridge

and Packard Ridge, consists of complexly faulted Mesozoic marine sand-

stones. Fault action is indicated by hills rising abruptly from

valleys and numerous slides along hill fronts (California Division of

Mines, 1951). Mountain crests are broad rolling uplands.

The climate is temperate Mediterranean with extreme summer

droughts (Figure 10). Summer temperatures are high with most

precipitation falling during winter. Evaporation potential is high.

Woodland vegetation interspersed with grassland is present at

low elevations. Brushland fires are a hazard during dry summers.

Residual deposits of red clay date from the Tertiary. Soils

are lightly acidic and are classed within the Ultisols. Surface

layers are well developed and rich in organic matter.
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Regression Model 

The association of sediment yield with precipitation has been

quantified in models by Anderson (1957), Anderson and Wallis (1963),

Betson (1963), Corbel (1964), Flaxman (1972), Fournier (1949 and 1960),

Jansen and Painter (1974), Langbein and Schumm (1958), Musgrave (1947),

and Wischmeier and Mannering (1969). If one accepts the relation of

sediment yield with precipitation to vary with climate, a theoretical

fan of sediment yields to precipitation indexed by broad climatic

associations is produced (Figure 11).

ANNUAL PRECIPITATION

Figure 11. Theoretical relation between sediment yield and annual
Precipitation.



Expressed mathematically, the above functional relationship

(Figure 11) is:

B	 B
= B o	 X2

in which:	 =	 Estimated sediment yield

	B o =	 Constant

	B 1 =	 Climatic coefficient

	B2 =	 Precipitation coefficient

	X 1 =	 Climatic index

	X 2 =	 Annual precipitation.

A linear regression evaluation of (1) for the coefficients B o , B 1 and

B2 requires its logarithm:

	

Ln	 = Ln B o + B1 Ln X 1 	+ B2 Ln X 2 	 (2)

For reasons of simplification and convenience, removal of Bo from (2)

defines

	Ln	 = B1 Ln X 1 + B2 Ln	 X2
	

(3)

evaluated in this thesis for each of the theoretical climatic zones

represented in Figure 11.

Certain assumptions form a basis for the use of linear

regression. Among the more important assumptions are normality of

errors, homoscedasticity of errors, serial independence of errors,

and linearity of fit. An explanation and examination of their

relative significance to the regression solutions is contained in the

results section of this thesis.

31
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Examination of the regression coefficients B o and B1 provides

a measure of the relative influence of climate X
1 
and precipitation

X2 in producing sediment yield. The coefficients of determination

R2 derived from regression of the data and partitioned among the

independent variables ("simple R" or the marginal coefficient of

determination) is the relative amount of variance of sediment

yield explained by the regression of sediment yield on the individual

independent variables X 1 and X2 . Simple R's describe the relative

strength of one independent variable with respect to other independent

variables. Extremely low simple R's indicate low significance of a

particular variable and provide a basis for variable deletion from

the final regression equation.

Reliability of sediment yields derived from the regression

equations is indicated by construction of confidence intervals on

the estimated values. Associated with the interval is the probability

it contains the true unknown value of sediment yield. The

probability is a measure of confidence in the interval containing the

estimate. Stated formally, the probability of committing a Type I

error (The probability of rejecting a true sediment yield estimate

given that estimate is true) is denoted by a, that is

a	 =	 P [ reject S I	 S true ] .

Two numbers, a (s*) and b (s*) are derived from the sampling

distribution of sediment yields S, such that

P [	 a (s*)	 S	 b (s*) J 	=	 1 - a .
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The interval E a (s*) , b (s*) ] is called a 100 (1 - a)% confidence
interval for S (Afifi and Azen, 1972). Confidence intervals for the

individual sediment models evaluated in this thesis are discussed

in the results section.

