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ABSTRACT

Lower Dry Creek near I,Jinters, California, is an intermittentr êñ-

trenched, meanderïng stream with sinuosity greater than two. The

channel materíal is prîmarily derived by bank caving ås the meanders

move lateral ly.

ln Dry Creek two kinds of pools, primary and secondary' are

differentiated by relative scour and channel morphoìogy. Mean pool-

riffle spacing of 5.9 times channel width in straÌght and curved

reaches înclusive; 6.1 in curved reaches, and 5.7 in straÎght reaches

is slmîlar to that found by Leopold, et al. (1964). The number of

secondary pools is dîrectly proportional to the channel length betb¡een

consecutive prïmary pools

Direct observation confirms the conclusion drawn from trat-a-

station hydraulic aeometry" that bed-load material cannot be moved at

all stages. Bed-load movement experiments indicate that as much as

68 percent of the varîabilÌty of the d¡stance a bed-load particle will

rrþve can be explained by the variabi I ity of the bottom velocity ìn the

vicinity of the particle and by the particlers specific gravity,

median d¡ameter, weïght ïn water and volume. The experïments also

indicate that movement of particles through pools is more influenced

by differences in particle parameters, whereas movement through rîffles

is more influenced by differences in bottom velocîty.

The Hypothesis of Velocïty Reversal, presented hereÌn, seems

adequate to explain the areal sorting of channel material, ¡.".,

relatively large material in ríffles and relatively finer materîal
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in pools. The theory ïs based primarily on measured observatîons that

with increasing discharge, the average bottom velocity of the pool

increases faster than that of the riffle until at very high flow the

average bottom velocîty of the pool exceeds that of the riffle.
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I NTRODUCT I ON

Purpose

Fluvial processes and channel form of Dry Creek were investigated

to facilitate better understanding of how streams move and sort bed-

load material, and to determine how pool-riffle spacing is associated

with channel form. Hore detailed phenomenological studies of natural

streams such as Dry Creek are necessary before we can understand how

streams work.

Methods

Field and office work v,,as carried out from February to July 1969.

Bed-load movement and areal sortîng r¡ras studïed by analyzing stream

gage data, by measuring bottom velocities, and by random sampling of

the bed material. Channel form and pool-riffle spacing was determined

by making a detailed topographic map of the stream bed and by measuring

the pool-riffle spacing by stadia with a surveyor's level. The experi-

mental data on bed-load rnovement uras analyzed by an IBH-7044 digi tal

computer, using simple linear and multiple linear regression models.

Previ ous l,/ork

Bed-load movement in streams and flumes has been investigated by

G.K. Gilbert (lgl4), w.w. Rubey (1937), R.A. Bagnold (1966), and many

others. Channel form and pool-riffle spacing has been studied by L.B.

Leopold and M.G. Wolman (lgSl), and Leopold et al. (1964). Hydrological

data from a stream gage on Dry Creek was collected by the U.S. Bureau

of Reclamat¡on (lgSg-1969) .
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SOURCE AREA

General Descrï tion

The Dry Creek Drainage Basin is located in the eastern foothills of

the California Coast Ranges approximately 30 miles west of Sacramento,
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California (Figure l). The basin covers about l/ square miles, and ìs

approximately 9 miles long and l/2 - 3 miles wide (Figure 2). Altitudes

in the basin range from about 125 feet to 21200 feet. About 6! percent

of the area lies below 1000 feet.

According to local ranchers, upper Dry Creek (Enos Creek) is largely

fed from springs, and flows from the first raïn until midsummer. Stream-

gage data from the station one mile above the junction with Putah Creek

shows that lower Dry Creek has measured flows 16 percent of the time

between November and April, with an average of 29 flow days per year.

This indicates that Dry Creek is an intermittent rather than ephemeral

stream because it receives a significant amount of water from sprîngs

during the winter and early summer, when the stream channel in the upper

reaches is below the water table.

From its headv,/aters to the gaging stat¡on one mi le upstream from

the junction with Putah Creek, Dry Creek is unaffected by dams or any

other artificial controls. Below the gaging station farmers have tried

to control the lateral movement of the stream by stacking junked cars

or cement blocks on the outside of bends. This control has helped pro-

tect the almond and aprïcot orchards adjacent to the stream.

Vegetation

At the lower elevations, below 200 feet, the predominant vegetation

consists of almond and apricot orchards, row crops, and grassland. The

creek banks support a few widely spaced oaks and small groves of cotton-

wood trees. lntermediate elevations of 200 - 600 feet are characterized

by grassland with abundant oak and digger pîne along the creek. At
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elevations greater than 600 feet the vegetation is a mixture of grasslanci

and oak and digger pine woodland.

Cl imate

The Dry Creek Drainage Basin has a Mediterranean cl¡mate, with winter

rains from November to April, followed by a long summer drought. U.S.

lJeather Bureau records for water years 1960-69 at WÎnters, California,

show a mean rainfall of 20.64 inches a year, of which greater than 90 per-

-^-¡ G-t l^ ß-^- ll^.,^-t^- -^ 
^^-.'I 

le:-..-^ l\ M^-^ -^^+!rl.¡ lanaa --+tt?^UçllLlqllJllVltlllvvglllgçlLVõPlal\llYqtç)t.¡tçqlrl¡lvl¡LlrrILvrrrl/vr

varies from the low eighties ('f) in July and August to the low forties

('f) in December and January. The lowest and highest temperatures range

from below freezing in the winter to over llOoF in the summer. Summer

temperatures, horvever, do not ordinarily exceed l00oF for more than a few

o

General Geology

The generalized geologic map of the Dry Creek Draînage Basin (plate

l) shows the following stratigraphic units, from youngest to oìdest: (l)

alluvium, (Z) teframa formation and related continental sediments, (3)

volcanic and sed¡mentary rocks (Thomasson et ai., i956). R brief ciescrîp-

tion of the unïts is given on the geologic map.

The Dry Creek Drainage Basin can be divided into tv,ro geomorphic

units: (l) the Coast Ranges, characterized by hîgh relìef; and (2) low

foothi lls and dissected alluvial uplands of the Sacramento Valley, with

relief ranging from l0 to 300 feet. Rocks whìch crop out in the Coast

Range part of the basîn are primarily Upper Cretaceous sandstones, shales,
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and conglomerates (Oiv¡sion of Water Resourees, 1955i. The low hiìls

and dissected alluvial uplands in the basin are underlain by Tertiary

and early Quaternary semi-consolidated alluvial sediments. A topogra-

phic break between the Coast Ranges and lower hills generally follows

the contact between the Tehama Formation and underlying Cretaceous

rocks (Thomasson et al., 1956).

Entrenchment of Lower DrY Creek

From Putah Creek to the gaging stetion one mile uostreâm: Drv Creek

is entrenched approximately 25 feet into a gently undulating alluvial

surface that is probably part of a compound fan of semi-consolidated,

older Dry Creek and Putah Creek alluvîum. The fan material is charac-

terïzed by poorly delïneated channels and overlies semi-consolidated

Tehema sedÎments into which D Creek occasionally bottoms. Near l^lin-

ters there are several older broad-channel banks above the present

^-¡-^--L^l -L---^l ^f l'ì-., ,.-^^1,.-,L:-L -^., ?^l:--+^ +h¡+ l'ì¡rr ?eaal¡ wqcçi¡L¡ gia\,¡igu ua¡Ëli¡iiç i ui vi I vi ççN w¡r i u¡i ¡¡rqt ¡ ¡¡v ¡ 9qLe ir¡qr ¿i I wi veñ rruJ

cons i cierabiy wi cier beiore entrenchment than i t i s tociay. The entrench-

ment gradual ly decreases upstream (see sectîons on Plate 2) to about

l0 feet two miles above the gaging station. The entrenchment is prob-

ably due partly to manrs influence and partly to structural controls.

