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This study relates tidal c h ~ . n e l cross-sectional area (A) to peak spring discharge (Q) via a physical

mechanIsm,.namely the stablht~ shear stress ('s) just necessary to maintain a zero gradient in net along

channe.l sedl~ent transport. It ISassumed that if bed shear stress (r] is greater than 's, net erosion will

occur,. mcreasmg. A, an~ reducing, - (Q/A)2 back toward 's. If , < 'S there will be net deposition,
reducmg A and mcreasmg r toward 's. A survey of the literature allows estimates of Q and A at 242

sections in 26 separate sheltered tidal systems. Assuming a single value of 'S characterizes the entire
length of a given tidal channel, it is predicted that along-channel geometry will follow the relation

AhR
I
/
6

- Q. Along-channel regressions of the form Ah R
I
/
6

- QI1 give a mean observed value for {Jof 1.00

-t 0.06, which is consistent with this concept. Results indicate that a lower bound on 'S (and an upper

b o ~ n d on A) .for stable c h a n n ~ l s is provided by the critical shear stress ('e) just capable of initiating

s e d l m ~ n t motion, O b ~ e r v e d 's ISfound to vary among all systems as a function of spring tidal range (RIP)
accordmg to the relation 'S ~ 2.3 R.po 79 'c. Observed deviations from uniform 's along individual channels

are associated with along-channel variation in the direction of maximum discharge (i.e., flood- versus ebb

dominance).

ADDITIONAL INDEX WORDS: Estuaries, tides, morphodynamics.

INTRODUCTION

Feedback between tidal channel morphology

and tidal flow properties has long been recognized

by coastal engineers and geologists (see text by

BRUUN, 1978, for example). Deepening of tidal

channels by dredging may reduce peak tidal ve

locity to a level below that necessary for sediment

transport, causing accelerated deposition and an

eventual return to an equilibrium channel depth.

In contrast, a reduction of tidal prism by infilling

or diking of marsh or lagoons may reduce veloc

ities at a tidal inlet and cause deposition, leading

to a smaller equilibrium cross-sectional area.

Changes in channel morphology can occur on rap

id time scales, with inlet cross-sectional area fluc

tuating by 10-15% over only a few days in re

sponse to variations in discharge due to storms or

the spring-neap cycle (BYRNE et al., 1975). Ge

ologists have also noted the long-term impact on

channel morphology of changes in tidal prism

brought about by submergence or emergence of

the tidal watershed (GARDNER and BOHN, 1980).
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Qualitative effects such as these have motivated

many investigators to empirically relate the cross

sectional area of tidal channels and/or inlets to

flow parameters, most commonly to spring tidal

prism (e.g., O'BRIEN, 1969) or to peak spring dis

charge (e.g., CHANTLER, 1974). For short inlet

channels connecting bays or lagoons to the ocean,

these empirical controls have been synthesized

with hydrodynamic relations, resulting in stabil

ity curves for inlet cross-sectional area (Es

COFFIER, 1977; VAN DE KREEKE, 1990). In the past

less attention has been paid to the morphodyn

amics of longer tidal channels typically associated

with the interiors of tidal marshes and with the

lower reaches of tidal rivers. Yet morphodynamic

relations for these channelized tidal embayments

are arguably simpler and more closely related to

fundamental physics. Tidal channels well within

embayments are isolated from the complicating

effects of direct wave attack and littoral drift and

are generally subjected to less severe spatial gra

dients in tidal amplitude and phase than are chan

nels within tidal inlets. Recently investigators have

begun to combine hydrodynamicallaws with sta

bility relations for channels within tidal basins
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where a ~ 1, and A corresponds to the time of

peak Q. If discharge is assumed to be sinusoidal,

then

Previous Observations of Equilibrium

Tidal Channels

A survey of the literature (Table 1) reveals nine

teen observational studies which quantitatively

relate flow along tidal channels or through tidal

inlets sheltered from offshore wave activity to

cross-sectional morphology (and provide suffi

cient data to determine both cross-sectional area

and mean channel depth). Many of the authors

in Table 1 noted cross-sectional area (A) to be

nearly proportional to either spring tidal prism

(Q) or peak discharge (Q) through relations of the

form

where T is the tidal period, and the two relations

in (1) become interchangeable. However, time

series of discharge in tidal channels are often

strongly asymmetric, especially in channels hav

ing large amplitude-to-depth ratios and in the

upper reaches of well-mixed channels having fi

nite fresh-water input. For the purposes of this

study, direct observations of Q are preferable to

estimates calculated via (2).

Figure 1 contains values for Q and A deter

mined from information published in the sources

listed in Table 1. To emphasize the distinct prop

erties of sheltered equilibrium cross-sections rel

ative to those exposed to ocean waves, the rela

tionship between Q and A found by JARRETT (1976)

for U.S. Atlantic Coast inlets is superimposed (with

Q expressed in terms of Q via (2)). From Figure

1, it appears that the cross-sectional area of most

sheltered tidal channel cross-sections is larger than

that predicted by JARRETT, especially values of A

for channels with a small Q. A similar result was

found by RIEDEL and GOURLAY (1981), who com

pared a smaller data set of sheltered cross-sec

tions to the empirical inlet relation of O'BRIEN

(1969). The larger number of cross-sections ex

amined here allows better constraints to be placed

on the equilibrium cross-sectional area, including

the roles of channel bed material, tidal range, and

a physically-based concept termed the stability

shear stress.

The discharges in Figure 1 are (in order of pref

erence) either (i) taken directly from published

(2)

(1)

Q = Q7r/T,

(FRIEDRICHS, 1993; VAN DONGEREN and DE VRIEND,

1994). Thus it is important to recognize the dis

tinctly different properties of stability relations

for sheltered channels (e.g., RIEDEL and GOURLAY,

1981) versus those more appropriate to inlets on

open coasts (e.g., JARRETT, 1976).

