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[1] The equilibrium bed profile of tidal channels dissecting the tidal flats of coastal lagoons
is studied within a rational one‐dimensional framework. A general analytical solution is
obtained which expresses the bed profile in terms of a modified longitudinal coordinate,
accounting implicitly for channel convergence and adjacent shoals. For values of the
relevant parameters typical of costal lagoons, inertia and friction effects as well as overtides
are shown to provide minor corrections to the equilibrium bed profile. The overall shape of
the profile is also shown to be slightly affected by the equilibrium condition used in its
derivation, consisting in a requirement on either residual erosion/deposition fluxes or
maximum velocity. In particular, the asymptotic form of the analytical solution is common to
both the equilibrium requirements, thus suggesting the existence of general morphological
relationships relating the depth at the channel mouth or, alternatively, the length of the
channel to the tidal amplitude, to the degree of channel convergence, to the critical velocity
for erosion/deposition and to the extent of intertidal storage areas. The profile shape is
affected as well; for instance, nearly constant‐depth channels tend to formwhen convergence
is strong. The equilibrium configuration also implies that a power law relationship of the type
proposed by O’Brien‐Jarret‐Marchi for tidal inlets, relating the channel cross section to
the tidal prism, holds throughout the entire channel. Finally, the theoretical profile is shown
to reasonably reproduce the bed configurations observed in a number of tidal channels
surveyed within the Lagoon of Venice (Italy).

Citation: Toffolon, M., and S. Lanzoni (2010), Morphological equilibrium of short channels dissecting the tidal flats of coastal
lagoons, J. Geophys. Res., 115, F04036, doi:10.1029/2010JF001673.

1. Introduction

[2] The problem of determining the morphological features
of tidal channels has recently received considerable attention
[de Swart and Zimmermann, 2009]. Twomajor research lines
can be identified when considering the equilibrium shape
of these channels. The first is based on analytical or semi‐
analytical solutions obtained by suitably simplifying the rel-
evant equations and aims at deriving general results to capture
the key features of the hydrodynamic field [Friedrichs and
Aubrey, 1994; Lanzoni and Seminara, 1998; Savenije et al.,
2008] and of morphodynamic processes shaping the chan-
nel bed [Friedrichs and Aubrey, 1996; Schuttelaars and de
Swart, 2000; Prandle, 2003; Seminara et al., 2010]. The
second relies on more or less detailed numerical models used
to explore some forcing conditions and planform geometries
[Lanzoni and Seminara, 2002; Pritchard et al., 2002;
Tambroni et al., 2005; Todeschini et al., 2008].

[3] In the case of a short (with respect to the tidal wave-
length), frictionless tidal embayment of constant width,
Schuttelaars and de Swart [1996] showed that if the landward
shoaling portion of the embayment is neglected, a morpho-
dynamic equilibrium state is ensured by a linearly varying
longitudinal profile. This profile is unique, is reached for
arbitrary initial conditions, and is characterized by a vanish-
ing net transport in the entire embayment (i.e., by a spatially
uniform bed shear stress distribution). Schuttelaars and
de Swart [2000] subsequently extended the analysis to
embayments with arbitrary lengths by considering also the
effects of a depth‐dependent linearized friction. For a sinu-
soidal tidal forcing, they found that a unique equilibrium
solution exists only for embayment shorter than the frictional
length scale of the tidal wave, while no equilibrium is possible
for larger embayments. The presence of external overtides,
inducing a tidal asymmetry which contributes to net sedi-
ment transport, determines the possible existence of multiple
equilibria, even though for a range of the governing para-
meters of theoretical rather than practical relevance.
[4] The role played by the landward shoaling portion of a

tidal embayment was investigated by Friedrichs and Aubrey
[1996], with particular reference to the morphology of tidally
dominated intertidal flats. Under the usual assumption of a
short frictionless embayment of constant width, they sought
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an equilibrium profile by requiring that the tidal velocity
never exceed the threshold for sediment motion throughout
the entire tidal cycle, a more restrictive condition with respect
to that imposed by Schuttelaars and de Swart [1996]. The
resulting bed profile varies linearly only below mean sea
level, while it assumes a concave configuration described by
a quarter of sine near the landward embayment head, where
the bed emerges above mean sea level.
[5] Recently, Seminara et al. [2010], focusing on the

morphology of tidal channels, generalized the problem
accounting for longitudinal width variations induced by
planform channel convergence and for storage associated
with tidal flats flanking the channel. By means of a pertur-
bation analysis, they treated the landward region of the
shoaling channel, subject to wetting and drying, as an inner
boundary layer, thus obtaining a fully analytical solution
valid throughout the entire channel. In the absence of sedi-
ment exchange with the sea, this solution was found to be
associated with a “static” equilibrium of the channel, imply-
ing a vanishing sediment transport at each instant of the tidal
cycle. The analytical solution indicates that the concavity of
the bed profile in the channel portions located below mean
sea level arises from two major effects, namely, channel
convergence and longitudinal variations of the relative
roughness. It also turns out that tidal flats affect significantly
the hydrodynamics, leading to flow acceleration in the chan-
nel and causing a shortening of the equilibrium channel
length, which is enhanced as the flats widen.
[6] The assumptions of short channel length and negligible

friction effects were relaxed by Prandle [2003], who inves-
tigated analytically the case of a “synchronous” estuary (i.e.,
with constant tidal amplitude and hence “ideal” according to
the definition of Savenije et al. [2008]) dominated by con-
vergence and friction. However, as the length of the channel
increases and the tidal wave is distorted, the solution gets
more and more complicated. For this reason, Lanzoni and
Seminara [2002] and Todeschini et al. [2008], for sandy
tidal channels, and Pritchard et al. [2002], for intertidal mud
flats, tackled the problem numerically. In the case of sandy
tidal channels, the numerical results indicate that a well‐
determined equilibrium bed profile exists for given external
parameters independently of the initial conditions. In the
absence of external sediment inputs, the system is in partic-
ular observed to evolve asymptotically toward a configura-
tion ensuring a vanishing small net sediment discharge all
along the channel, i.e., a nearly symmetrical distribution of
the tidal flow during flood and ebb phases. This result inci-
dentally supports the complementary approach put forward
by Dronkers [1986] to assess morphological equilibrium in
tidal channels on the basis of the analysis of tidal asymmetry.
Pritchard et al. [2002] showed that even though the theo-
retical convex profile by Friedrichs and Aubrey [1996] well
approximates real bed configurations on intertidal mud flats,
the flats have a tendency to accumulate sediment over long
times when realistic values of the seaward boundary con-
centration are considered. Tidal asymmetry (flood or ebb
dominance) leads to a steeper flat, and ebb dominance can
cause the flat to retreat landward in the long term. This
behavior was found to be strictly related to settling lag effects
[Pritchard and Hogg, 2003], causing a hysteresis in the
response of suspended mud concentration to current speeds

and hence an imperfect symmetry between erosion and
deposition fluxes, determining a net import of sediment.
[7] In this paper, we focus on tidal channels which typically

develop within tidal flats of micro‐ and mesotidal coastal
lagoons (barrier lagoon being uncommon under macrotidal
conditions). These channels are usually short enough (of the
order of a few kilometers) to assume a quasi‐static propaga-
tion of the tidal wave, and their dynamics are essentially
controlled by the action of gravity, while friction and inertia
play a minor role. Two main classes of such channels can
be distinguished within coastal lagoons, depending on the
location of their head [Ashley and Zeff, 1988]. The first cor-
responds to branching dead end channels, terminating in salt
marshes typically fringing the larger channels or located in
the innermost part of a lagoon. The bed of these channels
tends to shoal landward, forming a region that periodically
wets and dries during the tidal cycle. This is the configuration
investigated by Seminara et al. [2010]. The second class of
channels include the throughflowing channels connecting the
lagoon to the sea, dissecting the much deeper tidal flats
usually located close to a lagoon inlet or in large inner
soundings (e.g., Figure 1). The head of these channels, usu-
ally located near to the divide of tidal subbasins, tends to
attain the elevation of mean spring low water level and hence
is normally submerged during the whole tidal cycle. It is just
this second specific, yet common, type of tidal channels that
we are interested in. In particular, we will try to clarify some
fundamental questions related to the links between the long‐
term behavior of tidal channels and the morphodynamics
of costal lagoons.
[8] The first issue concerns the type of equilibrium condi-

tion that likely determines the observed morphologic con-
figurations. We will discuss how this condition possibly
relates to the evolutionary trend exhibited by a given lagoon,
considering either a vanishing tidally averaged residual flux
resulting from erosion/deposition processes or the require-
ment that, throughout the tidal cycle, the maximum velocity
(a measure of the intensity of sediment transport) never
exceeds a given threshold proportional to that for incipient
sediment erosion.
[9] The second question we will address is associated with

the typical scales and morphological relations suggested by
the shape of the equilibrium channel profile. In particular, we
will substantiate the along channel validity of the relations
between the tidal prism and the cross‐sectional area and,
considering the morphologic signatures emerging from
observational evidence (e.g., the spatial distribution of the
mean channel width to mean depth ratio), we will discuss
the mutual influence of bed profile variations and channel
planform configuration (usually exhibiting a certain degree
of landward convergence).
[10] The rest of the paper is organized as follows. Section 2

describes the main morphologic features of a few channels
dissecting the tidal flats of the Venice lagoon, a typical
microtidal lagoon located in the north of Italy. In section 3,
we set up the mathematical model and discuss the validity of
the adopted simplifications. In section 4, we determine ana-
lytically the flow field structure and the equilibrium profiles
resulting from two different equilibrium requirements, dis-
cussing the morphological consequences of these results and
providing also a comparison with field evidence. Finally, in
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section 5, we report some conclusions and suggestions for
future research.