Putah Creekrs channel was first diverted in the later part of the

llth Century. A story in the lJoodland, Cal ifornïa, Dai ly Democrat of

November 6, 1968, states that in l87l or 1872 farmers diverted Putah

Creek as a flood control measure. A lOO-foot wider 6-foot deep channel

is said to have been cut with slip scrapers pulled by horses and Chinese

laborers. The article does not state where the channel was started,
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but it supposedly ended east of Davis. Thomasson et al. (lg¡6) state

that in the l89Ots an artificial channel bras cut with teams and fresno

scrapers in Putah Creek three miles southbrest of Davis. The channel

then ran for four miles along a section line. The old channel, located

13 mi les downstream from l,Jinters, is now cut off by a f lood-control

levee, and the artificial channel is l5-20 feet lower than the old chan-

nel at the bifurcation. lf ¡t can be assumed that farmers did lower the

base level of Putah Creek tjy 6 - 20 feet in the latter part of the l9th

Century, then it might be expected that the base lowerïng would influ-

ence the upstream trîbutaries. The longitudinal profile of lower Dry

Creek (plate Z) does show a change ïn sloPe near the mïd point of the

profi le that mc¡y represent a nick point resulting from downcutting

due to the artificial lowering of the base level of Putah Creek. Some

of the entrenchment might also be due to scour and resulting lower

base level of Dry Creek below Monticello Dam. Scouring below the dam,

however, is probably much less signïficant in terms of entrenchment of

Dry Creek than is the earlier base lowering of Putah Creek.

Entrenchment of lower Dry Creek might also be partly attributed

to structural control . lf the two faults north and southwest of l¡Iinters

(plate l) are active, then lower Dry Creek could be entrenched upon a

rising fault block. The fault north of ttinters was first postulated by

Bryan (lgl3). Marginal steepening of the strata becomes attenuated to

the north, suggesting that the fault ïs a hinge fault whose displace-

ment increases to the north (Thomasson et al., 1956l. However, conclu-

sive evidence for recent large scale fault movement is lacking.
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The long profile of ûry Creek (plate Z) is, in effect, convex up-

ward. The reason for this is not completely understood, but it may

suggest structural control of the channel. A straight line extension

of the channel above the nick point (plate Z) to the mouth at Putah

Creek indicates 50-60 feet of entrenchment. This is twice the actual

entrenchment at the mouth and may indïcate that the surface into which

the stream is entrenched must also have been convex uP. This suggests

slow upwarping or faulting across the stream.

The prevalence of bank caving in the lower few miles of Dry Creek

has produced a bed load in whîch particle size does not significantly

decrease in the downstream direction. Leopold and Miller (lgSA) found

that less rapid decrease in bed-particle size în the downstream direc-

tion is associated wîth less concave upward profiles. Thus the slïghtly

convex uPbra ong t na pro eo ourer ry r may owe n par

to the fact that bed particles do not decrease ïn the downstream

direction.

Upstream from the nick point the entrenchment continues to grad-

ually lessen to about l0 feet. A large oak tree in the channel bottom

!--!^t-- ^-^ -:r- -L--.- ¡L^ -:-r- -^:-¡ lr:-..-^ l,\ i^Ii--+^o +lr¡+
clPPf L,ÃlllldLely (,fle llll lt: dUL,Vg L¡lE lllt-l\ P(JlllL \l l9utç 1l rrrsreoLeJ L¡rqL

with the exception of 6 feet of pool scour at the base of the tree,

the channel has been relatively stable during the life of the tree.

CHANNEL FORI'1

Genera I

Dry Creek is an entrenched meander¡ng stream with sinuosïty (ratio
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Figure 4. Oak tree indicatîng relative channel stability during the
life of the tree. The location of the tree is in the vicinity
of B in Figure 5.

of channel length to downstream valley dîstance) of about two. Leo-

pold et al. (1g64, p.281) define a meanderïng stream as having a

sinuosity greater than 1.5. Streams with sinuosity less than 1.5 are

designated as straight or sínuous. Leopold et al. (1964) have sug-

gested that a channel should have a degree of symmetry in curvature

before it is considered meandering, but to date symmetry has not

been used as a criterion. Meandering channels, however, can have both

stra¡ght reaches and braided reaches. Dry Creek has no braided reaches,

but there are straight reaches; Figure 5 shows three straïght reaches

in about 1.3 miles of channel. All three straight reaches have length

greater than ten times the channel width. This is considered rare by
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Fig. 5. Portion of Dry Creek mop showing locotion ol pools

Locotion of the reoch is slrovrn by X-X' in Fig. 2.

E xplo not io n

/

EI

A

A-At'
etc.

Io-o¡
elc.

B- B:

indicoles the locolion of PrimorY
pools

indicotes the locotion of secondcry
pools

indicotes the locotion of o stroight
reoch

indicotes the locotion t'lhere loTerol

sorting vros somPled

indicotes the locolion of the
stroight reoch in Plote 3 ond Fig.6.

A

p v8

B' T
lf

_¡
C'

B

Þ
IJ

c

o 20O 400 600 6OC f¡¡t



l3

Leopold and l./olman (tgSl)

Dry Creek meanders vary from long to short loops and general ly lack

symmetry. Wave lengths measured along the channel for 1.3 miles (Figure

5) vary from 20 to 59 times the channel width, with an average of 32

times the channel width. This is about twice that measured by Leopold

et al. (lgeq), and by Brice (undated letter). The long wave lengths

are probably a function of entrenchment and channel morphology. Dry

creek bank material is fairly cohesîve and rapid entrenchment has

developed a relatïvely low width to depth channel ratìo. Thus stream

width combined with long straîght reaches in some meander loops is

probably responsible for the relatively greater wave lengths in Dry

Creek meanders

For this report channel v\,¡dth is considered to be the width of the

ch.annel covered by bed material, measured at right angles to the channel

banks. Dry creek has very steep banks, so the width as defined above

ïs probably nearly the bankfull width of Leopold et al, (lgeq). Channel

widths determ¡ned from aïr photographs of Dry creek tend to be greater

than those measured in the field. These differences as measured for

large streams would probably not be great, but with streams the size

of Dry Creek (ZS-IS feet wide), the difference ïs significant.

Bed Forms

The predominant bed forms in Dry Creek are the gravel bar and

associated pool and rîffle sequence. Bed material ín the creek ïs

largely pebble and cobble gravel. Leopold et al. (1964) srate that

where gravel size bed materials are abundant the bar and pool-riffle
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sequence ¡s the most common bed form.

At low flow pools are recognized by smooth slow water. At hîgh

flow pools are arees of fast current and scour. Pools are generally

separated from other pools by lobate bars called riffles. The bars or

riffles generally slope alternately first toward one bank and then

toward the other. Pools also tend to alternate from one bank to the

other, but there are exceptions. The bed material ís signifícantly

larger on the bars and riffles than in the pools. At low flow riffles

can be recognized by shallow fast hrâter flowing over a slope greater

than that of the adjacent pools. The pool, at low flow, is simply a

topographïc depression which fills up and spills over a rïffle to the

next pool downstream. At high flow the pooì-riffle sequence is |tdrowned

outrr, and the hrater surface has a nearly constant slope. These obser-

vations on Dry Creek are consistent with those made on the pool-riffle

sequence by Leopold et al. (1964).

ln Dry Creek ït is necessary to dîstinguish two types of pools

which I have designated primary and secondary pools. Prîmary pools are

those that show deep scour (often to bed rock), are generally found on

bends, and are aiways assocîated with a point bar. 'vJhere the primary

pool is on a bend, the point bar is on the inside of the bend and gen-

erally slightly upstream of the pool. Secondary pools are those that

are scoured much less than the primary pools and are not always associa-

ted with a point bar. The bed profile (tfralweg) of Figure 6 shows a

series of pools, starting with a primary pool on a bend and progressing

through a straight reach containing secondary pools. The pools alternate
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from bank to bank and the primary poois are sîgnificant¡y deeper than

the secondary pools.

