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ABSTRACT: Estuarine intertidal habitats, which strongly affect the functioning of estuarine ecosystems, have rapidly di-
minished worldwide due to human activities and climate change. However, the mechanisms by which intertidal habitats
modulate estuarine hydrodynamics remain poorly understood. A three-dimensional semianalytical model is developed to
systematically investigate the interactions between intertidal and channel waters in tidally dominated, well-mixed estuaries.
By considering simplified bathymetry, geometry, and forcing conditions, the model dynamically couples intertidal and
channel water motions using a perturbation method that allows for an explicit dissection of different controlling physical
processes. Our findings reveal that intertidal habitats amplify semidiurnal tidal motions, causing significantly enhanced
residual and quarter-diurnal tidal currents due to advection (AC). The strengthened AC shifts the pattern and magnitude
of the total residual circulation. Lateral water exchange between intertidal and channel regions generates a new residual
and quarter-diurnal tidal contribution (TF), which dampens quarter-diurnal tidal currents in the deep channel. The TF and
enhanced AC due to intertidal habitats increase ebb dominance in the deep channel. Our sensitivity analysis shows that
halving the intertidal width halves the water exchange and the abovementioned intertidal effects on the residual and tidal
currents, and the upper-estuary habitats induce broader changes in the channel hydrodynamics than the lower-estuary hab-
itats. We also found that increasing estuary length/convergence strongly affects the intertidal effects. These findings high-
light the importance of understanding interactions between intertidal and channel waters to evaluate the risks of intertidal
habitat loss for estuarine functioning and the potential benefits of intertidal habitat restoration/creation in mitigating estua-
rine hazards.
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1. Introduction

Intertidal habitats, such as sandflats, mudflats, salt marshes,
and mangroves, are ecosystems commonly located in estuar-
ies. These habitats undergo regular cycles of exposure during
low tide and submersion during high tide, providing vital
breeding and nursing grounds for economically and ecologi-
cally important marine life (Bom et al. 2020). They also play a
key role in enhancing water quality through pollutant and ex-
cess nutrient filtration (Teuchies et al. 2013), regulating cli-
mate change through carbon capture and storage (Lee et al.
2021), and protecting life and properties against flooding and
erosion hazards by dissipating wave energy (Möller et al.
2014; Orton et al. 2015).

Due to flood defenses and coastal development in the past
few decades, however, intertidal habitats have been lost world-
wide at rapid rates. Globally, the areas of intertidal habitats have
shrunk by 16% between 1984 and 2016 (Murray et al. 2019). In
China, approximately 59% of coastal salt marshes were lost from
the 1980s to the 2010s mainly due to intensive land reclamation

in the Yangtze River and Pearl River deltas (Gu et al. 2018;
Ma et al. 2019). In southeast England, a ;20% overall loss of
salt marshes occurred during 1973–88 as a result of intertidal
reclamation and coastal erosion around the Thames Estuary
(Doody 2004). In the United States, over 80% of coastal wet-
lands have been lost due to agricultural use (Zedler 2004).

The intertidal habitat loss poses significant concerns for the
long-term ecological, economic, and societal functioning of es-
tuarine ecosystems particularly in the face of climate change
(Crooks et al. 2018). For example, sequential reclamations in
many estuaries have resulted in the steepening and narrowing
of intertidal habitats (Guo et al. 2022; Wang et al. 2012), which
can significantly alter estuarine water motion, material trans-
port, and overall estuarine functioning (Koch et al. 1992). On
the other hand, the increasing flooding, erosion, and biodiver-
sity risks posed by climate change (e.g., sea level rise, extreme
weather) and human activities (e.g., damming, dredging, and
reclamation) have prompted worldwide nature-based solutions
such as intertidal habitat restoration and creation (Moraes et al.
2022). However, the efficacy of these solutions strongly depends
on the responses of estuarine dynamics to intertidal habitat
changes, which can vary significantly from estuary to estuary
(Talke and Jay 2020). In Darwin Harbor, Xiangshan Bay, and
Newport Bay, intertidal habitat losses resulted in dampened
semidiurnal tides, enhanced flood dominance, and a signifi-
cantly increased up-estuary sediment transport (Guo et al. 2018;
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Li et al. 2012, 2017). In the Marsdiep–Vlie double-inlet system
of the western Wadden Sea, however, momentum dissipation
on the intertidal habitats results in weakened tides and en-
hanced flood dominance (Hepkema et al. 2018). This highlights
the importance of understanding the dominant processes that
control the intertidal habitat roles in modulating estuarine hydro-
dynamics (e.g., tidal currents, asymmetry, residual circulation)
under various natural forcings (e.g., tides, waves, river discharge,
winds), human activities, and climate change (Murray et al. 2019;
Nienhuis et al. 2020; Schuerch et al. 2018).

Numerous studies on intertidal habitats have been con-
ducted using field observations (e.g., Mariotti and Fagherazzi
2012), numerical simulations (e.g., Chen et al. 2010; Li et al.
2018a; Yang and Wang 2015), and analytical modeling (e.g.,
Hepkema et al. 2018). Speer and Aubrey (1985) utilized a ba-
sic one-dimensional numerical model to demonstrate that in
idealized shallow estuaries, the expansion of intertidal areas re-
sults in a dampened semidiurnal tide, amplified quarter-diurnal
tide, and a reduction in tidal range. This reduction becomes
more noticeable with increased bottom friction or decreased
intertidal bed slope. Jay (1991) set up a linearized analytical
model for narrow tidal estuaries with intertidal flats, highlight-
ing the significant influence of bed friction and topographic con-
vergence on tidal wave propagation. Friedrichs and Madsen
(1992) formulated a nonlinear diffusion model for tidal dynam-
ics in strongly frictional shallow estuaries, considering quadratic
bottom friction and water storage over intertidal flats while
disregarding acceleration and intertidal water velocities. Their
analytical solution suggests that intertidal habitats lead to ebb
dominance by intensifying temporal variations in embayment
width. Fortunato and Oliveira (2005) examined the celerity dif-
ference at high and low tide in a channel–flat system, using an
analytical model, and found that tidal flats enhance ebb domi-
nance. Based on numerical simulations, Picado et al. (2010)
demonstrated that the expansion of intertidal areas in an exten-
sive lagoon increases the tidal prism and enhances tidal cur-
rents. Winterwerp and Wang (2013) employed an analytical
approach similar to that of Jay (1991) while omitting flow veloci-
ties over intertidal areas. They found that the loss of water storage
over intertidal habitats due to embankments and reclamation
works enhances flood dominance in small estuaries. Hepkema
et al. (2018) extended the model of Speer and Aubrey (1985)
and stressed the significance of momentum dissipation over in-
tertidal flats in attenuating the primary tidal wave. Using a
depth-integrated numerical model, Finotello et al. (2023) found
that the loss of intertidal areas in a macrotidal lagoon increases
the mean high-water levels due to the reduced energy dissipa-
tion during flood tide.

Despite key findings derived from these prior studies, the
specific contributions of various physical processes to inter-
tidal effects on estuarine hydrodynamics and the dominant
mechanisms controlling these effects remain underexplored.
Due to technical difficulties in field observation, long-term
and large-scale data are scarce on the intertidal habitat (Chen
et al. 2010; Yang and Wang 2015), leading to challenges in
conducting systematic analyses of intertidal effects at a high
resolution or under varying forcing conditions. Moreover, nu-
merical models are often too complex to disentangle the

contributions of different processes to the impact of intertidal
habitats, making it challenging to identify the dominant mech-
anisms controlling the interactions between intertidal and
channel waters. They also come with high computational cost,
hence are limited to a small number of scenarios and insuffi-
cient for systematic sensitivity studies (Kumar et al. 2016;
Schuttelaars et al. 2013). Another type of models, the so-
called (semi)analytical models, are computationally cheap
and effective for systematic investigation of physical processes
controlling estuarine dynamics (e.g., Kumar et al. 2016) but
are limited to one-dimensional models when including inter-
tidal regions (Friedrichs and Madsen 1992; Hepkema et al.
2018; Jay 1991). Therefore, interactions between intertidal
and channel tidal dynamics, for example, through lateral cir-
culations that can result in sediment spillover from the chan-
nel onto mudflats and trap sediments on the flats (Mariotti
and Fagherazzi 2012), remain poorly understood. Also, these
analytical models assume longitudinal momentum transfer
over the intertidal zone to be zero, i.e., neglecting longitudinal
intertidal velocities, hence ignoring the two-way interactions
between channel and intertidal water motions. These simplifi-
cations can make these models inconsistent for applications in
estuaries with extensive intertidal areas or nonnegligible cur-
rents over the intertidal area (Jay 1991). This poses great chal-
lenges in systematically investigating the impact of intertidal
habitat changes on estuarine flooding/erosion risks and the es-
tuarine ecosystem services in the face of accelerating climate
change and growing human demands.

