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Abstract Intertidal zones, such as saltmarshes and mudflats, face significant pressure from climate change
and human activities, threatening the sustainable functioning of estuarine ecosystems. Using a one-dimensional
analytical model that resolves the coupled tidal motions in the channel and intertidal areas, we systematically
investigated the impact of intertidal zones on tidal propagation in tidally dominated estuaries. Unlike previous
analytical studies considering only the effect of water storage over intertidal areas (IWS), our model resolves
both IWS and the water exchange between the channel and intertidal areas due to longitudinal currents over
intertidal areas (ILC). Our analytical solution demonstrates intertidal zones increase the complex tidal
wavenumber (k) through the width and water flux ratios between the intertidal and channel regions, representing
the IWS and ILC effects, respectively. The effects of intertidal areas on k depend on the relative importance of
local inertia, width convergence, and bottom friction. In weakly dissipative, weakly convergent estuaries,
increases in k induced by intertidal zones bring estuaries closer to resonance when the real part of kL (with L the
estuary length) is below its resonance threshold (amplifying tides) and move them further from resonance when
above (damping tides). In strongly dissipative, weakly/moderately convergent estuaries, intertidal areas
consistently cause tidal damping by increasing k. In weakly/moderately dissipative, strongly convergent
estuaries, tides are hardly influenced by intertidal zones. The ILC effect reduces k, thereby partly counteracting
the aforementioned overall effects of intertidal areas. A comprehensive sensitivity analysis of the ILC process is
conducted in Part II of this study.

Plain Language Summary Intertidal areas like mudflats and saltmarshes are vital parts of estuaries
but are increasingly at risk due to climate change and human activity. These zones interact with tides in complex
ways, affecting how tides propagate along estuaries. In this study, we developed a simplified mathematical
model to understand how intertidal areas influence tidal behavior. Unlike earlier models, ours includes both the
water storage and longitudinal flow over intertidal zones. We found that intertidal areas can either amplify or
dampen tides, depending on the local inertia acceleration, estuary width convergence, and bottom resistance. In
some estuaries, intertidal zones can bring tides closer to a resonant state, making them stronger, while in others,
they weaken tidal oscillations. Along-estuary currents over intertidal areas, however, tend to make opposite
contributions to the total effects of intertidal areas on tidal propagation. These findings help explain how
changes to intertidal zones, whether through natural processes or human alteration, can affect tidal dynamics
and estuarine ecosystems.

1. Introduction

Estuarine intertidal zones, such as mudflats, sandflats, saltmarshes, and mangroves, are vital ecosystems in es-
tuaries that experience cyclical exposure at low tide and submergence at high tide. These areas serve crucial
functions by providing breeding and nursing grounds for marine species, mitigating global warming through
carbon capture and storage, improving estuarine water quality by filtering pollutants, and safeguarding against
flooding and erosion hazards by dissipating wave energy (Moller et al., 2014). Unfortunately, intertidal areas are
rapidly diminishing worldwide due to coastal development and climate change (Murray et al., 2019). To mitigate
the escalating risks of flooding, erosion, and biodiversity loss posed by climate change [e.g., sea-level rise,
intensified extreme weather (Athanase et al., 2024)] and human activities [e.g., damming, dredging, and land
reclamation (Talke & Jay, 2020)], efforts to conserve, restore, and create intertidal zones are increasingly pursued
around the world as nature-based solutions (Moraes et al., 2022). Given the critical roles of tides in estuarine
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flooding, bed erosion, and the transport of waterborne materials (e.g., sediment, salt, nutrients, pollutants), it is
crucial to understand how intertidal zones and their changes affect tidal motions in estuaries.

Numerical models have been widely used in exploring the effects of intertidal areas on estuarine tidal dynamics in
subtidal regions. Considering an idealized estuary with a trapezoidal cross-section, Speer and Aubrey (1985)
revealed that intertidal zones cause tidal damping in the channel, with the effect becoming more pronounced as
the intertidal bed slope decreases or bed friction increases. Similarly, Zheng et al. (2003) reported that intertidal
flats dampen the principal tide in the Satilla River estuary (US), and Stark et al. (2017) found that incorporating
intertidal storage basins causes tidal damping along the Scheldt estuary (Netherlands). In contrast, Oey
et al. (2007) observed that intertidal zones result in a ~20% increase in the tidal range in the upper region of Cook
Inlet (US), while L. Li et al. (2012) found that intertidal areas enhance the principal tide in Darwin Harbour
(Australia). These studies show that the impact of intertidal zones on tidal propagation can vary significantly from
estuary to estuary, highlighting the need for a systematic understanding of how intertidal areas affect tidal
propagation across different estuaries.

In comparison to the high computational cost of numerical models and the complexity of their results, idealized
analytical or semi-analytical models are computationally cheaper and more effective for understanding the
contributions of different processes that control the effects of intertidal areas on the estuarine tidal motion, as well
as their sensitivity to changes in estuarine parameters (Schuttelaars et al., 2013). For this reason, idealized, cross-
sectionally averaged analytical models have been used to systematically investigate the role of intertidal flats in
estuarine tidal propagation and its dependence on estuary characteristics. Jay (1991) found that water storage over
intertidal flats during flood phases slows down tide propagation in the channel with strong topography. Friedrichs
and Madsen (1992) reported a more significant decay of the principal tidal wave in frictionally dominated em-
bayments with a larger width ratio between the intertidal zone and the channel. Friedrichs and Aubrey (1994)
highlighted the importance of intertidal areas to the generation of overtides in strongly convergent estuaries.
Winterwerp and Wang (2013) found that intertidal areas slightly increase the tidal amplitude in small, narrow
convergent estuaries with a large water depth. Hepkema et al. (2018) underscored the significance of momentum
dissipation over intertidal flats in dampening tidal waves in the channel and the strong sensitivity of tidal
characteristics to the flat-to-channel area ratio.

Nevertheless, all these analytical studies are based on the assumption of negligible currents (e.g., full momentum
sink) over the intertidal area and only account for the effect of water storage over intertidal areas on the estuarine
tidal dynamics. This assumption seems reasonable for estuaries with strong bed friction and weak longitudinal
currents over intertidal areas (Jay, 1991). However, it may not be suitable for macro-tidal estuaries such as the
Gomso, Ribble, Humber, and Seine estuaries, or meso-tidal systems like the Skagit River during spring tides,
where intertidal zones can be wider than the channel (Cundy et al., 2007; J. Dronkers, 2016; Townend &
Whitehead, 2003; van der Wal et al., 2002). Even though tidal currents over intertidal areas are weaker than
currents in the channel, significant along-estuary flow velocities of up to 0.5—-1 m/s have been observed within the
intertidal area of such estuaries (Huang et al., 2022; Kim & Cho, 2017; Ralston et al., 2013; Verney et al., 2006;
Wood et al., 1998).