The purpose of this study is to relate channe

lized embayment morphology to flow properties

via a physically-based mechanism, namely the

"stability" shear stress (Ts) just necessary to

maintain a zero gradient in net along-channel sed

iment transport. It is assumed that if the peak

shear stress during spring tides is locally greater

than Ts, then net erosion will occur, whereas if it

is less than T s there will be net deposition. At first

the problem is simplified by assuming stability is

reached when grain shear stress is everywhere

equal to the critical level necessary for initiation

of sediment motion. Resulting theoretical rela

tions between cross-sectional area and peak spring

discharge are compared to observations from the

literature taken at 242 cross-sections in 26 sepa

rate tidal systems. Next, likely causes of observed

deviations from this simplest application of T s

theory are discussed. Among tidal channels, in

creases in Ts above that predicted by initiation of

sediment motion are found to be correlated with

increased tidal range. Along-channel variations in

Ts are hypothesized to result from systematic

along-channel patterns of velocity asymmetry.

The present application of T s theory to tidal

channel morphology involves several simplifying

assumptions. Primary among them is the asser

tion that bottom shear stress can be related to

the cross-sectionally averaged amplitude of the

current. This requires density-driven currents to

be at most second-order but does not require fresh

water discharge to be zero or even negligible. It

is also assumed that contributions to bottom stress

by wind-driven currents and waves are negligible.

Hence, this analysis does not address the equilib

rium morphology of inlet channels exposed to sig

nificant wave activity and/or littoral drift. An

other limitation of the present argument is its

emphasis on non-cohesive sediment. The simplest

form of T s theory relies in part on the Shields

entrainment function for the initiation of grain

motion (e.g., YALIN, 1977) and other relations

based exclusively on non-cohesive material. How

ever the Shields criterion can be replaced with

another critical erosion parameter based on stud

ies of cohesive sediment (e.g., DYER, 1986), and

the fundamental results still remain.

.lournal of Coast.al Research, Vol. 11, No.4, 199f>
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Table 1. Data for 242 cross-sections of tidal channels and sheltered tidal inlets in 26 systems.

No.
A '""- Q" Ah!" '""- Q~

of RRP
Location Source Sects. (rn) a 2 s.e. {J 2 s.e.

Thames, England, UK ALLEN (1958) 19 5.2 1.04 0.04 1.08 0.05

Creek off Potomac, VA, USA LANGBEIN (1963) 6 1.1 0.82 0.07 0.84 0.06

Wrecked Recorder Crk., VA, USA MYRICK and LEOPOLD (1963) 6 1.0 1.04 0.15 1.08 0.15

Creek off San Francisco Bay, USA PESTRONG (1965) 10 2.6 0.94 0.18 1.00 0.19

Barstable", MA, USA REDFIELD (1965) 6 3.4 0.91 n.a. 0.94 n.a.

Delaware Bay, USA HARLEMAN (1966) 5 1.6 0.92 0.03 0.92 0.03

Alsea, OR, USA GOODWIN et al. (1970) 7 2.5 0.65 0.21 0.66 0.21

Siletz, OR, USA GOODWIN et al. (1970) 7 2.5 0.80 0.36 0.80 0.38

Yaquina, OR, USA GOODWIN et al. (1970) 8 2.5 0.83 0.08 0.84 0.08

York, VA, USA CRONIN (1971) 5 0.9 1.14 0.22 1.21 0.31

Rappahannock, VA, USA CRONIN (1971) 16 0.5 0.98 0.09 0.99 0.10

Potomac, VA/MD, USA CRONIN (1971) 17 0.5 1.06 0.14 1.12 0.15

Ord, WA, Australia WRIGHT et al. (1973) 3 5.9 0.97 0.08 1.02 0.08

Forth, Scotland, UK CHANTLER (1974) 12 4.9 0.98 0.11 1.02 0.12

Savannah, GA, USA CHANTLER (1974) 7 2.5 1.34 0.39 1.41 0.40

Sheltered inlets, Chesapeake, USA BYRNEet al. (1981) 12 0.4-0.5 0.93 0.27 1.00 0.27

Sheltered inlets, QL, Australia RIEDEL and GOURLAY (1981) 3 2.0 1.12 0.23 1.22 0.07

Western Scheldt, The Netherlands DE JONG and GERRITSEN (1985) 9 4.4 0.97 0.06 1.02 0.05

Tamar, England, UK UNCLES et al. (1985) 3 4.7 1.07 0.11 1.08 0.11

South Alligator, NT, Australia VERTESSY (1990) 8 5.8 1.01 0.05 1.05 0.06

Daly, NT, Australia VERTESSY (1990) 9 6.0 0.91 0.11 0.89 0.13

Adelaide, NT, Australia VERTESSY (1990) 8 3.4 0.73 0.10 0.71 0.09

Sheltered inlets, Auckland, New Zealand HUME (1991) 5 2.7-3.4 1.01 0.17 1.09 0.20

Usk, Wales, UK O'CONNORet al. (1991) 29 12 0.91 0.10 0.96 0.11

James, VA, USA NICHOLS et al. (1991) 14 0.9 0.83 0.09 0.84 0.09

Ems, The Netherlands DE JONGE (1992) 8 2.6 1.04 0.09 1.08 0.07

Mean: 0.96 0.05 1.00 0.06

"Data for individual sectons not available

values of Q, (ii) calculated from published values

of cross-sectionally averaged peak velocity, U, such

that

1O-1 L--_ ..l........L-_ --'----- _ ----'----_ ----'--_ ---1.... _ ---'--_ -----'-_ -----J

10-2 10-1 100 10 I 10 2 10 3 10 4 lOS 10 6

Figure 1. Observations of cross-sectional area (A) as a function

of peak spring discharge (Q) at 236 sections from 25 separate

sheltered tidal channels or inlet systems. Data sources are given

in Table 1 (data for the six individual cross-sections of REDFIELD

(1965) are not available). Superimposed is the relationship be

tween Q and A found by JARRETT (1976) for U.S. Atlantic Coast

inlets.

