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ABSTRACT H gh- magni tude, | ow frequency di scharges are
nmore responsi ble for transporting suspended sedi nent and
form ng channels in northwestern California than in
previously studied areas. Bankfull discharge and the
magni t ude and frequency of suspended sedi nent di scharge
were determined at five gaging stations in northwestern
California. Al though di scharges bel ow which 50 percent
of the suspended sedi nment was transported and di scharges
whi ch transport the greatest suspended sedi nent
(effective discharge) occurred relatively frequently,
recurrence intervals for these di scharges were
relatively high when conpared to data from ot her areas.
Li kewi se, di scharges bel ow which 90 percent of the
suspended sedi nent was transported were also relatively
infrequent. In nost cases, the recurrence interval of
bankful | discharge was several tines greater than that
of the effective discharge. This is because floodplain
formati on appears to be due nore to overbank deposition
during large sedi ment-|aden discharges than to latera
channel mgration and point bar fornmation

I NTRCDUCT! ON

Every flow that transports sedinent affects channel form Ever
since the classic paper by W man and M|l er (1960), researchers in
vari ous geographi c areas have measured the relative effectiveness
of streamdi scharges in terns of sedinment transport and then
queri ed whi ch di scharges influence channel form Several other
factors, such as effects froma large flood, can al so affect
channel form causing the response of channels to the suite of
events occurring over time to be rather conpl ex (Baker, 1977
Wbl man and Gerson, 1978; Beven, 1981). Investigating the
correspondence between magni tude and frequency of sedi nent
transport and channel capacity provides, however, a basis for
conpari sons between areas with different geology and clinate.
Data collected in northwestern California over the |ast severa
decades present the opportunity to study the relation between the
magni t ude and frequency of sedinent transport and maj or channe
shaping events in a different type of terrane than studied
previously. Northwestern California is characterized by erodible,
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nount ai nous terrane with high, seasonal rainfall. Suspended-

sedi nent di scharge has been neasured in this area for as long as 21
years, during which time several major floods occurred. Large
floods in northwestern California have created inportant |ong-

| asting effects on channels (Helley and LaMarche, 1973; Lisle,
1981; Kel sey, 1980; Nolan and Marron, in press). It was not

previ ously known, however, whether high-nmagnitude, |ow frequency
di scharges al so transport a | arge proportion of sediment and
correspond to bankfull channel capacity. The study reported here
i nvestigated the magni tude and frequency of suspended-sedi nment
transport and the relation between effective and bankf ul

di scharge. Five gaging stations were investigated (Fig. 1, Table
1). These stations were sel ected because they had either a | ong
record of sedinment discharge, well docunented historic changes in
channel geonetry, or both.

STUDY AREA
Climate and geol ogy conbine to nmake northwestern California

conducive to large fl oods and hi gh sedinment yields. Average annua
precipitation ranges from 1016 nmto 2032 mm 80 percent of which
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Table 1. Gaging stations used in the analysis of magnitude and frequency of sediment transport.
[units: km? , square kilometers; m®s, cubic meters per second;
Mg/km?, megagrams per square kilometer]

Stationnameand @~ ... Period of record ... Mean Average annual
U. S. Geological Drainage Water discharge Suspended-sediment  daily Skewness suspended sed

Survey |. D. area discharge flow of mean iment disharge
number (km?) (water years) (mls)  daily flow (Mglkm?)

