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Abstract A new methodology is developed to extract tidal network from hydrodynamic conditions, and
use data derived from numerical modeling or field observations to test the hypothesis that tidal networks
are characterized by scale-invariant properties. Different tidal network configurations have been obtained
from long-term numerical simulations in an idealized basin. These simulations show the influence of hydro-
dynamic conditions (tidal range, TR) and sediment (grain size sediment, Ds,) on the final configuration of
the network. One of the signatures of scale-invariant behavior is related to the presence of a power law rela-
tionship in the probability distribution of geometrical characteristics. For each model configuration and field
site, the probability distribution of drainage area and the drainage volume has been calculated, and in both
cases tidal networks show scale-invariant characteristics. After assessing the sensitivity of the results, an
energy expenditure analysis shows that tidal basins evolve toward a state with less morphodynamic activity,
with a lower energy expenditure compare with the initial state.

1. Introduction

Tidal basins sustain rich ecosystems, providing food and habitat necessary for the survival of various species
as well as many socioeconomic services and activities [Costanza et al., 1989]. Understanding the morpholog-
ical evolution of tidal basins would allow to properly assess the changes induced by fluctuations in natural
and anthropogenic drives. To achieve this objective, we need to deepen existing knowledge of the mecha-
nisms that keep these systems in the so-called dynamic equilibrium (where sediment fluxes balance each
other over a certain time scale).

The structure of the channel network depends on the external drivers. van Maanen et al. [2013a] studied
the effects of variations in the tidal range and the depth of the initially unchannelized tidal basin on the
evolution of the morphology of the system. They show that a higher tidal range and/or a smaller basin
depth induce the formation of tidal networks more rapidly. The influence of sea level rise and the related
morphodynamics have been studied over the last decades. Friedrichs et al. [1990] investigated the impact of
SLR on several tidal basins in the United States and found that the sediment import or export depends on
the geometrics characteristics of each system (e.g., constant bank slope or curved bank slope). Van Goor

et al. [2003] used an aggregated scale model ASMITA to simulate the long-term morphological response of
a tidal inlet to rising sea levels. Dissanayake et al. [2012] studied the impacts of different scenarios of sea
level rise (SLR) in the Ameland inlet using a process-based model. All these studies showed us that these
systems are vulnerable to sea level fluctuations, decreasing intertidal areas and sometime even shifting the
whole system from sediment-exporting (ebb-dominated) to sediment-importing (flood-dominated) [Van
der Wegen, 2013]. van Maanen et al. [2013b] simulated the evolution of a short tidal basin in response to a
rising sea level and also concluded that SLR produces changes in the location and number of channels in
the basin, and even tidal asymmetry.

It is thus of utmost importance to understand how the network structure is linked to external dynamic fac-
tors and to properly forecast new equilibrium states and characteristics when changes in the drivers are
induced.

In the last decades, advances in Digital Elevation Models (DEMs) acquisition and analysis have lead to an
increasing interest in the problem for network extraction for natural systems and the study of network

behavior [e.g., Montgomery and Dietrich, 1988; Passalacqua et al., 2010]. Network extraction in the case of
estuaries is a complicated problem, mainly because the drainage direction is time dependent. Fagherazzi
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et al. [1999] proposed a methodology to extract the tidal network of estuaries by means of a multicriteria
algorithm (elevation threshold and curvature threshold criteria). However, in the case of estuaries, at least
conceptually, it is not the bed topography but the free surface flow gradients that drive hydrodynamics and
sedimentary processes.

From a modeling perspective, Rinaldo et al. [1999a] simplified the 2-D momentum equations for shallow
water using the Poisson assumption which implies that the propagation of the tidal wave in the channels is
instantaneous, and drainage directions can be resolved by evaluating water surface gradients. They also
analyzed the scaling relationships of tidal landforms comparing them with analogous ones found in fluvial
systems [Rodriguez-Iturbe and Rinaldo, 1997]. One of the signatures of scale-invariant behavior is related to
the presence of power law relationships in the probability distribution of geometrical characteristics. Rinaldo
et al. [1999a] analyzed the exceedance probability of watershed area, total length, width of the tidal channel
cross section and botanical mass. Presence of power law behavior would imply that these relationships are
straight lines in double logarithmic plots over an extended range of scales. Contrary to the case of river net-
works, the features analyzed for tidal networks did not present well-defined power law relationships, show-
ing no scale-invariant properties. Rinaldo et al. [1999b, 1999c] found power law relationships of cross-
sectional channel area, drainage area, and tidal prism when related to peak discharge during spring tides.
However, these power laws were present only for channels with cross-sectional areas greater than about

50 m2. These restrictions were attributed to an inadequate spatial resolution of the DEM and to the assump-
tions in the hydrodynamic model. Fagherazzi and Furbish [2001] suggested that power law scaling could
break due to specific characteristics of the tidal basin under analysis. In particular, they studied the Venice
lagoon and argued that different resistance to erosion in different layers and regions of the lagoon may
have broken the power law behavior.

The drainage network in a river basin display tree-like structures, with a unidirectional flux that provides effi-
cient means of transportation for runoff and sediment. In tidal systems, the interaction of ebb and flood
flows induces the existence of loopy drainage networks due to the bidirectionality of the flux, so that flow
pathways can radically change between flood and ebb. To overcome this problem, different authors have
recently developed graph theoretic analyses for loopy networks [Katifori and Magnasco, 2012; Mileyko et al.,
2012]. Specifically, they assign a weight function to the loop edges so that the reticular/loopy network can
be turned into a loopless tree-like network. The results, tools, and methodologies presented in these studies
are useful to obtain loopless and unidirectional networks starting from tidal hydrodynamic conditions.