2. Observational Evidence

[11] We have analyzed the bathymetric and planform
configurations of a number of tidal channels dissecting the
tidal flats of the Venice Lagoon (Italy), a semidiurnal (tidal
period T* ’ 12.4h), microtidal (tidal amplitude a* ’ 0.5m)
lagoon extending over an area of roughly 550 km2 (hereafter
a superscript star will denote dimensional quantities).
[12] The present morphology of the lagoon, characterized

by networks of channels departing from three inlets and
cutting into the intertidal areas, is the result of a morphody-
namic evolution which has recently experienced a relatively
rapid acceleration. In the past century, in fact, large areas of
the lagoon have undergone a progressive degradation due
to relative sea level rise (including subsidence) and erosion
processes enhanced by human activities. We have then
focused our attention on the northern part of the lagoon, the
least disturbed, where tidal flats have an elevation ranging
between −0.5 m and −1.2 m above mean sea level (MSL),
with a mean value of −0.75 m [Carniello et al., 2009], close
to the mean spring low‐water level. The bathymetric survey
used to extract channel features was carried out in 2003
[Consorzio Venezia Nuova‐Technital, 2007] using different
techniques (multibeam, single beam, GPS, orthophoto resti-
tution, and direct topographic survey) to obtain precise results
for each range of elevations. The standard error in bottom
elevation data is ±5 cm for tidal flats and ±10 cm for tidal
channel beds. The spatial resolution of the data on tidal flats
is approximately 100 × 80 m, while the measuring grid is
suitably thickened (50 × 10 m) when surveying the cross
sections of tidal channels. The minimum width of surveyed
channels is about 30 m.

[13] Figure 1 shows the planforms of the various chan-
nels, determined on the basis of aerial photographs, and their
location within the lagoon system. The channel length,
L* and the channel width at the mouth, Bm*, vary in the ranges

Figure 2. (a) Longitudinal bed profiles h(s), (b) width distri-
bution B(s), and (c) width to depth ratio b(s) for the channels
of Figure 1. The exponential fitting of the observed width
distribution (continuous line) is also reported.

Figure 1. Observed tidal channel planforms and their location within the Venice lagoon.
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1.0 ÷ 4.3 km and 45 ÷ 120 m, respectively. The longitudinal
bed profiles (Figure 2a) are generally characterized by an
upward concavity while the planform funnelling shape is
well approximated by an exponential law (Figure 2b).
Figure 2c indicates that the width to depth ratio (the flow
depth being computed with respect to mean sea level) varies
in the range 15 ÷ 35 and shows a certain degree of variability
along the channel, although a clear general trend does not
emerge. The channel beds are composed of very fine sand‐silt
sediment, with a mean grain size d50* = 0.05 mm [Magistrato
alle Acque di Venezia, 2008]. The critical bed shear stress for
the erosion of this sediment, estimated from the Shields dia-
gram, thus neglecting the possible effects of silty fractions, is
tc* ∼ 0.15N/m2, and corresponds to a critical velocity Uc* ∼
0.17m/s. This latter estimate has been obtained by expressing
the friction coefficient through the Manning‐Strickler rela-
tion and, assuming the roughness coefficient ks* = 35m1/3s −1,
determined on the basis of the calibration of a two‐dimen-
sional hydrodynamic finite element model of the Venice
lagoon [D’Alpaos and Defina, 2007].

3. Formulation of the Problem

3.1. Governing Equations

[14] Let us consider a straight tidal channel of length L*
dissecting an idealized tidal flat of total width BT*. We assume
that the cross‐section of the channel can be described by an
equivalent rectangular section of width B* and depth D*.
In the absence of freshwater upstream supply and of density‐
or wind‐driven currents, the classical one‐dimensional con-
tinuity and momentum equations governing the flow field
throughout the channel are:

@U*

@t*
þ U*

@U*

@x*
þ g*

@H*

@x*
þ �*

�*D*
¼ F* ð1Þ

rs
@B*D*

@t*
þ @B*U*D*

@x*
¼ 0; ð2Þ

where x* is the longitudinal coordinate, pointing seaward
and originating at the channel head, t* is time, H* is the local
free surface elevation, U* is the cross‐sectionally averaged
velocity, g* is gravity, r* is water density, and t* = r*Cf |U*|
U* is the cross‐sectionally averaged bed shear stress. The
coefficient rs = BT*/B* multiplying the storage term in
the continuity equation (2) accounts for storage effects of
tidal flats flanking the channel, while their dynamic role
is typically small in micro‐ and mesotidal coastal lagoons
[Friedrichs and Aubrey, 1994; Savenije, 2005; Seminara
et al., 2010], as it will be seen later on. Note that at this
stage of the analysis, the channel width is assumed to vary
arbitrarily along the channel, thus relaxing the hypothesis of
exponential funnelling usually adopted in the study of tidal
channels [Lanzoni and Seminara, 2002; Seminara et al.,
2010]. Finally, the term F* in equation (1), which is fre-
quently neglected [e.g., Friedrichs and Aubrey, 1994],
accounts for the possible exchange of momentum between
the channel and the tidal flats [Fagherazzi et al., 2003]. As
discussed by Dronkers [1964], this term can be relevant

only during the ebb phase, when the water abandoning the
tidal flats moves into the channel. It can be easily demon-
strated that

F* ¼ qin*

B*D*
Uin* cos�� U*ð Þ ¼ U*� Uin* cos�ð Þ rs � 1ð Þ

D*

@H*

@t*
;

ð3Þ

where qin* is the discharge exchanged per unit channel length,
Uin* is the velocity of the flow entering the channel from
the tidal flats, and � is the angle between this flow and the
direction of the channel axis.
[15] The boundary conditions associated with equations (1)

and (2) are the tidal oscillation at the channel mouth and the
flow discharge at the landward channel end. The latter can be
specified observing that, in the case here considered, the
channel head is not only submerged during the entire tidal
cycle but is also quite close to the divide of the subbasin
drained by the tidal channel. We thus assume, with a good
approximation, a vanishing flow discharge at the landward
channel end:

U*D*B* ¼ 0 x* ¼ 0ð Þ: ð4Þ

To determine how the erodible channel bed adapts to tidal
currents, we assume that the sediment is transported mainly in
suspension and introduce the bed evolution equation [e.g.,
Pritchard et al., 2002]:

@�*

@t*
¼ 1

1� p
Qd*� Qe*ð Þ; ð5Þ

relating temporal variations of bed elevation h*(=H* −D*) to
erosion and deposition fluxes (Qe* and Qd*). Here p is a void
fraction of the sediment bed, while Qe* and Qd*, expressed
through the classical Partheniades‐Krone formulation, read
[e.g., Dyer, 1986; D’Alpaos et al., 2006] as follows:

Qe* ¼ Qe0*
�*j j
�e*

� 1

� �
; �*j j > �e* ð6Þ

Qd* ¼ cbws* 1� �*j j
�d*

� �
; �*j j < �d* ð7Þ

where te* and td* are the threshold of the bed shear stress for
sediment erosion and deposition, Qe0* is a characteristic ero-
sion rate, depending on sediment properties, ws* is the sedi-
ment settling velocity, and cb is the sediment concentration
at the bed.
[16] Although the existence of a threshold te* for erosion

is widely accepted, the physical meaning of the threshold
for deposition td* is less clear. For instance, Winterwerp
[2006] suggested that the process of deposition can be bet-
ter represented by the settling flux ws*cb. Moreover, Maa
et al. [2008] noted that the erosion threshold varies with
depth during the tidal cycle, i.e., Qe0* = Qe0* (t*). Because
of these uncertainties in the description of the process and
the difficulties in the experimental determination of the
critical deposition stress [Sanford and Maa, 2001; Pritchard
and Hogg, 2003], while keeping the structure of the
Partheniades‐Krone formulation, as a first approximation
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we assume that the net flux Qe* − Qd* varies continuously
by tacking td* ’ te* and Qe0* ’ ws*cb. Expressing the
bed shear stress in terms of the threshold velocity for ero-
sion (te* = r*CfUe*

2), we eventually write

Qe*� Qd* ’ Qe0*
U*2

Ue*
2 � 1

� �
ð8Þ

The morphologic equilibrium condition resulting from
equations (5) and (8) is determined by requiring that net
variations of bed level over a given tidal cycle vanish.
Denoting by angle brackets the tidal average of a generic
function f,

h f i ¼ 1

T*

Z T*

0
fdt*; ð9Þ

such equilibrium condition implies that, on average, erosion
must balance deposition, namely:

@�*

@t*

� �
¼ 1

1� p
hQd*i � hQe*ið Þ ¼ 0 ð10Þ

In other words, the net suspended sediment flux must either
vanish or, in the presence of a possible sediment import/
export associated with the long‐term lagoon evolution, keep
constant along the channel [Lanzoni and Seminara, 2002;
Tambroni et al., 2005; Todeschini et al., 2008]. An alterna-
tive, more restrictive equilibrium condition is discussed in
section 4.2.