Probabilistic Model 

Extension of the regression model to a probabilistic model

identifies extreme sediment yields and their relative probability of

occurrence. A probability density function f(x) utilizing estimated

rather than measured sediment yields forecasts sediment based upon

parameters used in the regression. The conditional probability

P [ sediment yield I climate]

extends sediment yield estimates beyond the domain defined by the

data watersheds. Sources of error other than those accounted for by

regression may cause deviance between actual and estimated probability

density functions for a particular watershed. Numerous exceptions to

generalized models can be cited, expecially when glaciation, deforesta-

tion, cultivation, or a change in base level (longitudinal stream

profile arrested in further downcutting by an impediment) become

important (Langbein and Schumm, 1958).

Derivation of the empirical density function of sediment

yield with respect to independent variables of precipitation and

climate is accomplished with the "distribution function technique"

(Hogg and Craig, 1970). That is, if X 1 , X2,	 , X n are random
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variables, the distribution of Y = u( X1, X 2 ,	 , X n ) is computed

by calculating the cumulative distribution function of Y, namely

G (Y) = P t u (x l , X 2 ,	 , X n ) < Y J. 	(4)

Substitution of (3) into (4) provides the cumulative distribution

function of sediment yield F* (X), where

B1	 B2
F* (X) = P [ ( X i 	X2 	) < X ].

Markovic (1965) observed probability density functions for

annual precipitation and for runoff to be positively skewed, that is

the value of the mode is exceeded by the value of the mean, with only

slight difference between log-normal and gamma distributions.

Sediment yield, because of its association with both runoff and

precipitation, should be similarly skewed with its proposed density

function f(x) defined by the following gamma distribution:

K-1 -X X
X(XXI - e 	 ,X	 0	 (6)

r ( K )

Parameters K and X are derived from the mean p and variance a2 of the

estimated sediment yields where

P	 X

0.2	 K
•X

(5 )

f(x)

and



F (K) is equal to (K - 1)! if K is an integer, but more generally

r (K) is defined by the following equation for non-integer K's:

f -u K - 
'dur (K) =	 e	 u	 .

,r)

The gamma distribution (6) becomes discrete when sediment

yields are defined within classes expressing a uniform range of

values similar to those shown in Table 3.

Table 3. Separation of sediment yields into discrete classes

Sediment Yield Class
Range of Annual Sediment Yields

(T / mi 2 )

1 0 - 499

2 500 - 999

3 1000 - 1499

•
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The cumulative distribution F (X) of (6) is defined as the sum of

f(x) over the domain of sediment yield classes, namely

F (X) = E f(x).
w9(

Quantitative goodness-of-fit between F(X) and F*(X) is tested in this

thesis by the Kolmogorov-Smirnov test, a test statistic D which

concentrates on the deviations between the empirical cumulative

distribution function F(X) and the estimated cumulative histogram

F*(X), that is

D	 =	 max j I F* (X)	 -	 F (X) I J.
i=l

Tabular values are available for testing D, the test hypotheses of

which are:

Null hypothesis, H o : Sediment yield has a gamma distribution
Alternate hypothesis, H a : Sediment yield does not have

a gamma distribution.

Comparison between probabilistic models derived in this

thesis and models developed by other authors is difficult because of

different assumptions underlying each investigation. Comparisons are

made in the results section of this thesis, however, and are used to

identify discrepancies and to isolate causes for exceptions from the

aeneralized models by Fournier (1949) and Langbein and Schumm (1958).

36
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Dependent Variable: Sediment Yield 

Although sediment yield may represent only a small fraction of

erosion occurring on a watershed, its importance becomes paramount in

the planning, design, construction, and operation of most water resource

projects. Sediment transported by both natural and regulated

streamflow affects projects developed for soil conservation, flood

control, irrigation, navigation, water supply, and hydropower.

The U.S. Geological Survey lists fourteen Federal agencies and

eighty-one non-Federal agencies conducting surface water data acquisi-

tion activities in the United States (U.S. Geological Survey, 1972).

Sediment load measurements have been taken regularly in the Colorado

River since 1925. However, changes in measurement techniques,

continuity of data, and availability of corresponding climatic data

generally limit modeling of sediment yield to post 1940 data.