Power law relationships represent long-term characteristics of the system but do not address how these
configurations are reached. On the other hand, several developments in the numerical modeling of the
hydrodynamics and morphodynamics of natural systems have been accomplished over the last decade
allowing to simulate tidal network morphodynamics from incipient channel formation to long-term equilib-
rium. Different 2-D numerical models have been used to describe the morphogenesis and development of
tidal networks [Marciano et al., 2005; D’Alpaos, 2005; Di Silvio et al., 2010; van Maanen et al., 2013a, 2013b].
While most of these authors have focused on simulating the development of tidal networks and the physi-
cal mechanism that drive their evolution, only Marciano et al. [2005] analyzed the pattern of channel
branching in a tidal basin. They showed that smaller channels, and channels that are close to each other,
are typical for sites with relative larger overall slopes and with small water depths. The branching behavior
obtained in the simulated networks shows similar patterns to those observed in the Wadden Sea.

The geometry and possible fractal nature of tidal channel systems have been widely studied in tidal channel
networks around the world [Cleveringa and Oost, 1999; Angeles et al., 2004; Novakowski et al., 2004; Feola

et al., 2005]. Horton's hierarchical and fractal analyses have been performed in the Wadden Sea by Clever-
inga and Oost [1999]. They showed that these tidal channel systems have same statistical-self similar fractal
characteristics. Angeles et al. [2004] determined the fractal dimension using two methods (box counting
and contiguity) in nine tidal channels in Bahia Blanca (Argentina). All channels presented similar fractal
dimensions (greater than one and lower than two), characteristic of their self-affine fractal features. On the
other hand, Novakowski et al. [2004] performed a Horton’s and Hack’ law type of analyses of tidal creeks net-
works in North Carolina using high-resolution digital images. They reported power law relationships
between the maximum channel length and area. Feola et al. [2005] studied, by means of a hydrodynamic
approach (Poisson model), the probabilities of exceedance of upstream length and unchanneled length in
two salt marshes in the Venice lagoon and performed an analysis of the scaling of Hack’s law. They showed
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that in the tidal case there is no evidence of power laws, thereby suggesting that scale-free behavior is not
present.

Several authors have suggested that patterns in nature may be associated with optimal characteristics in
terms of energy or entropy. Rodriguez-Iturbe et al. [1992b] shows that drainage networks at equilibrium
tend to a configuration with minimum energy dissipation. For tidal systems, Townend and Dun [2000]
focused instead on long-term morphodynamic behavior of an estuarine environment, considering the crite-
rion of constant entropy production rate per unit discharge to define equilibrium conditions. They suggest
that when the estuary reaches equilibrium conditions, the longitudinal distribution of total energy through
a tidal cycle along an estuary may be represented as exponential function, i.e.,, the energy at a given section
may be expressed by an exponential of a linear function of the distance from the section to the estuary
mouth. This statement implies that energy transferred due to the tidal wave will decay exponentially in the
upstream direction. Still in the field of tidal system research, Van Der Wegen et al. [2008] evaluated the long-
term evolution of a tidal embayment in terms of energy dissipation using a 2-D numerical model, demon-
strating that energy dissipation decreases over time, and showing that the basins evolve toward a state of
less morphodynamic activity (decreasing deepening and widening of the basin, accompanied with stable
patterns). This general approach and specifically focus on linking principles of minimum energy dissipation
with scale-invariant properties of the network and morphological evolution.

The studies above reveal a lack of consensus on the role of processes leading to long-term equilibrium of
intertidal geomorphic features in tidal basins. Thus, the main objective of this paper is to investigate possi-
ble relationships between hydrodynamic and topographical characteristics in tidal networks and to search
for scale-invariant properties. To achieve this goal, several numerical simulations have been performed in
order to obtain different configurations of tidal network depending on the hydrodynamic and sediment
conditions. A novel methodology has been developed in order to obtain the drainage network of the sys-
tem. Moreover, different characteristics have been analyzed looking for scale-invariant properties. Unlike
other studies, which extract the tidal network from the bathymetric characteristics [Fagherazzi et al., 1999;
Passalacqua et al., 2010], we analyze the exceedance probability of the drainage area and volume of the
tidal network during the ebb and flood time. The analysis is also performed for a real estuary (Santona’s
estuary, Spain). In addition, we analyze the possibility that, similar to other natural systems, the emergence
of channel networks is a process converging toward minimum energy expenditure. The remainder of this
paper is structured as follows: section 2 describes the methodology developed for the extraction of tidal
networks and section 3 shows the results of applying the methodology to simplified tidal systems and to a
real estuary. Sections 4 and 5 present the discussion of the results and conclusions of the analyses.

2. Methodology

2.1. Numerical Model Description

The numerical model, DELFT3D is used to simulate the time evolution of a channel network in a geometri-
cally simplified configuration similar to the one used by Marciano et al. [2005] and van Maanen et al. [2013a,
2013b]. DELFT3D is a finite difference numerical model composed of a number of modules: currents, sedi-
ment transport, and bottom changes. In this study, we use the 2DH version of the DELFT3D model, which
solves the momentum and continuity equations on a grid with a robust wet and dry scheme. A full descrip-
tion of the model can be found in Lesser et al. [2004]. It should be pointed out that in the future the role
that wind waves, overtides, cohesive material, and vegetation play in the development of tidal networks
will be considered.