3.2. Dimensionless Formulation

[17] To derive an analytical solution of the problem, it is
useful to cast the relevant equations in dimensionless form.
Following the approach suggested by Toffolon et al. [2006],
we consider the external scales (i.e., not resulting from
morphological processes) given by the amplitude a* and the
frequencyw* = 2p/T* of themain harmonic constituent of the
forcing tide, the critical velocity for sediment erosion Uc* =
Ue*, and the width of the channel mouth Bm*. The longitu-
dinal flow field variations are consequently characterized
through the intrinsic length scale:

Li* ¼ Uc*

!*
: ð11Þ

The dimensionless form of equations (1) and (2), governing
the flow field, then read:

�
@U

@t
þ U

@U

@x

� �
þ @H

@x
þ �

�

D
¼ �F ; ð12Þ

rsB
@H

@t
þ @BUD

@x
¼ 0; ð13Þ

where F = (U − Uin cos�)(rs − 1)D−1 ∂H/∂t, and

t ¼ t*!*; x; Lf g ¼ x*; L*f g
Li*

; B ¼ B*

Bm*
; ð14Þ

H ;D; �f g ¼ H*;D*; �*f g
a*

;U ¼ U*

Uc*
; ð15Þ

� ¼ �*

�*Cf Uc*
2 ; � ¼ Uc*

2

g*a*
; � ¼ Cf

Uc*
3

g*a*2!*
ð16Þ

It is immediately recognized that for channels dissecting the
tidal flats of coastal lagoons, Li* is usually much smaller than
the frictionless tidal wavelength Lw* (= T*

ffiffiffiffiffiffiffiffiffiffiffi
g*D*

p
), and the

dimensionless parameters a and c, weighting inertia and
friction with respect to gravitational effects in the momentum
equation, are typically small. For example, for the channels
reported in Figure 1, it results that Li*/Lw* ∼ 4 · 10−3, a ∼ 5 ·
10−3, and c ∼ 4 · 10−2.
[18] The dimensionless form of the tidally averaged bed

evolution equation

@h�i
@tm

¼ 1� hU2i; ð17Þ

points out the existence of a slow morphodynamic time tm =
t*/Tm*, where Tm* = (1 − p)a*/Qe0* is the geomorphic time
scale. Since the tidal period T* is much shorter than Tm*, bed
modifications within the tidal cycle can be regarded as high‐
frequency perturbations of a bed profile hhi (x, tm). The long‐
term, much slower evolution of this profile is described by
equation (17) and is caused by residual (i.e., tidally averaged)
sediment fluxes, which are usually very small. Relatively
intense net sediment fluxes likely occur only if the channel is
very far from its equilibrium configuration, e.g., as a conse-
quence of dredging activities, impulsive input of large
amounts of sediment, and the impact of heavy storms.

4. Results

4.1. Flow Field Solution

[19] To find an analytical solution for the flow field, we
take advantage of the fact that the parameters a and c are
usually small in coastal lagoons, setting up a rational pertu-
bative model (Appendix A). At the leading order of approx-
imation, O(a0,c0), inertia and friction can be neglected in the
momentum equation (12). This implies a quasi‐static propa-
gation of the tide along the channel: H0 depends only on t
and is determined by the water elevation prescribed at the
channel mouth [Friedrichs and Aubrey, 1996; Schuttelaars
and de Swart, 1999; Seminara et al., 2010].
[20] Integrating the continuity equation (13) and imposing

the landward boundary condition (4), we find

U0 ¼ � �

H0 � �0ð Þ
@H0

@t
; ð18Þ

where

� xð Þ ¼ 1

B

Z x

0
rsBdx

0 ð19Þ

is a modified longitudinal variable which implicitly accounts
for channel width variations. A few relevant values of the
flow velocity characterizing a generic tidal cycle are read-
ily determined from equation (18): the maximum velocity
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Umax(x) = max{|U0 |}, the mean square root, Urms =
ffiffiffiffiffiffiffiffiffiffi
hU2

0 i
p

,
and the absolute value Uav = h|U0 |i of the tidally averaged
velocity.
[21] Assuming that the semidiurnal tide can be described

by its first harmonic M2 (the effects of possible external
overtides are analyzed in Appendix B) it results that:

H0 ¼ cos t; ð20Þ

and, further assuming that the bed is always wet (i.e. h0 < − 1),

Urms ¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
� �0ffiffiffiffiffiffiffiffiffiffiffiffiffi

�20 � 1
p � 1

s
: ð21Þ

Umax ¼ �ffiffiffiffiffiffiffiffiffiffiffiffiffi
�20 � 1

p : ð22Þ

Uav ¼ �

	
ln

�0 � 1

�0 þ 1

� �
; ð23Þ

where equations (21) and (23) are found by integrating
over one tidal cycle the square and the absolute value of
equation (18), while equation (22) results from equating to
zero the time derivative of U0. It then turns out that when the
tidal channel is relatively deep compared to the tidal ampli-
tude, so that the velocity is approximately sinusoidal, Umax

occurs at time t = arccos(1/h0). Moreover, Umax/Urms =
ffiffiffi
2

p
and Uav /Urms = 2

ffiffiffi
2

p
/p.

[22] Although the first order,O(a) andO(c), corrections to
H0 and U0 associated with inertia and friction effects can be
easily determined, we defer their derivation and discussion to
Appendix A. These contributions, in fact, do not alter
appreciably the structure of the equilibrium channel profile
we are interested in.

4.2. Bed Equilibrium Profile

[23] The equilibrium bed profile is easily obtained from
equation (17) by setting ∂hhi/∂tm = 0 and, hence, Urms

2 = 1.
Further assuming a sinusoidal tidal forcing, equation (21)
gives

�0 ¼ � 1þ �2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2�2

p : ð24Þ

This profile attains the value h0 = − 1 at the landward channel
head, where the flow depth vanishes only at low tide
(Figure 3a) and for small x tends toward a flat configura-
tion with negative concavity, i.e., h0 = − 1 − x4/2 + O(x6).
Conversely, for large enough values of x(x � 1), the bed
elevation tends to vary linearly with x,

�0 ¼ � �ffiffiffi
2

p þ O ��1
	 


; ð25Þ

thus recovering asymptotically (far enough from the channel
head) the linear relationship between h0 ad x embodied by the
analytical solutions obtained by Friedrichs and Aubrey
[1996], Schuttelaars and de Swart [1996], and Seminara
et al. [2010]. Importantly, we note that the influence of
the planform shape of the channel and storage effects are
implicitly accounted for through the modified longitudinal
coordinate x. Moreover, owing to the choice of the intrinsic
quantity Li* as longitudinal length scale, the channel bed
shape does not depend on the actual channel length L*, which
simply determines in terms of x (and hence of x) where the
channel ends.
[24] If we assume that, as illustrated in Figure 2b, chan-

nel width variations can be approximated by the exponen-
tial law

B ¼ exp
x� Lð Þ
Lb

� �
ð26Þ

and that rs is constant, it turns out that

� ¼ rsLb 1� exp
�x

Lb

� �� �
; ð27Þ

Figure 3. (a) Dimensionless bed equilibrium profile h0 as
a function of the modified longitudinal coordinate x (contin-
uous line). The dashed line corresponds to the asymptotic
solution for large values of x. (b) Dimensionless bed equilib-
rium profiles h0 as a function of the physical dimensionless
coordinate x, for exponentially converging channels with
different values of the convergence length Lb and in the
absence of tidal flats (rs = 1).
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with Lb (= Lb*/Li*) the convergence length. There-
fore, as channel funnelling increases (smaller Lb) the bed
profile tends to attain an upward concavity (Figure 3b),
leading to a nearly constant‐depth channel. We discuss
in more detail in section 4.4 the possible relation between
altimetric and planimetric configurations of tidal channels
at equilibrium.
[25] Equation (17) indicates that a dynamic equilibrium