Black Butte 420 1959 - 1975 1966 - 1973 9.4 10.3 3,600

11472900

Eel River at 5,457 1956 - 1984 1966 - 1976 138 9.9 1,603
Ft. Seward
11475000

Van Duzen 575 1952 - 1985 1956-67,1975-76 25 53 3,092
River near

Bridgeville

11478500

Redwood Creek 720 1953 - 1985 1971 - 1984 31 6.1 1,670
at Orick
11482500

Trinity River 7,389 1952 - 1985 1960 - 1979 155 54 430
at Hoopa
11530000

falls during winter (Rantz, 1969). Large winter floods are
generated in narrow vall eys by runoff fromfrontal stornms producing
noderately intense rainfall over |arge areas for several days. The
area is underlain by rocks primarily of the Franci scan Assenbl age
of Jurassic and Cretaceous age (Bailey and others, 1970). These
rocks consi st of nudstones, sandstones and schi st which are often
pervasi vely sheared and fractured. They are exceptionally
susceptible to mass novenent failure and supply |arge vol unmes of
sedinent to channels. Arelatively small portion of the northern
part of the study area is underlain by Pal eozoic and Mesozoic
crystalline rocks of the Klamath Muntains (Jones and ot hers,
1978), which are generally |less susceptible to erosion than

Franci scan Assenbl age rocks.

Annual suspended-sedi nent yields fromrivers in northwestern
California are anong the hi ghest recorded in the United States
outsi de of areas draining active vol canoes or glaciers. Twelve of
19 gaging stations in the area with five or nore years of record in
1977 had a mean annual suspended-sedi ment yield |larger than 1000
My/ knt (Megagrans per square kiloneter) (Janda and Nol an, 1979).
Nort hwestern California had major fl ood-producing storms in 1955,
1964, 1972, and 1975. The 1964 stormwas by far the nobst danmagi ng
probably because of the large flow vol unes associated with that
storm (Harden and ot hers, 1978). Effects of the 1964 storm were
i ncreased in sone areas because of |and disturbance associated with
i ntensive tinber harvesting.
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METHCDS

Magni t ude and frequency of sedi nent transport

The magni tude and frequency of suspended-sedi nent di scharge were
anal yzed for the five streamgaging stations (Table 1, Fig. 1)
using techniques simlar to those used by Wol man and MIler (1960).
For each station, values of suspended sedi nent transported by
ranges of nean daily di scharges were cal cul ated from suspended-
sedi nent transport curves and fl ow duration curves for the period
of record. In the cases of the Eel, Trinity, and Black Butte Rivers
and Redwood Creek the suspended-sedi nent transport relations were
based upon nean daily val ues of water and sedi nent discharge
determ ned for the sedinment record period ( U S. Geol ogi cal Survey
1952- 1970, 1971-1974, 1975-1985). The suspended-sedi nent transport
relations for the Van Duzen River were based upon instantaneous
val ues of water and suspended-sedi nent discharge (Kel sey, 1980).

Bedl oad was not included in these conputations because in two
cases it did not change the val ues of nagnitude and frequency of
sedi nent transport. Bedl oad di scharge data were collected at the
Eel River between 1972 and 1976 and at Redwood Creek between 1974
and 1984. A separate analysis of the magnitude and frequency of
total sedinent discharge (suspended and bedl oad) was performed for
these two streans. The flows bel ow which 50 and 90 percent of the
total sedinent |oad was carried were identical to those for
suspended sedi nent alone. For this reason, further conparisons in
this report will be linted to suspended-sedi nent transport so as
to include data fromall five streans.

Bankful | di scharge

We determ ned bankfull elevations at gaged sites by surveying
the elevation of the nost prom nent floodplain at the gage.
Fl oodpl ai ns were defined as lowrelief surfaces adjacent to the
channel upon which fine sedi nent had been deposited sonetime during
the | ast several decades. Bankfull discharge was not determ ned
for Redwood Creek because flood control |evees inpose artificia
constraints on channel formation. An electronic distance neter and
theodolite were used to survey channel cross sections and
| ongi tudinal profiles of floodplain surfaces. W cal cul at ed
bankful | discharge after the nmethod of WIlliams (1978). Fl oodplain
profiles were projected through the streangage to measure bankf ul
el evation relative to the gage datum and bankfull discharge was
estinmated using stage-discharge rel ations.