Sediment transport is calculated using the Engelund and Hansen [1967] formulation, where the sediment
transport rates are calculated as total load (S) according to

_0.05U° 0
VGC3ADsg

where § is the sediment transport, U is the magnitude of depth-averaged flow velocity (m/s), A is the rela-

tive density (ps — pw)/pw (dimensionless) (p; and p,, being the sediment and water density, respectively (kg/

m?)), Cis the friction parameter defined by v/h - (m'/2/s), and Ds, is the median grain size (m).
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Figure 1. Initial bathymetry for the model simulation.

2.1.1. Model Setup

Hydrodynamic and morphodynamic behavior are solved numerically for a rectangular region of 17 X

17 km?Z. Within this region, two different zones are delimited by impermeable and nonerodible barrier
islands. An outer, deeper zone representing the open sea and an inner zone, where the tidal network will
develop. A regular grid with 100 X 100 m? cells is used to solve both the hydrodynamics and the morpho-
dynamics of the system (see Figure 1).

Numerical simulations have been conducted using different sinusoidal tidal ranges as the hydrodynamic
forcing (1, 2, and 3 m) and different grain size characteristics (Dso = 120, 480, and 960 pum). The model simu-
lations cover a time span of 4000 years. This time period has been selected because of the reduced rates of
morphological evolution.

Random perturbations of +1.5 cm were added to the bed level in the basin to trigger channel pattern
development. The position of the initial random perturbations can certainly determine the initialization of
the channels and for some channels also their long-term position. Some recent work [Zhou et al., 2014a,
2014b] has shown that even though the landscape details are different, some geometric properties like
hypsometry can in fact be the same.

Hydrodynamic changes occur on short time scales, while morphological changes occur during much longer
time scales. For this reason, when dealing with long-term simulations, Lesser et al. [2004] and Roelvink
[2006] recommend numerically accelerating the evolution by a constant morphological factor. A sensitivity
analysis about the morphological factor has been done, determining that a value of 200 is appropriate value
for the model presented in this study. Other authors have also used this value for the morphological factor
and obtained similar patterns to those observed in nature [Van der Wegen, 2013].

2.2, Extraction of Channels Networks

We propose a new method for the extraction of channel networks that takes into account a more accurate
hydrodynamic description of the system than the one used in previous studies where a simplified Poisson
hydrodynamic model was used [Rinaldo et al., 1999a; Marani et al., 2003; D’Alpaos et al., 2007]. The proce-
dure to identify the channel network involves five steps:
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1. The first is the analysis of the drainage directions in the basin. This is determined using a variation of the
D8 method (based on eight-neighbor-connectivity) developed by O’Callaghan and Mark [1984] and widely
used afterward in studies dealing with watershed delineation [Morris and Heerdegen, 1988; Tarboton et al.,
1991; Tarboton, 19971]. In the original method, the drainage direction is assigned to each grid cell corre-
sponding to the steepest bed slope. In this study, the drainage direction is the same as the flow direction in
each grid cell obtained from the hydrodynamic model (discretization implies that the flow is characterized
by only one of eight possible directions separated by an angle of 45°). The complicated hydrodynamics of a
tidal system induces continuous changes in drainage directions. For this reason, the drainage directions
have been calculated at each time step during both the ebb and flood phases.

The drainage direction in each cell defines the cell to which it is connected, i.e., the cell which receives all
the water that flows through the original one. That is to say, each cell can “receive” water from and/or “pro-
vide” water to one of its neighbors. In this way, the connectivity can be established for each cell.

2. The second step is to unequivocally define the connectivity between cells. An adjacency matrix, W,
establishes these relationships between cells. W is a representation of a directed graph with a dimension
of (n X n) (n being the number of cells in the grid). The rows represent the index of a possible providing
cell, while the columns represent the index of a possible receiving cell. When cell i donates water to cell j,
the element of the matrix W is set to one, and when no link exists, Wj is set to zero.

As previously mentioned, the presence of loops in the channel network leads to inconsistencies in the algo-
rithm for the drainage area computation. To avoid this problem, Katifori and Magnasco [2012] and Mileyko
et al. [2012] carried out a hierarchical decomposition of loopy networks into tree-like networks based on the
channel widths.

This hierarchical decomposition assumes that loops can be unrolled starting with the loop containing the
narrowest link. That is, during first step, all the loops are detected. The narrowest link belonging to a loop is
then removed, setting to zero its corresponding coefficient in the adjacency matrix. This operation will
break at least one loop but may break more. Thus, once the narrowest link is removed, the loop detecting
algorithm is used again to determine which loops still exists. If there are still loops to unroll we proceed
again looking for the narrowest link of the links belonging to a loop. That link is removed again and the pro-
cedure repeated until no more loops exist. At this point, the original network has been transformed into a
directed tree. In our study, all cells that belong to a loop are detected, and the existing link between the first
cell detected in the loops and the last cell involved is set to zero in the adjacency matrix.

All loops are unrolled in this way until a completely directed tree-like adjacency matrix is achieved. Once
the directed adjacency matrix is obtained, the contributing area in each grid cell can be calculated.

3. The basic algorithm that computes the total drainage area to each grid cell, A; is a recursive algorithm
based on Rodriguez-Iturbe and Rinaldo [1997].

k_ k pk
Al —ij,jAA +a; 2
where A; denotes the total drainage area at time k, i.e., the number of pixels draining through cell j, g; is the
inner area of cell, i, the subindex j spans the eight neighboring cells, and W;; is a functional operator that
determines the eventual presence of a connection:

k
i

1 if i,j areconnected
— 3)

0 otherwise

4. In tidal systems, at each time step, an increase or decrease of water level is accompanied by a change in
flow velocities. Therefore, the total drainage volume in each cell, V; can be computed as

k=m
=S v @
k=0

with
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V,':G,‘.Ai’[i (5)

where V; denotes the total drainage volume in a tidal phase through the cell i; m is the number of time
steps for the tidal phase; v; is the drainage volume of cell j; g; is the inner area of cell i, and Ay; is the varia-
tion of the water surface between two consecutive time steps in the cell i.