Therefore, we have three main goals in this study: 1) to de-
velop a three-dimensional, semianalytical estuarine hydrody-
namic model that resolves the interactions between intertidal
and channel waters; 2) to systematically investigate various
physical processes that control the impact of intertidal habi-
tats on hydrodynamics (i.e., tidal elevation, tidal current, re-
sidual circulation, and tidal asymmetry); and 3) to explore the
sensitivity of these intertidal impacts to the intertidal (e.g.,
width, position) and estuarine (e.g., convergence, length)
characteristics. To that end, we adopt a three-dimensional
(3D), semianalytical modeling approach similar to Kumar
et al. (2016, 2017) due to its capability to dissect the contribu-
tions of different physical processes controlling estuarine wa-
ter motion. Extending the model of Kumar et al. (2016) by
including intertidal habitats, we first resolve the influence of
intertidal habitats on estuarine hydrodynamics in a short, tid-
ally dominated and well-mixed estuary (considered as the de-
fault system in this study). Then, we systematically investigate
the interactions between the channel and intertidal water mo-
tions and their sensitivity to characteristics of intertidal habi-
tats and estuaries. In this study, we focus primarily on the
effects of intertidal habitat changes resulting from embank-
ment, reclamation, and habitat creation or restoration. A
comprehensive understanding of various mechanisms of inter-
tidal effects on estuarine hydrodynamics derived from this
study will serve as a crucial scientific foundation for develop-
ing cost-effective and sustainable nature-based solutions, such
as intertidal habitat creation and restoration, to manage estu-
arine climate risks.
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This paper is structured as follows: The research methodology
is introduced in section 2; in section 3, the model performance,
impacts of intertidal habitats on estuarine hydrodynamics and
their controlling processes, and corresponding sensitivities to var-
ious parameters are investigated; section 4 briefly discusses
implications of interactions between intertidal and channel
waters together with model limitations; and conclusions are
drawn in section 5.

2. Methodology

a. Model description

To systematically investigate the impact of intertidal hab-
itats on estuarine hydrodynamics, the semianalytical hydro-
dynamic model of Kumar et al. (2016, 2017) is extended
to resolve the interactions between intertidal and channel
waters. Considering the tidal amplitude to be one order of
magnitude smaller than the water depth, Kumar et al. (2016,
2017) resolved the 3D estuarine dynamics within the perma-
nently submerged (channel and shoal) area (as depicted be-
tween the two dashed boundaries in Fig. 1a). In the present
study, we extend their model by resolving the intertidal

water motion using the one-dimensional (1D) shallow-water
equations. The intertidal water motion is dynamically cou-
pled with the channel water motion through the lateral
water and momentum transport across the interface between
the intertidal and channel regions (located at y 5 6B/2; see
Fig. 1).

The extended 1D intertidal model domain, located on ei-
ther side of the 3D permanently submerged model domain
(referred to as V), stretches across intertidal areas from the
time-varying shoreline to the side boundary ­FV. Hereafter,
we will term the expanse between the shorelines and ­FV as
the intertidal region, while the permanently submerged chan-
nel and shoals encompassed by ­FV will be referred to as the
channel region (Fig. 1). The interface between the intertidal
and channel regions ­FV will be referred to as the intertidal–
channel interface hereinafter. Following Friedrichs and Aubrey
(1994), the intertidal water depth is assumed to decrease line-
arly toward the shorelines along the lateral direction (y), with
hf 5 hf(x) as the water depth at­FV and Bf 5 Bf(x) as the total
intertidal habitat width at z5 0 (Fig. 1b).

1) GOVERNING EQUATIONS AND

BOUNDARY CONDITIONS

(i) Water motion in the channel region

The water motion in the channel area is described by the
three-dimensional shallow-water equations, utilizing the hydro-
static assumption and Boussinesq approximation (Cushman-
Roisin and Beckers 2011):
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where U 5 (u, y , w) denotes the velocity vector, with u, y ,
and w as the velocity components in the along-estuary (x),
cross-estuary (y), and vertical (z) directions, respectively. The
term g is the acceleration of gravity, f is the Coriolis parameter,
and Ay(x, y) is the vertical eddy viscosity assumed to be verti-
cally uniform and time independent. The water density is given
by r, calculated by r 5 r0(1 1 bS), with r0 5 1025 kg m23 as
the reference water density, b 5 7.83 1024 psu21 as the haline
contraction coefficient, and S(x, y) as the salinity. In our
model, salinity is prescribed to be vertically homogenous
and time independent to allow for a diagnostic calculation
of gravitational circulation (driven by the baroclinic pres-
sure gradient) under the influence of intertidal habitats.

At the seaward boundary, the sea surface elevation is pre-
scribed with a semidiurnal (M2), quarter-diurnal (M4), and re-
sidual (M0, i.e., tidally averaged) component:

h(x, y, t) 5 aM2
(x, y) cos(st) 1 aM4

(x, y) cos[2st 2 u(x, y)]

1 aM0
(x, y), at (x, y) 2 ­SV? (4a)

FIG. 1. (a) The top view and (b) cross-sectional view of an ideal-
ized estuary, with x, y, and z being the longitudinal, lateral, and ver-
tical coordinates. The landward, seaward, and side boundaries of
the permanently submerged model domain are demonstrated by
­RV,­SV, and­FV, respectively. The width of the permanently sub-
merged region is denoted by B5 B(x), and L is the estuary length.
The total estuary width, denoted by Bt 5 Bt(x, t), and the width of
intertidal areas on both sides are functions of time (t). The bottom
and free surface are located at z 5 2h(x, y) and z 5 h(x, y, t), de-
fined with respect to the undisturbed water level at z 5 0 (dotted
line). The gray arrows represent the lateral water exchange across
the interface ­FV (dashed line). The dashed–dotted lines indicate
the high and low water levels.
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Here, aM2
, aM4

, and u denote the M2 and M4 tidal amplitudes
and the relative phase between the M2 and M4 tidal compo-
nents at the seaward boundary, with s ; 1.4 3 1024 s21 as
the M2 tidal frequency, and aM0

is the prescribed residual wa-
ter level at the seaward boundary. However, numerical insta-
bilities can occur when utilizing an arbitrary prescribed tidal
level at the seaward boundary. Therefore, the model domain
is extended seaward to reduce numerical uncertainties when
resolving estuarine hydrodynamics [see details in Wei
et al. (2017)]. At the extended seaward boundary of the compu-
tational domain, a laterally uniform barotropic sea surface eleva-
tion is considered, ensuring that the width-averaged amplitudes
and phase differences of each tidal constituent in the water level
hm at­SV,

hm 5 amM2
cos(st) 1 amM4

cos(2st 2 um) 1 amM0
, (4b)

match their prescribed values. Here, amM2
, amM4

, um, and amM0

are the prescribed width averages of aM2
(x, y), aM4

(x, y),
u(x, y), and aM0

(x, y) at ­SV. By combining the laterally uni-
form water level at the seaward boundary of the computa-
tional domain and the abovementioned prescribed parameters,
we can derive the spatial and temporal variations of h [i.e.,
aM2

(x, y), aM4
(x, y), u(x, y), and aM0

(x, y)] at­SV.
A constant river discharge Rc is imposed at the landward

boundary of the channel region, where the tidal discharge
vanishes:�h

2h
uh ? nhdz 5 Ri, with Ri(x, y) 5

Rc

Br

, at (x, y) 2 ­RV,

(5)

where uh 5 (u, y) is the horizontal velocity vector and nh is
the horizontal unit normal vector pointing outwards. The
depth-integrated river flux per unit width Ri is assumed to be
laterally uniform with Br the width of the landward boundary.