Det erm nati on of bankfull height was hanpered in sone cases
because the height of floodplains above the bed varied
| ongitudinally along the stream above and bel ow t he gaged cross-
section. In those instances, we used an average height. At the
two gage sites in the lower Eel River basin, Eel R ver near Fort
Seward and Van Duzen River near Bridgeville, nore than one |evel of
active deposition was present along the channel. At the Van Duzen
gage, four levels of active silt deposition were di scontinuously
devel oped al ong the banks bel ow the promi nent fl oodplain |evel.
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These | ower levels are too narrow to show in the cross-section
(Fig. 2) and are probably due to a relatively small nunber of
depositional events. For example, a February, 1986 fl ood event
deposited one of these levels as a discontinuous silt bench al ong
the river banks near the gage. At the Eel River near Fort Seward,
two promnent floodplain |evels were present, one 3.5 m higher than
the other (Fig. 2).
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Figure 2. Channel cross sections at study sites. Water
di scharges (Q and recurrence intervals of those

di scharges (R 1.) are shown on |ines representing major
floodplain | evels. The inactive floodplain of the Bl ack
Butte River and the upper floodplain of the Eel River
are | ocated upstream of those sites.

RESULTS

Magni t ude and frequency of suspended-sedi nent transport

As in many other areas, fairly frequent flows are responsible
for transporting nost of the sedinment |oad in the northwestern
California rivers. Wth the exception of the Black Butte River, the
majority (> 50 percent) of sedi nent passing the five study sites
was transported by flows that occurred at |east 2 to 4 days per
year (recurrence intervals of 0.42 to 0.27 yr.)(Table 2, col. 3).
This is less frequent than found by Wol man and MIler (1960) (6 to



444 K. M Nol an et al

11 days per year) but about the sane as found by Webb and V&l ling
(1982) (3 days per year). Except for the Black Butte River,

ef fective discharges have fairly low recurrence intervals of 1.2 to
4.6 years, which fall within the range found by Andrews (1980).

Table2.  Frequency of suspended-sediment transport and flow associated with prominent floodplain levels.
Recurrence intervals of effective discharges are based on annual series of mean daily flows and
were determined using techniques outlined in United States Water Resources Council (1981).
(units: m*s, cubic meters per second)

Magnitude of Magnitude of

Station flow below flow below Flow that overtops most
nameand  which50 per- Recurrence which90 per- Recurrence  Effective discharge prominent floodplain
U.S Geo- cent of total interval cent of total interval level
logical sedimentwas of flowin  sedimentwas of flowin Recurrence Recurrence
survey transported col. 2 transported col. 4 Discharge interva Discharge interval
I.D. number  (m°/s) (years) (m¥s) (years) (m¥s) (years) (m?/s) (years)

(€N @ (©) @) ©) (6) @) ® €)
Black Butte 178 1.25 424 16.1 481 16.1 1,150 100+
River near
Covelo
11472900
Eel River at 2,070 0.27 9,350 10.0 1,416 12 6,260 17
Ft. Seward
11475000
Van Duzen 299 0.27 481 33 382 16 830 30
River near
Bridgeville
11478500
Redwood Cr. 311 0.36 1,130 6.7 425 18 No data No data
at Orick
11482500
Trinity River 1,780 0.42 4,750 111 2,524 4.6 3,404 11
at Hoopa
11530000

Large infrequent flows transport a relatively large proportion
of the sedinent in northwestern California rivers. The best
exanple of this is the fact that the Black Butte River transported
10 percent of the suspended-sedinment |oad for the period of record
during a single day in 1964. In northwestern California, discharges
bel ow whi ch 90 percent of the sedinment | oad was carried had
recurrence intervals between 3 and 16 years (0.06 to 0.30
days/yr.). For conparison, conparable discharges in streans
studied by Wl man and M1 ler (1960) had recurrence intervals of
between 0.2 to 0.7 days per year. The node of data presentation by
ot her authors and the scarcity of this type of analysis makes it
difficult to precisely conpare results fromother areas. Data
presented by Webb and Walling (1982, fig. 4A) indicate that their
results may be simlar to those fromnorthwestern California.