(3)Q =A U,

or (iii) calculated from published values of Q via

(2). Here Q is (ideally) defined as the magnitude

of maximum discharge under spring tide condi

tions. Where Q corresponds to a known stage of

the fortnightly cycle other than spring, then Q is

scaled by the ratio of the mean spring tidal range

(Rap) to the range at the time of the discharge

measurement. Where tides are of the mixed type

(i.e., San Francisco and Oregon in Table 1), Rap

is defined as the difference between mean higher

high water and mean lower low water. Errors in

Q are estimated to be on the order of 20 CJo.
Wherever possible, A is the area of the wetted

cross-section at the time of Q. More often, how

ever, the precise area at the time of Q is unavail

able, and the cross-sectional area below mean tide

level is used instead. Nonetheless, errors in the

measurement of A are likely to be smaller than

U.S. Atlantic Coast inlets

(JARRElT, 1976)
*+
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errors in the measurement of Q. Here A is esti

mated to be accurate to within 5('('. Table 1 in

cludes only locations for which values for cross

sectionally averaged depth (h) are also available.

All but two of the sources in Table 1 include h

directly (or at least width, w, so that h = Alw can

be calculated). Widths for the Western Scheldt

sections were taken from GERRITSEN et al. (1991),

and widths for the sheltered Australian inlets were

obtained from U.S.D.M.A. charts H.O. 3451 and

N.O. 74183. Finally, the seaward-most cross-sec

tion of several of the channels were purposely

excluded from the analysis, either because of clear

morphodynamic alteration by ocean waves and

associated littoral drift (Alsen, Siletz, Yaquina,

Western Scheldt, Ems) or because the seaward

most cross-section extended beyond the chan

nelized portion of the estuary (York, Rapphan

nock, Potomac).

Previous Explanations for

Proportionality of A and Q

Published explanations for the near propor

tionality of A and Q in tidal channels include

maximum entropy (LANGBEIN, 1963; MYRICK and

LEOPOLD, 1963; WRIGHT et al., 1973), uniform

critical velocity (CHANTLER, 1974; RIEDEL and

GOURLAY, 1981; BYRNE et al., 1981), a form of Ts

theory based on plane bed flow (DE JONG and

GERRITSEN, 1985), or merely agreement with pre

vious empirical relationships. From an analogy to

thermodynamics, the maximum entropy hypoth

esis states that tidal channel geometry adjusts

toward a uniform distribution of energy dissipa

tion and a minimum rate of work in the system

as a whole. Uniform energy dissipation can be re

expressed as a uniform distribution of shear stress,

a concept which is consistent with the present

study. Minimum work, however, is not connected

directly to the equations governing tidal flow and

sediment motion. Thus, the maximum entropy

hypothesis will not be pursued further in this pa

per.

In its simplest form, the critical velocity (Uc )

hypothesis states that A adjusts until a charac

teristic cross-sectionally averaged U = U, causes

a bottom shear stress just capable of dislodging

material from the channel bed and banks

(CHANTLER, 1974). If U > Uc , net erosion will

increase the section's area, and U will decrease.

Conversely, if U < Uc , net deposition will de

crease the section's area and U will increase. This

concept is more properly termed critical shear

stress theory since bottom shear stress, rather than

U, is dynamically linked to initiation of sediment

motion. In open channel flow, boundary shear

stress is strongly dependent on U and weakly de

pendent on depth (HENDERSON, 1966). Thus Uc

should vary weakly as a function of depth among

tidal channels as well as along the length of in

dividual channels. In fact, the mean value of a in

Table 1 is a bit less than one, suggesting a slight

decrease in U typically occurs as Q and depth

decrease together along the length of individual

channels.

KRISHNAMURTHY (1977) applied a criterion re

lated to critical shear stress theory to his study

of tidal inlet morphology in the absence of littoral

drift. KRISHNAMURTHY suggested that for mor

phologic equilibrium, the time-averaged magni

tude of bottom shear stress in the inlet should be

no greater than the critical value required for sed

iment motion. In the study of bed load transport

by tidal currents, however, it is generally agreed

that the peak value of bottom shear stress is a

more relevant parameter than its time-averaged

magnitude (e.g., BRUUN, 1967; PINGREE and GRIF

FITHS, 1979).

The form of t« theory applied by DE JONG and

GERRITSEN (1985) was originally developed for

tidal inlets subject to significant littoral drift

(BRUUN and GERRITSEN, 1960; BRUUN, 1967).

BRUUN (1967) observed U to be 1 mls ± 15% at

seventeen sandy inlets of various sizes distributed

across northern Europe and the east, west and

Gulf coasts of the United States. According to

BRUUN (1967), A adjusts until the total bottom

shear stress produced by U flushes away the most

possible sediment with the least possible friction

alloss. In many inlets, U ~ 1 mls is just sufficient

to flatten dunes and produce a plane bed, thereby

applying the maximum portion of available total

shear stress directly to the bottom material. A

similar mechanism may apply to tidal channels

which are subjected to large inputs of sediment.

However a stability theory based solely on plane

bed flow is inadequate for a generalized study, for

U is well below 1 mls in many stable tidal chan

nels.

CRITICAL SHEAR STRESS AS A

LOWER BOUND ON Ts

In this study, stability shear stress (Ts) is de

fined as the total bottom shear stress just nec

essary to maintain a zero along-channel gradient

in net sediment transport. The lower bound on Ts

.Iournal of Coastal Research, Vol. 11, No.4, 1995
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where K ~ 0.4 is von Karman's constant, p is fluid

density, z is height above the bottom, and z, is a

length scale related to the bottom roughness. In

tegrating (4) over the depth of the water column,

h, gives

where ii is depth-averaged velocity, and lnte) = l.