Extending from Kumar et al. (2016), a nonzero normal water
transport Fn is allowed across the intertidal–channel interface:

�h

2h
uh ? nh dz 5 Fn, with nh 5

2
1
2
dB
dx

, sign(y)
[ ]
����������������
1 1

1
4

dB
dx

( )2√
at (x, y) 2 ­FV? (6)

Here, Fn is dynamically coupled with the intertidal water mo-
tion, which is positive when the normal transport is directed
toward the intertidal habitats and negative when directed to-
ward the deep channel. This lateral water exchange is associ-
ated with lateral dynamics in the channel region, which can
come from various sources such as lateral density gradients
and Coriolis deflection [see Eq. (3)] or lateral bathymetric
variations and estuary width convergence [as shown by Wei
et al. (2017)]. Discontinuous intertidal habitats along the es-
tuary are allowed to account for local losses of intertidal habi-
tats due to construction of flood defenses and/or land
reclamation. In regions without intertidal habitats, the water

exchange is zero (Fn 5 0), as considered by Kumar et al.
(2016).

At the free surface, the kinematic and shear-free (i.e., zero
shear stress) boundary conditions are imposed:

w 5
­h

­t
1 uh ? (=h), and Ay

­uh
­z

5 (0, 0), at z 5 h ?

(7)

The bottom is impermeable, and a partial-slip boundary con-
dition is applied, following the linearization of the bed shear
stress (Lorentz 1926):

w 52uh ? (=h), and Ay

­uh
­z

5 suh, at z 52h: (8)

Here, s(x, y) is the slip parameter, which varies from 0 in fric-
tionless scenarios (free slip) to a large value in strongly fric-
tional scenarios (no slip).

(ii) Water motion in the intertidal region

Like the water motion in the channel region, the intertidal
water motion can also be described by the 3D shallow-water
equations [Eqs. (1)–(3)]. Then, the 1D intertidal model equa-
tions are derived by averaging these equations over the inter-
tidal cross section and applying the vertical and horizontal
boundary conditions. Vertically, the corresponding kinematic
and dynamic boundary conditions [Eqs. (7) and (8)] are im-
posed at the free surface and the bottom. Horizontally, the
water and momentum transport at the time-varying shoreline
vanishes (due to zero total water depth), while the water and
momentum transport at the intertidal–channel interface is dy-
namically resolved by coupling intertidal and channel water mo-
tions. In this study, the bathymetry is assumed to be smooth at
the interface between intertidal and channel regions; hence, the
velocities are continuous at­FV.

To link intertidal waters to channel waters consistently, two
matching conditions should be obtained at the side boundary
­FV, ensuring the continuity of water level and water mass, re-
spectively. The latter condition is achieved by deriving the lat-
eral water exchange between the intertidal and channel regions,
i.e., ensuring that the lateral water transport Fn remains the
same at the side boundary of both regions [see Eqs. (6) and
(10)]. Regarding the first matching condition, inspired by the
numerical results of Le Hir et al. (2000), the sea surface eleva-
tion in the intertidal region is assumed to vary linearly along the
lateral direction, and the lateral gradient of this sea surface
elevation in the intertidal region is assumed to equal the lat-
eral surface gradient at ­FV. This linear assumption accounts
for continuity of both the sea surface elevation and its lateral
gradient at the interface ­FV. It also qualitatively represents
the water volume deficit during flood and lagged volume dur-
ing ebb induced by the lateral sea surface gradient as com-
pared to a rigid-lid approximation [see Fig. 6 in Nidzieko and
Ralston (2012)]. The intertidal cross-sectionally averaged wa-
ter level hf is derived from the intertidal cross-section area
based on the linear intertidal surface elevation (see appendix A,
section a):
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hf (x, t) 5 [h(x, y, t) 1 hf ]
�������������������������������������

2hf /Bf

2hf /Bf 2 sign(y)­yh(x, y, t)

√
2 hf ,

at (x, y) 2 ­FV, (9)

where the intertidal water level hf (for 1D intertidal model
domain) is a function of the water level h at ­FV (obtained
from the 3D channel model), i.e., the matching condition for
water level. Finally, the intertidal water motion is coupled dy-
namically with the channel water motion through these two
matching conditions.

By averaging Eq. (1) over the intertidal cross section, the
one-dimensional continuity equation of intertidal water is de-
rived (see details in appendix A, section b) as

Bf (1 1 hf /hf )
2

­hf

­t
1

­

­x
uf

hfBf (hf /hf 1 1)2
4

[ ]
2 aFn 5 0,

with a 5

����������������
1 1

1
4

dB
dx

( )2√
? (10)

Here, uf(x, t) is the intertidal cross-sectionally averaged longi-
tudinal velocity. Equation (10) shows that the water exchange
Fn is determined by the temporal variation rate of the inter-
tidal water storage (first term) and the divergence of the
along-estuary water flux across the intertidal cross section
(second term), together with the estuary convergence term a.

Likewise, the one-dimensional intertidal momentum equa-
tion is derived by averaging Eq. (2) over the intertidal cross
section (see appendix A, section c):

­uf
­t

1 uf
­uf
­x

2 4a
Mn 2 ufFn

Bfhf (hf /hf 1 1)2

52g
­hf

­x
2

g
r0

hf 1 hf

3

­rf
­x

2
2sf

hf 1 hf

uf , (11)

with sf(x) being the intertidal slip parameter and Mn being
the lateral momentum exchange across the intertidal–channel
interface:

Mn 5

�h

2h
(uh ? nh)u dz, at(x, y) 2 ­FV: (12)

By assuming a smooth bathymetry in the channel and inter-
tidal regions, the same lateral momentum transport Mn is
used over both regions due to the continuity of velocities at
­FV. The term ­xrf is the longitudinal gradient of water den-
sity averaged over the intertidal cross section, assumed to be
equal to that of the channel water at ­FV [i.e., ­xrf 5 ­xr at
(x, y) 2 ­FV].

When considering intertidal habitats distributed throughout
the entire estuary (as in Fig. 1), like in the channel region, the
intertidal water level at the seaward limit of the intertidal re-
gion is prescribed as

hf (x, t) 5 af
M2

cos(st) 1 af
M4

cos(2st 2 uf ) 1 af
M0
,

at (x, y) 2 ­FV > ­SV? (13)

Here, af
M2

, af
M4

, af
M0

, and u f denote the M2, M4, M0 tidal
amplitudes, and the relative phase between the M2 and M4

tidal components laterally averaged over the seaward limit of
the intertidal region. These parameters are calculated from
the prescribed water level in the channel region [Eq. (4a)]
and the linear assumption of the intertidal sea surface eleva-
tion [Eq. (9)]. In the case where the water level in the channel
region is prescribed to be constant at the seaward boundary
(i.e., ­yh 5 0), the intertidal water level at this boundary
matches that in the channel region: hf 5 h.

A constant river discharge Rf is imposed at the landward
limit of the intertidal region, where the tidal flux vanishes:

uf (x, t) 5 Rf
i , with Rf

i 5
2Rf

Bfhf
, at (x, y) 2 ­FV > ­RV:

(14)

Here, Rf
i is the river flux averaged over the intertidal cross

section. Equations (5) and (14) show that a total constant
river discharge R 5 Rc 1 Rf is prescribed at the landward
boundary of the estuary. In this study, Rc and Rf are assumed
to be proportional to the cross-sectional areas in the channel
and intertidal regions for simplicity.