(6)
(ni(k+1)—n;(k)) for flood tide

(n;(k)=n;(k+1)) for ebbtide
A'?i:{
The subindex j spans the eight neighboring cells and W;; is a functional operator that determines the even-
tual presence of a connection. Drainage area and drainage volume are computed for each time step, t, dur-
ing the ebbing or flooding phase. Therefore, the tidal prism, Q, is defined as the total water volume
exchanged through the outlet between low tide and high tide:

k=m i=n
Q=> " V.dk 7)
k=0 i=1

where n is the number of pixels which are localized in the outlet and m is the number of time steps used to
discretize an ebbing or flooding phase.

5. Finally, the channel network is defined by the cells that exceed a drainage volume threshold (above this
threshold, the flow is considered to be totally channeled). The objective determination of this threshold is
still an open issue and distinguishes between channels and flats. In this study, the threshold has been
defined by the x,;, parameter, x,,i, is @ parameter representing the point over which scale invariant is
observed. It marks a regime change in the estuarine dynamics, where the overall aggregation behavior that
characterizes scale invariance becomes dominant. It is obtained from the power law fitting (section 2.3).

2.3. Scale-Invariant Relationships

In order to search for scale-invariant relationships, such as those found in river networks [Rodriguez-Iturbe
and Rinaldo, 1997], we calculate the exceedance probability distributions of drainage area and volume. The
power law exponent is estimated using a linear regression to log-transformed values in the exceedance
probability distribution. We used the approach developed by Clauset et al. [2009] to estimate the exponents
of the power law (maximum-likelihood estimate, MLE, methods are combined with goodness-of-fit tests
based on the Kolmogorov-Smirnov statistic, K-S). This approach provides the scaling parameter 5 and the
lower limit, x,,,», of the scale region, over which the power law behavior is valid. MLE determines the param-
eter values that maximize the likelihood of the model given the observed data and it has been shown to be
the single best approach for estimating the power law exponent (f5) [Newman, 2005; White et al., 2008]. In
this study, the lower bound for the fitting is provided by the x,,;, parameter, over which power law behavior
can be observed. This value is quantified from a K-S test, which uses the maximum distance, D, between the
probability distribution of the data and the fitted model:

D=maXx y>xmin|S(x) —P(x)] (®)

where S(x) is the probability distribution of the data with value at least x,,;, and P(x) is the probability distribu-
tion for the power law model that best fits the data in the region x > X, Xmin is selected to minimize D. Physi-
cally, it corresponds to a minimum basin size under which channels obtained in this work do not develop.

The upper bound is defined by “finite size effects,” which can be seen as a deviation from power law behav-
ior at large values of drainage volume in the exceedance probability plot. Finite size effects appear when
only a small number of pixels are associated with very larger values of areas and volumes, causing a loss of
statistical significance.

2.4. Minimum Energy Expenditure
Optimization criteria, such as minimum energy expenditure, are often used to explain spatial and topologi-
cal patterns in natural systems [Stevens, 1974].
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In river basins, whose optimal channel network structure (OCN) can be explained in terms of the optimiza-
tion of energy expenditure [Rodriguez-Iturbe and Rinaldo, 1997]. The optimization of energy expenditure in
OCNs involves the combination of shear stress and sediment transport criteria in order to describe energy
dissipation. In tidal systems, bed friction is the most important mechanism in terms of energy dissipation. It
arises as a resistance force between the moving flow and the fixed bottom. Besides bed friction, the shape
of the channels plays an important role on tidal propagation [Friedrichs and Aubrey, 1994; Lanzoni and Semi-
nara, 1998].

In our study, the energy expenditure of the system has been computed at different stages of the morpho-

dynamic evolution of the basin. The analysis has been carried out for different configurations of the two of
parameters controlling the basin evolution: tidal amplitude and sediment grain size. For any given stage of
the evolution, and any given point in the tidal basin, energy expenditure, E; is computed as the integral of

the dissipated power in a tidal cycle. Dissipated power is the product of the bed shear force, F (the stress X
area), and the velocity of the flow:

t=m
E,-(t):J F.U.dt 9
t=0
?= C.G,' (1 O)

where ( is the bed shear stress (N/m?), g; is the cell area (m?), and U is the velocity (m/s). The energy dissi-
pation of the basin is the sum of the energy dissipation of all cells.

3. Results

3.1. Numerical Simulations

Numerical simulations given in Figure 2 show the development of tidal networks after 4000 years for differ-
ent combinations of tidal range and grain sizes. As can be observed that the higher the tidal range, the
greater the area affected in the tidal basin, and the bigger the number of channels that are formed in the
inner basin. Also the influence of grain size can be detected in the tidal network structure. When smaller
sediment sizes are present (Figures 2a, 2d, and 2g), a greater amount of sediment is mobilized, leading to
more complex morphologies and faster morphodynamic evolution.