If T is constrained to equal some critical value at

equilibrium, (5) indicates that depth-averaged ve

locity should decrease weakly with decreased h.

An alternative equation for well-behaved flow

in open channels with general properties similar

to (5) is given by the more empirically based Man-

Application to Tidal Channels

Critical shear stress theory is used to constrain

the form of equilibrium tidal channel cross-sec

tions as a function of discharge via the following

steps: (i) relating U = QIA to total bottom shear

stress, T, (ii) relating T to grain shear stress, T',

and (iii) requiring T' = T' C at equilibrium.

If flow is assumed to be steady, two-dimen

sional' uniform and fully rough turbulent, then

the "log-layer" solution can be derived from "first

principles" via dimensional analysis (e.g., YALIN,

1977):

(6)

ning-Strickler formula (e.g., HENDERSON, 1966):

Q I, r;
U =A =;; V~ hR l/

6
,

where g is the acceleration of gravity, n is Man

ning's friction coefficient (with metric units of

m I/:~S), and h., is the hydraulic radius of the chan

nel. Like (5), Equation (6) is directly proportional

to TI/~ and more weakly proportional to channel

depth. Although (6) may not be as closely based

on underlying physics as (5), (6) is probably better

suited for application to this study. Equation (6)

is based on observations of three-dimensional flow

in natural rivers and large man-made channels

and inherently incorporates the effects of cross

channel depth variations and channel bends. Fur

thermore, T in (6) can be treated as a characteristic

total bottom shear stress for the cross-section as

a whole. Although the Manning-Strickler formula

was developed for application to unidirectional

flow, it has also been applied successfully to cross

sectionally averaged flow through tidal inlets and

tidal channels (e.g., MEHTA, 1978; WALLIS and

KNIGHT, 1984). According to HENDERSON (1966,

Table 4-2), typical values of n for natural rivers

are 0.025 to 0.030 m l/:~s for" clean and straight"

channels and 0.033 to 0.040 m - 1/:3s for those that

are "winding, with pools and shoals". A reason

able value of n for equilibrium tidal channels,

then, would be about 0.03 ± 0.005 m - 1/3 S.

Following the suggestion of EINSTEIN (1950),

total shear stress (T) is typically related to grain

shear stress (T') by T = T' + T", where T" is bedform

drag. A survey of the literature reveals relatively

few direct measurements of the ratio T'IT over

naturally formed bedforms in channels (Table 2).

The few values that have been reported over sand

range widely from less than 0.1 to about 0.7. Some

of the disagreement in Table 2 results from the

precise location of measurement. KAPDASLI and

DYER (1986) measured T'IT directly above the rip

ple crest, where T" is largest. The other measure

ments in Table 2 are spatially averaged. In their

review paper, ENGELUND and FREDS0E (1982) sug

gested that when T' is only slightly greater than

T' c, T' IT ~ 0.5 in the presence of ripples and T'IT

~ 0.3 in the presence of dunes. Since spatially

averaged values of T'IT are needed here, a reason

able estimate for tidal channels in non-cohesive

sand would be 0.4 ± 0.2.

For uniform, non-cohesive sediment under

rough turbulent flow, dimensional analysis indi

cates the following relation should hold at the

(4)

(5)

u= !"\ h" In(~),
K V ~ z,

can be derived from the condition T' = T' c- where

T' is maximum grain shear stress and T' (' is the

critical grain shear stress necessary for initiation

of sediment motion. This end member is the sim

plest form of Ts theory and is also known as critical

shear stress theory. Critical shear stress theory

has long been applied to the design of stable ca

nals under conditions of unidirectional flow (e.g.,

LANE, 1955; HENDERSON, 1966). Where zero scour

of the canal beds and banks is desired, the limiting

design condition is that T' is no greater than T' c

at any point of the channel boundary. However,

more recent investigations of self-formed sand

channels (PARKER, 1978; DIPLAS, 1990) indicate a

dynamic equilibrium is possible only if T' is slight

ly greater than T' c, therefore allowing the presence

of a small but finite bedload. Laboratory experi

ments with self-formed sand channels confirm that

at equilibrium, T' along the channel axis is up to

15% greater than t'« (DIPLAS, 1990).

Journal of Coastal Research, Vol. 11, No.4, 1995
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Table 2. Ratio of grain to total shear stress over naturally formed ripples and dunes.

Location Source

Mean d

(mm) T'lT

Laboratory flume

Columbia R., WA, USA

Laboratory flume

Laboratory flume

Tweed R., NSW, Australia

Laboratory flume

BAGNOLD (1963)

SMITH (1977) and SMITH

and McLEAN (1977)

ENGELUND and FREDs0E (1982)

and FREDs0E (1982)

PAOLA (1983)

DRUERY et al. (1986)

KAPDASLI and DYER (1986)

0.2-0.7

0.27

0.2-0.9

0.2

0.2-0.3

0.14-0.5

0.2-0.5

0.18-0.24

0.3-0.5

0.58-0.65

0.2-0.7

0.08-0.17*

*Observation over ripple crest. Other observations are spatially averaged

initiation of sediment motion (e.g., Y ALIN, 1977):

where the total critical shear stress, T c , IS giv

en by

Comparison to Observations

To compare (8) to the observations in Figure

1, several additional assumptions are necessary.

The density of the sediments is assumed to be

well represented by quartz, for which G = 1.65.

Because of the large width-to-depth ratio of the

channels, it is reasonable to equate hR to the mean

depth of the cross-section, h. Errors in Q are es

timated to be 20%, whereas A and h are assumed

accurate to within 5%. Likely variance in nand

T'IT are somewhat larger, as discussed in the pre

vious section. However the least constrained vari

able is d.