Given that intertidal habitats can be partially distributed
along the estuary, however, the seaward/landward limit of
these habitats may not be located at the estuary mouth/head.
Hence, a closed boundary condition (i.e., uf 5 0) is applied at
the habitat’s seaward/landward limit when the limit is located
in the interior estuary.

2) PERTURBATION METHOD

A perturbation method is taken to solve the system of
Eqs. (1)–(14). As a first step, the dimensionless form of these
equations is derived using a scaling analysis (appendix B).
Next, all terms in the dimensionless equations are com-
pared to a small parameter e 5 amM2

/H,, 1, with H being
the mean water depth at the seaward boundary. Then,
all physical variables are expanded asymptotically with re-
spect to e:

c 5 ∑
‘

i50
eici 5 c0 1 ec1 1 e2c2 1 · · · , (15)

where c indicates any physical variable (h, u, y , w, hf, and uf).
By collecting all terms at the same order of e, a system of
equations at each order, which describes the water motion at
different tidal frequencies, is derived. The equations at each
order can then be separately solved. Second and higher orders
are neglected in this paper for simplicity.

The governing equations and corresponding boundary
conditions of the channel water motion at each order of e
except for the side boundary condition [i.e., Eq. (6) imposed
at ­FV] are the same as those presented in Kumar et al.
(2016, 2017).

(i) Leading-order water motion

Following Kumar et al. (2016), the leading-order [O(1)]
system of the channel water motion equations reads
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= ?UM2
5 0, (16a)
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with the leading-order horizontal boundary conditions:

hM2
5 aM2

cos(st), at (x, y) 2 ­SV, (17a)

�0

2h
uhM2

? nh dz 5 0, at (x, y) 2 ­RV, (17b)

�0
2h

uhM2

? nh dz 5 FnM2
, at (x, y) 2 ­FV: (17c)

The boundary condition [Eq. (17c)], which is different from
that used in Kumar et al. (2016), shows that the leading-order
M2 water motion is modulated by the leading-order water ex-
change in the presence of intertidal habitats (FnM2

Þ 0). The
leading-order vertical boundary conditions at the still water
level and the bottom are

wM2
5

­hM2

­t
, and Ay

­uhM2

­z
5 (0, 0), at z 5 0, (18a)

wM2
52uhM2

? (=h), and Ay

­uhM2

­z
5 suhM2

, at z 52h:

(18b)

Based on the nondimensional intertidal water motion equations
[see Eqs. (B2) and (B3) in appendix B], the leading-order
[O(1)] continuity and momentum equations for the inter-
tidal water motion read

Bf

2

­hfM2

­t
1

­

­x
ufM2

hfBf

4

( )
2 aFnM2

5 0, (19a)

­ufM2

­t
1

2sf
hf

ufM2

1 g
­hfM2

­x
5 0, (19b)

with the leading-order boundary conditions [Eqs. (B12) and
(B13)]:

hfM2

5 afM2
cos(st), at (x, y) 2 ­FV > ­SV, (20a)

ufM2

5 0, at (x, y) 2 ­FV > ­RV: (20b)

(ii) First-order water motion

Following Kumar et al. (2017), the first-order [O(e1)] sys-
tem of the channel water motion equations reads

= ?UMj
5 0, (21a)

­uMj

­t
1 UM2

? (=uM2
)︸�����︷︷�����︸

AC

5 fyMj
2 g

­hMj

­x
1

g
r0

­r

­x
z︸�︷︷�︸

GC

1
­

­z
Ay

­uMj

­z

( )
,

(21b)

­yMj

­t
1 UM2

? (=yM2
)︸�����︷︷�����︸

AC

52fuMj
2 g

­hMj

­y
1

g
r0

­r

­y
z︸�︷︷�︸

GC

1
­

­z
Ay

­yMj

­z

( )
:

(21c)

Here, the subscript Mj indicates the residual (M0, j 5 0) and
quarter-diurnal (M4, j 5 4) tidal component of the water mo-
tion, respectively. The underbrace ?︸︷︷︸ denotes various
physical processes in the channel regions that force the first-
order flow. The first-order horizontal boundary conditions are

hMj
5 aM4

cos(2st 2 u) 1 aM0︸������������︷︷������������︸
EF

, at (x, y) 2 ­SV, (22a)

�0

2h
uhMj

? nh dz 1 (hM2
uhM2

|z50) ? nh︸��������︷︷��������︸
TRFSD

5 Ri︸︷︷︸
RD

, at (x, y) 2 ­RV,

(22b)�0

2h
uhMj

? nh dz 1 (hM2
uhM2

|z50) ? nh︸��������︷︷��������︸
TRFSD

5 FnMj
, at (x, y) 2 ­FV:

(22c)

The side boundary condition [Eq. (22c)] is different from that
used in Kumar et al. (2017) (for FnMj

Þ 0), which considers the
impact of the first-order water exchange on modulating the M0

and M4 water motions. The first-order vertical boundary condi-
tions at the still water level and the bottom are as follows:

wMj
5

­hMj

­t
1 = ? (hM2

uhM2

)︸�����︷︷�����︸
TRFSD

, and

Ay

­uhMj

­z
5 2Ay hM2

­2uhM2

­z2︸������︷︷������︸
NS

, at z 5 0, (23a)

wMj
52uhMj

? (=h), and Ay

­uhMj

­z
5 suhMj

, at z 52h:

(23b)

Equations (21)–(23) show that the first-order flow is forced by
the external tidal/residual forcing (EF), gravitational circula-
tion (GC), river discharge (RD), nonlinear tidal rectification
of the M2 tide (i.e., advection, denoted by AC), shear-free
surface condition (NS), and tidal return flow compensating
the Stokes drift (TRFSD).

The nondimensional intertidal water motion equations
[Eqs. (B2) and (B3)] (see appendix B) also yield the first-order
[O(e1)] equations for intertidal water motion:
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Bf

2

­hfMj

­t
1

­

­x
ufMj

hfBf

4

( )
1

BfhfM2

2hf

­hfM2

­t
1

­

­x
hfM2

ufM2

Bf

2

( )
︸�����������������︷︷�����������������︸

TF

2 aFnMj
5 0, (24a)

­ufMj

­t
1

2sf
hf

ufMj

1 g
­hfMj

­x
1

g
r0

hf
3

­rf
­x︸��︷︷��︸

GC

5
2sf
h2f

hfM2

ufM2

2 ufM2

­ufM2

­x
1 4a

MnMj
2 ufM2

FnM2

hfBf︸����������������������������︷︷����������������������������︸
TF

,

(24b)

with the first-order momentum exchange

MnMj
5

�0

2h
(uhM2

? nh)uM2
dz, at (x, y) 2 ­FV ? (25)

The first-order boundary conditions [Eqs. (B12) and (B13)]
read

hfMj

5 af
M4

cos(2st 2 u f ) 1 af
M0︸�������������︷︷�������������︸

EF

, at (x, y) 2 ­FV > ­SV,

(26a)

ufMj

5 Rf
i︸︷︷︸

RD

, at (x, y) 2 ­FV > ­RV: (26b)

Here, the term TF includes processes associated with the non-
linear interactions of the M2 tide in the intertidal region,
which combines the nonlinear effects of the water loss/gain
[Eq. (24a)] and the momentum loss/gain [Eq. (24b)] of the in-
tertidal water.

3) SEMIANALYTICAL METHOD

A semianalytical approach is utilized to resolve the intertidal
and channel water motions at each order of e [Eqs. (16)–(26)].
First, the physical variables are expressed using the complex
amplitude to derive analytical relationships between current ve-
locities and sea surface gradients, as well as the vertical distribu-
tion of velocities. Then, the finite element method is applied to
numerically resolve their horizontal distributions.