(i.e., a condition in which both erosion and deposition
occur, but they balance each other) may exist when a certain
amount of sediment (originating either within the lagoon or
offshore) is imported/exported through the channel mouth.
This result, however, relies on the assumption, subtended
by equation (17), that not only settling and scour lag effects
but also the actual value of the suspended sediment concen-
tration provide higher‐order corrections to the equilibrium
profile. In other words, in the case of short channels, the form
of the equilibrium profile is essentially controlled by the
temporal symmetry of the flow field, a result in agreement
with the indications provided by the numerical solution of the
complete equations [Lanzoni and Seminara, 2002; Tambroni
et al., 2005; Todeschini et al., 2008]. It is also important to
note that the existence of a dynamic equilibrium characterized
by a relatively small, spatially constant, residual sediment
flux is compatible not only with higher‐order contributions
to the channel profile provided, e.g., by the settling and scour
lag effects [Pritchard and Hogg, 2003], but also with the fact
that, in practice, equilibrium can be attained only asymptot-
ically. Indeed, as suggested by numerical models, residual
sediment fluxes progressively reduce as equilibrium is
approached. On the other hand, in the long term embodied
by this asymptotic process, tidal channel morphology is also
conditioned by the morphodynamic evolution experienced
by the entire lagoon, which, in turn, strongly depends on
possible variations of external forcing (e.g., owing to relative

sea level variations induced by subsidence and eustatism, or
to the intense pressure exerted by human activities on coastal
environments). This suggests that real channels can never
achieve equilibrium rigorously, but they rather attain a near‐
equilibrium state, which can be reasonably approximated
by the dynamic equilibrium condition derived requiring that
hU2i = 1 in equation (17).
[26] A more restrictive equilibrium condition, denoted

as static equilibrium by Seminara et al. [2010], is the one
whereby no sediment is transported at any instant of the tidal
cycle. This condition implies that ∂h/∂t = 0 at any time
and requires that the maximum velocity is constant along the
channel and equal to the threshold for sediment motion.
Clearly, no instantaneous or residual sediment fluxes, and
hence no long‐term import/export of sediment, are in prin-
ciple admitted by static equilibrium. On the other hand,
Friedrichs [1995] showed that the observed spring tide
peak shear stress (and therefore the maximum velocity)
keeps nearly constant along many tidal channels, attaining
a value (≥ te*) just necessary to maintain a zero gradient in
net along channel sediment transport. Such experimental
evidence suggests that the static equilibrium condition can be
generalized by setting Umax* = 
Uc*, with the proportionality
coefficient 
 depending on the amount of sediment imported/
exported on the long term through the channel mouth.
[27] Here we assume that Umax* equals the maximum

velocity of a sinusoidal function with quadratic aver-
age Uc*, setting 
 =

ffiffiffi
2

p
. This choice leads to an equilibrium

profile,

�0 ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ �2

2

r
; ð28Þ

which, as shown in Figure 4, is fully coherent with that
prescribed by equation (24). In both cases, the bed tends
to vary linearly as h0 = − x/

ffiffiffi
2

p
for large enough values of x.

This trend is also in accordance with the linear dependence in
terms of the modified variable x prescribed by the solutions
obtained by Friedrichs and Aubrey [1996] and Seminara
et al. [2010] for wetting and drying tidal flats and dead
end channels, respectively. Thus, far from the channel head,
the two cases (throughflow or dead end channel) cannot be
distinguished.
[28] The slightly different bed elevations observed close to

the channel head reflect the different behavior of the flow
field near the landward boundary illustrated in Figure 5.
When a dynamic equilibrium condition on the flux (i.e.,
Urms = 1) is imposed, the velocity strongly deviates from a
sinusoidal trend near the channel head (see Figure 5a and
Table 1), where it becomes singular at low tide (U→ x sin t/
[cos t + 1] andUmax→∞ for x→ 0). Conversely, the velocity
varies sinusoidally toward the channel mouth andUmax ∼

ffiffiffi
2

p
.

This latter condition is obviously verified throughout the
entire channel when imposing a threshold on the maximum
flow velocity (Figure 5b). The along channel variations of
the tidally averaged velocity Uav, on the other hand, are
quite similar for the two bed profiles. It is also worthwhile
to note that even though the landward portion of the equi-
librium profiles obtained by Friedrichs and Aubrey [1996]
and Seminara et al. [2010] (h0 = − sin(x/

ffiffiffi
2

p
) for x < 0)

emerges during low tide, its concave shape is very sim-

Figure 4. Comparison between the dimensionless bed pro-
files obtained: imposing a constant quadratic averaged veloc-
ity, equation (24), dashed thick black line; imposing a
constant maximum velocity, equation (28), continuous red
line; derived by Friedrichs and Aubrey [1996] and extended
by Seminara et al. [2010], continuous thick black line; linear,
dash‐dot magenta line.
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ilar to that exhibited by the equilibrium configurations of
equations (24) and (28), as shown in Figure 4.
[29] The equilibrium bed profile described by equation (24)

represents the leading order equilibrium solution of the
morphodynamic problem set by equations (12), (13), and
(17). It can be demonstrated (Appendix A) that for a sinu-
soidal tidal forcing, the O(c) frictional correction vanishes,
while inertia causes an O(a) correction such that

� ¼ �0 þ O �2; �
	 
 ð29Þ

In particular, local inertia determines a correction of order

@H*

@x*
� a*!*

Uc*
ð30Þ

with respect to the horizontal water surface elevation char-
acterizing a quasi‐steady propagation of the tidal wave. For

typical values of the relevant parameters, this correction is of
order O(10−4), thus confirming that the leading order flow
field solution and the equilibrium profile of equation (24)
resulting from it capture most of the features of the channel
morphology.
[30] Some other simplifications introduced in the present

analysis may play a minor role in shaping the bed profile.
We have seen that the term F* on the right‐hand side of
equation (1), accounting for momentum exchange between
the channel and the tidal flats, provides a contribution of order
O(a). Since this contribution is in principle significant only
during the ebb phase, it could cause anO(a) asymmetry of the
velocity and, as a consequence, a first‐order modification of
the bed profile. However, we note that in the case of channels
dissecting the tidal flats of a micro‐ or mesotidal coastal
lagoon, the tidal platform is usually submerged during
the whole tidal cycle, thus ensuring a relatively small bed
roughness. As discussed by Lawrence et al. [2004] on the
basis of two‐dimensional numerical simulations, a low‐flow
resistance leads to streamlines joining the channel at an angle
much smaller than p/2. This fact impies that the termF/ (U −
Uin cos(�)) likely provides a contribution to the equilibrium
profile at an order of approximation higher than O(a).
[31] Another possible limitation of the present analysis

comes form the approximations embodied by equation (8)
(i.e., that Qe0* ∼ cbws* and te* ∼ td*). These approximations
are supported by the sediment properties reported by Roberts
et al. [2000], covering most of the regimes observed in
northwestern European macrotidal flats. Indeed, the erosion
rate constant Qe0* (∼ 5 · 10−5 kg/m2/s) and the product cbws*
(∼1 − 10 · 10−5 kg/m2/s, forws* = 0.5 mm/s and cb in the range
0.02–0.2 kg/m3) are of the same order of magnitude, as well
as the thresholds te* (∼ 0.2 N/m2) and td* (∼ 0.1 N/m2) for
sediment erosion and deposition. Even though the above
simplifications do not allow us to account for settling and
scour lag effects, they nevertheless have already been dem-
onstrated to provide a good approximation to the equilibrium
condition for the cross‐shore profile of tidal flats. The
numerical simulations carried out by Pritchard and Hogg
[2003] considering a full description of sediment erosion
and deposition, in fact, suggest that the criterion of uniform
peak velocity across a flat, originally postulated byFriedrichs
and Aubrey [1996], provides a good approximation to the

Figure 5. Along‐channel variations of the maximum veloc-
ity Umax (thick continuous line), of the quadratic mean Urms

(dashed line) and of the tidally averaged velocityUav (contin-
uous line) for the equilibrium profile obtained assuming
either (a) a vanishing residual sediment exchange with the
bed (constant Urms) or (b) a constant maximum velocity.

Table 1. Equilibrium Bed Profile (h0), and Relative Flow
Field Features (Longitudinal Velocity Distribution U0, Maximum
Velocity Umax, Mean Square Root Velocity Urms, Tidally Averaged
Velocity Uav) Resulting by Imposing Either a Vanishing Residual
Sediment Exchange With the Bed (Urms = 1) or a Constant
Maximum Velocity (Umax =

ffiffiffi
2

p
).