Bedforms that might be remnant antidunes were observed on the

bottom of a long shal low secondary pool. One set of these forms was

observed at low flow and measured when flow stopped. Each form has a

Ì^,ave length of about 15 cm and an ampl itude of 0.5 cm (Figure 7).

The surface of the trough îs covered by sand and fine gravel (interme-

diate dìameter l-3 mm), and the crests contain finer sandr 0.5-1.0 mm

in diameter. S¡nce the fines are not distributed as a thin layer over

the entire surface, it is assumed that they are not the result of a

waning current. The sediment size is larger than commonly found in

f luvial ripples. l,/entworth (1967) describes a dish strucrure of 4-50

cm în length in turbidite deposits that shows reverse grading in the

,:
:.

f

troughs. He postulated that the dish structure formed during the upper

flow regime in åntidune flow, and that the reverse grading îs a result

of grain dispersion. The Dry Creek structureé of 15 cm are comparable

in size and form.

Pool-Riffle Spacinq

Pool-riffle spacing in Dry Creek v,ras measured with a surveyorrs

level for 1.3 miles along the channel and by planetable surveying for

0.27 niles of straight channel. The dîstances measured were from center

poînt to center point,of consecutive pools. The deepest point in the

pool was considered the center point. This helps remove some of the

subjectivity of deciding where the pool or riffle starts or stops, and

the periodicity is not affected so long as a consistant reference point

i:
I
t
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Figure /. Possible remnant antidunes. Downstream to the rîght.

is used.

The 1.3 miles of measured channel (F¡gure !) has a sïnuosity of 2.4

and would be considered meandering by Leopold et al. (1964). The stretch

contains both straight and curved reaches. ln this stretch the average

spacing of pools was 5.9 times the channel width for the straight and

curved reaches inclusive, 5.7 for the straight reaches, and 6.1 for the

curved reaches. These results generally agree wïth the 5 to 7 times

channel width value proposed by the same authors. The similarity of

the pool-riffle spacing in the straight and meandering reaches of Dry

Creek may indícate that the same mechanism is operating în both as

suggested by Leopold et al. (1964). ln Dry Creek, however, the mean
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riìeander wâve ìength, measured along the ehannel , averages li to 5 tïmes

the pool-riffle spacing, compared to a ratio of 2 obtained by Leopold

et al. (lgel).

The distribution of pool-riffle spacing (Figure 8) shows that al-

though the mean spacïng is 5-7 channel widths, the rpst frequent spacing

for all types of reaches is 3 to 5 times the channel width. More than

80 percent of the pools are I to 9 channel widths apart, but only about

25 percent are 5 to 7 channel widths apart. The signîficance of the

skewed distribution of pool spacing is largely unknown. Hypothetîcally,

the abundance of pools în the 3-5 channel widths spacing and relative

aEsence of pools at greater than 9 channel wïdths spacing might suggest

that pools are not initiated at less than 3 channel widths and are un-

stable at greater than 9 channel wïdths. This highly hypothetical

re at ons p suggests at once poo s âre n t ate to ncrease

the spacing untïl new pools are added.

A portion of Dry Creek channel surveyed approximately 2 mi les above

the gaging station, shows a straight reach between two primary pools on

meander bends (plate 3, Figure 5). The secondary pools between the

L^--¡- -lr^---r^ g-^- ^-^ L^-1. ¡^ rL^ ^5L^- TL^ -^^- -^^l--:631^uErrl¡5 ClrLçliloLç rlrJlil L¡tc uéllÄ LrJ Lrlç vLrrËr ¡ rrlE [rEcl¡r PUvr r rrr rç

spacing in this reach ïs about 7 times the channel width.

The number of secondary pools between primary pools in Dry Creek

is a function of the mean spacing and channel length between primary

pools. The above functign is shovun graphically in Figure !. The coef-

ficient of correlation of 0.94 ïs high and a Studentrs rr¡il test of

significance for n=I5 at n-l degrees of freedom yields a value of t=4.43t
,Ët

!

t

t



II

t2

/o
A

I

n

aÐ(}
()
a)t-
t-
ã()
oo

4

/3579//
rol io of

B

t6 1357gil
pool-riff le spccinç 1o strecm

I 3 5 7 I ll

2

/6
w idth \o

Fig. B. Relotionsh ip
reoches i ncl usive,

of pool spacing 1o streom
B, rnecndering reoches, ond

width for A, stroighî ond meonciering
C, s?rc¡iEht reoches



20

which sets the confidence level at 99 percent. Fïgure 9 also suggests

that when there are no secondary pools between consecutive primary pools,

the spacîng îs 3 to 5 channel widths, and when there is one secondary

pool between consecutive primary pools, the spacing is also 3 to 5 chan-

nel widths. This supports the idea that secondary pools may be înitiated

with spacîng of about 3-5 channel widths.

The channel dístance between primary pools in Dry Creek changes as

the meander bends move late'rally or the radius of curvature increases.

Either of the above can lead to the formation of neb, secondary pools to

maintain the mean pool-riffle spacing of approximately 6 times the chan-

nel width. Most of the channel lengthening in Dry Creek is due to

lateral migration of meanders. A small scour area about /0 feet up-

stream from the downstream primary pool on Plate I is spaced at about

two chan-nel widths from the adjacent pools and will probably become a

secondary pool as the meander continues to move laterally.

lnformation on the rate of lateral migration of meander bends in

Dry Creek is scarce, but Mr. George Stotts, a local rancher, states that

the fence shown in Figure !0 was on sol íd gr-ound two years ago. lt is

nor¡.r about 14 feet out over the stream. Al lowing for some origïnal

curvature of the fence, the rate of lateral rnovement of this bend is

about 2-3 feet per year for the past several years

¡t*
.,t
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å



2l

6

oo5

4
¡(

o

\

an

õoô-3
o

c,
!
Ë¿o

l¡
l¡ \

I

a

oc oe

lo 20 30
Cistcnce in chonnel rviclths

d¡O 50

Fig. 9. Number of secondo:'y pools between consecutive pr¡mcry
pools üs ü funcTion of <jislarrce betwce¡r ôonsecutive pr-imqry
pools in chcnnel vridths.



HYDRAULIC PARAMETERS

Streamflow

The oniy stream gaging stat¡on presentiy operating on Dry Creek îs

located approximately one mîle upstream from the junction with Putah

Creek. The stat¡on was established in early November 1958 by the U.S.

Bureau of Reclamation. The gage ïs a recorder model 435-28199, and is

sheltered by a wooden box. An outside staff (l.O' to 10.0') is attached

to the stilling well (Figure ll). The recorder is run by a weight-driven

clock, and produces a continuous record. lntake pipes project out of
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Figure ll. Stream gage on Dry Creek during high flow. February, 1969.

the well and allow water to reach a float which, as the stream rises

and falls with stage, moves a pen restïng on a clock-driven chart. The

resulting chart is called a hydrograph. 0n Dry Creek the record is

collected and the recorder wound once a month.

The discharge and runoff data used in this report were obtained

from Surface l.Jater Monthl rts for D C reek nea r I,l ï n te rs Cal í for-

nlar r 960-69 (U.S. Bureau of Reclamation). Discharge rneasurements by

Mr. John Harris of the U.S. Bureau of Reclamation indicate that the

stream channel shifts considerably, and because of this, control is

poor. Adjustments are made to the rating table by periodic field mea-

surements of discharge and channel shift. The values of dîscharge
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obta¡ned during the highest flows are estimated by extrapolation of the

rating curve.

Figure l2 shows mean monthly discharge (runoff) for water years

1960-69. The þrater year is considered to be from I 0ctober to J0 Sep-

tember. The maximum runoff in January probably reflects the hîgh rain-

fall in that month, and the rather high runoff în February to April is

faci I itated by a previously saturated drainage basin.