(i) Analytical approach

The physical variables at the leading order can be written as

(uM2
, yM2

, hM2
, ufM2

, hfM2

, FnM2
)

5 R{(ûM2
, ŷM2

, ĥM2
, ûfM2

, ĥfM2

, F̂nM2
)eist}: (27)

Here, the hat ( ˆ ) indicates the complex amplitude and <{?}
denotes the real part of a complex variable. Similar to Kumar
et al. (2016), the leading-order current velocities in the 3D
channel model domain can be written as a function of sea sur-
face gradients:

ûhM2

5 C(z, s)=ĥM2
, with C(z, s) 5 C1(z, s) C2(z, s)

2C2(z, s) C1(z, s)

[ ]
:

(28)

The coefficients C1 and C2 are functions of the vertical coordi-
nate and the tidal frequency, which determine the vertical
structure of the channel M2 current velocities [see their ana-
lytical expressions in Kumar et al. (2016)].

By substituting Eq. (27) into Eq. (19b), we can rewrite the
leading-order intertidal current velocity as a function of the
intertidal sea surface gradient:

ûfM2

5 bM2

­ĥfM2

­x
, with bM2

5
2g

is 1 2sf /hf
: (29)

By substituting Eqs. (27) and (29) into Eq. (19a), the leading-
order lateral water exchange across the interface ­FV is de-
rived as

F̂nM2
5

Bf

2a
isĥfM2

1
1
a

­

­x
bM2

hfBf

4

­ĥfM2

­x

( )
: (30)

Similarly, all physical variables at the first order of e can be
written as

(uMj
, yMj

, hMj
, ufMj

, hfMj

, FnMj
)

5 R{(ûMj
, ŷMj

, ĥMj
, ûfMj

, ĥfMj

, F̂nMj
)eisj t}, (31)

with sj being the frequency of the residual flow (s0 5 0, for
j 5 0) or that of the M4 tidal water motion (s4 5 2s, for j 5 4).
As derived by Kumar et al. (2017), the channel current veloci-
ties at the first order read

ûhMj

5 C(z, sj)=ĥMj
1 fGC 1 fAC 1 fNS, (32)

with fGC, fAC, and fNS as the forcing vectors determined by
corresponding forcing terms in the channel momentum equa-
tions and dynamic boundary conditions [Eqs. (21)–(23)].
Their analytical expressions, as functions of the vertical coor-
dinate and the tidal frequency, can be found in Kumar et al.
(2017) and are not repeated here.

The first-order intertidal current velocity can be derived
from Eq. (24b):

ûfMj

5 bMj

­ĥfMj

­x
1 fmGC 1 fmTF, with bMj

5
2g

isj 1 2sf /hf
,

(33)

where fmGC is the forcing term of GC in the intertidal region
[see Eq. (24b)]:

fmGC 5 bMj

hf
3r0

­rf
­x

, (34)

and fmTF is the TF forcing term associated with the momentum
loss/gain [see the momentum equation, Eq. (24b)] in the inter-
tidal region:
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R
g

bMj

fmTFe
isj t

{ }
5 ufM2

­ufM2

­x
2 4a

MnMj
2 ufM2

FnM2

hfBf

2
2sf
h2f

hfM2

ufM2

: (35)

By substituting Eqs. (31) and (33) into Eq. (24a), the first-order
lateral water exchange across the interface­FV is derived as

F̂nMj
5

Bf

2a
isjĥfMj

1
1
a

­

­x

hfBf

4
bMj

­ĥfMj

­x
1 fmGC 1 fmTF

( )[ ]
1

f cTF
a

,

(36)

with f cTF as the TF forcing term associated with the water loss/
gain [see the continuity equation, Eq. (24a)] in the intertidal
region:

R{ f cTFeisj t} 5
BfhfM2

2hf

­hfM2

­t
1

1
2
­

­x
(BfhfM2

ufM2

): (37)

(ii) Numerical approach

Following Kumar et al. (2016, 2017), the channel and inter-
tidal water levels at each order of e can be derived by
substituting the analytical expressions of the current velocities
[Eqs. (28), (29), (32) and (33)] and water exchange [Eqs. (30)
and (36)] into the depth-integrated channel continuity equa-
tions (from z 5 2h to z 5 0) and applying the associated
boundary conditions [Eqs. (18) and (23)].

The governing equation of the leading-order water level in
the channel model domain reads

= ? (DM2
=ĥM2

) 1 isĥM2
5 0, with DM2

5

�0

2h
C(z, s)dz:

(38)

The corresponding boundary conditions are

ĥM2
5 aM2

, at (x, y) 2 ­SV, (39a)

(DM2
=ĥM2

) ? nh 5 0, at (x, y) 2 ­RV, (39b)

(DM2
=ĥM2

) ? nh 5 F̂nM2
, at (x, y) 2 ­FV: (39c)

The governing equation for the leading-order water level is a
two-dimensional linear elliptic partial differential equation,
which is solved numerically by the finite element method (see
appendix C, section a).

Likewise, the governing equation of the first-order channel
water motion reads (Kumar et al. 2017)

= ? (DMj
=ĥMj

1 F) 1 isjĥMj
1 FV

TRFSD 5 0,

with DMj
5

�0

2h
C(z, sj)dz: (40)

Here, the forcing term F includes contributions of GC, AC,
and NS:

F 5

�0

2h
(fGC 1 fAC 1 fNS)dz, and

R{FV
TRFSDe

isj t} 5 = ? (hM2
uhM2

|z50): (41)

The corresponding boundary conditions read

ĥMj
5 FEF, at (x, y) 2 ­SV,

(42a)

(DMj
=ĥMj

1 F) ? nh 1 F­V
TRFSD 5 Ri, at (x, y) 2 ­RV,

(42b)

(DMj
=ĥMj

1 F) ? nh 1 F­V
TRFSD 5 F̂nMj

, at (x, y) 2 ­FV,

(42c)

with

R{FEFe
isj t} 5 aM4

cos(2st 2 u) 1 aM0
, and

R{F­V
TRFSDe

isj t} 5 (hM2
uhM2

|z50) ? nh: (43)

As this system of equations for the water level is linear, the
forcing term associated with each of the different processes is
included separately to solve the water motion driven by each
process. This results in an explicit dissection of the first-order
current velocities driven by different forcings. Similarly, the
elliptic equation for the first-order water level is solved nu-
merically (see appendix C, section b).

Therefore, the current velocity in the channel region is de-
composed as

U 5 UM2︸︷︷︸
O(e0)

1 UM0
1 UM4︸����︷︷����︸

O(e1)

: (44)

Here, UM2
is the leading-order M2 tidal current velocity vector,

and UM0
and UM4

are the first-order residual (M0) and quarter-

diurnal (M4) tidal current velocity vectors, which can be further
decomposed into different contributions:

UM0
5 UEF

M0
1 UGC

M0
1 URD

M0
1 UAC

M0
1 UNS

M0
1 UTRFSD

M0
1 UTF

M0
,

(45)

UM4
5 UEF

M4
1 UAC

M4
1 UNS

M4
1 UTRFSD

M4
1 UTF

M4
: (46)

In this coupled system between the intertidal and channel wa-
ters, the intertidal velocity uf and the tidal elevations h and hf

are decomposed in the same way as the current velocity U.
This means that intertidal water motions are also separately
calculated in terms of different physical mechanisms.

As mentioned after [Eq. (17c)], the intertidal area affects
the leading-order M2 tidal water motion in the channel region
through the M2 water exchange across the interface ­FV.
Equations (45) and (46) also show that intertidal habitats
modulate the first-order flow in the channel region in three
ways, directly or indirectly. First, the inclusion of intertidal
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areas leads to a direct contribution, TF, to the M0 and M4

tidal motions, driven by the nonlinear interactions of the M2

tidal motion over the intertidal areas. Second, the intertidal
water motion directly modulates the first-order processes (i.e.,
EF, GC, RD, AC, NS, and TRFSD) through the nonzero
intertidal–channel water exchange at the M0 and M4 tidal fre-
quencies. Finally, by modulating the leading-order M2 tidal
motion within the channel and the associated nonlinear terms,
the inclusion of intertidal habitats indirectly affects the first-
order M0 and M4 tidal water motions within the channel re-
gion associated with AC, NS, and TRFSD. All abbreviations
of the various physical processes are summarized in Table 1.

b. Experiments design

1) DEFAULT EXPERIMENT

The default experiment considers an idealized, short, tidally
dominated and well-mixed estuary, with a length L of 25 km
and an exponentially decreasing width of the channel region B:

B 5 B0e
2x/Lb : (47)

Here B0 5 5 km is the width of the channel region at the
mouth and Lb 5 30 km is the estuarine convergence length.