Despite their potential importance, along-estuary currents over intertidal areas remain poorly monitored in most
estuaries due to the technical challenges and high costs associated with conducting field measurements across vast
intertidal areas. As a result, their role in estuarine tidal dynamics under various conditions remains unclear. This
knowledge gap significantly limits our understanding of tidal propagation in estuaries with extensive intertidal
areas, particularly as human activities and climate change continue to alter key estuarine and intertidal zone
characteristics (e.g., length, width, bed elevation, bottom roughness) (C. Li et al., 2016; Talke & Jay, 2020). To
understand the impact of intertidal areas on estuarine hydrodynamics, R. Zhu et al. (2025a) developed a three-
dimensional (3D) semi-analytical model that dynamically couples the water motions in the intertidal and chan-
nel regions. They found that intertidal areas tend to amplify leading-order tides in shorter estuaries but signifi-
cantly dampen them in longer ones, and these effects become weaker when stronger estuary width convergence or
a narrower intertidal zone is considered. Nevertheless, their study is limited to a few specific sets of estuary
parameters. The effect of intertidal areas on tidal propagation across a broader range of parameters (e.g., width,
depth, friction, forcing) remains unexplored. More importantly, although their semi-analytical 3D model provides
valuable insights into the effects of intertidal areas on the magnitude and horizontal/vertical structure of estuarine
circulation, the numerical procedure involved prevents an analytical solution from being derived to understand
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Figure 1. (a) The cross-sectional view and (b) top view of an idealized estuary. Here x, y, and z are the longitudinal, lateral, and vertical coordinates with ¢ as time. The
undisturbed water level is at z = 0 (dotted line). The free surface is located at z = 5. The bottomis atz = —h, withh = H_ in the channel and & = H; at the interface
between the channel and intertidal zones (dashed lines). The seaward and landward boundaries are respectively at x = 0 (i.e., mouth) and x = L (i.e., head), with L the
estuary length. The channel width is denoted by B, and the intertidal area width at z = 0 is denoted by By. The total width of the estuary including both the channel and the

time-varying intertidal area is B, = B, + (1 +n/ Hf) By.

the underlying mechanisms of how estuarine tidal propagation is affected by the individual contributions of
different intertidal processes, such as longitudinal currents and water storage over intertidal areas.

To comprehend the role of intertidal areas in tidal dynamics in estuaries, in this study we develop a one-
dimensional analytical model that considers both the water storage and longitudinal currents over intertidal
areas, extending the model of Jay (1991). Our model considers idealized, tidally dominated (e.g., macro-tidal or
meso-tidal during spring tides) estuaries with an exponentially converging width and a linear intertidal bed
profile. We have two main goals in this study: (1) to derive an analytical solution for estuarine tidal wave
propagation accounting for the effects of both water storage (IWS) and longitudinal currents (ILC) over intertidal
areas; and (2) to reveal how intertidal areas influence tidal propagation through IWS and ILC across estuaries with
different characteristics (e.g., length, width, depth, convergence, friction).

This paper, called Part I, is structured as follows: Section 2 describes the research methodology; Section 3 in-
vestigates the effects of intertidal areas on the complex tidal wavenumber and resonance together with the along-
estuary patterns of tidal wave propagation; Section 4 discusses the implications and limitations of our study;
conclusions are drawn in Section 5. The stage is set for the work in Part II, which systematically investigates how
the strength of longitudinal currents over intertidal areas and the significance of ILC effects on tides respond to
changes in estuary characteristics and forcing conditions.

2. Methodology
2.1. Model Description

Building upon the model of Jay (1991), our model considers an idealized estuary with a deep, flat-bed channel
(consistently submerged) and triangular intertidal areas symmetrically distributed on each side (Figure 1a). In this
model, the water motion in the channel and intertidal areas is described by two different systems of one-
dimensional shallow water equations, which are derived by averaging the three-dimensional shallow water
equations over the channel and intertidal cross-sections, respectively. These one-dimensional equations are
dynamically coupled through the non-zero lateral water exchange (Figure la, red arrows) across the interface
between the channel and intertidal zones (Figure 1b, dashed lines).

Utilizing the hydrostatic assumption and Boussinesq approximation (Cushman-Roisin & Beckers, 2011), the
three-dimensional shallow water equations read:

%4_3_;4_60_: =0. (1a)

%+ V- (uU) = —gg—z+a%(z4v(;—':), (1b)

Seve00) =54 2 (a7, (1c)
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Here, g is the acceleration of gravity, A, denotes the vertical eddy viscosity, and U = (u,v,w) is the velocity
vector, with u, v, and w the flow velocity in the x, y, and z directions. In this study, the effects of Coriolis
deflection, density gradients, and horizontal mixing are ignored for simplicity (see Text S1 in Supporting
Information S1).

At the estuary mouth (x = 0), a periodically oscillating tidal forcing is prescribed:
n = a,, cos(ot). (2a)

Here, o denotes the tidal frequency, and a,, represents the tidal amplitude, which is laterally uniform at the mouth.
This means the same tidal forcing is imposed in the channel and intertidal areas. A weir is located at the estuary
head (x = L, see Figure 1b), where a constant river discharge Q is prescribed:

By
3 n

f f udzdy = —Q. (2b)
_% —h

At the free surface (z = #), the kinematic and shear-free boundary conditions are applied:

w=2" 4w (Vi).and 4,2 = (0.0). Qc)
ot 0z

At the bottom (z = —h), an impermeable condition and a partial-slip boundary condition are imposed:
duh
w = —uy, - (Vh),and Avd_ = suy,. (2d)
z

Here, u;, = (u,v) is the horizontal velocity vector, and s is the slip parameter by assuming linear bottom friction,
which varies from zero in the free-slip condition to a large value in the no-slip condition (R. Zhu et al., 2025a). All
key physical variables used in the model formulation are summarized in Table S1 of the Supporting
Information S1.

2.1.1. Shallow Water Equations for the Channel

By averaging the three-dimensional shallow water equations (Equation 1) over the channel cross-section and
applying the kinematic and dynamics vertical boundary conditions (Equations 2¢ and 2d), the system of one-
dimensional water motion equations for the channel is derived (see Text S1 in Supporting Information S1):

P! P)
—[uB.(H, +n.)] + BC% +2F, =0, (3a)

ou, + ou, +2 M, —u.F, on, S,
u.— _ == _ U..
ot “ ox B, (HC + 716) & ox H,+n. ¢

(3b)

Here, u, and 5, are the cross-sectionally averaged longitudinal velocity and water level in the channel. The terms
F,, and M, represent the depth-integrated water and momentum exchange across the interface between the channel
and intertidal zones, respectively:

, (4a)

) (4b)

y=+5

5

0
M, =f (uy, -ny)u dz
—h

with ny, the horizontal normal vector pointing outwards
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©)

The parameter s, derived from averaging the slip parameter s over the channel, is the linearized channel bottom
friction coefficient, which measures the average strength of bottom friction within the channel. Equation 3 in-
dicates that the effect of intertidal areas on tidal propagation in the channel is driven by the water and momentum
exchange (i.e., F,, and M,), although the latter only plays a secondary role in tidally dominated estuaries (see
Section 2.2.1).

The seaward boundary (x = 0) condition in the channel is
1, = a,, cos(ot), (6a)

and the water flux across the channel Q.. (see Equation S6, Text S1 in Supporting Information S1) at the landward
boundary (x = L) reads

Q. = uB.(H. +n.), (6b)
which, plus the intertidal water flux Oy, equals the river discharge Q (Equation 2b).

2.1.2. Shallow Water Equations for the Intertidal Zone

Likewise, the system of one-dimensional water motion equations for the intertidal area is derived by averaging the
three-dimensional shallow water equations (Equation 1) over the intertidal cross-section [see Text S2 in Sup-
porting Information S1, see also in R. Zhu et al. (2025a)]:

ox| " aH, I"2H, ot

2
a (Hf+'7f) Hy+n,0n,
B +B, LTI g, (72)

2T 78 5,7
Bf<Hf+’7f>

ox Hy+n, " (7b)

Here, uy and 77+ are the intertidal cross-sectionally averaged longitudinal velocity and water level. The parameter
ss, derived from averaging the slip parameter s over the intertidal region, is the linearized bottom friction co-

efficient in the intertidal area, which measures the average strength of bottom friction over the intertidal zone.