Consistency of suspended sediment sampling techniques

and equipment becomes important in the use of 
historical data. The

U.S. Geological Survey first listed requirements of an 
ideal

suspended sediment sampler in 1875 (U.S. Geological Survey, 1972).

Since 1940, the development of efficient time-integrating samplers

and of depth-integrating procedures has permitted reasonably

uniform representative samples of sediment transported in streams.

The earliest sediment records utilized in this study 
date

from 1948. Discontinuous sediment data, lack of 
associated climatic

records, and changes in basin characteristics prevented establishment

of a period of record common to all watersheds.
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Independent Variables 

Precipitation

Precipitation transmits the energy required for particle

detachment and, as subsequent runoff, provides the medium required for

sediment transport. Rainfall data used in this study are annual

averages from published sources of the Weather Bureau. Consistency of

record, subject to the same constraints as sediment yield, was

examined with respect to the corresponding period of sediment data.

The number of weather stations established since 1950 encourages the

use of recent rather than older data.

Runoff Ratio

If one accepts climate as the single most important element

affecting the distribution of living things on the earth, climate has

obvious application to modeling of natural phenomena. A number of

climatic classification systems exist, not all of which are applicable

or pertinent to watershed investigations.
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Of special interest in cataloging watershed climatic

characteristics are those indices bearing a relationship to the water

balance

G = P+D-E+I- Q

where	 G = Subsurface storage

P = Precipitation

D = Dewfall

E = Evaporation

I = Inflow

Q = Runoff.

Assuming annual changes in subsurface storage and contributions by

dewfall to be negligible and restricting the investigation to closed -

basins, the water balance simplifies to

P = E + Q.	 (10)

Equation 10 can be rewritten

Q. 1 - 1E3-

illustrating the evident dependence of the ratio of runoff to

precipitation (runoff ratio	 ) on mean annual precipitation and

evaporation (Sellers, 1965). Given the large vapor pressure gradients

typical of arid regions, most of the precipitation evaporates before

runoff can occur, the converse occurring in more humid zones. Budyko

(1965) offers the following climatic divisions based upon runoff ratio:
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Climatic Region

Tundra > 0.7

Forest 0.3 - 0.7

Steppe 0.1 - 0.3

Semidesert 0.03 - 0.1

Desert < 0.03

Some discrepancy occurs between Budyko's classification

and the older, more well known Koppen system (Table 4) which indexes

precipitation to an empirical estimate of potential evaporation.

Higher runoff ratios denoting cooler, more humid climates seem to be

in only limited harmony with Koppen's temperate cold climates.

It would also appear that Koppen's system might imply greater aridity to

the study watersheds than is indicated by runoff ratio. Neglected in

runoff ratio is an indication of the influence of seasonal and spatial

rainfall distributions and their impact upon runoff. Warm climates

with most of the precipitation occurring during winter may denote

relatively high runoff ratios yet remain essentially arid, e.g., the

Tucannon River. Spatially, rainfall occurring near the base of a

basin will cause higher runoff ratios than will precipitation near the

headwaters. The high variability of rainfall amounts and

distributions in arid zones is correspondingly transmitted to local

variance of the runoff ratio.

An important advantage of Budyko's ratio in sediment studies

is its reflection of the efficiency of a basin in delivering runoff

and in transporting sediment. Basins possessing simple drainage
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Table 4.	 Watershed climatic classification

Basin
Q
P

Associated
Vegetation Type

Koppen
Classification

Natural

Vegetation Type

San Pedro at Winkelman .010 Desert BS kw Desert scrub

Rio Puerco near Bernardo .014 Desert BS kw Woodland

San Pedro at Charleston .022 Desert BS kw Desert scrub

Paria River at Lee's Ferry .025 Desert BS k Brushland

Muddy Creek near Pavillon .029 Desert BS kw Brushland

Fifteen Mile Creek near Worland .037 Semidesert BS k Brushland

Virgin River near Littlefield .042 Semidesert BSk Woodland

Willow Creek near Arlington .051 Semidesert BS k Grassland

Badwater Creek at Lysite .077 Semidesert BS kw Brushland

Alameda Creek near Niles .080 Semidesert Cs Chaparral

Gila River near Gila .090 Semidesert BSk Woodland

Bridger Creek near Lysite .141 Steppe BSkw Brushl and

Palouse River at Aooper .163 Steppe O f Brushland

Green River .256 Steppe Df - BSk Brushland

John Day River at McDonald Ferry .304 Forest BSk Brushland

Tucannon River .320 Forest BSk Grassland

Animas River .412 Forest BSk	 Dfa Brushland

Koppen climatic type:	 BS k -- middle latitude dry	 Df - - temperate, cold humid
winters