The bathymetry of the channel region in the idealized estu-
ary is characterized by a deep channel in the middle and sub-
merged shoals on both sides:

h(x, y) 5 0:5h1(x) 1 2 tanh kcks
y
B

( )2
2 k2s

[ ]{ }
1 h2(x)

for |y| # B/2: (48)

Here, kc is the ratio of the submerged shoal width to the deep
channel width and ks measures the slope between the channel
and shoal. The two depth functions h1 (x) and h2 (x) are deter-
mined by the water depth at ­FV, hf, and that at the thalweg
(y5 0), hc(x):

h(x, 6B/2) 5 0:5h1(x)[1 1 tanh(k2s 2 0:25k2ck
2
s )] 1 h2(x) 5 hf ,

(49a)

h(x, 0) 5 0:5h1(x)[1 1 tanh(k2s )] 1 h2(x) 5 hc(x): (49b)

The thalweg water depth decreases linearly landward:
hc(x)5 hmax

c (12 x/L)1 hmin
c x/L, with hmax

c and hmin
c being the

maximum and minimum channel depth at the seaward and

landward boundaries. The intertidal water depth increases
linearly from 0 at the shoreline to hf at­FV (Fig. 2).

In this study, the width ratio between the intertidal and
channel regions at the still/undisturbed water level (i.e., z5 0),

rB 5 Bf /B, (50)

is considered to be constant along the estuary. This means
that the width of the intertidal regions decreases exponen-
tially toward the head, and the width convergence rates of the
channel and intertidal regions are identical (see Fig. 2).

In this study, the width-averaged water level induced by the
M4 and M0 tidal constituents is required to vanish over the sea-
ward boundary for simplicity, i.e., amM4

5 amM0
5 0. In the default

system, the width average of the semidiurnal tidal amplitude
amM2

is set to be 2 m at the seaward boundary. The model do-
main is extended 20 km seaward to reduce numerical incon-
sistencies caused by the prescribed water level at the seaward
boundary (Wei et al. 2017) . A total constant river discharge
R 5 20 m3 s21 is prescribed at the landward boundary. The
effect of the Coriolis deflection is neglected for simplicity.
The vertical eddy viscosity Ay and slip parameter s and sf are
assumed to be constant in time and space. Salinity is pre-
scribed by a hyperbolic tangent function of x (Talke et al.
2009):

TABLE 1. Definitions of acronyms of key physical processes.

Acronym Definition Equation

EF External tidal/residual forcing (22a), (26a)
GC Gravitational circulation (21b), (21c), (24b)
RD River discharge (22b), (26b)
AC Advection/tidal rectification of the M2 tide (21b), (21c)
NS No-shear condition at the free surface (23a)
TRFSD Tidal return flow that compensates Stokes drift (22b), (22c), (23a)
TF Nonlinear interactions of the M2 tide over tidal flats (24a), (24b)

FIG. 2. Idealized geometry and bathymetry in the default estu-
ary. The dashed lines denote the interface between intertidal and
channel regions­FV.
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S(x, y) 5 0:5Sm 1 2 tanh
x 2 xc

xl

( )
: (51)

Here, Sm is the salinity at the seaward boundary and xc and xl
are length parameters that describe the salinity profile. The
parameter settings for the default experiment are given in
Table 2.

Including intertidal areas in an estuary can increase its tidal
prism. Neglecting the minor variations in the M2 tidal ampli-
tude along the short estuary, the tidal prism without intertidal
regions is

�L
0
2aM2

B dx, while the increased tidal prism associ-
ated with intertidal areas is

�L
0 2aM2

Bf dx. This means that the
inclusion of intertidal habitats leads to an increase in the tidal
prism by a factor of rB 5 Bf/B. This corresponds to a 40% in-
crease in the tidal prism of the default system.

2) SENSITIVITY EXPERIMENTS

Besides the default experiment (hereafter referred to as
scenario I), five sensitivity experiments are conducted to in-
vestigate how intertidal habitat width (scenario II), intertidal
habitat position (scenarios III and IV), estuary convergence
(scenario V), and estuary length (scenario VI) affect the coupled
tidal water motion (Table 3). In scenario II, the width of inter-
tidal areas is halved by reducing rB to 0.2. In scenarios III and
IV, intertidal areas are located only in the lower (0 # x # L/2)
and upper (L/2# x# L) estuaries, respectively. In scenario V, a
stronger estuary convergence is considered by decreasing Lb to

5 km, typical of short, convergent systems like the Blackwater
Estuary (Wei et al. 2021). In scenario VI, the estuary length is in-
creased to 150 km, typical of long, convergent systems like the
Humber Estuary (Townend andWhitehead 2003).

In all scenarios, the bathymetry and salinity distributions re-
main the same, as defined by Eqs. (48) and (51). The only excep-
tion is that, in the long estuary experiment (with L 5 150 km),
the water depth at the thalweg (y 5 0) decreases from 15 m
at the mouth to 3 m at the head [Eq. (49b)], while the salinity
decreases from 31 psu at the mouth to nearly 0 at the head
[Eq. (51)]. The maximum longitudinal gradient of salinity in
this experiment is 20.8 psu km21 in the lower estuary. The
model domain in the sensitivity experiments is extended 20 km
seaward, similar to the default scenario.

In the sensitivity study, we run two experiments in each sce-
nario, i.e., with (rB Þ 0, see Table 3) and without (by setting
rB 5 0) intertidal habitats. To investigate the impact of recla-
mation or restoration/creation of intertidal habitats on the hy-
drodynamics in the whole estuary, the contribution of intertidal
habitats to the channel water motion is derived by comparing
the results in each of these experiments with intertidal habitats
to those without intertidal habitats. In experiments with and
without intertidal habitats, all boundary conditions and estuary
parameters of the channel region, including the bathymetry and
geometry, are identical. The same periodic tidal forcing and
constant total river discharge are prescribed, in both experi-
ments, at the seaward and landward boundaries, respectively.

TABLE 2. Default parameters for the idealized estuary.

Parameters Description Value Unit

L Estuarine length 25 km
B0 Width of the channel region at the mouth 5 km
Lb Estuarine convergence length 30 km
hmax
c Maximum channel depth 15 m

hmin
c Minimum channel depth 13 m

hf Depth at the side boundary ­FV 3 m
kc, ks Coefficients determining the lateral bathymetry profile 3, 0.8
Ay Vertical eddy viscosity 0.008 m2 s21

s Slip parameter in the channel region 0.005 m s21

sf Slip parameter in the intertidal region 0.002 m s21

amM2
M2 tidal amplitude at the mouth 2 m

amM4
M4 tidal amplitude at the mouth 0 m

amM0
M0 tidal amplitude at the mouth 0 m

R Total river discharge at the head 20 m3 s21

Sm Salinity at the mouth 31 psu
xc, xl Length parameters of the salinity profile 40, 20 km
rB Width ratio between the intertidal and channel regions 0.4

TABLE 3. Overview of model scenarios with intertidal habitats.