The continuity equations (Equations 3a and 7a) account for the divergence of the longitudinal flow and the
temporal variation of the water storage in the channel and intertidal areas, respectively, which are balanced by the
lateral water exchange F;. The lateral exchange term in the momentum equations, that is, the third term in
Equations 3b and 7b driven by the contributions from F, and M,,, are derived from the cross-sectional average of
the three-dimensional advection term, that is, the second term in Equation 1b.

The seaward boundary condition in the intertidal area is
1Ny = a, cos(ot), (82)

and the water flux across the intertidal part of the landward boundary O (see Equation S7, Text S1 in Supporting
Information S1) reads

(11 + 1y )2 (8b)

= 8-7,
Oy = usBy 2H;
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with

2
<H +7 )
! !
Qc + Qf = M(‘Bc (Hc + T’IL) + MfoT = —Q (SC)
¢

So far, we have derived four governing equations (Equations 3a, 3b, 7a, and 7b) with six unknowns (i.e., 7., s Ues
us, F,, and M,). Since the momentum exchange (M, ) does not contribute to the principal tide (see Section 2.2),
only one additional equation is needed to close the system of equations. Here, we assume the intertidal water level
is equal to the channel water level at the same longitudinal location, that is, 7. = 7.

2.1.3. Iterative Linearization Procedure of the Quadratic Bottom Stress

In this study, the bottom friction is linearized to derive analytical solutions. The original quadratic bottom shear
stresses read

75 = pC4|u.|u.,and TIJ: = pCﬂuf’uf. (9a)
Here, p is the water density, and 7}, and 1,{ denote the bottom shear stresses in the channel and intertidal areas,
respectively, with C§ and Cf; the prescribed drag coefficients in two regions. The linear bottom shear stresses in
the channel and the intertidal areas read

7y = psci, and T,{ = pssuy. (9b)

Following Hepkema et al. (2018), the linearized bottom friction coefficients are determined by the Lorentz
linearization condition: the energy dissipation within the channel and intertidal areas during a tidal cycle
T = 2n/0 remains the same when using either linearized or quadratic bottom shear stress formulations. This

L T L T
./ / BCC2|ML,|M3 dtdx = f f Bcscuf dt dx, (10a)
0 Jo 0 Jo

L pT ) L pT
LLB_ng|u_f|u§dtdx=[) /(; stfuﬁdtdx. (10b)

In this study, the quadratic drag coefficients (CY, Cf;) and linearized friction coefficients (s, s¢) are assumed to be

yields

uniform along the estuary. Since u,, uy, s., and sy are all unknown initially, they are iteratively determined based
on the prescribed drag coefficients C;; and Cg , using an initial guess for s, and s,. Note that large values of Cj and

Cj; correspond to large s, and sy, that is, strong bottom friction.

2.2. Solution Techniques

The system of the water motion equations (Equations 3 and 7) is solved using a perturbation method. First,
following Winant (2007), the non-dimensional form of these equations is derived using a scaling analysis, with
variables in these water motion equations scaled with their typical scales in tidally dominated estuaries (Table 1).
Next, the order of various terms in the non-dimensional equations is determined with respect to a small parameter
€ [typically ~0.1 in many tidal estuaries (Hepkema et al., 2018)],

a
€= g (1
c

with H}' the channel depth at the mouth. Then, each non-dimensional physical variable y* is expanded
asymptotically in &:
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Scales of Physical Variables
Variable Typical scale Symbol Expression
t Tidal frequency c o't
(,1,,7“,] f) Tidal amplitude at the mouth Am ami’*
X Estuary length L Lx*
,B.,B; Channel width at the mouth B m (g pE
(v, B, By) B" (y ,BL,,Bf)
JH.,H Channel depth at the mouth H m( o ppe ppx
(z.Hc,Hy) , o (z ,HC,Hf)
U, Uy Typical longitudinal velocity U = ecL P
(uu u,) Ulu ,uc,uf)
v Typical lateral velocity V = eoB) Vv*
% Typical lateral water transport VH VH!'F;
M, Typical lateral momentum transport UVH! UVH!'M;,
( Ses sf) Typical slip parameter (a H..c % ) (a H.s'\o %s}”)
w* =Z£ilpf =y, + ey +£21//§+..., (12)
i=0
where the superscript asterisk (*) denotes dimensionless variables and the subscript numbers (0, 1, 2) represent
the orders in the expansion. Finally, by collecting all terms at the same order of ¢, a system of equations at each
order is derived. In this study, we focus on the principal tidal constituent at the leading order that is, forced at the
mouth, while neglecting residual circulation, overtides, and their influence on the leading-order tidal motion.
2.2.1. Scaling Analysis
In our scaling analysis, the time (7) is scaled with the tidal frequency (o). The tidal elevations (1, 17, 17 ;) are scaled
with tidal amplitude at the mouth (a,,). The longitudinal (x), lateral (y, B., By), and vertical (z, H,, H ) coordinates/
dimensions are assumed to scale with the estuary length (L), channel width at the mouth (B!"), and the channel
depth at the mouth (H"), respectively. The longitudinal (u, u., uy) and lateral (v) tidal velocities are scaled with
their typical scales in tidally dominated estuaries, U = eoL and V = eoBY', respectively. The lateral water (F;)
and momentum (M,,) exchanges are separately scaled with their typical scales VH?' and UVH'. The typical scales
of physical variables are summarized in Table 1.
Based on the typical scales of variables (Table 1), the dimensionless channel water motion equations (Equation 3)
are derived:
9. on;
Sl BU(H +nie)] + Bi= =+ 2F; =0, (132)
ol U ouw |V 2AMy-wF) _ gH!opl  Hs (13b)
—u = - U.,
or* oL “ox*  oB' Bi(H:+n:e) o2L? ox*  Hi+nie ©
The dimensionless intertidal water motion equations (Equation 7) read
2
0 (Hf+'7j‘€) H + e on’,
— | u} B} . B~ pr =0, (14a)
ox* 4H; 2H;  or
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o v ou v MG GE) o

Y
o oL Tox* oB" 2
oL Tox 0B B;(H’} + n’;e)

P17 ox Hy et (14b)

The dimensionless lateral water exchange and momentum exchange between the intertidal and channel areas are

F, "¢ 1dB*
F* — n__ _- c *,i s d *
" T VE" /_h( 2 de" V) °,

M, e 1dB*
M* = n — * - C .k i sk *
"= UVH" /h“ < 2av )dz

, (15a)

(15b)

The dimensionless seaward and landward boundary conditions (Equations 6 and 8) read

n. =ny=cost’atx" =0, (16a)

2
(H ’} + ;1’}8) 0
2H; UB'H!

atx* = 1. (16b)

u: BL(H; +ne) + u; By

For tidally dominated estuaries, the river discharge term Q/UB' H" is of order ¢ (Chernetsky et al., 2010; Kumar
et al., 2016). Following Winant (2007), the barotropic pressure gradient parameter gH.'/ 6%L7 is taken as O(1),
while the advection parameters U/cL and V/6B!" are of order O(¢) in tidally dominated estuaries. The orders of
magnitude of all dimensionless parameters in the scaling analysis are summarized in Table S2 of the Supporting
Information S1.