Vanishing Residual Exchange Maximum Velocity

h0 −(1 + x2)/
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2�2

p
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ �2=2

p
U0

� sin t

cos tþ 1þ�2ð Þffiffiffiffiffiffiffi
1þ2�2

p
� sin t

cos tþ
ffiffiffiffiffiffiffiffiffiffiffi
1þ�2=2

p

Umax

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2�2

p
/x

ffiffiffi
2

p

Urms 1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�

ffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 þ 2

p
� �

� �r

Uav
�
	 ln

1þ�2þ
ffiffiffiffiffiffiffiffiffi
1þ2�2

p
1þ�2�

ffiffiffiffiffiffiffiffiffi
1þ2�2

p
� �

�
	 ln

ffiffiffiffiffiffiffiffiffiffiffi
1þ�2=2

p
þ1ffiffiffiffiffiffiffiffiffiffiffi

1þ�2=2
p

�1

� �
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equilibrium bed configuration. Lag effects due to non-
uniformities in the tidal excursion in fact tend to compete
with, and partially cancel out, those due to variations in the
fluid depth.
[32] Finally, some deviations from the profile given by

equation (24) are also to be expected when considering the
effects of overtides. Under the assumption that overtide
contribution to the principal tide component is small enough
to neglect nonlinear interactions, it can be easily demon-
strated (Appendix B) that the equilibrium bed profile tends to
be distorted slightly compared to equation (24), the deviations
being strictly related to the overtide phase shift.

4.3. Typical Scales in Tidal Channel Morphology

[33] The fact that the equilibrium bed configuration tends
asymptotically to the common profile h0 = − x/

ffiffiffi
2

p
allows

us to determine some typical quantities characterizing tidal
channel morphology, namely, the mean cross‐section depth
at the channel mouth, Dm*, a typical slope of the channel
bed, defined as S = Dm*/L*, and the maximum velocity at
the mouth, Um*, providing a representative measure of the
velocity scale within the channel [Friedrichs and Aubrey,
1994; Toffolon et al., 2006].
[34] Assuming, for the sake of simplicity, that channel

width varies exponentially and the storage ratio rs is constant,
we obtain:

S ¼ rsffiffiffi
2

p a*!*

Uc*
L; L ¼ 1� exp ��ð Þ

�
; ð31Þ

with l = L*/Lb* the ratio between channel and convergence
lengths. Figure 6 shows that two limit cases exist, depending
on L. The first is the weak convergence/constant width case,
for which l → 0, L → 1, and hence:

Dm* ’ rsa*!*ffiffiffi
2

p
Uc*

L*: ð32Þ

The depth at the channel mouth is proportional to the channel
length, and the bed profile tends to be linear. On the contrary,
when the convergence is strong enough so that l → ∞, then
L → l−1 and it turns out that

Dm* ’ rsa*!*ffiffiffi
2

p
Uc*

Lb*; ð33Þ

The depth at the channel mouth depends linearly on the
convergence length, thus implying that channel slope tends to
decrease as convergence increases. The maximum velocity
at the channel mouth always satisfies the equilibrium con-
dition Um* =

ffiffiffi
2

p
Uc*. However, it can also be rewritten as

Um* = L* rs a* w*/Dm* and Um* = Lb* rs a* w*/Dm* in the limit
of weakly and strongly convergent channels, respectively,
thus recovering the velocity scales indicated by a number of
authors [Lanzoni and Seminara, 1998; Toffolon et al., 2006;
Savenije et al., 2008, e.g.,] in the analysis of tidal channel
hydrodynamics.
[35] Alternatively, following Seminara et al. [2010], the

first relationship provided by (31) can be used to calculate the
equilibrium channel length, given the depth Dm at the inlet:

L ¼ �Lb ln 1�
ffiffiffi
2

p
Dm

rsLb

� �
: ð34Þ

It is readily seen that a solution exists only if Lb > Lb,min =ffiffiffi
2

p
Dm /rs. This implies that for a given Lb there is a maxi-

mum depth that can occur at the channel mouth, given by
equation (33), i.e., Dmax = rs Lb /

ffiffiffi
2

p
in dimensionless form.

Equation (34) can also be used to analyze the relation between
the length and the shape of a tidal channel, depending on the
values attained by the critical velocity Uc* and the conver-
gence length Lb*. In fact, taking xt = 1 as the value of the
modified coordinate discriminating between the landward
flat portion and the seaward linear region of the equilibrium
profile of equation (24) (see Figure 3a), it is possible to define
the threshold length

Lt* ¼ �Lb* ln 1� Uc*

rs!*Lb*

� �
; ð35Þ

which reduces to Lt* = Uc*/w* (= Li*) in the case of a constant‐
width channel with rs = 1. It is immediately observed that
high values of the critical velocity (associated with coarser
sediment) and strong convergence favor the formation of a
flat equilibrium profile (i.e., Lt* is large and this increases
the chance that L* < Lt*). On the contrary, for weak conver-
gence and lower values of the critical velocity (finer material),
the seaward linear reach tends to prevail in determining the
bed profile (Lt* is small, and hence it is more likely that L*�
Lt*). Note that this latter condition is compatible with the
short channel assumption (L* � Lw*) used in the derivation
of equation (24). Indeed, for weakly convergent channels,
the ratio

Lt*

Lw*
� Uc*

2	
ffiffiffiffiffiffiffiffiffiffiffiffi
g*Dm*

p ; ð36Þ

is typically O(10−2).

Figure 6. The function L(l) defined by second equation in
(31) (continuous line), and its approximation l−1 for l → ∞
(dashed line) are plotted versus the convergence ratio l.
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4.4. Relationship Between Bed Profile and Planform
Configuration

[36] The equilibriumbed profiles provided by equations (24)
and (28) are univocally defined by the modified longitudinal
coordinate x and, therefore, are in principle valid for any along‐
channel distributions of the section width and of the geometry
of intertidal storage areas flanking the channel. These dis-
tributions, however, are strictly related to the hydrodynamic
field. Channel width variations, in fact, are determined by the
complex interplay between the flow field which establishes in
the channel and the erosion/deposition processes that control
bank stability. The geometry of storage areas, on the other
hand, is strictly related to the form of the channel watershed,
which, in turn, is determined by the overall structure of the tidal
channel network.
[37] To analyze how the bed profile could affect the plan-

form channel shape, we observe that the usual width‐to‐depth
ratio, b = − B*/h0*, can be rewritten as follows:

� ¼ B Bm*

a*
; ð37Þ

where the expression B = − B/h0 relates width variations to
the equilibrium bed profile expressed in dimensionless form.
Differentiating this latter expression yields the implicit dif-
ferential relationship:

dB

dx
¼ � Brs d�0d�

þ �0
dB
dx

� �
1þ �

�0

d�0
d�

� ��1

; ð38Þ

involving the three unknown variables B, rs, and B. To
make some progress in the analysis, we next assume that B
varies moderately along the channel (i.e., dB/dx � 1 , B ’
B0 = const), as suggested by the data reported in Figure 2c.
In the limit of large enough x, the bed profile is described by
equation (25), and equation (38) becomes:

dB

dx
’ B0rs

2
ffiffiffi
2

p ; ð39Þ

This relationship can be used to determine B(x) when the
storage ratio rs is known or, vice versa, rs(x) if B is prescribed.
Let us first assume that rs = rs0 is constant. Solving
equation (39) with the seaward boundary condition B(L) = 1
gives the following:

B xð Þ ¼ 1� B0rs0
2

ffiffiffi
2

p L� xð Þ; ð40Þ

indicating that the width should vary linearly. On the other
hand, assigning the total storage width, BT = rsB, leads to
the relationship:

dB

dx
¼ B0BT

2
ffiffiffi
2

p
B
; ð41Þ

which, integrated under the assumption of constant BT , yields

B xð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� B0BTffiffiffi

2
p L� xð Þ

s
; ð42Þ

Both the hypotheses of constant rs and constant BT then result
in along‐channel distributions of B which strongly deviate
(especially the linear one) from the exponential trend sug-
gested by observational evidence (Figure 2b). On the other
hand, assuming for the channel width an exponential law of
the form (26), equation (39) implies that the storage ratio
should also vary exponentially:

rs xð Þ ¼ 2
ffiffiffi
2

p B xð Þ
B0Lb

; ð43Þ

and, therefore, BT (x) / B(x)2 = e2(L − x)/Lb. Also in this case,
however, the resulting trend does not exactly conform to the
more or less elongated leaf shape usually exhibited by tidal
watersheds (see, e.g., Figure 3b of Rinaldo et al. [1999]).
[38] The difficulty to relate the equilibrium profile to the

actual channel and watershed planforms has many possible
explanations. First of all, it is likely that along‐channel
variations of B, although moderate, cannot be completely
neglected in equation (38) as postulated in the above dis-
cussion. Moreover, the effective value of BT pertaining to
a given channel section is possibly influenced by the actual
structure, not considered in equations (12) and (13), of the
flow field establishing over the tidal flats flanking the
channel. Finally, we observe that the actual planform con-
figuration and the watershed shape of a given channel are also
affected by the confluences with other minor tidal channels
(e.g., channel 1 in Figure 7).
[39] In any case, it is worthwhile to note that the present

equilibrium profile obeys the classical O’Brien‐Jarrett‐Marchi
law [D’Alpaos et al., 2009], which has been observed to hold
not only for tidal inlets but also for sheltered sections of tidal
channels [Friedrichs, 1995; D’Alpaos et al., 2010]. Indeed,
recalling equations (18) and (19), it is easily obtained that the
dimensionless tidal prism reads:

P ¼
Z 	

0
U H � �0ð ÞB dt ¼ 2B� ¼ 2

Z x

0
rsB dx 0 ð44Þ

Returning to dimensional quantities and recalling equation (24),
we obtain the following:

P* ¼  �ð Þ 2ufc*

!*
ffiffiffiffiffiffi
Cf

p W*;  �ð Þ ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2�2

p
1þ �2

ð45Þ

with ufc* =
ffiffiffiffiffiffiffiffiffiffiffiffi
�c*=�*

p
andW* = −B*h*. This relationship, except

the multiplicative term y(x), is equal to that resulting when
considering the equilibrium of tidal inlets [D’Alpaos et al.,
2009]. It can be easily rewritten in the form:

W* ¼  �ð Þk*P*; ð46Þ

where, as discussed in D’Alpaos et al. [2009], the exponent g
and the proportionality coefficient k* depend on the rela-
tion used to estimate the friction coefficient. For example,
adopting the usual Manning‐Strickler relation yields g = 6/7
and k* = (w*g*1/2 B*1/6)/(2ks* ufc*), with ks* the Strickler
roughness coefficient. Importantly, the configuration of the
bed profile affects the channel area‐tidal prism relation
through the multiplicative term y(x), which, for large enough
x, tends to attain the constant value

ffiffiffi
2

p
.
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4.5. Comparison With Field Data

[40] We have seen that the equilibrium bed profile of a short
tidal channel is essentially controlled by (1) the tidal forcing,
quantified by a*,w*; (2) the critical velocityUc*, related to the
nature of the bed sediment and possibly to the relatively small
net fluxes associated with the long‐term morphodynamic
trend of the overall lagoon; (3) the degree of channel
funnelling, measured by the convergence length Lb* if an
exponential decay holds; and (4) the storage ratio, rs,
depending on the geometry of tidal flats flanking the channel.
Although a*, w*, Lb* can be easily determined when con-
sidering real tidal channels, much more uncertainties are
entailed by the estimation of rs and, to a lesser extent, of Uc*.
The along‐channel distribution of rs, in fact, is strongly
affected not only by the shape of the watershed pertaining to a
given channel, dictated by the complex form of the channel
network dissecting the lagoon, but also by the possible
presence of strips of salt marshes fringing the channel and by
the curved planform often characterizing tidal channels (e.g.,
channel 1 of Figure 7). Given all these difficulties, for each
channel reported in Figure 1, we have assumed a constant
value of BT* (reported in Table 2), chosen to ensure the
matching of computed and observed profiles. Moreover, we
have considered a constant critical velocity, equal to the value

Uc* = 0.17m/s estimated in section 2, neglecting the possible
effects of silty fractions. Note that this value is quite close to
those (denoted as Ucalc* in Table 2) provided by a finite ele-
ment model discretizing the complete shallow water equa-
tions over the whole Venice lagoon and including a refined
description of wetting/drying processes [D’Alpaos and
Defina, 2007; Magistrato alle acque Venezia‐Corila, 2008].
[41] Figure 7 shows that computed and observed profiles

exhibit a satisfactory agreement for reasonable values of BT*
(reported in Table 2), i.e., compatible with the actual exten-
sion of tidal flats resulting from the analysis of topographic
maps of the Venice lagoon. These results further confirm
the point already stressed by Seminara et al. [2010] that the
actual equilibrium profile of tidal channels, whether they are
flowing‐through or dead‐end channels, is strongly condi-
tioned by the presence of adjacent tidal flats.

5. Conclusions

[42] In this paper, we have studied the morphological
equilibrium attained by tidal channels that are much shorter
than the tidal wavelength, so that inertial and frictional effects
can be neglected. We have shown that the equilibrium profile
involves only external parameters, namely, the amplitude and
the period of the forcing tide and the critical velocity for
sediment erosion. The effects of width convergence and the
storage provided by lateral shoals are implicitly accounted for
through a modified longitudinal coordinate, x. As a con-
sequence, the resulting profile (equation (24)) does not
depend on channel length and therefore covers the whole
range of possible equilibrium configurations. The form of
this profile, determined by imposing that deposition bal-
ances erosion, is quite similar to that resulting when a con-
stant maximum velocity is prescribed along the channel
(equation (28)). Both profiles tend to the same asymptotical
configuration (equation (25)), thus suggesting the existence
of some typical morphological scales (equations (32) and
(33)) relating the depth at the mouth or, alternatively, the
length of the channel to external forcings, as well as to the
degree of planform funneling and to the extent of intertidal
storage areas. An almost constant‐depth channel tends to
form when convergence is strong. The equilibrium config-
urations also ensure that the O’Brien‐Jarrett‐Marchi law
relating the channel cross section to the tidal prism is valid
throughout the entire channel.
[43] The remarkable similarity of profiles provided by

equations (24) and (28) is strictly related to the highly non-
linear response of sediment transport to velocity, which
amplifies the role of maximum ebb/flood velocity in deter-
mining the actual net sediment flux. If, as typically occurs in
the case of short channels, the tidal wave is only slightly

Figure 7. Comparison between observed (circles) and com-
puted (continuous line) bed profiles. The approximate shape
of the watershed contributing to channel 1 is also reported.

Table 2. Characteristics of the Channels of Figure 1.

Channel L*[m] Bm*[m] Lb*[m] Dm*[m] BT*[m] Ucalc* [m/s]

1 4280 121 3900 4.0 338 0.15 ÷ 0.21
2 2040 109 1300 2.8 381 0.17 ÷ 0.20
3 1610 45 1270 2.6 218 0.16 ÷ 0.18
4 1950 63 1830 3.8 376 0.18 ÷ 0.22
5 1240 51 1170 4.2 407 0.16 ÷ 0.20
6 2950 57 5360 3.5 285 0.10 ÷ 0.12
7 1050 95 1120 5.1 954 0.15 ÷ 0.18
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distorted and the ebb/flood peaks are almost symmetrical,
imposing a constant maximum velocity along the channel is
equivalent to require a vanishing residual sediment exchange
with the bed. Importantly, both equilibrium conditions are
compatible with a long‐termmorphological evolution of tidal
channels induced by the overall evolution of a given lagoon.
Indeed, long‐term morphodynamic trends usually occur
at very slow temporal scales (thousands of tidal cycles)
and hence involve very small residual fluxes, i.e., a sort of
dynamic quasi‐equilibrium whereby the channel bed slowly
translates (while almost keeping its equilibrium form)
because of external sediment inputs (either of marine or
fluvial origin). On the other hand, the tendency toward a
temporally symmetrical behavior of both flow field and
sediment transport is typical of the evolution of channels
toward equilibrium documented by the numerical simulations
carried out by Lanzoni and Seminara [2002] and Todeschini
et al. [2008] solving the complete equations and relaxing the
requirement of short channel length.
[44] Although the present analytical treatment of tidal

channel equilibrium seems to capture reasonably the mor-
phological shapes exhibited by real tidal channels, various
issues surely merit further attention in the near future. The
existence of a well‐defined relation between the bed profile
and the channel width is strictly associated with the equi-
librium section of tidal channels, a problem that is not yet
clarified. The geometrical features of watershed shape and
their role on channel configuration need to be further
addressed. Finally, settling and scour lags, external overtides,
local inertia and friction, and momentum exchange with the
flats are all deemed to provide higher‐order corrections
which, however, surely deserve further research.