3.2. Network Extraction

The methodology described in section 2.2 has been applied to each simulation presented in Figure 2. Differ-
ent steps of the methodology are depicted in Figure 3. Figure 3a illustrates the topography obtained with a
tidal range of 2 m and a grain size of 120 um after 4000 years. For the ebb and flood phases, velocity fields
at discrete time intervals have been obtained. In Figure 3b, an example of the velocity field during the ebb
phase is showed. The direction of the vectors determines the direction of the flux, and the color represents
the magnitude of the velocity. The drainage direction for each pixel was assigned based on the direction of
the velocity vector to one of eight possible directions, each of them covering 45°. In Figure 3¢, we show the
values from 1 to 8 (one for every possible direction) assigned following the previous method. Figure 3c
helps us to visualize how the flux is distributed in the basin and how it is organized toward the mouth. Fig-
ure 3d shows the total volume drained at each cell during an ebb phase. As expected, the tidal channels
contain the majority of the flux in the system. This is particularly evident when the water has left the adja-
cent tidal flat surface and the flux becomes increasingly confined to the channels. The same analysis has
been carried out for each of the morphologies shown in Figure 2.

In Figure 4, the channel networks in a falling and rising tide are depicted for morphologies with Ds, = 480
um and tidal ranges of 1 m (Figures 4a and 4b), 2 m (Figure 4c and 4d), and 3 m (Figures 4d and 4e), respec-
tively. The figures on the left row show the tidal network obtained during a flood phase and those on the
right row shows similar to that during the ebb phase. The greater the tidal range, the bigger the volume in
the system. During both phases the networks present similar characteristics in the distribution of the main
channels, although during ebbs the flow is more concentrated in the main channels.

JIMENEZ ET AL.

©2014. American Geophysical Union. All Rights Reserved. 4591



@AG U Water Resources Research

10.1002/2013WR015006

Bed elevation (m)

A : .
£ 60 60 £ 50
£ 40 2 40 £ 40
1| g c c
o =} S
|52 5 20 § 20
Elz 3 | 3
“é, 50 100 150 50 100 150 50 100 150
< |- _ _
= |60 €60 Ee0
5|8 g g
= | & S 5
Flz a0 2 40 % 40
2| g = c
p= h=y 2
3 20 §20 T 20
s 3 3
50 100 150 50 100 150
£ 60 60 60
£ g g
s 5 a0 £ 40 840
5 8 8
€ 20 3 20 § 20
7 % 2
50 100 150 50 100 150 50 100 150
x-direction distance (m) x-direction distance (m) x-direction distance (m) -
T T T Ll
120 480 960

Figure 2. Numerical simulations of tidal network development after 4000 years for different tidal range (TR) and grain size (Dsy). (@) TR = 3 m with Ds, = 120 pum, (b) TR = 3 m with
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TR =1 m with Dsp = 480 um, and (i) TR = 1 m with D5y, = 960 pum.

3.3. Power Law Fitting

Power laws are signatures of self-similarity phenomena that have the same characteristics across many

scales, from small to large scales [Rodriguez-Iturbe and Rinaldo, 1997].
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Figure 4. Drainage volume in each grid cell extracted from the morphologies simulated with Ds, = 480 um and TR = 1, 2, and 3 m during (a, ¢, e) flood and (b, d, f) ebb tide. Each row
refers to results for TR =1, 2, and 3 m (from top to bottom).

Rodriguez-Iturbe et al. [1992b] found that the probability distribution of the drainage area in river basins fol-
lows a power law of the form P[A > a] o< a# with ff ~ 0.43+0.02, a result that is consistent for many
basins. Analogously, in this section we investigate the scaling properties of the drainage area and drainage
volume numerically simulated in tidal networks during the ebbing and flooding phase.

Figures 5 and 6 show the exceedance probability of the drainage area and drainage volume, respectively,
for the flooding and the ebbing phases. A similar slope is detected for different tidal ranges and grain sizes.
Power law fits to the probability distribution of drainage area and drainage volume have been carried out
separately during flood and ebb.
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Figure 5. Double logarithmic plot of the exceedance probability of drainage area P (A > a) at any point of the network (versus the current value of a expressed in m?) computed for dif-

ferent tidal ranges during (a) flooding phase and (b) ebbing phase.

Figure 7 illustrates in more detail an example of the exceedance probability of drainage area (Figures 7a
and 7b) and drainage volume (Figures 7c and 7d) for the morphology with tidal range of 1 m and D5, of
120 um during flood and ebb. This figure shows that the slopes obtained during falling and rising tides
remain similar and that the exceedance probability follows straight lines for almost two orders of magni-
tude. In Table 1, the exponents obtained from the power law fitting f for drainage area for each morphol-
ogy are presented, while Table 2 shows the exponents obtained from the power law fitting for drainage
volume. The drainage area distribution is defined by the relationship P[A > a] oc a™13%=01% and the drain-

age volume by P[V > v] oc v~ 140013,

For this reason, the value of 5 should be relatively unaffected by the size of the system. Figure 8 shows the
distribution of drainage volume for the whole system (gray line) and for a subsystem contained within it
(black line). As can be seen, the slope remains practically unchanged, with a f = 1.34 in the total basin and
f = 1.32in the “subsystem.”