BS kw - middle latitude dry, 	 Dfa - temperate, cold humid
winters, hot summers

Cs	 - Mediterranean, humid
winters, summer drought
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networks or impermeable surface areas with steep slopes would have

higher runoff ratios and possibly higher sediment yields than would

more complex or more permeable basins in the same climatic zone. Also

known as runoff efficiencies, runoff ratios serve as indices to watershed

management practices designed to increase water yield. Catastrophic

influences, such as forest fires, also affect runoff efficiencies and

likewise influence sediment yields.



CHAPTER 4

RESULTS AND DISCUSSION

The regression models are examined with respect to the

underlying assumptions of regression, especially normality of errors,

homoscedasticity of errors, serial independence of errors, and

linearity of fit. A decline of sediment yield with increasing runoff

ratio was observed in all but forest climates where sediment yields

increased with increasing climatic index. The probabilistic models

derived from estimated sediment yields were positively skewed with

the greatest frequency of occurrence in the lower yield classes.

General comparisons between probabilistic models developed

in this thesis and models developed by Langbein and Schumm (1958)

and Fournier (1949) indicate discrepancies in several climatic zones.

The lack of a climatic index common to all of the above models is a

principal difficulty in making adequate comparisons. Western

watersheds are shown to have efficient sediment retarding systems

within steppe climates. Forest climates maintain relatively high

sediment yields, an effect probably caused by erosion of steep slopes

and efficient sediment transport systems.

Regression Model

Climatic stratification of the data following Budyko's runoff

ratio classes produced four models (Table 5). Standard deviation was

43
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consistently high throughout all categories (Figure 12). Significance

levels appeared to respond inversely to decreases in sample size and

directly to increases in the coefficient of determination. Precip-

itation contributed least as a variable in semidesert climates. The

generally low R 2 for precipitation in the remaining models suggests

its deletion from (3). The greatest proportion of variance in

sediment yield accounted for by regression is within Budyko's forest

category. The relatively high R2 for that class is possibly a

response to the small inter-watershed variance created by a

comparatively small sample size.

Examination of the regression coefficients shown in Table 5

infers negative correlation between sediment yield and runoff ratios

less than 0.3 (Budykois desert, semidesert, and steppe classes) and

positive correlation for runoff ratios exceeding 0.3 (Budyko's

forest class). Seemingly in agreement with Fournier's (1949) and

Langbein and Schumm's (1958) observation that sediment yields increase

with aridity, it may also be true that, beyond a certain climatic

index, sediment yields increase with increasingly temperate climates.

Characteristic of the watersheds contributing to the forest climatic

model (Animas, John Day, and Tucannon Rivers) are deeply incised,

highly confined main channels accompanying steep slopes in the upper

basins. Comparatively efficient delivery systems low in intermediate

sediment deposition may partially explain their exception to the

trend established by the more arid models.



2	 4	 6
MEASURED SEDIMENT YIELD

(LN S, TONS / SQ. MI.)

46

DESERT
	

SEMIDESERT
C) 8

0	 -J_J	 Luw
3--	 7-
i_ 6	 I- 6
z	 z
tu	 w
-5	 2

-c-717 4	
6

w u4
(i)	 U.)

0	 a
w	 ta
1-- 2	 l-2
a	 a
2	 .e
F: I-V)	 U.)
wO	 w 0

2	 4	 6	 8
MEASURED SEDIMENT YIELD

(LN S, TONS / SQ. MI.)