Dry Creek has measured'flow 16 percent of the time from November

to Apri l, and averages 2! days of f lov', a year. Rare f lows in October

and June have been recorded. The nature of the flow in the vicinity of

the gaging station is flashy--i.e., very sharp rise and fall of discharge

wïth time. Discharge varies wîth storm strength and perîodicity, and

contribution by springs. The flashy nature of the discharge during a

series of storms ïn February 1969 is shown on the hydrograph of Dry Creek

(Figure l3). During the l8-day perîod, it raïned ll days (U.S. Department

of Commerce climatological records for Winters, Calïfornia). The largest

storm bras on February 15 and produced 2.24 inches of rain. The maximum

discharge for the period hras recorded on February 15 following the

storm. 0n February 24, after intermittent rain since February ì5,

another high flow occurred. The 24 February rainfall of 0.76 inches

was probably amplïfied by a previously saturated draînage basÎn to pro-

duce the high flow. A smaller peak flow on February 28 resulted from

a saturated basin and 0.62 inches of rain.

Fìoods have long been consìdered as important geomorphic events.

High flows can be considered as random occurrences because the meteoro-
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logical and hydrologic factors that control floods vary with tïme suf-

ficiently that the possible combinations are random events (Leopold,

I'lolman and Míller, 1964). The several methods available to compare

flood frequency for a given stât¡on all assume that floods of a certaïn

magnitude occurring over a given time are a valid sample of an infin-

itely large population (Helley,1966). The method used în the study of

Dry Creek is the Annual Series as descrïbed by Lindsley, Kohler and

Paulhus (tgS8). Thîs method ranks floods în numerîcal order (highest

= l). The Annual Series ranks the highest peak discharge in each water

year. The order of frequency (return period) îs then computed by the

formula T = N+l,/l't where T ís the recurrence interval în years, N îs the

number of years of record, and M is the rank of the flood. The Annual

Series, with return periods, is shown in Table l. lt has been shown

that the mean annual flood has a recurrence interval of 2.33 years. A

recurrence înterval of 2.33 means that, on the average, every 2.33 years

the highest discharge of the year will equal or exceed the mean annual

flood (Lindsley, Kohler and Paulhus, 1958). The mean annual flood for

Dry Creek at the gaging statîon, computed by interpolation of Table l,
is 785 c.F.s:

.l.Jhen the annual runoff and rainfal I are ordered by numerical rank-

ing (highest = l), ît can be seen (taOle Z) rhat in wet years with

rainfall above normal, the runoff îs directly related to the amount of

annual rainfall. However, in dry years (orders 6-9 of Table 2), runoff

is probably more closely related to storm frequency and strength than

to total annual rainfall. This is because ín dry years only closely
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Table i. Frequency Analysis of Annual Floods,
Dry Creek near l.Ji nters, Ca I i forn ia.

l,Jater Yea r
Nov.-Aprï I Month Day

D í scharge
cFs

Annual Floods
0rder M Return Period. yr.

r 960-6 I

t96t-62
t962-63

1963-64

t96\-65
¡ 965-6b

1966-67

1967-68

| 968-69

Jan

Feb

Jan

Jan

Dec

Jan

Jan

Jan

Jan

3l

r4

30

2l

22

5

2l

30

26

125

958

996

316

449

364

r 090

274

r 360

9

4

3

7

5

6

2

8

l.t
2.5

3.3

r.4
2.0

1.7

5.0
1.2

10.0

Table 2. Comparison of Runoff and Rainfall, Dry Creek
Draïnage Basin near l,Jinters, Cal ifornia.

t¡Ia ter Yea r
Nov. -Apr i I

Runoff
in Acre-feet

0 rder
M

Rainfal I

in inches
0rder

M

| 960-6 r

t96t-62
,!962-63

1963-64

1964-65

t965-66

1966-67

1967-68

1968-69

86

t787
õ11õLt I a

285

22t+7

5t7
4805

333

381 9

9

5

t)
I
4

6

r 4.07

¡8.96

27.71

10.92

23.25

14.02

33.52
t 4.64

28.67

7

5

3

9

4

I
I

6

2

7

2
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spaced storms which would saturate the drainage basins produce much sur-

face runoff. ln wet years with many storms, the basin probably never

drîes out and the spacing of storms is not as significant a factor in

producing surface runoff.

Hydraul ic Characteri stics

Hydraul ic characteristics at a given cross section were fi rst des-

cribed by Leopold and Maddock (lgS¡) as trat-a-station hydraulic aeometry".

Mean velocity, mean depth, änd width change with discharge as power

funct i ons :

"="Qb d=cQf v=kQm

where w is width, d is the mean depth, v is the mean velocity, and Q ìs

discharge. The exponents b, f, and m and constants ð, c, and k can be

calculated from stream gage data used to formulate the rating curve. A

símple logarïthmic transformation where log W = log a + b log Q can be

solved by linear regression to yield the constant a and slope b. The

exponents b, f, and m have been used by Leopold et al. (lg0l) to descrîbe

the geometry of the channel and the resistance to erosion of the bed and

banks. l'/hen the channel materia I can be moved at al I stages of discharge

b will be large and f will approach zero; with a fixed bank of cohesive

material, b wi I I be low and f high (Leopold et al . , 1964').

The data for the at-a-station hydraul ic geometry of Dry creek (r¡g-

ure l4) were obtained from u.s. Bureau of Reclamation records. The

values at h¡gh dîscharge (above 100 CFS) were not used because the mea-

surements were probably made from a bridge approximately 100 feet

upstream from the gaging station. The stream there ¡s controlled and
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the rate of change of the hydraul ic characteristics is artificial. The

high scatter of the graphs may also indicate that the location of the

cross sect¡on used for the measurements varied a short distance up and

down stream from the gaging station.

The exponential values (slope) of b=0.37, f=0.40, and rn=0.21 may

índicate several channel characteristics: I ) The relatively high value

of f may indicate that channel material cannot be moved at all stages

of discharge, but only at high flow. This was confirmed by observation.

Z) the relatively high values of b and f may indîcate that the steep

banks of Dry Creek lose some cohesiveness when saturated. Field obser-

vations confirm that the banks do lose some cohesiveness when water

loosens the clay cement that holds rncst of the bank material together.

The loss of the clay cement facilitates bank caving, although the banks

are still cohesive enough so that lateral widening of the channel is

not rap ¡ d.

SEDIMENT TRANSPORT

Genera I

Sediment transport in the Dry Creek Drainage Basin begins with

downslope movement of r¡reathered rock material to the channel network.

Sheet wash and bank caving are the primary processes which contribute

sediment to the lower few mïles of Dry Creek. The former contributes

primarily fines while the latter is responsible for most of the pebbles

and cobbles in the bed load.
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Sheet wash is most significant where natura! grasses have been

replaced by row crops and orchards. ln the latter areas large amounts

of fine sediment (silt and clay) were observed moving downslope into

the channel during a storm. ln vegetated areas containing natural

grasses the amount of surface runoff is very small and little sediment

is transported downslope by sheet wash.

Bank caving during high flow in Dry Creek is very conùron, and most

of the large material în the bed load is probably derived from this pro-

cess. Figure l5 shows a large block (approximately 8 feet in diameter)

of semi-consol idated conglomeratic al luvîum which was undercut by

stream actîon and slumped into the channel. Fïgure 16 shows the same

block after the flow receded; much of the block was broken up and added

to the bed load by stream action.

Bed-Load Movement Exper¡ments

The primary objective of the bed-load movement experiments in Dry

i^-^^1. .-,^- +^ I^+^-*: -^ +L^ -^ I ^¡:.,^ i--^-+^--^ ^f L^** I ^-: *., ^-lvrgs^ woJ Lv sçLgtiltttrç LrtE tgtoLtvç tiltP(,t Lc¡tIvç lJt ulrLLLIil vçt(rut Ly c¡ttu

bed-load particle parameters such as shape, volume, specific aravity,

weight in water, and A-C axis ratio ín rrìovement of bed-load material.

A secondary objective was to investigate the movement of bed-load par-

ticles through the pool-riffle sequence.

The exper¡ments were conducted in February and early March, 1969.

The area selected Ì^ras a straîght reach which has a wel l-develooed pool-

riffle sequence (Plate 3, B-B' în Figure 5).