Table 3 lists the few sources from Table 1 which

provide bottom sediment information. Seven

sources indicate fine-to-medium sand bottoms,

three indicate significant mud, and one indicates

bottom sediment which is "highly organic and

black and has a texture not immediately obvious

in the field" (MYRICK and LEOPOLD, 1963, p. 4).

Of course (9) is not relevant to mud bottoms or

for "highly organic" sediment for which the issue

(7)

(9)

(8)
( )

1/ 2

Ah
R

l/6 = Qn pg ,
Tc

where G is the specific gravity of the sediment in

fluid, d is the grain diameter, and the dimension

less constant t/;c is the critical Shields parameter.

Experimental work by Shields (in YALIN, 1977)

indicates t/;c = 0.05 ± 0.01. Combining (6) and (7)

by setting T' = T' C finally gives the following upper

bound on equilibrium cross-sectional geometry as

a function of discharge and other externally fixed

variables describing sediment and roughness

characteristics:

Table 3. Channel bottom sediment type at cross-sections.

Location Source

Dominant

Sediment Type

Non-cohesive

Ord

Chesapeake inlets

Queensland inlets

Western Scheldt

South Alligator

Daly

Adelaide

WRIGHTet al. (1973)

BYRNE et al. (1981)

RIEDELand GOURLAY (1981)

DEJONG and GERRITSEN (1985)

VERTESSY (1990)

VERTESSY (1990)

VERTESSY (1990)

medium sand

med. to fine sand

fine sand

fine sand

fine sand

med. to fine sand

medium sand

Cohesive

Wrecked Recorder

San Francisco Creek

Auckland inlets

James

MYRICK and LEOPOLD (1963)

PESTRONG (1965)

HUM!': (1991)

NICHOLS et al. (1991)

"highly organic"

mud

muddy fine sand

mud

Journal of Coastal Research, Vol. 11, No.4, 1995
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e non-cohesive

• cohesive or unknown

-- Equation (8)

. •. .•• ••.. error bounds
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• non -cobeave or unkno .....n

--- Eq u:suo n (10)
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116

(m 1316)
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10'

Figure 2. Observations of the cross-sectional parameter

AhR
II' as a function of peak spring discharge, the total critical

shear stress for non-cohesive sediments (rel, and other exter

nally fixed variables, superimposed on the 1:1 line given by

Equation (8). Sections with bottom sediments that are known

to be non-cohesive are indicated by circles.

Figure 3. Observat ion' of the cr oss-sectional parameter

Ah,,'" as a function of peak spring discharge, the critical erosion

shear stress for cohesive sediment.' (r,J , and other externally

fixed variables, superimposed on the I: I line given by Equation

(101. Sections wit.h bottom sedim ents that are known to be

cohesive are indicated by circles ,

of cohesion must be addressed. In applying (8)

(9) to the seven systems with bottom sediments

that are known to be non-cohesive, reasonable

approximations for d are used (Table 3). Other

wise, d = 2 ± 1 phi is chosen, where phi = -log2(d

in mm) . This choice is centered at d = 0.25 mm

and includes the range typically defined as fine

to medium sand (1/8 to 1/2 mm). Using d = 2 phi,

along with p = 103 kg m :l and the previously

discussed values for 1/;e, G and T'IT , gives T C = 0.5

N m 2 with lower and upper error bounds of 0.1

N m 2 and 1.1 N m 2, respectively.

If critical shear stress theory is applied to co

hesive sediment, a first-order result is given by

evaluating (6) using the magnitude of critical ero

sion shear stress (TE) typically observed above mud

bottoms (e.g., PARTHENIADES, 1965; DYER, 1986) .

Rather than indicating initiation of motion, T (-;

represents the shear stress necessary to initiate

significant erosion. The loosely held mud floes

often found at the surface of quiescent mud bot

toms generally begin to move at T 0::: 0.05 - 0.1

N m 2 (DYER, 1986; KRONE, 1993), which is sig

nificantly less than typical values of T E • In one of

the most widely quoted laboratory studies of co

hesive bed erosion, PARTHENIADES (1965) found

rapid erosion of San Francisco Bay mud to begin

at T (-; 0::: 0.5 .... 1.:3 N m 2. LEE, et al. (1994) doc-

umented 152 laboratory measurements of T E and

found published values to have a median value of

0.67 N m 2. However the published values sum

marized by LEE,et al., range widely, from as little

as 0.01 N m " to as much as 60.9 N m ". Though

much less common than laboratory studies, in situ

erosion measurements of natural cohesive beds

are arguably more relavent to the present study.

A recent measurement of this type was provided

by SCHi'lNEMANN and KOHl. (199;3) , who found

rapid erosion of mud beds in the Elbe estuary at

T E 0::: 0.2tol N m ' . Weighting our est imate slightly

toward the field observations of SCH UNEMANN and

Kuu HL, TE is chosen here to equal 0.7 :+- 0.5 ~

m ' .
Setting T = T E in (6) gives the following ex

pression for cross-sectional geometry:

Ahu' /. ~ Qn(pg)' I2 . (0)
T E

In evaluating (l O), n is again chosen to be 0.03 ±

0.005 m I /"S, since the application of Manning's

n to natural channels appears to be insensitive to

bottom sediment type within the mud to sand

range (HENDERSON, 19661. Equation (10) admit

tedly neglects the role of hedform drag; but the

value of T'1r applied to (8)(9) is for non-cohesive

sand only and cannot contidently be used in de-
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two standard errors

Rsp (m)

16

- --Q.-

o 1 L--._----'----~-----.L~~J.__~---.L- _ __'___.--'---_____.J

0.25

1.6

or

AhR1
/
6

0.4

Qn(pg/td lfl

AhR I/6

Qn(pg/tc)lfl 0.8 -

Figure 4. Observations of the cross-sectional parameter

Ah.,1/6 divided by peak spring discharge, total critical shear stress

(or critical erosion stress for channels known to be cohesive)

and other externally fixed variables, averaged for each tidal

system, and plotted as a function of spring tidal range at the

mouth of each system. Also shown is the least-squares log-log

regression given by Equation (12). Sections with bottom sedi

ments that are known to be non-cohesive or cohesive are indi

cated by circles or stars, respectively.

o non-cohesive

0.2 * cohesive

+ unknown

-- best fit of Equation (12)

(11)

riving (10). Figures 2 and 3 display (8) and (10),

along with error bounds, super-imposed on the

field observations. From these figures, it is ap

parent that (8) and (10) produce quite similar

curves.