Therefore, in tidally dominated estuaries considered in this study, the leading-order water motion is determined
by the tidal constituent prescribed at the seaward boundary, while the effects of advection and river discharge
appear at higher orders. Besides, the water and momentum exchanges (¥, and M,,, driving the lateral exchange
term in the momentum equations) do not arrive at the leading-order momentum equations because they are
higher-order terms. This means that the coupling between the longitudinal flow in the channel and over the
intertidal area is directly driven by the water exchange F,, in the continuity equations (i.e., ensuring the water mass
balance, see Equation 22), with the momentum equations resolved independently within each region (see
Equation 24).

By substituting the expansion (Equation 12) into the above water motion equations (Equations 13-16) and
collecting all terms at O(1), the governing equations for the leading-order tidal water motion in the channel are
derived (see Text S3 in Supporting Information S1):

on,

0
—(u.B.H.) + B,
ax(uco c L) c ot

+2F, =0, (17a)

dug, Mgy S
=— - —Uu,. 17b
o STox T HMo (17b)

The leading-order tidal water motion over the intertidal region is governed by

0 H Bs o
(u/bejf)+—f ”f“—F

9 - 18
ox 2 o =0 (182)

Qg _ O _ 2y

ot ox  Hp W (18)

with the leading-order water exchange
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0
Fnoz./ (ug, vo) - mydz (19)
~h

=+5c
y=x

The leading-order seaward and landward boundary conditions read

Ney =Ny, = @ cos(ot),at x =0, (20a)
H,
uL‘()BL‘HL‘ + Mf“ijj = 0, at x = L. (ZOb)

The leading-order Lorentz linearization of the bottom friction in the channel and intertidal area are respectively

described by
L T L T
ffBCCf,|uCn|(ucﬂ)2dtdx=f f Bcsc(u80)2dtdx, (21a)
0o Jo o Jo

L T L T
/ f B, CLug |(uy, Vot d = f / Bys;(uy Yt d: (21b)
0 0 0 0

Combining the continuity equations for the channel (Equation 17a) and intertidal area (Equation 18a), it yields

ILC WS
By )

] o, 0 Hy ony, (22)
a(“coBch) + B, 3 + 5('%3/’7> + By % = 0,
with 7. = . Equation 22 shows that the leading-order tidal propagation in the channel is affected by the water
exchange between the channel and intertidal areas: F, = Fnlg‘c + FJQVS The first contribution, FJ;‘C [ignored in
previous analytical models (e.g., Jay, 1991; Friedrichs & Madsen, 1992)], arises from the divergence of longi-
tudinal water flux in the intertidal area due to non-zero longitudinal currents over intertidal areas (referred to as
ILC hereinafter). The second contribution, FnIOWS, arises from the temporal variations of water storage over

intertidal areas (referred to as IWS hereinafter).

To solve Equation 22 analytically, the leading-order velocities and water levels are expressed in a complex form:

(MCO,nCU, wn fo) - m{(aco,ﬁ(.u, D fo,ﬁfo) em}, 23)

where the hat (°) indicates the complex amplitude and i{-} denotes the real part of a complex variable. By
substituting Equation 23 into the momentum Equations 17b and 18b, the complex amplitude of tidal velocities in
the channel and intertidal areas are separately written as functions of longitudinal sea surface gradients:

dﬁf o

24a
dx’ (242)

Tt =Py
with the proportionality coefficients

gl 1 g1
be=" 1—is;f’ﬁf_a 1—is}’

(24b)

Substituting Equation 23 into Equation 21 also yields the complex form of the Lorentz linearization condition:

L8 L
/0 gBvc;m%de: /0 nB.s|i, | dx, (25a)
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Lg ; R L 5
]; 3B/Caliy, | 'dx = fo mBysy| ity |dx. (25b)
In estuaries with intertidal zones characterized by extremely high friction (i.e., Cf; — o0} §; — o0), the
parameter 3, approaches zero, causing the longitudinal currents over intertidal areas to vanish. This yields the
same solution as previous analytical studies where the current velocity over intertidal areas u;, and the ILC-
induced water exchange F,- are neglected (e.g., Jay, 1991).
By substituting Equations 23 and 24 into Equation 22, the coupled equation for the complex tidal amplitudes in
the channel and intertidal areas is derived:
dnc Hy diyy,
<[5 B.H, °) + ioB.i, + (ﬁf 5 >+ ioByij; =0. (26)
Recalling 7, = 7, Equation 26 becomes a second-order ordinary differential equation
T ”‘° 1209 T4 7y ()7, =0, @)
with
T](X) zﬁchHc +ﬂfo77 (283)
Th(x) = ([5 B.H,.)+ (ﬂfo ) (28b)
T5(x) = ioB, + ioB;. (28¢)
By substituting Equation 23 into Equation 20, the seaward and landward boundary conditions are derived
Aoy = Gprat x =0, (29a)
di
ey _ O,atx=L. (29b)
dx
For estuaries with spatially varying geometry [B.(x), B;(x)] and bathymetry [H,(x), H(x)], the coupled tidal wave
equation (Equation 27) can be solved semi-analytically, using a finite difference method.
2.2.2. Analytical Solution
To derive an analytical solution for Equation 27, we consider idealized estuaries with a longitudinally uniform
bathymetry (i.e., constant H,, Hy) and an exponentially converging width in the channel and over the intertidal
area:
B 5z 30
I A
B! B} (30)
Here B and BY are the width of the channel and intertidal areas at the mouth, respectively. By assuming the
convergence length (L,) of the channel and the intertidal zones to be identical, the ratio of the intertidal width to
the channel width, denoted by rg, remains constant along the estuary,
B Bn’l
B. B
ZHU ET AL. 10 of 22
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For these idealized estuaries, the complex amplitude of the leading-order tidal elevation can be solved
analytically:

o [1+ QLK) M9 4 [1 = 2L ik) ™ e
[1+ (2Leik)_1] et 41— (2Leik)_1] o—ikL

flo, = ame

(32)
= cosh[ik(L — )] + (2L, k)" sinh [ik(L — x)]

cosh(ikL) + (2L,ik)™" sinh (ikL)

= a,e

Here, k = \/ T3/T; — (To/2T))* = k, + ik; is the complex tidal wavenumber, with k, and k; as its real and
imaginary parts, respectively. Here, k. >0 is the conventional tidal wavenumber, and k; <0 is the damping
modulus, which measures the exponential decay rate of the incident (¢*Z~9) and reflected (e=**~9) waves
(Talke & Jay, 2020; J. J. Dronkers, 1964; Hunt, 1964; Kistner et al., 2019). Therefore, an increase in &, and a more
negative k; correspond respectively to a reduction in tidal celerity (or wavelength) and an increase in the damping
rate of incident and reflected waves. This solution shares the same form as that derived by Jay (1991) for
exponentially convergent estuaries, where tidal propagation is determined by two dimensionless parameters kL
and L,/L.