The i nmportance of both noderate and extrene discharges in
transporting sedi nent can be explained by the formof the flow
frequency distributions and the sediment transport curves (Fig. 3).
The product of flow frequency and sedi ment transport rate reaches a
maxi mum at noderate di scharges (the effective discharge), but
i ncreases again at higher discharges in Black Butte and Eel Rivers
and Redwood Creek, and decreases only slowly in the Trinity River.
Fl ow frequency distributions are strongly skewed toward | ow and
noder at e di scharges and al t hough these di scharges are associ at ed
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Fi gure 3. Graphs show ng sedi nent transport rate (in
My/ day), frequency of occurrence of water discharge (in
days), and the product of frequency of occurrence and
sedi ment transport rate (in My) at study sites.

with relatively | ow sedinent transport, such flows transport
reasonabl e ambunts of sedi nent because of their frequency.

On the other hand, high variability of flow favors relatively
| arge proportions of the sedinment | oad being conveyed by infrequent
large flows (Neff, 1967). The variability of streanflow can be
neasured by the skewness of nean daily flow, which ranged fromb5.3
to 10.3 in the northwestern California streans (Table 1). In
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contrast, skewness was less that 2 for streans draining conparable
drai nage areas in the Yanpa River basin of Col orado, where

i nfrequent flows transport a small proportion of sedinent (Andrews,
1980). In northwestern California |large flows can be many tines
greater than the nore comon | ow and noderate flows. After the
maj or peak at |ow water discharges, the streanflow distribution
tails off gradually over a wi de range of high discharges (Fig. 3).
Not only are | arge discharges avail able for work during infrequent
floods, but the weak rocks in the area generate an alnost |imtless
supply of transportable sedinent. Sedi nent transport relationships
are generally quite steep (see Fig. 3, and Nolan and others, 1986).
Dependi ng on the rel ati onship between flow frequency and sedi nent
transport curves, high magnitude flows can transport exceptionally
| arge percentages of sedinment. This is best illustrated by the

Bl ack Butte River (Fig. 3, Table 2).

Bankful | di scharge

Bankful | di scharges generally exceeded effective discharges
several -fold, and their recurrence intervals (11 to 100+ yr) were
much greater than those of the effective discharges (Table 2). The
study reaches had several common characteristics that nay bear on
the relative infrequency of bankfull discharge. These suggest that
over bank deposition dom nates over |ateral channel nmigration as a
node of floodplain formation. First, lateral migration is slow
because channels at the gaging sites are relatively straight and
bedrock is exposed frequently in strath terraces or valley walls.
Second, other than along the Black Butte and Trinity Rivers, recent
over bank deposits of silt on floodplains are several centineters or
nore thick.

Despite the fact that a domi nant bankfull height could be
identified for each gage site, the presence of nultiple I|evels of
deposition at channel nargins at a few sites indicated that a range
of flows is effective in eroding and depositing sediment at the
channel margins. A range of flows, therefore, influences channe
capacity, not just the conputed bankfull discharge listed in Table
2. This suggestion is supported by the broad peak to the frequency
times rate curves on Figure 3.

Rapi d aggradati on and degradati on of the Black Butte River over
the | ast two decades has hi ndered devel opment of a floodplain in
quasi -equilibriumw th the channel. The channel aggraded 8 m from
Decenber, 1964 to January, 1965 and, thereafter, degraded 5.6 m by
the tine the station was discontinued in 1975 (Lisle, 1981). Qur
1986 survey showed that the channel had aggraded 3.1 m since 1975
(Fig. 2). The 1986 channel is thus 5.5 m above the pre-1964
el evation and 2.5 m bel ow the peak el evation of 1965. Two
di sconti nuous gravelly surfaces 600 m upstream of the gaging
station are within 1 mof the peak nean bed el evati on of 1965,
assunmi ng aggradation there equal ed aggradati on at the gaging
section. The estinated nean-daily discharge required to overtop
the surfaces has a recurrence interval of over 100 yr (Table 2).
Thus, the surfaces are probably remants of the channel bed at the
peak of aggradati on.
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D scussi on and Concl usi ons

Wl man and MIler's nmethod of conbining flow frequency and
sedi ment transport curves has proven to be wi dely useful in Iinking
hydr ol ogi ¢ and sedi ment transport regi mes to channel capacity.