STEPPE
	

FOREST
cl 8	 o 8
-J

1.11
37-

z	 z
I- 6 	i- 6

Lu
2

6 4w 4	 Lu
tr)

l-2	 i-2
a

2
F--

U)	 (i)

2	 4	 6	 8
MEASURED SEDIMENT YIELD

(LN S, TONS /SQ. MI.)

2	 4	 6	 8
MEASURED SEDIMENT YIELD

RN S, TONS / SQ. MI.)

Figure 12. 95% confidence limits on regressions



47

Sediment yields are positively correlated to annual

precipitation in all cases. However, the contribution of precipitation

to sediment yield in the semidesert class is not significant.

Precipitation increases as a contributor in subsequent, increasingly

temperate models.

Normality of Errors

Failure of a model to achieve normality of errors causes loss

of efficiency of point estimators, that is the estimator of variance

a2 fails to be less than or equal to any other unbiased estimator of

variance a. Tests of significance and of confidence intervals lose

correctness, despite possible robustness of estimate distributions.

Normality of errors was examined by plots of the residuals

on normal probability paper, any deviations being indicated by loss of

linearity (Figures 13a, b, c, d). Some deviation from linearity

was indicated by extreme values in both the desert and semidesert

models. Linearity was conserved by the major portion of the data,

however, and any errors caused by nonlinearity of extremes was

believed to be minor.

Homoscedasticity of Errors

Homoscedasticity of errors indicates constancy of variance

(H	 ,2 = a2 =	
•	

= a2 ). Violation of the assumption
o .• -1	 2 

(heteroscedasticity) demonstrates failure to obtain minimum variance

of the best linear estimator. In turn, lack of consistency of
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variance ais a consistent estimator for 8 if P[ le -	 > 6] ± 0 as

n	 invalidates tests of significance and of confidence intervals.

Homoscedasticity was varified by examination of the residuals

(Figures 14a, b, c, d). Figure 14d suffers from small sample size

and is comparatively inconclusive, though the more horizontal scatter-

ing of errors makes it the most adequate model of the four.

Consistency of variance in Figures 14a, b, and c is not apparent, yet

neither is it heteroscedastic in the standard sense. Elimination

of the regression constant Bo from (2) has introduced a linear

source of error, suggesting the addition of a scaling factor or

possibly of one or more independent variables to the model.

Serial Independence of Errors and Linearity

Serial independence (zero autocorrelation) of errors means

that the error term drawn for any one observation is not influenced

by the error terms drawn for other observations. Violation of the

assumption invalidates tests of significance and causes inaccurate

confidence intervals for the regression equation.

Serial independence of errors was verified by examination 
of

the Durbin - Watson "d" statistic, in which

n	 2
E	 (e - e	 )

d -	
t = 2	 t	 t-1 

n	 2

t --=. 1	
e
t
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where e represents the value of the residual at observation t. A

test sensitive also to questions of linearity, tables are available

for the distribution of d in which acceptance of the null hypothesis

(accept h o if d exceeds the upper limit bf tabular d) implies no

autocorrelation. Table 6 lists d for the individual models. All of

the models developed in this thesis retained linearity and zero

autocorrelation of errors.

Table 6. Linearity and serial independence of errors

Climate
	 "d" tabular

upper lower

Desert 2.09 1.55 1.67

Semi desert 2.66 1.49 1.64

Steppe 1.74 1.31 1.57

Forest 1.85 1.17 1.54
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Summary

Annual sediment yield of large watersheds is affected by

runoff ratio, the proportion of runoff to precipitation for a

particular site. Increases in runoff ratio, representing decreases

in basin aridity, possibly also reflect changes in spatio-temporal

precipitation patterns and in surface and ground water storage.

Stratification of runoff ratios following Budyko's classification

for desert, semidesert, steppe, and forest climatic regimes indicates

a general decline of sediment yields corresponding to increases 
of

runoff ratios below 0.3 (Budyko's desert, semidesert, 
and steppe

classes). Probably largely responsible is 
the influence of vegetation

associated with increasingly humid climates.