In the presence of intertidal zones, that is, considering both the IWS and ILC effects on the channel-intertidal
water exchange, the complex tidal wavenumber (k) becomes

2 1
S~ - i |- ), (33)
Ae 1+rp|l>~——— — —_——

local inertia dissipation convergence

with

1—is* H, 12
= e = ) = TyJgHL,and A, = — <.
ST iy T om, §He a0 2e =501,

(34

Here, 7 is the ratio of the complex amplitude of the longitudinal water flux integrated over the intertidal area to
that integrated over the channel, ry is the ratio of the mean intertidal water depth to the channel water depth, 4.
represents the frictionless tidal wavelength in straight channels without any intertidal areas, and A, is the
dimensionless convergence parameter. Equation 33 shows that the complex tidal wavenumber is influenced by rg,
*

1p, L, s, and . through their effects on the local inertia (d,u,,), bottom friction/dissipation (s;), and width
convergence (A,), as noted by Jay (1991) and Talke and Jay (2020).

In the absence of any intertidal zones (13 = 0 and r= = 0), the channel-intertidal water exchange is zero, and k
becomes

deA|>—— . — (35)

local inertia dissipation convergence

This solution is the same as that derived by Jay (1991) and Talke and Jay (2020).

When considering only the IWS effect on the channel-intertidal water exchange and neglecting the ILC effect
(rp = 0), k becomes

ZHU ET AL. 11 of 22
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2
WS — /1_7‘ (14 1) 1 - s (36)

- (Ae)z .
¢ M ~— ~—

local inertia dissipation convergence

This formulation is the same as that derived by Jay (1991) and Winterwerp and Wang (2013), which considers the
effects of intertidal areas on the water storage capacity only.

As shown in Equation 34, the water flux ratio 7 is a function of the width ratio 73, the depth ratio ry, and the
velocity ratio (1 — is} )/(1 — is}) between the intertidal and channel regions (as defined in Equations 24a and
24b). In realistic estuaries, since the depth and velocity in the intertidal area are less than those in the channel, the
magnitude of ry is less than rp: |rz/rp| < 1. If the channel and intertidal regions are either frictionless (s¥ <« 1;
57 < 1) or strongly frictional (s > 1; 57> 1), the flux ratio rr approaches a real number,

rgry,for s7 <« 1 and s; «1

. . G7)
rBrHY—;,for sz > land s7> 1
°f

Equation 33 shows that the IWS effect increases the local inertia and dissipation terms by a factor of 1 + 7,
whereas the ILC effect decreases both terms by a factor of 1/(1 + rr). Nevertheless, intertidal areas do not alter
the convergence term in the complex wavenumber. Equation 32 also shows that resonance (Miles, 1971) occurs as

its denominator approaches zero: cosh(ikL) + (2L,ik)™'sinh(ikL) = 0, which yields

tan(k.L) 2L,
kL L

=0, (38)

and k;L. = 0. Equation 38 reveals a strong dependence of tidal wave resonance on L,/L. Since the complex tidal
wavenumber is influenced by the effects of intertidal areas (Equation 33), changes in the estuarine intertidal zone
can alter the resonant characteristics of tidal waves in semi-enclosed estuaries. We will show in Section 3 that the
inclusion of intertidal zones in an estuary can move the system either closer to or farther from the resonance
condition, as reported by Rainey (2009).

3. Results
3.1. Tidal Wavenumber and Resonance

In convergent estuaries with a reflective landward boundary, tides can be either amplified or damped along the
estuary due to interference between incident and reflected waves and bottom friction (Talke & Jay, 2020). In these
estuaries, the energy of the incident wave is funneled landward into increasingly smaller cross-sections where it is
reflected and travels seaward. Meanwhile, the reflected wave tends to dampen quickly as it moves seaward as a
result of both width divergence and bottom friction (Green, 1837). Consequently, in these systems, the inter-
ference between the incident and reflected waves is typically most prominent at the head. Also, tides are more
variable upstream due to the cumulative effects of tidal changes further seaward (Talke & Jay, 2020). Therefore,
the largest tidal responses to changes in estuary parameters (e.g., depth, width, friction) are usually found near the
head of reflective converging systems (Chernetsky et al., 2010; Ensing et al., 2015; Ralston et al., 2019; Win-
terwerp et al., 2013), although exceptions may occur in some estuaries (e.g., the middle reach of the Scheldt
estuary, Winterwerp et al., 2013). For simplicity, our analysis focuses on the effects of intertidal areas at the head.
Following Alebregtse et al. (2013) and Roos and Schuttelaars (2015), we define the amplification factor (A,.),

A* - ”l'u |x:L — ei 1 - , (39)
A cosh(ikL) + (2L,ik)~" sinh (ikL)
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2w . , to measure the tidal amplification/damping at the head, where its magnitude
and argument represent the amplitude ratio and phase difference between
tides at the head and those at the mouth. Equation 39 shows strong depen-
dence of tidal amplification/damping on kL and L,/L, and the resonance

LU0 (Equation 38) leads to A, — 0. By comparing A, calculated with different
tidal wavenumbers (Equations 33, 35, and 36), the effects of intertidal areas
o resulting from the IWS and ILC effects can be separated.
S T
~ The effect of intertidal areas on the complex wavenumber & has strong im-

plications for tidal propagation in estuaries by modifying the resonance
characteristics of the tidal wave. The value of k,L at which resonance occurs
e e (hereafter referred to as the resonant k.L) decreases as L,/L increases
(Figure 2). The resonant k,.L approaches /2 or 31/2 as L,/ L becomes infinite
(i.e., straight estuaries), corresponding to the quarter or three-quarter wave
0 . " resonant length (Talke & Jay, 2020). As real estuaries are rarely influenced by
0 1 2 3 the second resonant mode (Talke & Jay, 2020), the discussion hereafter fo-

1 e / L cuses on the impact of intertidal areas on the first resonant
mode (n/2 <k,.L<T).

Figure 2. Dependence of k.L on L,/L under the resonance condition where
kL = 0and |A,| = oo (Equation 38). The dashed lines indicate values of
the resonant kL when L,/L — oo, that is, straight estuaries.

Both the amplitude and phase of the amplification factor A, are strongly
sensitive to the nondimensional complex tidal wavenumber k.L and k;L
together with L,/L (Figure 3). For k.L less than its resonant value (with
|A,] = o0), any increase in k,.L results in enhanced tidal amplification (i.e., increased |A,|), and vice versa
(Figures 3a and 3c). For k,L larger than its resonant value, however, increases in k,L lead to more tidal damping

(a)s : : 20 (b)s 270
i Le/L:0.2/*
41 4
5 15
/

——0.5 180~
23— 53 =
<& 10 <

| = e
2t P ] 2 8
% 90 |
| "1k :
0L 0 0 0
0 /2 s 37/2 0 /2 T 37/2
270
180~
<
20
g
90 |

0 1 1
0 /2 T 37/2 0 /2 T 37/2
k,.L k.L

Figure 3. (a) Amplitude and (b) phase of A, (obtained from Equation 39) as a function of k,L and —k;L for L,/L = 0.2 (typical
of the Ribble estuary, J. Dronkers, 2016). (c), (d) Same as (a), (b) but for L,/L = 0.4 (typical of Darwin Harbour, L. Li
et al., 2012). The dashed lines represent the condition k,.L = —k;L.
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Table 2