Finally, analyses have been carried out to evaluate the evolution of the probability distribution over the
time. Figure 9 displays the evolution of the exceedance probability of drainage volume over time as a tidal
basin, with a tidal range of 3 m and grain size of 480 um, evolves toward equilibrium. As tidal networks
developed, the exceedance probability of drainage volume evolves toward a power law distribution with
the largest changes occurring in the upper part of the distribution. This is an indication of the formation of
small channels and associated intertidal areas which increase small drainage volumes. The overall shift of
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Figure 6. Double logarithmic plot of the exceedance probability of drainage volume P (V> v) at any point of the network (versus the current value of v expressed in m?) computed for
different tidal ranges during (a) flooding phase and (b) ebbing phase.
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Figure 7. (a and b) Double logarithmic plot of the exceedance probability of drainage area P (A > a) at any point of the network (versus the current value of a expressed in m?) computed
for the morphology with TR =1 m and Ds, = 120 um. (a) Flooding phase and (b) ebbing phase. (c and d) Double logarithmic plot of the exceedance probability of drainage volume P
(V>V) (versus the current value of a expressed in m®) computed for the morphology with TR =1 m and Ds, = 120 um. (c) Flooding phase and (d) ebbing phase.

the curve indicates an increase in tidal prism concomitant with the development of channel network. Physi-
cally, tidal prism increases because the system is ebb-dominated leading to erosion of sediment in the basin
(implying larger tidal prism) and the formation of an offshore delta.

Table 1. Values of Coefficient f3, Fitting a Power Law to Each Simulated Morphology in the Drainage Area Distribution

Coefficient () Xpmin (M?)
Simulation Tidal Range (m) Dso (um) Flood Tide Ebb Tide Flood Tide Ebb Tide
Morphology 1 1 120 1.27 1.34 1457 714
Morphology 2 1 480 134 1.36 1152 1473
Morphology 3 1 960 14 141 1158 937
Morphology 4 2 120 1.26 137 4326 2105
Morphology 5 2 480 133 1.55 1396 1363
Morphology 6 2 960 134 1.32 2433 1628
Morphology 7 3 120 1.31 137 2926 3351
Morphology 8 3 480 133 1.31 3623 1775
Morphology 9 3 960 135 1.38 2178 4093
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Table 2. Values of Coefficient (/) Fitting a Power Law to Each Simulated Morphology in the Drainage Volume Distribution

Coefficient (f) Xpmin (M?)

Simulation Tidal Range (m) Dso (um) Flood Tide Ebb Tide Flood Tide Ebb Tide

Morphology 1 1 120 1.29 138 235,709.0 103,665.0
Morphology 2 1 480 1.37 137 191,368.6 208,435.4
Morphology 3 1 960 135 142 215,914.2 152,394.8
Morphology 4 2 120 1.32 137 371,395.1 641,016.2
Morphology 5 2 480 1.44 1.52 408,776.7 345,867.5

Morphology 6 2 960 1.40 1.44 737,292.7 993,107.7
Morphology 7 3 120 133 1.23 1398,016.1 963,937.9
Morphology 8 3 480 1.30 1.35 1511,610.0 877,350.7
Morphology 9 3 960 141 137 898,024.0 1012,457.5

3.4. Energy Expenditure

Rodriguez-Iturbe et al. [1992a] suggest that scale-invariant behavior in river networks and other natural sys-
tems may be a consequence of evolution toward least energy expenditure states, i.e., the appearance of
fractal structures may be a requirement to reduce amount of energy dissipated by the system to the mini-
mum. In this study, an evaluation of how energy expenditure changes as the morphology evolves toward
equilibrium has been carried out. Figure 10 shows an exponential decay in the first years of morphological
evolution. This occurs in a more pronounced way for increasing tidal range. The widening and deepening
of the channels produces a reduction of the velocities, and as a consequence, also a reduction of the shear
stress. The larger the tidal range, the longer it will take the system to reach equilibrium from the same start-
ing configuration. This points out that larger tidal ranges in spite of having larger erosion capability (stron-
ger currents), require a larger total work to achieve equilibrium because of the larger amount of sediment
to be mobilized. The grain size also plays an important role in terms of energy dissipation, the smaller the
grain size, the faster the system reaches equilibrium and so the minimum in energy expenditure. It should
also be pointed out that larger tidal ranges converge to larger minimum energy expenditure values, i.e., the
larger the tidal range, the larger the energy spent in the equilibrium state, due to larger system size and
larger energy input per unit time.

3.5. Application to the Estuary of Santona (Spain)
The methodology developed in section 2.2 was applied to the tidal network of Santona (Figure 11a), which
constitutes one of the most important salt marshes in the Cantabrian Coast (North of Spain) due to its bio-
logical productivity, as well as its role for wintering and as a passage for migratory birds. Tide is semidiurnal
with a spring and mean tide of 5 and 3 m, respectively. Its tidal prism is 52.3 hm?, around 70% of its surface
(2000 ha) is intertidal and the fresh
water input comes from the Ason
Complete system River with an average annual flow of
* Subbasin 16 m*/s. The salt marsh vegetation
covers around 834 ha (41.7% of the
1071 SantonaGs area).

10° i

, A rectangular grid is used in the
numerical computations covering an
1072 area of 10.35 X 15.35 km. A cell size
: of 50 m is used within the grid. A
semidiurnal tide with a tidal range of
4 m has been used as forcing in the
hydrodynamic model. The riverine
input has not been taken into
10° 10° 10° i 10° 10° 107 account due to its low relevance in
the hydrodynamics of the system.

1073

Figure 8. Exceedance probability of drainage volume at any point of the network Figure 12 shows the distribution of
computed for Dsy = 120 um and TR = 1 m during ebb time, over the whole basin . .
(gray line), and in a cell selected in the outlet (black line). The drainage area of the volume dralnage du”ng an flood
subsystem is shown in the subplot with the darker colour. and ebb phase applying the
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10° : methodology developed in this work
over the real bathymetry in the
Santona’s estuary.