Within error bounds, both (8) and (10) roughly

predict the observed variation in Ah H 1/6 as a func

tion of Q and the other externally fixed variables

(Figures 2 and 3); about half of the cross-sections

fall within the error bars of each equation. How

ever most of the sections fall below the lines pre

dicted by (8) and (10), and many fall entirely

below the range of likely error. As was earlier

emphasized, critical shear stress theory only pro

vides a lower bound on T s and, therefore, an upper

bound on equilibrium cross-sectional geometry.

It is reassuring to note that very few of the ob

servations in Figures 2 and 3 fall above the error

bounds.

For both cohesive and non-cohesive sediment,

critical stress theory predicts that at equilibrium,

tidal channel geometry will follow the relation

If regressions of the form Ah H 1/6 ,-., Qd are applied

to the individual systems in Table 1, then the

mean value for 13 is 1.00 ± 0.06 (Table 1), which

is consistent with critical shear stress theory. (Plus

or minus 0.06 indicates two standard errors which

is approximately the 95 C(l confidence interval.)

However (11) is also consistent with any Ts (in

cluding Ts > T c ) that remains nearly constant along

the entire length of a given tidal channel. This

can be seen by setting T = T s in (6) and then solving

for Ah R
1I6

• In summary then, observations suggest

that Ts varies only slightly with distance along

individual channels and that the relation T s ~ T c

(or T s ~ T E) provides reasonable upper bound for A.

DEVIATIONS OF Ts FROM r..

Cross-sections from systems having small Qfall

about evenly on either side of (8) and (10) in

Figures 2 and 3. However cross-sections with larg

er Qfall consistently below the theoretical curves.

This qualitative trend is confirmed statistically if

a least-squares regression of the form Ah H I/6 ,-.,

iQTc-1/2}d is performed on all the cross-sections

in Figure 2 at once. (Tc 1/2 is included in the re

gression because T c can vary between systems as

a function of d.) The regression gives 13 = 0.93 ±
0.02, rather than {) = 1 as predicted by critical

shear stress theory. Yet the mean along-channel

value for 13 is statistically indistinguishable from

one (Table 1). This supports a second form of t«

theory, namely that T s tends to be uniform

throughout anyone channelized tidal embayment

but may have a value greater than that required

for initiation of sediment motion.

Even though large Q is associated with over

prediction of Ah R l/
6 in Figures 2 and 3, Q is prob

ably not the variable directly responsible for the

observed deviation. If the misfit were directly a

result of increasing Q, then along-channel varia

tions in Q, which can be several orders of mag

nitude, should also cause 13 < 1. Here it is pos

tulated that among different systems, consistent

deviations from a single theoretical curve are

largely due to differences in spring tidal range.

R sp varies much less than Q within individual sys

tems and is therefore more compatible with uni

form along-channel behavior of Ah R
l
/
6

• Thus the

population-wide Q-dependent deviation may

largely be the result of a fortuitous correlation

between Q and R sp •

Figure 4 displays mean (log-space) deviations

from (8) as a function of R sp for each system in

Figure 2 along with the best-fit log-log least

squares regression. The best-fit curve with stan

dard errors is (with R sp in meters):

,!V\JH1 il of Coaat.al Research, Vol. 11, No.4, 1995
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'0'

Figure 5. Observations of the cross -sectiona l parameter

Ah.. " as a fun ct ion of peak spring discharge, the stability shear

stress predicted by Equation (12), and other externally fixed

variables, superimposed on the 1:1 line given by Equation (13).

range generally increases with tidal range. On the

Potomac (R,,, = 1 m) spring range is only 1 0 ~ ~

greater than the mean range, whereas on the Ta

mar (R,,, = 4.7 m) it is 36" ; greater, and on the

Usk (R,p = 12 m), it is 45/'/· greater. If the most

relevant discharge is actually a weighted average

of all discharges, then use of spring discharge alone

will tend to overestimate Ts in channels with large

tide ranges. Second, systems having smaIl tide

ranges may be more sensitive to morphologic

change by non-tidal forces . The occasional flood

or storm surge is more likely to overflow the banks

of a smaller tide range channel and cause more

severe erosion. Neglecting non-tidal forces may

underestimate the most relevant Q (and thus un

derestimate Ah.,' :") in channels with small tide

ranges.

Stability shear stress may also be a true func

tion of spring tidal range. The larger the tidal

range. the larger the likely expanse of exposed

sediment in intertidal flats, which in turn may

result in a greater supply of sediment to the chan

nels. A larger supply of sediment may "clog" the

channel. decrease cross-sectional area and in

crease U = Q/A until some Ts '> Tc is reached

which can disperse the sediment as fast as it is

supplied. Tide range is also associated with char

acteristic patterns of tidal distortion which should

favor increased or decreased channel cross-sec

tional area at equilibrium. AIl else being equal,

channels with small tide ranges tend to be ebb

dominant. whereas channels with large tide rang

es tend to be flood-dominant (FRIEDRICHS and

AUBREY, 1988; FRIEORICHS and MADSEN, 1992).