When applied to five California stations, the exercise yields sone
new i nformation for areas with highly variable flow and steep

sedi nent transport relations. Al though noderate flows are
responsi ble for transporting the majority of sedinent, the
frequency of these flows, as well as the frequency of flows bel ow
whi ch 90 percent of the sediment is transported, is equal to or

| ess than frequencies of simlar flows in other areas. The fact
that a large proportion of sedinent is transported by infrequent
flows is expressed geonorphically by high bankfull channe
capacities and the great effect that |large floods have had on these
channel s. Unlike other areas, the return period of flows that
exceed bankfull channel capacity is not consistent ampung sites in
northwestern California.

Pronminent floodplain levels in the northwestern California
streans coincide with flows with recurrence intervals several tinmes
greater than that of the effective discharge. These results concur
wi th those of Pickup and Warner (1976) who studi ed ephenera
channel s in New South Wal es that also had highly variable
di scharges and transported | arge vol umes of suspended-sedi ment. As
proposed by those authors, streans can construct high banks where
over bank deposition is rapid relative to floodplain destruction by
| ateral channel nigration. Such was the case in narrow valleys
trenched by Brakenridge (1984) in the midwest of the United States.
Fl oods in northwestern California are associated with relatively
high river stages because flow is highly variable and storage of
floodwater is limted by narrow val |l eys. Because of this and
because | arge flows are associated with hi gh suspended- sedi nment
concentrations, |large anounts of sediment can be deposited high
above | owfl ow channel s, thereby constructing high streanbanks. In
the California study reaches, channel nmigration is [imted by
bedrock exposed in valley walls and strath terraces. These
outcrops tend to restrict outward migration and may further
stabilize channels by fixing the position of bars and pools (Lisle,
1986) .

In the Il ower Van Duzen River and parts of the Trinity River,

however, freely meandering reaches in wide alluvial valleys have
banks that are noticeably | ower than those of the study reaches.
Al t hough we did not investigate the neandering reaches, we suspect
that bankfull stages occur nore frequently there than in straight
bedrock controlled reaches. If so, the frequency of bankfull flow
can vary with channel pattern in the sane river. This supposition
deserves further study.

At the other end of the spectrumfromfreely neandering channels,
the Black Butte River represents an extrenme case of the
ef fecti veness of infrequent flows to transport sedinent and form
channel margins. The highest proportion of the sedinment |oad for
the period of record was carried by the largest flows. The |arge
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fl ood of 1964 caused such disequilibriumin bed elevation that
active floodplains have not had tine to devel op

The absence of active floodplains along the Black Butte River
and small floodplains at variable heights above the streanbed al ong
the other study reaches suggest that where infrequent discharges
are especially effective in channel processes, floodplains can be
expected to be poorly devel oped and fl ooded at frequencies
i nconsistent with other reaches along the sane river or in
nei ghboring river basins. The range in flow events capabl e of
af fecting bankfull capacity by bank erosion, bed aggradation or
degradation, or overbank deposition is large. Miultiple |levels of
deposition al ong channel margins of these rivers, therefore,
reflect the conpeting inportance of a wi de range of hi gh-nagnitude,
| owfrequency flows. As a consequence of this, bankfull capacity
does not reflect a narrow range of discharges, but rather a broader
range of flow events. As Beven (1981) pointed out, the sequence of
these events in tinme is probably as inportant as the nagnitude of
the events thenselves in influencing channel capacity and the
nor phol ogy of the channel at any one instance in tine.
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