No. Scenarios L (km) Lb (km) rB Intertidal position

I Default experiment 25 30 0.4 0 # x # L
II Smaller intertidal width 25 30 0.2 0 # x # L
III Lower-reach intertidal area 25 30 0.4 0 # x # L/2
IV Upper-reach intertidal area 25 30 0.4 L/2 # x # L
V Stronger estuary convergence 25 5 0.4 0 # x # L
VI Larger estuary length 150 30 0.4 0 # x # L
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The major difference between the two experiments is the lateral
water exchange, which is zero (i.e., Fn 5 0) when excluding
intertidal habitats (i.e., rB 5 0, vertical closed walls at­FV).

c. Model validation

To test the capability of the semianalytical model in reproduc-
ing estuarine hydrodynamics in both the channel and intertidal
domains after inclusion of intertidal habitats, the semianalytical
model results in the default experiment are compared with the
results obtained from a state-of-the-art numerical model using
Delft3D (Deltares 2021). All forcing conditions and estuary pa-
rameter settings are the same in two models except that qua-
dratic bottom friction is used in the numerical model, whereas
the semianalytical model assumes linear bottom friction. The
quadratic bottom friction coefficients in the numerical model
are determined by requiring energy dissipation within the inter-
tidal and channel regions during a tidal cycle to be the same in
both numerical and semianalytical models. Detailed descrip-
tions of the model validation can be found in appendix D,
section a.

d. Tidal asymmetry decomposition

To quantify effects of intertidal habitats on tidal asymme-
try, we use three tidal asymmetry indicators: tidal duration
asymmetry gTDA, slack water asymmetry gSWA, and peak cur-
rent asymmetry gPCA (de Swart and Zimmerman 2009; Gong
et al. 2016; Guo et al. 2018, 2019), which are given by

g(x) 5
1

Nx 2 1
∑
Nx

i51
(xi 2 hxi)3

1
Nx 2 1

∑
Nx

i51
(xi 2 hxi)2

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
3/2 5

gTDA, x 5­th ,

gSWA, x 5­tu,

gPCA, x 5 u:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(52)

Here, xi represents the time series of tidal signals (i.e.,­th,­tu, u),
hxi is the mean value of the signals, and Nx is the number of
time series. Here, gTDA measures the duration asymmetry of
the rising and falling tides, gSWA measures the slack duration
asymmetry of the high and low water, and gPCA measures
the asymmetry of the peak flood and ebb currents. Positive
skewness values mean flood dominance and vice versa. The
skewness gSWA and gPCA are important to the transport of fine
and coarse sediments, respectively (Dronkers 1986; Nidzieko
and Ralston 2012).

The skewness is calculated based on each harmonic tidal
constituent [see Nidzieko (2010) for a detailed derivation].
For simplicity, only the M2, M4, and M0 components are con-
sidered when computing the skewness in our study. Based on
Eqs. (45) and (46), these skewness indicators can be further
separated into contributions associated with different processes
that drive the M2, M0, and M4 tidal water motions (detailed in
appendix E).

3. Results

The performance of the semianalytical model in reproducing
estuarine water motions in the channel and intertidal domains

is demonstrated in section 3a. The impact of intertidal habitats
on estuarine hydrodynamics is quantified in section 3b. The
dominant physical processes of the intertidal effects are dis-
cussed for the default experiment in section 3c. The sensitivi-
ties of the intertidal effects to the intertidal habitat width,
intertidal habitat position, estuary convergence, and estuary
length, as well as their controlling processes, are investigated
in section 3d.

a. Semianalytical model performance

To demonstrate the performance of the extended semiana-
lytical model, the simulated M2, M4, and M0 current velocities
in the channel and intertidal regions and the water exchange
between both regions are compared with those obtained from
the Delft3D model and the semianalytical model of Kumar
et al. (2017), respectively.

1) CHANNEL WATER MOTION

The numerically simulated tidal and residual water motion
in the channel region is qualitatively well reproduced by the
extended semianalytical model (Fig. 3, comparing the left and
middle columns).

The spatial distributions of the depth-averaged tidal current
at the M2 and M4 tidal frequency in the extended semianalytical
model with intertidal habitats are highly consistent with the
numerical results. In both models, the longitudinal M2 tidal
current is stronger in the channel than on the shoals and maxi-
mizes (up to 1.2 m s21) at the mouth (Figs. 3a,b), while the
lateral current velocity is stronger on the shoals than in the
channel and peaks (up to 0.12 m s21) at the mouth (Figs. 3d,e).
The longitudinal M4 tidal current also shows similar spatial pat-
terns and magnitudes in both models, with the strongest current
of more than 0.1 m s21 at the regions between the channel and
shoals and in the lower-estuary channel (Figs. 3g,h).

Spatial patterns of the depth-averaged residual circulation
in the numerical model and the extended semianalytical
model are also consistent (Figs. 3j,k). In the lower estuary
(x 5 0–10 km), there is a strong inflow (up to 0.15 m s21) at
the regions between the channel and shoals with a weaker
outflow elsewhere. In the upper estuary, there is an inflow
(;0.06 m s21) in the channel and outflow (;0.06 m s21) on
the shoals. The extended semianalytical model overestimates
the residual inflow speed by ;0.05 m s21 at the regions be-
tween the channel and shoals when compared to the numer-
ical model. The cross-sectional distribution of velocities at each
tidal frequency in the extended semianalytical model also
agrees well with that in the numerical model (see Fig. D1 in
appendix D).

When compared to the semianalytical model of Kumar et al.
(2016, 2017) where no intertidal habitats are considered, the
extended semianalytical model with intertidal habitats exhib-
its superior performance in reproducing the numerically simu-
lated M2, M4, and M0 tidal dynamics in the channel region.
Neglecting interactions between the intertidal and channel
waters results in significantly underestimated M2 tidal cur-
rents. By excluding the intertidal area in the semianalytical
model, the maximum longitudinal current is decreased from
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1.2 to 0.8 m s21 in the channel near the mouth, and the max-
imum lateral current decreased from 0.12 to 0.04 m s21 on
the shoals near the mouth (Figs. 3c,f). The horizontal pat-
terns of the M4 current and residual circulation without con-
sidering intertidal habitat effects also differ greatly from the
numerical results (Figs. 3i,l). In the absence of intertidal
habitats, strong M4 tidal currents occur in the channel with a
maximum amplitude of ;0.15 m s21 in the lower estuary.
The residual circulation shows a depth-averaged inflow (up
to;0.05 m s21) in the channel and outflow (up to;0.06 m s21)
on the shoals.

2) INTERTIDAL WATER MOTION

The magnitude and along-estuary variability of the longitu-
dinal velocity averaged over the intertidal cross section calcu-
lated by the extended semianalytical model are also in good

agreement with the numerical results (Fig. 4). In both models,
the M2 intertidal flow velocity decreases its magnitude from
;0.15 m s21 at the estuary mouth to zero at the estuary head
(see Fig. 4, black lines). The M4 intertidal velocity in the two
models has similar magnitudes (up to 0.03 m s21) which de-
creases to zero near the estuary head (see Fig. 4, blue lines).
The residual current in the intertidal region is directed sea-
ward in both models, which decreases from ;0.05 m s21 at
the mouth to zero at the head (see Fig. 4, red lines).

3) WATER EXCHANGE BETWEEN THE INTERTIDAL AND

CHANNEL REGIONS

As shown in Eq. (6), the interaction between the intertidal
and channel waters is directly driven by the lateral water ex-
change Fn across the interface ­FV. The amplitude and phase
of the exchange calculated from the extended semianalytical

FIG. 3. Depth-averaged tidal and residual velocity obtained from (left) the numerical model with intertidal habitats, (middle) the semi-
analytical model with intertidal habitats extended in this study, and (right) the semianalytical model without intertidal habitats as used by
Kumar et al. (2017) at the (a)–(f) M2, (g)–(i) M4, and (j)–(l) M0 tidal frequencies, respectively. Arrows denote the horizontal velocity vec-
tor. Gray areas represent the intertidal regions.
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model also align well with the numerical results (Fig. 5, com-
paring solid and dashed lines).