The distribution of the main chan-
nels shows similarities during both
phases. It is in the secondary chan-
nels where most differences are
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% 107 E observed. In order to obtain the vol-
- ume drainage during a tidal phase in
the whole basin, the connectivity
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Figure 9. Exceedance probability of drainage volume at any point of the network com- . .
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puted along the time for TR = 3m and Ds, = 480 pum and during ebbing time in: 4 days, . . .
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the calculation of the total volume of
water, which in turn induces a reduction in the total volume of the system, compared to the real one (in
Santona’s case this reduction is around a 10% of the total volume). During the flood phase, the network
drains a smaller amount of water than during the ebb phase, since during the flooding phase the flow tends
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Figure 10. Energy expenditure over time (1, 100, 300, 500, 1500, and 4000 years) for the configurations with TR = 1 m and D5, = 480 um,
TR =2m, and D5, = 120, 480, 960 pm and TR = 3 m and Ds, = 480 um. The morphologies inside the figure correspond with the morpholo-
gies obtained with TR = 2 m and D5, = 480 pum during 300, 1500, and 4000 years.
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Figure 11. (a) Santona’s estuary and (b) bathymetry used in the hydrodynamic simulations (207 X 307 cells with a cell size of 50 m).

to contain more loops structures covering a larger portion of the domain. The probabilities of exceedance
of drainage area and drainage volume have been computed. The exponents obtained from the power law
fitting were 1.26 and 1.27, respectively (see Figure 13). These exponents are in the same range as the ones
resulting from the numerical simulations of the idealized tidal basin (—1.39 = 0.14 and 1.40 = 0.13).
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Figure 12. (a) Drainage volume in each grid cell during flooding phase and (b) drainage volume in each grid cell during ebbing phase.
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Figure 13. (a) Exceedance probability of drainage area P (A > a) at any point of the network (versus the current value of a expressed in m?) computed in Santona’s estuary during ebb
phase and (b) exceedance probability of drainage volume P (V> v) (versus the current value of v expressed in m®) computed in Santona’s estuary during ebb phase.

An energy expenditure analysis has been performed in Santona estuary considering its present configura-
tion. The 2-D hydrodynamic model is applied, where bed friction is simulated by means of a uniform rough-
ness coefficient, using a Manning's coefficient value of 0.02. A Manning’s value of 0.02 is suitable in
channels of sand [Shaw et al., 2010]. Similar values (0.026 sm'3) have been used in numerical studies [Van
Der Wegen et al., 2008]. The energy expenditure value obtained was 3.5 X 10° N/m. As we have previously
mentioned 41.7% of the area of Santona is occupied by vegetation. It is for this reason that a new hydrody-
namic simulation has been done, taking into account the friction produced by the vegetation with the
objective to reproduce the real conditions. As presented in Temmerman et al. [2012] this is done by using a
lower Manning n value of 0.02 in the nonvegetated areas (offshore and in the channels) and using a Man-
ning with value 0.08 for the vegetated areas. The new conditions produce an increase of 33.2% in the
energy expenditure of the system, showing the important role that vegetation plays in the flood attenua-
tion as it has been shown in studies developed by Costanza et al. [2008] and Wamsley et al. [2010].

4, Discussion

Several authors [Cleveringa and Oost, 1999; Angeles et al., 2004; Novakowski et al., 2004] have analyzed the
geometric and fractal characteristics of tidal networks using DEMs, satellite images and detailed maps by
means of several techniques, Horton scaling laws, Hack’s law and fractal dimensions, among others. How-
ever, all these studies are based on the analysis of the shapes and the geometric characteristics. These stud-
ies do not consider the hydrodynamic and morphodynamic characteristics of the system, limiting the
possibility of a direct comparison with the aforementioned studies.

Future research should address the development of “benchmark” cases to specifically address differences
with other techniques [Cleveringa and Oost, 1999; Angeles et al., 2004; Novakowski et al., 2004] and sensitivity
of results.

A clear advantage of this methodology, in the case of estuaries at least, is that hydrodynamics and sedimen-
tary processes are driven by the gradients of the free surface. Bed topography is a good proxy in the case of
rivers, but it does not represent correctly flow dynamics in the case of estuaries.

The main disadvantage is that numerical simulations are required in order to define the drainage network.
Methods base on bed topography provide solutions making only use of the DEM, but we require a simula-
tion effort in order to study network connectivity.

Other studies have taken into account the flow dynamics using simplified approaches. For instance, Rinaldo
et al. [1999a, 1999b] performed a detailed analysis of geometric and morphologic characteristics of a tidal
basin using a simplified hydrodynamic model, in which the flow dynamics were represented by a Poisson
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equation. This model, applied in different studies [Marani et al., 2003; Feola et al., 2005; D’Alpaos et al., 2007;
Di Silvio et al., 2010], assumed that tidal propagation is dominated by friction. It also assumes tidal wave
propagation is instantaneous through the channel network and thus the model is only suitable for shallow
lagoons. Rinaldo et al. [1999b] concluded that there was a nearly complete lack of scale invariant. It should
be remarked that our results are not directly comparable with the results presented by Rinaldo et al.
[1999b]; not only the approaches to define the network are entirely different, but also the scales of the stud-
ies are different. The different nature of the systems under analysis (salt marshes in Rinaldo et al. [1999a,
1999b], sand-dominated estuaries in our case) combined with the different approaches used to define the
network, make the two studies difficult to compare. Our analyses point out that the larger the tidal range,
the larger amounts of channels are developed and the longer it takes to reach a slowly changing equilib-
rium configuration.