ILC Effects on Tidal Wavenumber and Tidal Propagation in Different Systems

Type
number Type of systems

Dominant processes

Parameter space ILC effect on tidal
of kL ILC effect on kL propagation

1 Weakly dissipative, weakly convergent

2 Moderately dissipative, weakly convergent

Local inertia

Local inertia, bottom friction

—kiL - 0 Decrease kL Damping or

amplification

0< — kL<k.L Between Types 1 and 3

3 Strongly dissipative, weakly/moderately convergent Bottom friction

4 Strongly dissipative, strongly convergent

kL - —kL Decrease k,L

and —k;L

Amplification

Bottom friction, convergence ~ —k;L>k.L>0 Between Types 3 and 5

5 Weakly/moderately dissipative, strongly convergent Convergence k.L — 0 Minor Minor

6 Weakly dissipative, moderately convergent

7 Moderately dissipative, moderately convergent All k,L>0

Local inertia, convergence kL — 0,
or —k;L — 0

Between Types 1 and 5

Highly variable, depending on the processes
and —k;L.>0 involved

(i.e., decreased |A,|). Since k; is the damping modulus, increases in —k;L cause more tidal damping. Increases in
k.L also result in more delayed tidal propagation, whereas increases in —k;L can lead to slightly more delayed or
advanced tidal propagation depending on k,.L (Figures 3b and 3d). Increasing L,/L from 0.2 to 0.4 significantly
reduces the magnitude of A, (comparing Figures 3a and 3c). This implies that tides are more likely to amplify
along estuaries (JA,|>1) with stronger width convergence (i.e., a smaller L,/L). The phase of A, is slightly
modified by increasing L,/L due to a decrease in the resonant k,.L (Figures 3b and 3d).

As shown by Equations 33 and 34, the nondimensional wavenumber (k,L, —k;L) is affected by intertidal zones
through modulating the width and water flux ratios between the intertidal and channel regions (73 and 7). Also,
the effects of intertidal areas on tidal amplification/damping are dependent on the distance between the wave-
number (k,L, —k;L) and its resonant value (determined by Equation 38), which can vary across estuaries with
different characteristics. Inspired by Jay (1991) and Lanzoni and Seminara (1998), we consider seven distinct
systems (see Table 2) according to the relative importance of local inertia, estuary width convergence, and bottom
friction, to systematically understand the effects of intertidal areas on estuarine tidal propagation under various
conditions.

3.1.1. Weakly Dissipative and Weakly Convergent Estuaries

In weakly dissipative and weakly convergent estuaries [(A,)? < 1; sz < 1; 57 <1, where the unity represents the

typical order of local inertia, see Equation 33], tidal propagation is dominated by local inertia. The nondimen-

sional complex tidal wavenumber reduces to
L |1
KL =2n > [T (40)
A\ 1411

with rz = rgry as a real number (Equation 37). Under this condition, kL becomes a real number, that is,
—k;L — 0. Intertidal areas increase k.L by a factor of 4/1 + rp through IWS but decrease it by a factor of

1/4/1 + rp through ILC. Since rp is typically larger than r in estuaries (as discussed in Section 2.2.2), intertidal
areas lead to an overall increase in k,L in these estuaries. Hence, for kL less than its resonant value, the existence

of intertidal areas brings the system closer to resonance by increasing k,L, causing tidal amplification. For k,L
above the resonant value, the increase in k,L due to intertidal areas causes tidal damping (see Figures 3a and 3c).
The ILC effect, however, contributes oppositely to the total effect of intertidal areas by decreasing k,L, causing
tidal damping for small &,L values and tidal amplification for large k,L values.

Due to the linear relationship between kL and L/A. (Equation 40), the nondimensional tidal wavenumber k,.L
increases with increasing estuary length L and decreasing tidal wavelength 4. (e.g., with smaller channel depth H,.
or larger tidal frequency o), despite the water flux ratio rx increasing with decreasing H,.. Since ry is dependent on
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Figure 4. Real part of the nondimensional wavenumber (k,.L) as a function of (a) the width ratio and depth ratio between the
intertidal and channel areas (13 and ry) in weakly dissipative and weakly convergent systems, and (b) the dimensionless
bottom friction parameters of the intertidal and channel regions (s} and s7) in strongly dissipative and weakly or moderately
convergent systems for r = 1.5 and r; = 0.2 (representative of the Ribble estuary, van der Wal et al., 2002). (c), (d) Same as
(a), (b) but for the changes in kL due to the overall effects of intertidal areas including both IWS and ILC: Ak,L = kf L - kI;IL.
(e), (f) Same as (a), (b) but for the changes in &,L due to ILC only, that is, Ak,L = ka - kIrWSL. Here, the values of k,.L and
Ak, L, which are proportional to L/A., are calculated with L/A, = 1/4 as an example.
the width ratio r3 and the depth ratio r; between the intertidal and channel regions, &,L is also a function of rz and
ry. As shown in Figure 4a, k,L significantly increases with decreasing the depth ratio ry and/or increasing the
width ratio rg. The increases in k,L (positive Ak,L) due to the total effects of intertidal areas are more pronounced
for smaller ry and larger rp (Figure 4c), where k,L is larger (Figure 4a). However, the decreases in k,.L (negative
Ak, L) due to the ILC effect are more considerable for larger r; and larger 5, where the water flux ratio 7 is larger
(Equation 34) and the ILC effect on k,L exceeds the overall effects of intertidal areas (Figure 4e).
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This also implies that estuaries with shorter lengths, deeper channels, deeper and narrower intertidal zones, forced
by lower-frequency tides tend to have smaller tidal wavenumbers, where the intertidal area tends to amplify tides
and its ILC contribution causes tidal damping, and vice versa. The variable effects of intertidal areas on tidal
amplification/damping in weakly dissipative and weakly convergent estuaries are consistent with the different
responses of estuaries to changing conditions discussed in Talke and Jay (2020). They found that, in straight
frictionless estuaries (L,/L — o0), the quarter-wave resonance occurs at k,.L = 7/2 (as shown in Figure 2).
Consequently, a reduction in channel depth leads to tidal amplification for estuaries with L/A. < 1/4, and tidal
damping for estuaries with L/1. > 1/4. As the presence of shallow intertidal regions effectively reduces the mean
water depth over the total cross-section (as discussed in Section 4.1), the effects of intertidal areas on tidal
propagation can shift from tidal amplification to damping when k,.L exceeds /2.

3.1.2. Strongly Dissipative and Weakly or Moderately Convergent Estuaries

In strongly dissipative and weakly or moderately convergent estuaries [s) > 1; s} >1; (AL,)2 <0(1)], tidal
propagation is dominated by bottom friction. The nondimensional complex tidal wavenumber reduces to

L1—-i |1
kL =21 — ! +rBst,
de A2V 1+

(41

with rp = rgryst/ s} as a real number (Equation 37). Under this condition, the real part of kL approaches the
magnitude of its imaginary part: k,L — —k;L, as observed by Jay (1991). This condition can also occur when the
local inertial and estuary convergence effects nearly cancel each other (i.e., critical convergence, Jay, 1991). In
these estuaries, the IWS effect tends to increase k,L and —k;L by a factor of m, while the ILC effect tends to
decrease both parameters by a factor of 1/4/1 + rr. Consequently, the total effect of intertidal areas causes an
increase in both k,.L and —k;L (due to rz/rz < 1). Regardless of the values of L,/L, the magnitude of A, can be
proved to consistently decrease as kL increases along kL. = —k;L (e.g., dashed lines in Figures 3a and 3c). This
means that in these estuaries, the increases in tidal wavenumber due to intertidal areas consistently cause tidal
damping, while the ILC effect causes tidal amplification by decreasing the wavenumber.