The section lines of Figure 17 were surveyed and 134 samples of

the bed material were randomly selected at one foot intervals along the
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Figure 15. Bank caving 200 feet below the gaging station before a high
flow on February 15, 1969.

Figure 16. Eroded block of bank material after a high flow on February
t5, 1969.
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sectTon lines. At the time of sampling there uras very l¡ttle flow and

no bed material was moving. The samples vúere numbered in the field and

their position recorded. They were then taken to the laboratory where

they were weighed, measured, and paínted. Yellow oïl-base enamel was

used to paint the rocks, and the sample location number bras painted on

in black. The rocks were then placed back in the stream in their ori-

ginal order and location. This was to ensure that the natural sorting

of the stream was disturbed,as little as possible. Bed material sampled

varied in size, by lJentworthrs scale, from pebbles to cobbles. The

painted samples remained in the stream for approximately three weeks.

During that tïme there were two storms which resulted in hïqh flows

(February 15 and 24 of hydrograph, Figure 13). After each storm the

posïtion of the païnted rocks r^,as marked and the distance they moved was

measured by telescopic alidade. Throughout the experiment, the yellow

paínt and black numbers remained plainly visible on rþst of the rocks.

The three bed-load rnovement experiments r^rere:

Experiment I: The measured npvement of painted
bed-load material resulting from the storm and
high flow on February 15, 1969. ln this experi-
ment 43 painted rocks were recovered.

Experiment 2: The measured movement of painted
bed-load material resulting from the storm and
high floì^, on February 24, 1969. In this experi-
ment 33 painted rocks uJere recovered

Experiment 3: The total measured rnovement of
païnted bed-load material resulting from the
combined storms and high f lot^rs on February 15

and 24. ln this experiment 76 painted rocks
v,rere recovered.

The velocity near the bed of a stream is a significant factor in
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bed-load movement, but Oarticle movement is almost always compared to

the mean velocity of the entire stream. Many authors have assumed that

velocities near the stream bed are proportional to mean velocÏties, but

Rubey (lg¡Z) points out that there is apparently no adequate basis for

such an assumption. Bed velocity, as defined by Rubey, is the velocity

at the boundary between the thin film of laminar flow on the stream bed

and the main mass of turbulent water above. The bed velocity of Rubey

is a functìon of mean veloc'ity, hydraulic radius, stooe and coefficient

of friction of the stream bed. The bed-velocity concept, as prooosed

above, has not been readily accepted by hydrologists and engineers.

Gi lbert, in his classical flume experiments (lgl4), attempted to mea-

sure the velocity close to the channel bed. However, his attemots \^rere

not successful because the current meter rested on the bed, caused the

bed material to form a hollow, and destroyed the normal velocity of the

bed. Further, G¡lbert stated that he regretted not being able to mea-

sure the.¡eloclty close to the bed beeause he believed that bed velocity

was a prime factor in traction and that slope and discharqe exert their

influence chiefly through bed velocity

Velocities near the bed were measured in Dry Creek. The trouble

Gi lbert experienced with the current meter v'ras not encountered because

the large size of the bed material in Dry Creek allowed the instrument

to remain stable and not disrupt the normal velocity. A Prîce Current

Meter (propel ler type) was used to make the measurements of the rrbottom

velocity". The instrument is calibrated such that one revolution per

second of the propeller îs equal to a velocity of one foot per second.
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Velocíty is then measured by counting the revolutions per second' The

trbottom velocity" for the purpose of this report is the velocity of the

hrater approximately 0.05 feet above the stream bed. This is above the

laminar layer descrïbed by Rubey (lg¡Z), but it is as close as the in-

strument will measure. The author belîeves that this bottom velocity

is much more significant in analyzing bed-load movement than the mean

velocity of the entire stream.

Figures 17 and 18 show the locations and times that bottom velo-

cities brere measured on Dry Creek. VelocÎty measurements were taken

at3footintervalsalongthesectionlinesthroughthepool-riffle

sequence (Figure l7). l,Jeather and hazardous water conditions al lowed

bottom velocity measurements at only 5 stages during the exoeriments'

0n particularly wet and high-water days only two sections could be

completed (one through the pool and the other through the adjacent

riffle).

TheindeÞendentVariablesusedinanalyzinothebed-loadmovement

experiments are:

Volume - volume of the bed-load particle in cm3'

weightinwater-weightinwaterofthebed-load
part¡cle in gm.

A-Caxisratio.ratiooflongesttoshortestaxis
of bed-load particles.

Specificgravity-ratioofweightinairtodif-
fereäce between weight in air and weight in
water of bed-load Particles.

Diameter x specific gravity - mean d¡ameter times
specific gravity for bed-load particles'

Shape - a sub.iective value ranqing from 0'l for
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angular to 0.9 for well rounded.

Effective bottom velocity - the average maxïmum

bottom velocity that a bed-load particle
experiences during transport from one point
to another, i.e., assuming that most bed-
load movement in Dry Creek takes place at
nearly maxímum flow (for a partîcular storm),
a bed-load particle moving downstream through
a number of pools and riffles will experience
different bottom velocities along the way.
These bottom velocities at each point will
be near the maximum bottom velocity for that
point (assumìng nearly maxîmum flow), and an
average of these at-a-po¡nt. maximum bottom
veloci ties is the 'teffective bottom velocîty"
that provïdes the tractive force to rnove the
bed-load partîcle.

Effectïve bottom velocity squared - the square of
the above-defÎned effective bottom velocity.

Maxïmum start Îng bottom veloc.i ty - the maximum
bottom velocÎty that Îs experi'enced at the
location where the bed-load part.Îcle started
(before movement) during exDerÎment I only.

Not al I of the painted bed-load part[cles moved durinq the exoerl-

ment--tvto in experiment l, four ln experiment 2, and one Ìn experiment

3 did not move. Th¡s îndicates that scour during the exDerÎments was

shallow. The bed-ìoad particles that did not move durinq the exoeriment

ì¡rere excluded from the regression analysis; because they dÎd not move

it was impossible to determîne at what bottom velocÎty they would have

moved. The maximum bottom velocity at each location from which a pebble

started (.Figure l9) was determined by graphing measured bottom veloci-

ties and discharge for each location on Figure l9 and the extraoolatïnq

the curve to the peak discharge.

The at-a-point maxímum bottom velocities În Figure l9 show a ten-
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dency for the highest veloc¡t¡es in the pool to be located on the Doint

bar side of the pool rather than in the center of the pool. Bottom

velocity measurements in Dry Creek suggest that the area of hiqh bottom

velocity is never in the center of the pool. Vr¡th increasino velocity

there ïs a tendency for the area of h¡gh bottom velocity to migrate

toward the point bar side of the pool. The significance of this obser-

vation is not well understood, but the current meter used miqht be

partly responsible for the phenomenon because it measures the net down-

stream velocïty. Thus, if there is less turbulence over the poÎnt bar

than the bottom of the pool, the net downstream velocÎty of the former

might exceed the latter. Field observations suggest that there is con-

siderably more turbulence at high flow in pools than in adjacent point

bars, and some pools in Dry Creek apPear to be formed by vertical

vortexes scouring the pool bottom.

From Figure 19 a value of average maximum bottom velocity for the

pool and riffle can be calculated. For Dry Creek these are 6.32 and

3.69 ft/sec resÞectively. The effective bottom velocÎty that a bed-

load particle experiences durïng transport from one point to another

can be calculated from the formula:

EBV
Mxs +

+ r+

where EBV ìs the effective bottom velocity, Mxs the maxÎmum startîng

bottom velocity, Np the number of pools the partÎcle moved through,

and Nr the number of riffles the particle moved through. For examDle,

if a particle had a max¡mum starting bottom velocÏty of 4 ft/sec and
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moved 200 feet through I pool and 2 riffles, then:

4+ (6.12) + 2 .6e )
EBV + +

EBV
17.70-T 4.\2 ftlsec

Each recovered bed-load particle has a unique set of independent

variables that possÎbly determÍne how far the particle moved. The

average movement, excluding the bed material that did not move at all,

was 146 feet in experiment l, 48 feet in experiment 2, and 214 feet in

experïment 3. The results of the linear regression and correlation

analysis are given in Table 3. The confidence limit is determined by

the I't" test ênd indicates the sïgnificance of the variables. A confi-

*.,3

dence limit of 0.95 or greater is generally consîdered significant.