Our study involves a number of limitations. One of them is linked with the cell size used in simulations

(100 m), which is coarse and which could pose a limit to the size of the minimum channel that can develop.
Unlike Rinaldo et al. [1999a] and Marani et al. [2003] whose studies have been performed over much finer
spatial scales, we have used a grid size of 100 m. This cell size is coarser, and limited the size of the mini-
mum channel that could develop. A finer cell size would allow a finer-scale representation of the physical
processes, although it has to be pointed out that these simulations would require a high-computational
cost.

Due to the grid size used in this study, the value of x.,;, is limited and a direct comparison with the results
of Rinaldo et al. [1999a, 1999b] and Marani et al. [2003], both characterized by channel widths <10 m and
both indicating that there is not a single scaling regime, cannot be performed. An initial study on the role
of grid size resolution is presented in Jiménez et al. [2014] and it indicates that down to grid size values of
50 m, the self-similarity is maintained. Jiménez et al. [2014] studied the impact of the grid size on the devel-
opment of tidal network and its impact on the drainage area and the volume distribution. The authors
show that the finer grid induces the formation of a greater number of narrower channels that dissect the
tidal flats more uniformly increasing the drainage area. In terms of channel detection, solving the complete
hydrodynamics equations leads to very complex flow solutions, where loop structures are present. As chan-
nel networks are derived from the hydrodynamics solution, loop structures must be eliminated in order to
derive the proper drainage areas and drainage volumes in all the positions of the basin. Previous authors,
studying tidal networks and using simplified hydrodynamics never dealt with loopy structures. Overall, the
loop elimination process may induce some discrepancies in the total volume drained within the tidal basin.

Finally, as we have mentioned previously, power laws are signatures of scale-free, i.e., fractal behavior. How-
ever, power law fitting is a complicated procedure due to the nature of power laws; an additional large
value may induce big changes in the estimated values for the exponent or the region over which the power
law holds. The stability of the estimates depends on the amount and the specific characteristics of the data
collected.

Our approach has allowed us to obtain the statistics of the drainage area, and also the statistics of the volume
drained at every point of the tidal basin during a tidal cycle (ebb or flood). The volume drained is particularly
important because it allows us to determine the regions where the flow is concentrated, i.e,, the tidal chan-
nels. In this context, it worth noting that the drained volume is a controlling parameter in tidal basins and is
normally used to define empirical equilibrium relations [O'Brien, 1931; Walton and Adams, 1976].

Analyzing our results for drainage area and drainage volume for different tidal ranges and sediment grain
sizes we observe scale tendencies for both variables in 1-2 orders of magnitude. We have not considered
other factors such as wind waves, overtides, cohesive material, and vegetation in order to reduce the num-
ber of physical processes in play and to simplify the source of variability in the results. We would like to
point out that in the future the role of these factors will need to be considered, because of drainage condi-
tions can potentially be altered and so the distribution function in the power laws.

Previous studies have focused on specific tidal basins, they have focused on specific tidal basin. Therefore,
their conclusions and results may be biased to specific conditions of the tidal basin considered. In our study,
however, different conditions of tidal range and sediment grain size have been analyzed for a simplified
tidal basin, allowing us to derive more general conclusions and results. It is remarkable that the real estuary
(Santona estuary) has shown similar behavior to that observed in idealized example.
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In the present work, the power law relationship is limited to 1-2 orders of magnitude, the narrow range of
scale can be determine by the size of the system (delimit by the extension of the hydrodynamic field).
Future studies should be focus on assessing the validity of the methodology over a larger range of scales.

Another analysis carried out in the present study is that of the tidal basin evolution toward a steady state
from a far-from-equilibrium configuration. The evolution of energy dissipation over time as the tidal basin
evolves was studied, to test if the same principle that drives river network evolution controls that of tidal
basins. Our results indicate that tidal evolution is driven by the minimization of energy dissipation, which is
in accordance with the results presented in Van Der Wegen et al. [2008] which show that tidal basins tend to
less morphodynamic active states.

5. Conclusions

We have simulated the long-term morphological evolution of an idealized tidal basin for different tidal
ranges and sediment grain sizes and also analyzed data from a real estuary. Applying the methodology pre-
sented in section 2.2 to the different morphologies, we can extract the following conclusions.

1. The drainage area and drainage volume distribution at any point in the tidal channels tend to follow the
power law relationships P[A > a] oc a~'-39%%1% and the P[V > v] oc v~ 140=013 respectively. These results are
consistent for different tidal ranges and different grain sizes, as well as for the real estuary studied. While in
the present work the power law relationship is limited to 1-2 orders of magnitude, future studies should
focus on assessing the validity of the methodology and the results for systems characterized by a broader
range of scales.

2. The same relationships are obtained for subbasins of the system, provided that the size of the subbasin is
large enough to contain a network.

3. Over time the drainage area and the drainage volume distribution evolve toward a power law, when the
minimum energy expenditure principle is fulfilled, i.e., initially the network does not exhibit any power law
scaling, but as it gets closer to the equilibrium configuration, the system adjust to a power law scaling
which is in turn related to the minimum energy expenditure. As in river systems the drainage configuration
in tidal systems minimizes the total energy dissipation.

4. Nevertheless, our simulations only account for some of the important processes that shape tidal basins. A
complete description introducing vegetation dynamics, overtides, cohesive sediment and wind, and riverine
influence would be necessary in order to assess scale invariants in more general case.

This work presents a new step toward the understanding of the behavior of the tidal systems. In order to
generalize our findings, our methodology should be tested for a large number of estuaries, presenting dif-
ferent morphologies and a variety of hydrodynamic characteristics.
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