In addition to the aforementioned dependence of kL on L, H,., 0, H ¢ and rp, Equation 41 also demonstrates a
dependence of kL on the intertidal bottom friction s (through rr) and channel bottom friction s;.. Figure 4b shows
that both the real and imaginary parts of kL considerably increase with increasing s> [consistent with Jay (1991)]
and s}";, and kL is more sensitive to s7 than s}. Besides, the increases in k,.L (Ak,L) due to the overall effects of
intertidal areas are more pronounced for larger s; and s} (Figure 4d), where k,L is larger (Figure 4b), despite a
slight reduction in Ak, L with increasing s; under small s conditions. Also, Ak, L associated with the ILC effect is
more significant for larger s; and smaller 57, where the water flux ratio ry is higher (Equation 34) and the ILC

contribution to Ak,L are comparable to those induced by the overall effects of intertidal areas (Figure 4f).

3.1.3. Weakly or Moderately Dissipative and Strongly Convergent Estuaries

In weakly or moderately dissipative and strongly convergent estuaries [s; <O(1); 53 <O(1); (A,)* > 1], tidal
propagation is dominated by estuary width convergence. The nondimensional complex tidal wavenumber reduces
to an imaginary number:

L
L=——I
ki 2 el, (42)

with k,L — 0, as found by Jay (1991). Equation 42 shows that intertidal areas have minor effects on k in these
estuaries, with negligible effects of intertidal areas on tidal propagation.

Due to the dependence of kL on L/L,, the value of —k;L increases with decreasing estuary convergence length
(increasing width convergence) relative to the estuary length [see also in Jay (1991)]. In addition to strong width
convergence, low-frequency tidal forcings (¢ — 0) can also lead to convergence-dominated conditions, with
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A, — oo and k,.L — 0 (see Equations 33 and 34). This implies that lower-frequency tidal waves (e.g., residual
components) are hardly affected by the intertidal processes.

3.1.4. Weakly Dissipative and Moderately Convergent Estuaries

Based on the aforementioned three specific estuary types, we can further identify four intermediate systems. In
weakly dissipative and moderately convergent estuaries [s;y < 1; s7 < 1; (A,)* = 0(1)], tidal propagation is
controlled by local inertia and estuary width convergence. The nondimensional complex tidal wavenumber
becomes

1+rB
kL = 2—
A\ 1+r1p

— (A~ (43)
Here, 1. = rgry is areal number (Equation 37). Hence, k,.L — 0 if width convergence effects are stronger than
local inertia; and —k;L — 0 when local inertia effects are stronger. In these systems, the effects of intertidal areas
on tides are between those in weakly dissipative, weakly convergent estuaries (Section 3.1.1) and those in weakly/
moderately dissipative, strongly convergent estuaries (Section 3.1.3). In these estuaries, intertidal zones cause
tidal amplification for small k,.L values and tidal damping for large k,L values, and these effects weaken as width
convergence increases. However, the ILC effect contributes oppositely to these tidal changes.

3.1.5. Strongly Dissipative and Strongly Convergent Estuaries

In strongly dissipative and strongly convergent estuaries [i.e., su > 1; 57> 1; (A,)? > 1], tidal propagation is

controlled by width convergence and bottom friction. The nondimensional complex tidal wavenumber reads

kL = 27 1+r3 *

2
AN T (A, “4)

with k,.L>0 and —k,L >k, L. Here, rp = rgrys;/s; is a real number (Equation 37). Under this condition, the
effects of intertidal areas on tides are between those in strongly dissipative, weakly/moderately convergent es-
tuaries (Section 3.1.2) and those in weakly/moderately dissipative, strongly convergent estuaries (Section 3.1.3).
In these estuaries, intertidal zones also consistently cause tidal damping while ILC leads to tidal amplification,
and these effects become weaker for stronger width convergence.

3.1.6. Moderately Dissipative and Weakly Convergent Estuaries
In moderately dissipative and weakly convergent estuaries [s% = O(1); 57 b= = O(1); (Ae) < 1], tidal propagation

is controlled by local inertia and bottom friction. The nondimensional complex wavenumber reduces to

1+rg
o

kL = 27:* (1—ish), (45)

with k,L>0and 0 < — k;L <k,L [consistent with the weak convergence scenario discussed in Jay (1991)]. Here,
rr is a complex number (Equation 34). Under this condition, the effects of intertidal areas on tides are between
those in weakly dissipative, weakly convergent estuaries (Section 3.1.1) and those in strongly dissipative, weakly/
moderately convergent estuaries (Section 3.1.2). In these estuaries, when —k;L is small, the intertidal zones lead to
tidal amplification for small k,.L values and tidal damping for large k,.L values, but when —k;L is large, intertidal
areas tend to consistently dampen tides, and ILC contributes oppositely to these tidal changes.

3.1.7. Moderately Dissipative and Moderately Convergent Estuaries

In moderately dissipative and moderately convergent estuaries [s; = O(1); s} = O(1); (A,)? = 0Q1)], tidal
propagation is controlled by local inertia, estuary convergence, and bottom friction altogether (i.e., kL >0 and
—k;L> 0), as shown in Equation 33.
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Figure 5. Along-estuary distribution of the nondimensional tidal surface amplitude in (a) a weakly dissipative and weakly convergent system with rz3 = 1.5 and

ry = 0.2 and (b) a strongly dissipative, weakly or moderately convergent system with rg = 1.5,ry = 0.2,s7 = 7,and s} = 7, considering L/, = 1/16.(d), (e) Same

as (a), (b) but for L/4, = 5/16. (c), (f) Same as (b), (e) but for the longitudinal patterns of the tidal phase. The black, blue, and red lines represent estuaries with intertidal
zones, considering the IWS effect only, and without intertidal zones, respectively.

Therefore, within the entire parameter space (i.e., k.L >0 and k;L <0, see Table 2), intertidal zones can lead to an
increase in the real and/or imaginary parts of the nondimensional wavenumber kL, while the ILC contributes to a
reduction in k,L and/or —k;L, dependent on the relative importance of local inertia, estuary width convergence,
and bottom friction effects. This also implies the potential shifts of the effect of intertidal areas (and its ILC
contribution) across different systems. The variable ILC effects on tides and kL in different systems are sum-
marized in Table 2, which cause an opposite contribution to the overall effects of intertidal areas.

3.2. Along-Estuary Tidal Wave Propagation

In this section, the longitudinal patterns of tidal wave propagation are further investigated in different systems as
classified above. To avoid infinite tidal amplitude (i.e., resonance) which occurs at L/4. = 1/4 in straight
frictionless estuaries (i.e., quarter-wave resonance), two different scenarios with L/A. = 1/16 and 5/16 are
considered, respectively corresponding to small and large wavenumber conditions. By substituting the different
values of tidal wavenumber (Equations 40—45) into the analytical solution (Equation 32), the along-estuary
distributions of tidal amplitude and phase can be resolved in different estuaries (as classified in Table 2) and
different scenarios (i.e., with intertidal zones, considering the IWS effect only, and without intertidal zones).