Table 3 shows that the îndependent variables--diameter x specific grav-

ity, effect¡ve bottom velocity squared, and effective bottom velocity--

consistently have high coefficients of correlation. The independent

variable diameter x specific gravity was found to yïeld a high confi-

dence level and coefficîent of correlat¡on, and about 25 Percent of the

variability of the dependent variable--distance a bed-load particle

rnoves--can be explained by the variability of diameter x specific grav-

ity (Figure 20). The effective bottom velocity squared îs proportional

to the shear stress and would be expected to be a significant variable

in bed-load rnovement. Low confîdence levels for effective bottom

velocity squared, however, indicate that shear stress is not as signi-



Table 3. Linear Regression Analysis.

Note: The dependent variable, distance moved, was used in all runs.
The independent variable changes with each run.

Experiment
Number

Dependent
Variable

I ndependent
Varïable

Coefficient
of Correlation
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Confi dence N

Leve I

I
I
I
I
I
I
I
I
I
2
2
2
2
2
2
2
2

3
3
3
3
3

3
3
3

dístance moved vol ume -0
weïght in water -0
A-C axis ratio -0
speci fi c gravi ty -0
diameter x s.g. -0
shape -0
effec. bot. vel . sq. 0
max. st. bot. vel. 0
effec. bot. vel. 0
volume -0
weight in water -0
A-C axis rat¡o -0
specific gravíty -0
diameter x s.g. -0
shape -0
effec. bot. vel. sq. 0
effec. bot. vel. 0
volume -0
weight in hrater -0
A-C axÌs ratio -0
speci fi c Aravi ty -0
d¡ameter x s.g. -0
shape -0
effec. bot. vel. sq. 0
effec. bot. vel. 0

il

lr
¡r

lt
lt
tl
n
It
lt
t¡

t¡
n
tt
il
It
ll
tl
ll
t¡
n
lr
ll

n
lr

.278

.085

.225

.386

.423

.4r0

.t58

.030

.522

.258

.692

.592

.701

.276

.340

.491

.450

.305

.327

.057

.286

.528

.291

.!r3B

.470

0.98
0.97
0.75
0.97
0 .99
0.99
0 .80
0. l0
0 .99
0.54
0.78
0.33
0 .99
0 .99
0 .99
0 .55
0.99
0 .99
0.99
0.50
0 .99
0.99
0.99
0.6 t

0.99

4t
4t
4t
4t
4l
4t
4t
4l
4l
29
2g
2g
29
2g

29
29
65
65
65
6S
6S

65
65
65

29
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ficant as would be expected in Dry Creek bed-movement. The effective

bottom velocity has a high coefficient of correlation and a high confï-

dence level, and approxîmately 30 percent of the variability of the

dependent variable--distance a bed-load particle moves--can be explained

by the variability of the effective bottom velocity (Fïgure 2l). The

dÍfferences between the effective bottom velocity squared (shear stress)

and effective bottom velocity indicate that the latter is a more signi-

ficant factor in the *u"m"na of the coarse bed-load material of Dry

Creek. This is consistent with Gî lbert's (lgl4) exper¡ments from which

he concluded that large particles are'rþst sensitive to changes În

velocity. The A-C axis ratio is a shape factor; the greater the ratio

the flatter the particle. The experiments indicate that this ratio is

not a significant factor in bed-load movement. The dependent variables,

voìume and weight in water, generally correlated about 0.3 to 0.4 with

high confidence levels. Shape of the part¡cles consistently correlated

about 0.25 to 0.34 with a very high confidence level, and indicated a

tendency for angular particles to move farther than rounded particles.

Specific gravity also correlated low with a high confïdence level indi-

cating that there is a slight tendency for the less dense material to

rnove a greater distance than particles of higher density.

Mul tiple regression analysis was appl ied to different combinations

of the independent varîables (faUle 4). The results indïcate that about

33 percent of the varíability of the distance a bed-load particle will

move can be explained by the variabîlity of shape and diameter times

specific Aravity. Volume, weight in water, and shape in combination
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Table 4. Multiple Regression Analysis, with Dependent Variable as

Distance Transported and lndependent variables consisting
of Pebble Parameters. The significance of the variables
is shown in Table 3'

Particle Parameters

Coeffi cient of
Determïnation

Coefficient of
Correlation

D endent Variable
D stance mov ed

I nde dent Variables
o ume

Uleight in water
Shape

Experiment no. I

Experïment no.2
Experiment no. 3

0.275
0.r83
0.238

0.52\
0 .428
0 .487

ndent Variable
stance move d

lnd ndent Varïables
Vo ume
lJeight in water
Shape
Diameter x Specific gravitY

--------;-.;;¿----' -;:;;----

o .223 o.\73
0.372 0.610

Experiment no. I

Experiment no.2
Experiment no.3

I

Deoendent Variable

-l-¡ 
stance moved

lnd dent Variables
pe

Diame ter x Specific aravîtY

Exper¡ment no. I

Experiment no.2
Experiment no.3

0 .350
0.223
0.329

0.592
0.472
0.573

Iconti nued]
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Table 4. Multiple Regression Analysis lcontinued]

Effective bottom velocity and Particle pa rame te rs

Dependent Variable
Distance noved

I nde endent Variables
ect VC t. vel. squared

Diameter x Specific aravity

Experíment no
Experïment no
Experiment no

0
0
0

I
2
3

628

7

0.793
0.650
0.683

\23
\6

ll^^^^J^^+ lr-- ! ^l. I ^uçPg¡rvurtL !qt tq9lg

Distance rnoved
lndependent Variables

Effective bot. vel.
Diameter x Specific Aravity

Experiment no
Experîment no
Experiment no

I
2

3

0.663
0.4t7
0.485

0"8t4
0.646
0.697

Dependent Variable
Distance ntoted

lndependent Variables
Effeetive bot. vel " squared
Diameter x Specific gravity
Shape

Experiment no. I

Exper¡ment no.2
Experiment no. 3

0 .648
0 .440
0.505

0.8
0.6
0.7

05
63
il

Dependent Variable
Distance movèì

!nd ndent Variables
ect VC t. ve l.

Diameter x Specific gravity
Shape

Experiment no. I
Experíment no.2
Experiment no.3

0.678
0.446
0.517

0.824
0.668
0.719

L.'
[cont î nued]
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Table 4. Mult¡ple Regressïon Analysís [continued]

Effective bottom velocitv and Particle parameters

ndent Varîable
stance rpved

I nde endent Variables
ect VE vel. squared

Vol ume
lleight ín water
Díameter x Specific gravity
Shape

Experiment no. I
Experiment no.2
Experiment no. 3

0 .649
0.440
0.5t7

0.806
0.663
0.719

Dependent Varîable
D i s tanõe-nroved

lnde¡rendent Var i abl es
Ef féct r-üã-bot. vel .
Vol ume
l.Jeight in water
Diameter x Specific Aravity
Shape

Experiment no. I
Experiment no.2
Experiment no.3

0.681
0.452
0,529

0.825
0.672
0.727
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can also explain about 33 percent of the variability of the distance

moved. Up to 68 percent of the varíability of the distance moved can

be explained by the variability of effective bottom velocity, shape and

diameter x specîfie gravity or effective bortom velocity, shape, weíght

in water and volume in combinatíon.

The rnovement of bed-load particles startíng in a pool compared to

particles startíng in a ríffle was învestigated by separately analyzing

each group, ln experiment 3 there were 3l particles that started in a

pooi and 34 that started in a riffle, and ït ïs the only experiment with

sufficient data to study the pool and riffle separately. The results
(raule 5) show that partîcle parameters--i..., volume, weight in water,

specific aravity, and shape--are considerably more important than velo-

city for particles starting in a pool. For particles starting in a

|.iffle velocity is apparently nlore important than partiele parameters.