Sediment yields are positively correlated to runoff 
ratios

exceeding 0.3 (Budyko's forest class). Efficient 
delivery systems with

limited opportunities for 
sediment deposition may possibly explain the

change in trend.

The low coefficients of determination 
for precipitation

suggest its deletion as a random variable 
from (3). Incorporation

of precipitation as the denominator 
of runoff ratio significantly

explains its role in 
sediment yield without partitioning into an

additional variable X2.
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Examination of the principal assumptions of regression with

respect to errors, especially normality, homoscedasticity, serial

independence, and linearity failed to indicate serious deviations

which could not be explained. Eliminating the regression constant

introduced an additional linear source of error causing under-

estimation of maximum sediment loads and overestimation 
of minimum

values.

Probabilistic Model

On the basis of climatic index, the theoretical 
gamma

probability density functions derived from the preceding

regression models provide an estimate of 
forecast sediment yields and

their relative frequency 
of occurrence (Figures 15a, b, c, d).

Positive skewness is characteristic of 
all catagories with desert

climates representing the highest sediment yields. With 
the

exception of forest climates, sediment yields decline with increasing

runoff ratios to a minimum in steppe 
climates (Figure 16). The

distinct increase in sediment yield for 
forest climates probably

relates more to efficient sediment transport 
systems than it does to

massive erosion occurring in forests.

Quantitative goodness-of-fit between 
the gamma cumulative

density functions and the estimated 
cumulative density functions

obtained from the regression models was tested by 
the Kolmogorov-

Smirnov test at 5% significance level 
(Table 7). Greatest deviation

was evident in the steppe category, yet 
in no model was deviation

from a gamma distribution significant.
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Figure 15. Sediment yield density functions for various climatic

models.
a. Desert
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Figure 15. Sediment yield density functions for various

climatic models, continued.
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Figure 15. Sediment yield density functions 
for various climatic

models, continued.
c. Steppe
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various climatic models, continued.
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Figure 16. Modal sediment yields for different climates
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Comparison of the models developed in this thesis with

Langbein and Schumm's (1958) model and Fournier's (1949) model is

difficult because of different climatic indices used by each

researcher. Average annual precipitation for the desert, semidesert,

steppe, and forest models was equated to effective precipitation

utilizing the relationship developed by Langbein (Langbein and

Schumm, 1958) and shown in Figure 3. Figure 17 illustrates agreement

between the desert and forest models of this thesis and Langbein

and Schumm's model. The influence of semidesert and steppe climates

(grassland vegetation zone) in retarding sediment yield is apparently

more effective than Langbein and Schumm indicated. Langbein 
and

Schumm might have included within their model a significant 
fraction

of sediment yield derived from sources 
other than climate. Their

greater use of data from agricultural areas, regulated streams, 
and

watersheds with significant urbanization might reflect an influence

not yet present west of the Great Plains.

Comparison with Fournier's (1949) observations (Figure 18)

on the basis of average annual precipitation 
for each model

illustrates the difficulty of 
representing climate without adjustment

of precipitation for evaporation. 
Agreement between Fournier's

model and this thesis is restricted to 
the general parabolic trend of

sediment yield to first decrease and 
then increase with increasingly

humid climates.
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Figure 17. Comparison between Langbein and Schumm's (1958) 
model

and the models developed in this thesis.

Figure 18. Comparison between Fournier's 
(1949) model and the

models developed in this thesis.
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Summary

Sediment yield is affected by climate, arid deserts having the

highest sediment yields and steppes the least. Given a measure of

runoff ratio, an estimate of sediment yield and its associated

occurrence frequency can be obtained from Figures 15a, b, c, and d.

Considerable agreement exists between the models developed in

this thesis and the desert and forest portions of Langbein and Schumm's

(1958) model. Grassland vegetation west of the Great Plains is

thought to significantly reduce sediment yields below the national

average modeled by Langbein and Schumm. The increased sediment yields

for forest climates shown in Figure 16 probably result from a combina-

tion of steep slopes and confined channels providing only slight

opportunity for intermediate sediment deposition.
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