Appendix A: Frictional and Inertial Effects

[45] In this Appendix, we evaluate the first‐order correc-
tions of the morphodynamic problem set by equations (12),
(13), and (17), neglecting the contribution of the momentum
exchange term aF as discussed in section 4.2. Substituting
the expansions

H ; �;Uf g ¼ H0; �0;U0f g þ � H11; �11;U11f g
þ � H12; �12;U12f g þ O �2; �2; ��

	 
 ðA1Þ

into equations (12), (13), and (17) and linearizing allow us to
treat separately the first‐ order corrections due to friction and
inertia.
[46] We first consider the frictional correction. At the order

O(c), recalling that t = U|U|, we obtain

@H11

@x
þ U0 U0j j

D0
¼ 0; ðA2Þ

rsB
@H11

@t
þ @

@x
B U11D0 þ U0D11ð Þ½ � ¼ 0; ðA3Þ

Integrating equations (A2) and (A3) along x and imposing the
boundary conditions

H11½ �x¼L¼ 0; U11D0 þ U0D11½ �x¼0¼ 0 ðA4Þ

yields:

H11 ¼
Z L

x

U0 U0j j
D0

dx; ðA5Þ

U11 ¼ � 1

D0
U0 H11 � �11ð Þ þ 1

B

@V11

@t

� �
; ðA6Þ

where

V11 ¼
Z x

0
rsBH11dx ðA7Þ

is the perturbation of the volume of water accumulated in the
landward portion of the tidal channel.
[47] The first‐order correction to the equilibrium profile,

determined by requiring that the residual sediment exchange
with the bed vanishes, hU0 U11i = 0, then reads

U2
0

D0

� �
�11 ¼ U2

0

D0
H11

� �
þ 1

B

U0

D0

@V11

@t

� �
: ðA8Þ

A simple analysis of the symmetry properties of the various
quantities (summarized in Table A1) allows us to demonstrate
that h11 vanishes in the presence of a sinusoidal forcing tide.
In this case, in fact,

U0 ¼ � sin t

cos t � �0
; D0 ¼ cos t � �0; ðA9Þ

and therefore the velocity is antisymmetrical (U0(− t) = −
U0(t)), while the depth is symmetrical (D0(− t) = D0(t)) with
respect to time. According to equation (A5), H11 is anti-
symmetrical because it results from a symmetrical quantity,
|U0|/D0, multiplied by an antisymmetrical one, U0. Observ-
ing that also V11 is antisymmetrical, it turns out that the
tidally averaged terms on the right‐hand side of (A8) are
identically vanishing, owing to their antisymmetrical nature.
Therefore, since hU0

2/D0i is a nonvanishing quantity, it
results that it must identically be h11 = 0. Note that also the
velocity U11 is symmetrical, as one can easily see from
equation (A6).
[48] Let us now analyze the inertial correction. The O(a)

equations read

@H12

@x
þ @U0

@t
þ U0

@U0

@x
¼ 0; ðA10Þ

rsB
@H12

@t
þ @

@x
B U12D0 þ U0D12ð Þ½ � ¼ 0; ðA11Þ

Table A1. Symmetry Properties (With Respect to Time) of the
Terms in the Expansion (A1).

Symmetrical Antisymmetrical

O(1) H0,D0,U0,t,U0
2,U0 U0,x U0,U0,x

O(c) H11,t,V11,t,U11 H11,V11

O(a) H12,V12 H12,t,V12,t
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Integrating equations (A10) and (A11) along x and imposing
the boundary conditions

H12½ �x¼L¼ 0; U12D0 þ U0D12½ �x¼0¼ 0 ðA12Þ

yields

H12 ¼
Z L

x

@U0

@t
dxþ 1

2
U2

0

 �L
x

ðA13Þ

U12 ¼ � 1

D0
U0 H12 � �12ð Þ þ 1

B

@V12

@t

� �
; ðA14Þ

where

V12 ¼
Z x

0
rsBH12dx ðA15Þ

Imposing the equilibrium condition 〈U0 U12〉 = 0 leads to

U2
0

D0

� �
�12 ¼ U2

0

D0
H12

� �
þ 1

B

U0

D0

@V12

@t

� �
; ðA16Þ

For a sinusoidal tide, it is easily demonstrated that H12 and
V12 are symmetrical functions of time (see Table A1) and,
therefore, h12 ≠ 0. We do not report here the expression for
such a correction, which generally depends on the degree of
channel convergence.
[49] Nevertheless, it is interesting to estimate the magni-

tude of the correction of the free surface slope due to inertial
effects, ∂H12 /∂x. According to equation (A13), we can dis-
tinguish the contribution due to local acceleration

@U0

@t
¼ 1� �0 cos tð Þ�

cos t � �0ð Þ2 ; ðA17Þ

and that given by convective acceleration

U0
@U0

@x
¼ sin tð Þ2�

cos t � �0ð Þ3 cos t � �0 þ �
@�0
@�

� �
@�

@x
: ðA18Þ

The importance of these two contributions to the first‐order
correction of the water surface slope can be analyzed by
considering the tidal average of their absolute values, namely,

@U0

@t

����
����

� �
¼ �4� tanY

	 �0 � 1þ tanYð Þ2 �0þ 1ð Þ
h i ; ðA19Þ

U0
@U0

@x

����
����

� �
¼ I �; �0;

@�0
@x

� �
@�

@x
; ðA20Þ

where Y = 0.5 arccos(h0
−1), while I is a complicated function

of x and h0, not reported here. The along‐channel variations
of these quantities are shown in Figure A1, for the equilibrium
bed profile of equation (24) and rs = 1. Only the correction
provided by local inertia gives a nonvanishing first‐order
contribution to water surface slope in the seaward portion
of the channel. Conversely, both corrections increase
toward the channel head, where the problem becomes
singular as a consequence of the fact that water depth van-
ishes at low tide.

Appendix B: Effect of Overtides

[50] The effect of overtides can be explicitly calculated
when they are small enough to neglect nonlinear interactions.
Here we assume that the tidal forcing at the channel mouth is
given by a purely sinusoidal semidiurnal forcing (M2) and a
much smaller second harmonic (M4),

H ¼ cos tð Þ þ � cos 2t þ �ð Þ; ðB1Þ

Here �� 1 is the ratio between the amplitudes ofM4 andM2,
while � is the phase of the overtide.
[51] Neglecting inertial and frictional terms (a = c = 0) and

introducing the linearization

�;Uf g ¼ �0;U0f g þ � �1;U1f g; ðB2Þ

[52] the O(�) correction of the base flow provided by
equation (A9) is

U1 ¼ �
sin 2t þ �ð Þ
cos tð Þ � �0

þ �1 � cos 2t þ �ð Þ
cos tð Þ � �0ð Þ2 sin tð Þ

" #
; ðB3Þ

The equilibrium condition requires that hU0 U1i = 0, and
yields

p1�1 þ p0c cos �ð Þ þ p0s sin �ð Þ ¼ 0; ðB4Þ
where

p1 ¼ 1

2 �20 � 1
	 
3=2 ; p0s ¼ 0;

p0c ¼ �2�0 �
�20 2�20 � 3
	 
þ 3=2

�20 � 1
	 
3=2 : ðB5Þ

Figure A1. The tidal averaged magnitude of the inertial
terms in momentum equation, as estimated through
equation (A19), continuous line, and equation (A20), dashed
line. The limit 2

ffiffiffi
2

p
/p of the former curve is shown by a

dash‐dot line.
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The first‐order correction of the bed profile induced by the
overtide then results

�1 ¼ � p0c
p1

cos �ð Þ; ðB6Þ

and clearly depends only on the cosine of the overtide phase.
In particular, h1 = 0 for � = ±p/2 (equal high and low water
levels), while h1 is maximum for� = 0 (high water level larger
than low water level) or � = p (high water level smaller than
low water level). The ratio h1 /cos(�) is always positive and
tends to 1 and to 3/2, at the channel head (h0 = − 1) and for
very large depths (h0 → ∞), respectively. This means that
the considered overtide leads to an increase in equilibrium
bed level falling in the range � cos(�) (landward part) and
1.5� cos(�) (deep part) for −p/2 < � < p/2; conversely, the
equilibrium bed level decreases for all the other values of �.
Note that, owing to the quasi‐static propagation of the tide,
the positive/negative vertical shift of the bed is a direct con-
sequence of tidal amplitude variations associated with the
M4 overtide. Similar calculations can be carried out for higher
harmonics.

Notations
(Dimensional variables are denoted by a* superscript)

r* Water density
g* Gravity acceleration
w* Tidal angular frequency

t*, t Temporal coordinate
x*,x Longitudinal coordinate

x Intrinsic longitudinal coordinate
L*, L Channel length
Li*, Li Intrinsic length scale
Lb*, Lb Width convergence length
B*, B Channel width

BT*, BT Total width (storage area and channel)
rs Storage ratio
a* Tidal amplitude

H*, H Water surface elevation
D*, D Water depth
Bm*, Dm* Width and depth at the mouth

b Width‐to‐depth ratio
W* Channel cross‐section area

P*, P Tidal prism
h*, h Bed elevation
U*, U Cross‐section averaged velocity

Uc* Critical velocity
ufc* Critical friction velocity

Ue*, Ud* Erosion/deposition thresholds
t*, t Bed shear stress
tc*, tc Critical bed shear stress
te*, td* Erosion/deposition thresholds
Qe*, Qd* Erosion/deposition fluxes

Qe0* Reference erosion rate
p Bed sediment void fraction

ws* Sediment settling velocity
cb Near‐bed sediment concentration
d50* Sediment mean diameter
ks* Manning‐Strickler coefficient
Cf Dimensionless Chézy coefficient

F*, F Flat‐to‐channel momentum exchange

a Inertial parameter
c Friction parameter

U0, H0, h0 Base flow variables
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“Eco‐morfodinamica di ambienti a marea e cambiamenti climatici” (PRIN
2008).