A plot of distance moved for bed-load particles as a function of effec-

tive bottom velocity (Figure 22) shows the lower coefficient of correla-

tíon and greater scatter for particles start¡ng in a pool than those

start¡ng in a riffle.

Particle movement through a poo! and riffle has been discussed b.y

Langbein and Leopold (1968) in terms of a kinematic wave theory. Their
i,.lââ ;- +L-+ .L^ ----:-^ ^c --.-!.-t--lseq rr LrrsL L¡rs Þp"lsrilg (Jr pdrLrc,res ts very lmportant In Þed-loacl

movement, and that particles rnove quickly through pools where the concen-

tration of coarse material is less and slower through rîffles where the

concentration of coarse material is greater. ln Dry creek (experiment 3)

the average distance moved for bed-load particles was 199 feet for par-
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Table 5. A E B Linear Regression Analysis of Bed-Load Moveme

All pebbles staited in pool (n) or riffle (B). The
dependent varìable, distance moved, was used in al I
The independent variable changes with each run.

nt.

runs .

A

Experïment
Number:

Dependent
Var:iable.

I ndependent
Variable

Coefficent of
Corr:e I at ion

Conf i dence
Leve I N

3
3

3
3
3
3
3
3

distance moved Vol ume
VJeight in water
A-C axis rat¡o
Specific Aravity
Dïameter x S.g.
Shape
Effec. bot. vel.
Effec. bot. vel.

il

il

il

il

ll

ll

il

ll
It
lt
il
il
lr
tl

3l
3l
3r
3r
3l
3r
3r
3r

-0 .407
-0.432
-0.002
-0.403
-0.624
-0.29 |

sq. 0.178
0.217

0 .99
0.99
0.0 t
0.99
0.98
0.99
0 .69
0.99
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3
3
3
3
3
3
3

3

d i stance rnoved Vol ume
VJeight in water
A-C axis ratio
Specific gravity
Diameter x S.9.
Shape
Effec. bot. vel. sq.
Effec. bot. vel.

-0 .260
-0 .280
-0. I 00
-0.242
-0.532
-0 .286

0 .783
0.765

0 .66
0.67
0.37
0.99
0.99
0.99
0.99
0.99

34
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lt
il
lt
il
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ll

ll

ll
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34
34
34
3\
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ticles starting in pools and 229 feet for those starting in riffles.
The analysis has shown that thro-thirds of the variability of bed-load

rnovement in Dry creek can be explained by the variability of particle
parameters and maximum bottom velocity. The importance of particle
spacing (especial ly coarse material) is certainly significant, and is
probably a function of the velocity and particle parameters. lntui-
tively bed-load particles must be nroved before they are sorted or

spaced in pools and riffles.

FLUVIAL SORTING .- THE HYPOTHESIS OF VELOCITY REVERSAL

Gene ra I

Geomorphologists have long known that stream action sorts the bed-

load material in a channel. The heterogeneous bed materíal of Dry Creek

is well sorted (areally) in pools and ríffles. The largest bed material

is generally concentrated in the riffles (Figures 23r 24) and point bars,

and the fines in the pools (Figures 25r 26) and occasionally in point

bars. The detailed topographic map of Dry creek channel (prate 3) shows

mean diameters of bed-load particles, as determined by l,lentworthrs (lgSq)

areal method of sampl ing coarse bed-load material . The tendency for
coarse particles to accumulate in riffles and fines in pools is shown by

the areal frequency distributions in Figures 27 and 2g.

Lateral areal sorting across the pool and riffle characterizes Dry

Creek. This was determïned by measurîng the ten largest bed-load parti-
cles at three foot intervals arong sect¡on lines (o-a,, etc., Figure 5).



;¡

t

I
I

5t+

.f .

:Â1,É:
¿'1'

'ti
.#
,Ã##
t:u
:i

,'
.d
tF
'r
.t
-r3\
:i*
l?

*#
J
i'

:

tl!
il:
e
i

'í

.t,

Ë

t
t
{a

Figure 23. Upstream vTew of
in the vicinity of B' ¡

point bar associated with a primary pool
n Figure 5.

'i t' *:,.{

/t t'"*- "*-'
tt

Figure-24. Upstream view of riffle between two secondary pools in thevicinity of ô' in Figure 5.



.{i'lt
"J

:P.,

,4

'a!'

.:,ltl

.Þ1

'|1

¡rcr

j

¿-.

E

Fígure 25. Upstream view of primary pool in the vicinity of Bl

5 with finest bed material on pool bottom (lower right) and
on point bar (upper left).

55

in Figure
coarsest

Figure 26. Upstream view of secondary pool in vicinity of Y'with finest
bed material on bottom (center) and coarsest on point bar (upper rìSht).



l
56

f
'ts
¡

,{

É

r
.;.t
*
Ë

#'$
r.

t
#r
k
tr

tr
t
T
i
i
a,

"Eil

I\
*

i
Ë
I
I

I
r

I
i
t

I
L

1
II

{úr
'ii,

þ

20

o
.!
aD

c,
'Ei

L(,
!È
(t)

.Ë

(l)
c¡-
Eo
an

$-o

c
(u()
(¡,
o.
(l)

C)

¿
ç.
:t()

100

80

60

40

0 256 t28 64 s2t6 I
size in mm.

42t

Fig.27. Frequency distribution ûf bed molerior over 0

p00l cnd rrdjucent poinl bcr. The location of t he
scinpied ürerr is in the vicinity 0f B, in Fig. S.

\
\

\
\

\ I

r
I

POIN gAP
\

\
\

\

\

\
\
\



}]
è

i.
s'

.!i

.-ir

tl'
f.
1t
i''lt
..ir

I
t.

¡,i.

$

,l
åiÈ
L
lÊ
Þ
lÈ

'*r
*

!

4'
,i
,_

Ë

*
ç

í:r'
¿: -:

l¡

t00

(u
.N
Ø

c
c)

(tl
c('

c)
ç,þ
(l)
o.
Eo
1/'

o

c
c)(J

i¡)
o.
o,

('
ã
Ë
3()

256 12î 6,1

Fig.28. Freqrrency distribution
pcint bor n,ld doirnstreom rif
oreo is in îhe vicinity of

32t6842t
size in mm.

80

60

40

20

moteriol over

locotion of
F is. 5.

57

r,ol, odjocent

sample d

a

f le.

T.

bed

The

T' in

of 0p
thc

\

\ \ \ POOL

\
P,IFFIE \

POINT BAP, \

\ \

\
\

I

t

\ \
)
\

r\ \

\ \

\ -l l*.*



it

I
I

't

5B

The average size of the ten part¡cles în each ïnterval is shown Tn Fig-

ures 29 and J0. The graphs show that the large material on the point

bar gradual ly decreases in size across the stream to the bottom of the

pool. The riffle forms a lobate shaped structure, with the largest

material in the center of the channel.

Four trenches, two in pools and two ín riffles, were excavated in

Dry Creek channel. ln the riffles the largest material is on the sur-

face (Figures 31, 32). Figure Jl shows the largest materíal forming

a single layer on the surface, while in Figure l2 large materìal îs

also scattered below the surface. Bagnold (1968) has explained the

tendency for large material to be found on the surface of riffles by

the Dispersive Stress. The stress is proportional to the square of the

particle size, and the relatively large particles will drift towards

the region of least shear at the upper surface of the bed. ln the pools

(Figures 33r 341 there is an abundance of relatively fine bed material

on the surface. The fines near the surface of the pools are probably

the result of deposítion by a waning current. The coarser mater¡al

below the fines is sharply defined in Fígure 33 and only weakly in Fig-

ure 34, but the coarsest materïal found in the pool is significantly
smaller than the largest materïal at the surface of the riffles. These

observations ín Dry Creek are consistant with those reported by Gilbert
(lgr4).

thesis of Velocit Reversa I

The velocity reversal hypothesis, which ïs here proposed

the areal sorting of bed-load materïal in Dry creek, ís based

to explain

upon the
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Figure ll, Excavated r¡ffle in the vicinity of B' in Figure 5 showing
a veneer of coarse mater¡al at the surface.