Ebb-dominant channels will tend to flush sedi

ment out of a system more effectively, decreasing

the level of Ts otherwise needed to prevent shoal

ing. Flood-dominant systems will tend to trap

sediment within a tidal channel increasing the

needed level of Ts .

ALONG-CHANNEL VARIATION IN Ts

An assumption of uniform Ts along the length

of individual tidal channels leads to the relation

AhR' /" - Q, An along-channel deviation away from

uniform Ts is indicated by a least-squares fit of

Ah" lI" - Q" to data from a single system for which

{j is significantly different from I. If {j > 1.

Ahu l/'; is larger than predicted near the seaward

end of the channel where Q is high and smaller

than predicted near the landward end of the chan 

nel wh ere Q is low. If the channel is stable, then

s> I also implies that T s decreases in a seaward

(13)

(12)

10'10'

-- Equalion(IJ)

------ ---- error bounds

10''0'

'0'

10'

where

'0'Ah.l/b
(m'lI6)

10'

Ah 1/6 (T )'/2
Q~ fl; = (0.65 ± O,14)R,p ,,"9, 0IS

or equivalently,

Ah,,' /6 = Qn(pg)' /2.
TS

'0'

T
S

= (2 .3 ± 1.0)R,po.79,o·""Tj' (14)

(and T E has been substituted for T(: in evaluating

channels with cohesive sediment). Since T c has

already been shown to provide a reasonable lower

bound on TS. it is sensible to apply (14) only to

those systems with tidal ranges large enough to

give Ts ~ Te . Thus (14) applies only to systems

with R,o ~ -0.4 m (which includes all the chan

nels examined in this study). Figure 5 displays

(13) superimposed on all of the field observations.

The observations in Figure 5 fall about evenly on

either side of (13), suggesting (13) provides a rea 

sonable mean value for cross-sectional geometry

as a function of discharge, not just an upper bound.

Stability shear stress may vary with R,p partly

due to the nature of the analysis used in this

study. It is possible that the methods applied here

overestimate the value of Q most relevant to equi

librium morphology in channels with large R,pand

underestimate the most relevant Q in those with

small R,p. First, the ratio of spring to mean tidal

Journal of Coastal Research . Vol. II, Nil. ·1, 1 ~J9 r ,
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direction. If {3 < 1, then the opposite is true, and

Ts decreases in a landward direction. In the pre

vious section it was suggested that ebb- or flood

dominant discharge throughout an entire system

could cause it to have a higher or lower T s- In this

section, it is suggested that spatial variations in

flood- and ebb-dominance within a single system

can cause analogous along-channel variations in

Ts·

If the seaward portion of a tidal channel is flood-

dominant while the landward portion is ebb-dom

inant, then a spatial convergence in the direction

of maximum discharge will cause a localized in

crease in sediment concentration. This process

has been documented previously as a "tidal tur

bidity maximum" in such tidal rivers as the Gi

ronde in France (ALLEN et a I., 1980) and the rra

mar in the U.K. (UNCLES and STEPHENS, 1989;

STEPHENS et al., 1992). Seaward of the turbidity

maximum, flood-dominance brought about by a

large tidal range-to-depth ratio (and possibly en

hanced by gravitational circulation) favors land

ward movement of sediment; landward of the tur

bidity maximum, ebb-dominance brought about

by fresh water discharge favors seaward move

ment of sediment. The resulting turbidity maxi

mum is observed to migrate along-channel as sea

sonal variations in fresh water discharge cause

displacement of the convergence point.

Both ALLEN et al. (1980) and STEPHENS et al.

(1992) used I-D numerical models to study the

hydrodynamics associated with tidally-induced

turbidity maxima. When using realistic along

channel geometries from the Gironde and the Ta

mar, both of their models predicted a localized

increase in maximum shear stress associated with

a rapid constriction in cross-sectional area. In each

case, maximum shear stress was predicted to de

crease landward and seaward of this point. For

both the Gironde and the Tamar this fixed region

of increased shear stress was found to be in the

general vicinity of the previously observed, mi

grating turbidity maximum. Both studies sug

gested that this local increase in shear stress may

enhance resuspension in the vicinity of the mi

grating turbidity maximum.

Here it is argued that the tidal turbidity max

ima and locally increased stress are morphodyn

amically related and may help explain observed

deviations from {3 = 1 along some stable tidal

channels. Evolution towards equilibrium might

proceed as follows: first, an along-channel switch

from ebb- to flood-dominance favors collection of

sediment at a tidal turbidity maximum; then de

position at the turbidity maximum reduces cross

sectional area, locally increasing U = Q/A, and;

therefore, increasing maximum bottom shear

stress. Ultimately, A is decreased until a locally

increased T s is reached which prevents further

deposition and effectively disperses sediment as

fast as it is supplied. At equilibrium, Ts will de

crease both seaward and landward from the tran

sition from flood- to ebb-dominance.

If a stable channel is examined seaward of the

switch from ebb- to flood-dominance, then a sea

ward decrease in T s should cause {3 > 1 and be

associated with flood-dominant discharge. Con

versely, a decrease in r« landward of the transition

should cause {3 < 1 and be associated with ebb

dominance. The larger the tidal range, the farther

inland this transition from {3 > 1 to {3 < 1 should

occur, and the more likely a fit to all the cross

sections will give {3 > 1. These trends seem to be

borne out by Table 1 which indicates that of the

eight channels macrotidal channels (R s p > 4 m),

six have {3 > 1. Among these eight macrotidal

channels, sufficient information is available to cal

culate ratios of flood-to-ebb peak discharge along

the Thames, Ord, Western Scheldt, Tamar, South

Alligator and Daly. Average values for Qflood/Qebb

at sections along these five tidal channels are 1.1,

2.0, 1.5, 1.2, 1.5 and 2.2, respectively, confirming

an association of flood -dominance with {3 > 1.