References
Ashley, G. M., and M. L. Zeff (1988), Tidal channel classification for a
low‐mesotidal salt marsh, Marin. Geol., 82, 17–32.

Carniello, L., A. Defina, and L. D’Alpaos (2009), Morphological evolution
of the Venice lagoon: Evidence from the past and trend for the future,
J. Geophys. Res., 114, F04002, doi:10.1029/2008JF001157.

Consorzio Venezia Nuova‐Technital (2007), Studio C.2.10/III: Attivita“ di
aggiornamento del piano degli interventi per il recupero morfologico in
applicazione della delibera del Consiglio dei Ministri del 15.03.01, Studi
integrative, Rapporto finale ‐Modello morfologico a maglia curvilineare:
Relazione di sintesi, 129 pp., Tech. Rep., Magistrato alle Acque di Venezia,
Venice, Italy (in Italian).

D’Alpaos, A., S. Lanzoni, S.M. Mudd, and S. Fagherazzi (2006), Model-
ling the influence of hydroperiod and vegetation on the cross‐sectional
formation of tidal channels, Estuarine Coastal Shelf Sci., 69, 311–324.
doi:10.1016/j.ecss.2006.05.02.

D’Alpaos, A., S. Lanzoni, M. Marani, and A. Rinaldo (2009), On the
O’Brien‐Jarret‐Marchi law, Rend. Fis. Acc. Lincei., doi:10.1007/
s12210-009-0052-x.

D’Alpaos, A., S. Lanzoni, M. Marani, and A. Rinaldo (2010), On the
tidal prism‐channel area relations, J. Geophys. Res., 115, F01003,
doi:10.1029/2008JF001243.

D’Alpaos, L., and A. Defina (2007), Mathematical modeling of tidal hydro-
dynamics in shallow lagoons: A review of open issues and applications
to the Venice lagoon, Computers Geosci., 33, 476–496. doi:10.1016/j.
cageo.2006.07.009.

de Swart, H. E., and J. T. F. Zimmermann (2009), Morphodynamics of tidal
inlet systems, Annu. Rev. Fluid Mech., 41, 203–229.

Dronkers, J. J. (1964), Tidal Computations in River and Coastal Waters,
518 pp., Elsevier, New York.

Dronkers, J. (1986), Tidal asymmetry and estuarine morphology, Neth. J.
Sea Res., 20(2/3), 117–131.

Dyer, K. R. (1986), Coastal and Estuarine Sediment Dynamics, Wiley,
New York.

Fagherazzi, S., P. L. Wiberg, and A. D. Howard (2003), Tidal flow field in
a small basin, J.Geophys. Res., 108(C3), 3071, doi:10.1029/2002JC001340.

Friedrichs, C. (1995), Stability shear stress and equilibrium cross‐sectional
geometry of sheltered tidal channels, J. Coastal Res., 11(4), 1062–1074.

Friedrichs, C., and D. Aubrey (1994), Tidal propagation in strongly con-
vergent channels, J. Geophys. Res., 99, 3321–3336, doi:10.1029/
93JC03219.

Friedrichs, C. T., and D. G. Aubrey (1996), Uniform bottom shear stress
and equilibrium hypsometry of intertidal flats, in Mixing in Estuaries
and Coastal Seas, Coastal and Estuarine Studies, Volume 50, 405–429.

Lanzoni, S., and G. Seminara (1998), On tide propagation in convergent
estuaries, J. Geophys. Res., 103(C13), 30,793–30,812, doi:10.1029/
1998JC900015.

Lanzoni, S., and G. Seminara (2002), Long term evolution and morpho-
dynamic equilibrium of tidal channels, J. Geophys. Res., 107(C1),
3001, doi:10.1029/2000JC000468.

Lawrence, D. S. L., J. R. L. Allen, and G. M. Havelock (2004), An inves-
tigation on tidal flows and marsh channel equilibrium, J. Coastal Res.,
20, 301–316.

Maa, J. P.‐Y., J.‐I. Kwon, K.‐N. Hwang, and H.‐K. Ha (2008), Critical
Bed‐Shear Stress for Cohesive Sediment Deposition under Steady Flows,
J. Hydraulic Eng., ASCE, 134, 12, doi:10.1061/(ASCE)0733-9429(2008)
134:12(1767).

Magistrato alle Acque di Venezia (2008), Corila C.2.10/IV ‐Aggiornamento
del Piano Morfologico. D1: Stato delle componenti naturali e fisiche;
stato attuale e tendenze in atto delle componenti idro‐morfodinamiche
del sistema lagunare. Rapporto finale, a cura di IMAGE‐UniPD. Prodotto
dal Concessionario, Consorzio Venezia Nuova (in Italian).

Prandle, D. (2003), Relationships between tidal dynamics and bathymetry
in strongly convergent estuaries, J. Phys. Oceanogr., 33(12), 2738–2750,
doi:10.1175/1520-0485(2003)033<2738:RBTDAB>2.0.CO;2.

Pritchard, D., and A. J. Hogg (2003), Cross‐shore sediment transport and
the equilibrium morphology of mudflats under tidal currents, J. Geophys.
Res., 108(C10), 3313, doi:10.1029/2002JC001570.

TOFFOLON AND LANZONI: SHORT TIDAL CHANNELS EQUILIBRIUM F04036F04036

14 of 15



Pritchard, D., A. J. Hogg, and W. Roberts (2002), Morphological model-
ling of intertidal mudflats: The role of cross‐shore tidal currents, Cont.
Shelf Res., 22, 1887–1895.

Rinaldo, A., S. Fagherazzi, S. Lanzoni, M. Marani, and W. E. Dietrich
(1999), Tidal networks: Watershed delineation and comparative network
morphology, Water Resour. Res., 35(12), 3905–3917, doi:10.1029/
1999WR900237.

Roberts, W., P. Le Hir, and R. J. S. Whitehouse (2000), Investigation using
simple mathematical models of the effects of tidal currents and waves on
the profile shape of intertidal mudflats, Cont. Shelf Res., 20, 1079–1097.

Sanford, L. P., and J. P.‐Y. Maa (2001), A unified erosion formulation
for fine sediments, Mar. Geol., 179, 9–23.

Savenije, H. H. G. (2005), Salinity and Tides in Alluvial Estuaries,
Elsevier, New York.

Savenije, H. H. G., M. Toffolon, J. Haas, and E. J. M. Veling (2008), Ana-
lytical description of tidal dynamics in convergent estuaries, J. Geophys.
Res., 113, C10025, doi:10.1029/2007JC004408.

Schuttelaars, H. M., and H. E. de Swart (1996), An idealized long‐term
morphodynamic model of a tidal embayment, Eur. J. Mech. B/Fluids,
15(1), 55–80.

Schuttelaars, H. M., and H. E. de Swart (1999), Initial formation of chan-
nels and shoals in a short tidal embayment, J. Fluid Mech., 386, 15–42.

Schuttelaars, H. M., and H. E. de Swart (2000), Multiple morphodynamic
equilibria in tidal embayments, J. Geophys. Res., 105, 24,105–24,118,
doi:10.1029/2000JC900110.

Seminara, G., N. Tambroni, S. Lanzoni, and M. Toffolon (2010), How long
are tidal channels?, J. Fluid Mech., 643, 479–494.

Tambroni, N., M. Bolla Pittaluga, and G. Seminara (2005), Laboratory
observations of the morphodynamic evolution of tidal channels and tidal
inlets, J. Geophys. Res., 110, F04009, doi:10.1029/2004JF000243.

Todeschini, I., M. Toffolon, and M. Tubino (2008), Long‐term morpholog-
ical evolution of funnel‐shape tide‐dominated estuaries, J. Geophys.
Res., 113, C05005, doi:10.1029/2007JC004094.

Toffolon, M., G. Vignoli, and M. Tubino (2006), Relevant parameters and
finite amplitude effects in estuarine hydrodynamics, J. Geophys. Res.,
111, C10014, doi:10.1029/2005JC003104.

Winterwerp, J. C. (2006), On the sedimentation rate of cohesive sediment,
Estuarine and Coastal Fine Sediment Dynamics: INTERCOH 2003,
J. P.‐Y. Maa, L. P. Sanford, and D. H. Schoellhamer, eds., Elsevier,
Amsterdam, Netherlands, pp. 209–226.

S. Lanzoni, Dipartimento di Ingegneria Idraulica, Marittima, Ambientale
e Geotecnica, University of Padova, via Loredan 20, I‐35131 Padova, Italy.
(lanzo@idra.unipd.it)
M. Toffolon, Dipartimento di Ingegneria Civile e Ambientale, University

of Trento, via Mesiano 77, I‐38123 Trento, Italy. (marco.toffolon@ing.
unitn.it)

TOFFOLON AND LANZONI: SHORT TIDAL CHANNELS EQUILIBRIUM F04036F04036

15 of 15



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