Fígure J2. Excavated riffle in the vicinity of ô' in Figure 5 showing
the abundance of coarse materïal at the surface
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Figure 34. Excavated secondary pool
showing the general tendency for
surface.
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ïn the vicînïty of Yr in Figure 5

the fine material to be at the
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Figure 33. Excavated primary pool in the vicinity of B in Fïgure 5 show-
ing the abundance of fine material at the surface.
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fol lowi ng observat ions:

(l) At low flow the bottom veloc¡ty is less in
the pool than in the adjacent riffles;

(Z) tJ¡th increasing discharge rhe bottom velocity
in pools increases faster than in riffles.

The reversal velocity occurs when the bottom velocity of the pool is

equal to that of the riffle. t,lith continued increase ín discharge

beyond the reversal, the bottom velocíty of the pool exceeds that of

the riffle. Large bed-load material on riffles cannot be moved at low

flow; at high flow, beyond the reversal, bed material that can be moved

through a riffle and into a pool will be quickly transported through

the pool by the greater bottom velocities and tractive force there. As

a result, the largest bed-load particles will be generally found on the

riffles and relatívely finer particles ín the pools.

Gilbert (lgl4) fírst observed the reversal of bottom velocity, but

he thought that the largest particles would be trapped in the bottom of
the pools as the velocíty decreased. Leopold et al. (1964) concluded

that bottom shear, which is proportional to the velocity squared, increased

nþre rapídly with d¡scharge over a pool than over a rîffle, but did not

further explore the phenomena.

The location and stage of measured bottom velocíty is shown on Fig-

ures l7 and 18. The measurements for the pool-riffle sequence (Figure

35) indicate that the reversed velocity of about 4 ftlsec was reached at

a discharge of approximately 300 c.F.s. Bottom velocïtîes above the

reversal point v,,ere not measured in Dry Creek due to hazardous condi tïons

at high flow, but at one measurement (Figure 36) the bottom velocities

.:J
!'
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tsi

6
'j,v

l



ì
':
,ì

.i

*
:
i.

:

64

over the pool and rîffle were equal. The reversal velocity of 2 ft/sec

reflects a single section in comparison to a reversal velocity of \ ft/

sec of the entire pool and riffìe. Near the downstream end of the pool

the slope of the bottom velocity vs. discharge line approaches that of

the riffle (Figure 37) indicating that the process which caused the

reversal has dissipated by the end of the pooì.

The length of time that the process operates depends upon the dura-

tion of high flow. The change of bottom velocity as a function of time

(Figure 38, derïved from the hydrograph and -velocity measurements) shows

that the velocity rei'versal during the high €low on February 2\ lasted

only a few hours at peak flows near 6:00 a.m. and 12:00 a.m. This sug-

gests that large bed material is only transported for a relatively short

time durîng the peak flow.

The areal sorting produced by the velocity reversal occurs at dis-

charge of 3OO CFS, which, from Table l, has a return perîod of about 1.4

years. This suggests that the sorting is produced by relatively low

flows of moderate frequency. This seems consistent br¡th Wolman and Mil-

ler¡s (lggO) conclusion that most sediment in streams is transported by

E1^.,-..?¡L -- --2. )- -C . -.r ruw> wr Lrr tELu¡ fl per t(J¡J) (Jt (J[te L() Lw() ygar5.

The surface dîstribution of bed material at low flow is probably

destroyed with rîs¡ng stage, and the distribution at h¡gh flow is modi-

fied during a falling stage. ln Dry Creek these changes are rapid, due

to the flashy naturé of the discharge. The'relative lack of fines in

the surface layer on riffles and the 
"bund"l"" 

of fines in the pools

suggests that the fines in the pools may be derived from the riffles.
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At low flow the bottom telocity of the riffle elceeds that of the pool,

so if fine material--sand and si lt--is transported through the riffles

it may be trapPed in the Pools.

Bed-load movement through a pool-riffìe sequence in Dry creek

would be as follows: After a storm, discharge increases rapidly, but

below the velocity reversal only relatively fine material ¡s trans-

ported. The bottom velocity of the pool is less than that of the riffle,

so the largest material abl'e to be moved through the riffle is trapped

in the pool. t^rith incñeasing discharge a tranqitional poïnt is reached

¿l
where the bottom velocity of the pools equals that of the riffle; at

this point material that can be transported through the riffle is also

transported through the pool. Beyond the the reversal velocity the

bottom velocity of the pool exceeds that of the riffle. The largest

bed material rrìoves ont| "t flood stage, and "tftttis 
poînt the pools can

transport any bed-load particle that moves into the pool. Therefore,

at very high flot^, the only stable areas for large bed-load material are

on bars and riffles, where there is less tractive force' l'lith decrease

in discharge following the peak flow, the largest bed-load material is

left on bars and riffles. Below the reversal velocity some of the par-

ticles rnoving through a riffle brould be unable to move through the pool 
'

and if the velocity fell rapidly, as in Dry creek, there could be an

abrupt change from relatively coarse to fine material in some of the

pools (figure 33). The size of the largest bed materìal in the pools

beneath the fines is dependent on the reversal velocity. The higher

the reversal velocîty, the larger the material that will be left in the

i
J't
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pool r¡r¡ th decreas i ng d i scharge and veloci ty.

The cause of the velocity reversal is dependent uPon the inter-

action between channel nrorphology, discharge, slope, bottom velocity

and bed roughness, but the relative significance of each is not com-

pletely understood. Hypothetically, the reversal is primarily assoc-

iated with convergence of the channel through pools, bed roughness, and

water slope. The bed slope of the pool and riffle, where movement bras

measured, is 0.002 and 0.005 respectively. Bed roughness can be defined

as the ratio of particle size to depth of water (Leopold and Miller,

1956). At low flow bed roughness in the pool-riffle sequence studied

is 0.04 for the pool and 0.42 for the riffle. Bed roughness probably

changes with discharge, because the distribution of surface bed materîal

changes (Bagnold, personal communication, 1969). Leopold et al. (1964)

conclude that with increased discharge the v'rater slope increases over a

pool, and decreases over a riffle. The steeper bed slope of the rïffle

probably accounts for the greater bottom velocity at low flow, but with

increasing discharge, slope becomes less significant, and the convergence-

divergence of the channel and bed roughness become significant. The bed

roughness is probably of seconciary ¡mportance because it is essentiaììy

a product of the surface sorting caused by the changes in bottom velo-

city.

It is assumed that discharge is constant through a pool and adja-

cent riffle. The variables there are cross-sectional area of the channel

and veloci ty. At low f lov,, the cross-sectional area of the pool is

greater than the riffle, but the mean velocity is less (the bottom velo-
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cïty is also less). Since the pool is a topographically low part of the

channel, water flow tends to be convergent at the pool. The point bar,

which îs slightly upstream, also tends to converge hrater into the pool.

This is not sïgnificant at low flow, but may be very important in pro-

ducing fast bottom velocities at high flow. \^later coming out of the

pool diverges on the riffle, and this probably is responsible for the

slower bottom velocity in the riffle at high flow. Fïgure 39 shows a

prîmary pool with no large bed material and a fan shaped deposit of

large bed-load material downstream adjacent to the pool. lt ís assumed

that at high flow the convergence of the pool produces fast bottom

velocity which has a jetting action on the bed material; when the mater-

ial reaches the divergent and slower bottom velocîty of the riffle, the

coarser material may be dropped from the noving traction load.

Figure 39. Upstream view of prÎmary pool showin
divergence of downstream riffle (foreground
sorting of bed material.

convergence of pool,
, and associated areal

g

)
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