If many cross-sections are available along a sin

gle macrotidal channel, it may be possible to re

solve the anticipated change in morphology from

{3 > 1 to {3 < 1. The two macrotidal channels in

Table 1 with the largest number of cross-sections

are the Usk and the Thames. Least-squares fits

of Ah R 1/6 -., Q ~ to the seaward portions of these

two channels indeed give {3 > 1, whereas fits to

the landward portion give {3 < 1 (Figure 6). Thus

the relatively low value of {3 = 0.96 for the entire

Usk may be due to a sampling of cross-sections

on both sides of the transition from flood- to ebb

dominance. ALLEN (1958) and O'CONNER et al.

(1991) also noted an along-channel discontinuity

in the relationship between Q and A along the

Thames and Usk, respectively, which they qual

itatively associated with the influence of riverine

versus tidal processes. In this paper a more phys

ically-based mechanism is suggested, namely

morphodynamic feedback between temporal and

spatial asymmetries in bed stress in the vicinity

of the tidal turbidity maximum.

All of the tidal channels subject to tides of mixed

Journal of Coastal Research, Vol. 11, No.4, 1995
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Figure 6. Observations along the Usk and Thames of the cross

sectional parameter AhR " ' as a function of peak spring discharge.

t he s ta bility shear stress predicted by Equation (12). and other

externa lly fixed variables, superimposed on the 1: l line given

by Equation (13). Also shown are least-squares log-log regres

sions for {3 along the landward and seaward portions of the

estuary.

type (San Francisco and the three Oregon chan

nels), have {3 ~ 1 (Table 1). This may be due to

a systematic association of mixed tides with ebb

dominance. In a mixed-tide regime. the lower low

tide usually follows the higher high tide, causing

the largest changes in tidal elevation to occur con 

sistently during the ebb. However this consider

ation is merely speculative. The unusually low

values for {3 in the Oregon channels could also

result from choking of the seaward end by littoral

drift even beyond the most seaward cross-section

(the seaward-most section of each Oregon channel

has already been dropped from the analysis).

SUMMARY AND CONCLUSIONS

A survey of the literature allows estimates of

peak spring discharge and cross-sectional geom

etry at 242 sections in 26 separate tidal systems.

Previous explanations for the near proportional

ity of cross-sectional area (A) and discharge (Q)

include maximum entropy, uniform critical ve

locity, and a propensity toward plane bed flow.

The purpose of this study is to relate the mor

phology of sheltered tidal channels to flow prop

erties via a more robust, physically-based mech

anism, namely the stability shear stress (T5) just

necessary to maintain a zero gradient in net along-

channel sediment transport. It is assumed th at if

T > Ts, net erosion will occur, increasing A, and

reducing T - (Q/A)" back toward Ts . If T <, Ts

there will be net deposition . reducing A and in

creasing T toward Ts .

A theoretical lower bound on Ts (and an upper

bound on A) for channels floored by non-cohesive

sediment is provided by the cond ition T' = i'«.

where T ' is maximum grain shear stress and T ' , is

the critical grain shear stress necessary for initi

ation of sediment motion . Critical shear stress

theory is applied to equilibrium tidal channel ge

ometry by (a) relating U = Q/A to T via the Man

ning-Strickler equation. (b) relat ing total shear

stress, T, to T ' via empirical ratios from the lit

erature, and (c) determining T ' = T' , . from the

Shields criterion for the initiation of sediment

motion. For cohesive sediments, T is assumed to

equal TF: at equilibrium, where T>: is the magnitude

of critical erosion shear stress typi cally observed

above mud bottoms.

Comparison to observations indicates T ' = r c
and T = T E do a reasonable job of predicting equi 

librium cross-sectional geometry in general and

an excellent job of predicting the upper bound on

likely geometry. In either case, uniform critical

values for T predict that at equilibrium, along

channel geometry will follow the relation AhR" 6

- Q. where h" is the hydrauli c radius. Along

channel regressions of the form Ahn
l
/ " - Q" give

a mean observed value for p of 1.00 + 0.06. which

is cons istent with crit ica l shear s tress theory.

Although along-channel geometry agrees, on

average, with the prediction Ah,,"" - Q, the uni 

form T s appropriate to individual systems can vary

widely above that pred icted by t ' = r ' .. or T = TE '

Observed Ts is found to vary among systems ac

cording to the relation Ts :::: 2.3 R.p,, : oT(' , where R ,p

(in meters) is the spring tidal range. and T, is the

total shear stress when T ' ~ r,. . Ts may vary with

R ,p because of an increase in expo sed Hats asso

ciated with large R p • An increased sediment sup

ply may " clog" the channel . increasing the TS nec

essary for effective sediment dispersal. Also, small

R p favors ebb-dominance, whereas large R,p fa

vor s flood-dominance . Ebb-dom inance may aid

the flushing of sediment. decreasing Ts , whereas

flood -dominance may enhance shoaling and in

crease T s .

Observed deviations from Ah.,':" - Q along in

dividual channels are associated with a conver

gence in discharge asymmetry. It is hypothesized

th at a spatial convergence in the direction of max-

101 10) 10·

Q n(p,;)'n (m HI.)

~ ~ ~ ~ ~ " ~ ~ ~ ~ " ~~ ~ " - ~

o Usk c ros s liC'\. ·l i un 'i(UCU~ h lll n ol.. 1(9 1) .: " ' / : l
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imum discharge may cause net deposition, a re

duction in A, and a local increase in U = Q/A until

some larger T s is reached which prevents further

deposition. In a stable channel, T s will then de

crease both seaward and landward of the conver

gence point. If a regression of the form Ah., I!f) ,....,

QP is applied along such a channel, one should

find !J > 1 associated with flood-dominance sea

ward of the maximum in t; and tJ < 1 associated

with ebb-dominance landward. Geometries and

discharge asymmetries along several channels are

observed to be consistent with this pattern.
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