In weakly dissipative and weakly convergent systems (Equation 40) with gz = 1.5 and ry = 0.2 (as an example),
when considering a small wavenumber (L/1. = 1/16), the tidal amplitude increases landward along the estuary,
where the overall effects of intertidal areas lead to tidal amplification but the ILC contributes to tidal damping
(Figure 5a). When considering a large wavenumber (L/4. = 5/16), however, the tidal amplitude decreases
landward to zero (i.e., resonant node) before increasing toward the estuary head (Figure 5d). Under this condition,
tides at the head are attenuated by the total effects of intertidal areas but amplified by the ILC contribution, as
derived in Section 3.1.1. The presence of intertidal zones also modulates the location of the resonant node (where
tidal amplitude approaches zero), pushing the node further upstream (comparing black and red lines), while its
ILC contribution brings the node further downstream (comparing black and blue lines in Figure 5d). The tidal
phase (not shown here) in these systems remains unchanged along the estuary due to —k;L — 0, that is, standing
wave with negligible damping modulus.
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In strongly dissipative, weakly or moderately convergent systems (Equation 41) withry = 1.5,y = 0.2,57 =7,
and 57 = 7 (as an example), by considering either a small or large wavenumber (L/4. = 1/16 or 5/16), the tidal
amplitude consistently decreases landward (Figures 5b and 5e), and the tidal phase increases landward along the
estuary (Figures Sc and 5f). The decrease in the tidal surface amplitude and the increase in the phase are more
significant for a larger wavenumber. The total effects of intertidal areas lead to tidal damping and phase delay
(comparing black and red lines in Figures Sb—5¢ and 5e-5f), while the ILC makes an opposite contribution to the
overall tidal changes for both small and large wavenumbers (comparing black and blue lines in Figures 5b—5c and
5e-5f), as derived in Section 3.1.2.

In weakly or moderately dissipative and strongly convergent systems, the derived tidal amplitude and phase
remain unchanged along the estuary, that is, j,, = a,, (derived by substituting Equation 42 into Equation 32),
with negligible effects of intertidal areas as explained in Section 3.1.3. In the other four intermediate systems
listed in Table 2, the longitudinal patterns of tidal wave propagation lie between those of the abovementioned
three specific systems, which are determined by the relative dominance of the local inertia, estuary width
convergence, and bottom friction.

4. Discussion
4.1. Implications

Results in Section 3 demonstrate that the intertidal areas influence tidal propagation by modulating the complex
tidal wavenumber, k, which determines the tidal properties and resonance characteristics in estuaries. The
presence of intertidal areas tends to increase both the real (k) and imaginary (—k;) parts of the wavenumber k. The
ILC contribution, however, causes a reduction in both parameters, thereby partially counterbalancing the total
effects of intertidal areas.

The inclusion of intertidal zones on both sides of the channel effectively decreases the mean water depth over the
total cross-section. Hence, the effect of intertidal areas on tidal propagation resembles that caused by decreasing
water depth (and hence decreasing 4..), both leading to an increase in kL and —k;L. This results in a decrease in tidal
wavelength or celerity and an increase in the along-estuary damping rate of both the incident and reflected waves.

The ILC effect on tidal propagation is also similar to the effect of reduced bottom friction, both reducing the tidal
wavenumber (Figure 4b). This is because the along-estuary currents over intertidal areas are significant only
under conditions of weak intertidal bottom friction, in contrast to the assumption of full momentum sink over
intertidal areas in previous analytical models (e.g., Hepkema et al., 2018; Jay, 1991). Therefore, the ILC effect,
like a reduction in estuary bottom friction, results in an increase in tidal wavelength or celerity and a decrease in
damping of the incident and reflected tidal waves.

Our study yields a fundamental understanding of how intertidal areas influence estuarine tide dynamics. This
offers key insights to inform the development of effective nature-based or hybrid strategies for mitigating
estuarine hazards such as flooding and erosion.

4.2. Limitations

The analytical model used in this study is constrained by the specific assumptions and simplifications detailed in
Section 2. For instance, the analytical solution is derived based on the assumption that the ratio of the tidal
amplitude to the water depth is small (¢ < 1) throughout the estuary. However, this ratio may not be small at all
locations of a tidally dominated estuary, as considered here, which can bring some local deviations to model
results particularly in shallow regions (J. Dronkers, 2016). Moreover, our model considers linearized bottom
friction and resolves only the leading-order tidal constituent, neglecting the effects of overtides (e.g., generated by
advection, density gradients, and river runoff) on the leading-order tidal motion. The linearization of bottom
friction is justified by numerical and laboratory experiments with quadratic bottom friction, which produce
comparable results for the dominant tide in a semi-enclosed tidal basin to those obtained with linearized bottom
friction (Terra et al., 2005).

Also, by focusing on tidally dominated estuaries, we neglect the effects of river discharge on friction (Jay, 1991)
and density stratification, which may reduce tidal damping (C. Zhu et al., 2021). Lateral processes in estuaries
with a steep channel-shoal structure can cause tidal amplification (Ensing et al., 2015). This lateral structure,
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together with intertidal zones on both sides, may increase the lateral water exchange between the channel and
intertidal regions and reinforce the effects of intertidal areas on tide motions in the channel (Zhou et al., 2020).
However, by using the cross-sectionally averaged shallow water equations for both the intertidal and channel
regions, we ignored the influence of lateral processes within both regions on the tide dynamics. Besides, by
neglecting lateral variations of the water level, our model disregards the water volume deficit during flood and
lagged volume during ebb in the intertidal areas relative to channel waters (Nidzieko & Ralston, 2012). Lastly, our
idealized model assumes a linear intertidal bed profile (see Figure 1). In real estuaries, however, the lateral profile
of intertidal bed level is either concave-up or convex-up (Friedrichs, 2011). This implies that the effects of
intertidal areas might be either underestimated or overestimated due to the simplified representation of intertidal
bathymetry.

5. Conclusions

In this study, we developed a one-dimensional analytical model to investigate the influence of intertidal areas on
tidal wave propagation in tidally dominated estuaries, such as macro-tidal estuaries or meso-tidal estuaries during
spring tides. Our model considers both the effects of the water storage (IWS) and longitudinal current (ILC) over
the intertidal area. The interactions between the water motion over intertidal areas and that within the channel are
dynamically resolved by computing the non-zero water exchange across the interface between the channel and
intertidal zones. Our analytical solution confirms that estuarine tidal propagation is determined by two dimen-
sionless parameters kL and L,/L, with k the complex wavenumber, L the estuary length, and L, the convergence
length. More importantly, it reveals that intertidal zones modulate tides by influencing k through the ratio of
intertidal width to the channel width (r3) and the ratio of intertidal water flux to that in the channel (rz), repre-
senting the IWS and ILC effects, respectively.

The effects of intertidal areas on the complex tidal wavenumber (k) and resonance characteristics were inves-
tigated, which are strongly dependent on the relative importance of local inertia, estuary width convergence, and
bottom friction. The existence of intertidal areas tends to increase the real (k,) and/or imaginary (—k;) parts of the
wavenumber (k). In weakly dissipative and weakly convergent estuaries (—k; — 0, dominated by local inertia),
when k,L falls below its resonance threshold, the increase in k induced by intertidal zones brings the system closer
to resonance, consequently resulting in tidal amplification. Conversely, when k,L exceeds its resonance threshold,
the intertidal zone pushes the system farther from resonance, thus causing tidal damping. In strongly dissipative
and weakly or moderately convergent estuaries (k, — —k;, dominated by bottom friction), intertidal areas
consistently result in tidal damping by increasing k. In weakly or moderately dissipative and strongly convergent
estuaries (k, — 0, dominated by width convergence), however, tidal waves are hardly influenced by intertidal
zones due to their minor effects on the wavenumber. The ILC process contributes to a reduction in k, and/or —k;,
thereby partly counteracting the overall effects of intertidal areas mentioned above. This paper is Part I of a two-
part series. The process associated with longitudinal currents over intertidal areas is further studied in Part II of
this work.
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