The semidiurnal water exchange per unit length (FnM2

)

decreases from approximately 0.3 m2 s21 at the mouth to
0.15 m2 s21 at the head (Fig. 5a, black lines), and its phase
increases from 2888 at the mouth to 78 along the estuary
(Fig. 5b, black lines). The semidiurnal water exchange is nearly
3 times as large as the quarter-diurnal exchange (FnM4

), the

amplitude of which decreases from;0.1 m2 s21 at the mouth to

0.05 m2 s21 at the head with its phase decreasing from 2848 to
2918 (Fig. 5b, blue lines). The residual water exchange (FnM0

)

is less than 0.02 m2 s21 throughout the estuary (Fig. 5a, red
lines).

b. Effects of intertidal habitats on the channel
water motion

The influence of intertidal habitats on estuarine hydrody-
namics is investigated by quantifying the differences in the
water level Dh, current velocity Du, and tidal asymmetry Dg

in the channel region between scenarios with and without in-
tertidal habitats. These differences (Dh, Du, and Dg) are cal-
culated by subtracting the results in the experiment without
considering intertidal habitats from those in the experiment
with intertidal habitats.

1) SEMIDIURNAL TIDE

In the presence of intertidal habitats, the water exchange
between the intertidal and channel regions leads to substan-
tial alterations in the channel water motion. The tidal ampli-
tude and phase along the estuary in the presence and absence
of intertidal habitats are shown in Fig. 6. The M2 tidal surface
amplitude (|ĥM2

|) increases from 2 m at the estuary mouth to
2.27 m at the head, amplified by up to 0.27 m (Fig. 6a). When
excluding the intertidal habitats, however, the M2 tidal ampli-
tude increases from 2 to 2.19 m with an amplification of less
than 0.19 m. This indicates that intertidal habitats increase the
tidal amplitude by up to 0.08 m in the idealized estuary. The
larger M2 tidal phases in the presence of intertidal habitats
compared to those without intertidal habitats mean that these
habitats only slightly slow down the M2 tidal propagation (by
up to;28) throughout the idealized estuary (Fig. 6b).

The influence of intertidal habitats on the M2 tidal and re-
sidual currents is shown in Fig. 7. The depth-averaged

FIG. 4. Intertidal velocity uf averaged over the intertidal cross
section obtained from the semianalytical (solid lines) and numeri-
cal models (dashed lines). The current velocity uf in the numerical
model is calculated by averaging the 3D velocities over the inter-
tidal cross section and then decomposing them into M0, M2, and
M4 tidal constituents.

FIG. 5. (a) Amplitude and (b) phase of the water exchange Fn between intertidal and channel regions at the
M2 (black), M4 (blue), and M0 (red) tidal frequencies, obtained from the semianalytical (solid lines) and numerical
models (dashed lines), respectively. The water exchange Fn in the numerical model is calculated by integrating the
3D velocities over the water depth at the interface ­FV and then decomposing them into M0, M2, and M4 tidal
constituents.
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longitudinal M2 tidal current (|ûM2
|) is strengthened by up

to 0.35 m s21 due to intertidal habitats (see Fig. 7a), and its
phase is delayed by;38 (Fig. 7b). The strongest lateral M2 tidal
current on the shoals is increased by 0.07 m s21 after including
intertidal habitats (Figs. 3e,f). The amplification and delay of
the M2 tide due to intertidal habitats align with previous numer-
ical studies of the Taizhou Bay, China (Zhang et al. 2015, 2016);
Darwin Harbor, Australia; and Xiangshan Bay, China (Li et al.
2012, 2018a).

2) QUARTER-DIURNAL TIDE

The quarter-diurnal tidal water motion is also strongly af-
fected by intertidal habitats. The M4 tidal amplitude |ĥM4

| in-
creases landward by up to 0.15 and 0.12 m with and without
intertidal habitats, respectively (Fig. 6c). This means that the
M4 tide is amplified by up to 0.03 m. Its phase is delayed by
;68 due to intertidal habitats (Fig. 6d). The inclusion of inter-
tidal habitats leads to an increase in the M4 tidal velocity am-
plitude (|ûM4

|) by up to 0.1 m s21 at the lower-estuary regions
between the channel and shoals and a decrease in |ûM4

| by

;0.05 m s21 in the channel (Fig. 7c). The M4 tidal currents on
the lower-estuary shoals are also slightly strengthened by in-
tertidal habitats. These habitats also result in an increased
phase of the M4 tidal velocity by ;108 in the channel and more
than 608 at the regions between the channel and shoals, to-
gether with a decreased phase by more than 608 on the shoals
(see Fig. 7d). The impact of intertidal habitats on the M4 tidal
motion is also consistent with numerical investigation of the
Xiangshan Bay (Li et al., 2018b).

3) RESIDUAL CIRCULATION

The intertidal habitats strongly modulate the residual water
motions in the channel region. The residual sea surface eleva-
tion (hM0

) increases landward by up to 0.09 and 0.05 m with
and without intertidal habitats, respectively (Fig. 6e). This in-
dicates that the residual water level is increased by ;0.04 m
due to intertidal habitats. Moreover, intertidal habitats have a
pronounced impact on both the spatial pattern and strength
of the residual circulation (see Figs. 3k,l). The inclusion of in-
tertidal habitats results in an increase in the outflow on the

FIG. 6. Comparison of the tidal elevation along the estuary between scenarios with (solid lines) and without (dashed
lines) intertidal habitats. (a)–(d) The width-averaged tidal amplitude and phase at the (first row) M2 and (second row)
M4 tidal frequencies. (e) The width-averaged residual (M0) water level.
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shoals (by up to ;0.03 m s21) and in the channel (by up to
0.05 m s21) and an increase in the inflow at the regions be-
tween the channel and shoals by up to 0.15 m s21 (Fig. 7e).

4) TIDAL ASYMMETRY

The impact of intertidal habitats on tidal asymmetry is assessed
by comparing the three skewness indicators [see Eq. (52)] be-
tween experiments with and without intertidal habitats (Fig. 8).
The skewness gTDA is positive in both experiments, indicating
flood dominance with shorter rising tides than falling tides. In
both scenarios, gTDA increases landward, as also found in the
Huangmaohai Estuary, China (Gong et al. 2016). This means
that the duration of rising tides decreases landward (Figs. 8a,b).
By including intertidal habitats, gTDA is slightly increased in the
upper estuary with prolonged falling tides (Fig. 8c).

In the absence of intertidal habitats, the skewness gSWA

is mainly positive with a longer high-water slack (i.e., flood

dominance) except at the lower-estuary regions between the
channel and shoals (Fig. 8d). Including intertidal habitats re-
sults in a substantially decreased skewness gSWA throughout
the estuary, indicating enhanced ebb dominance or reduced
flood dominance (Figs. 8e,f). This finding is in agreement with
the model results for Newport Bay, the United States (Guo
et al. 2018).

The skewness gPCA shows a similar spatial pattern to that
of the depth-averaged residual circulation in experiments
with and without intertidal habitats (see Figs. 8g,h and 3k,l),
highlighting the importance of residual circulation to the tidal
asymmetry in peak current velocity. Without intertidal habi-
tats, the skewness gPCA is negative on the shoals (i.e., ebb
dominance, with a larger peak ebb velocity than peak flood
velocity) and positive in most of the channel (i.e., flood domi-
nance, with a larger peak flood velocity). In the presence
of intertidal habitats, however, the skewness gPCA becomes

FIG. 7. (a)–(d) Differences in the amplitude and phase of the depth-averaged velocity at the (first row) M2 and
(second row) M4 tidal frequencies between experiments with and without intertidal habitats. (e) Difference in the
depth-averaged residual circulation between experiments with and without intertidal habitats.

Z HU E T A L . 1169AUGUST 2025

Unauthenticated | Downloaded 09/03/25 10:01 PM UTC



negative in the lower-estuary channel (x5 0–10 km) and posi-
tive near the regions between the channel and shoals. This
suggests that the intertidal habitats weaken the flood domi-
nance in the channel [see also in Guo et al. (2018)] and signifi-
cantly strengthen the flood dominance near the regions
between the channel and shoals (Fig. 8i). The ebb dominance
on the shoals is also enhanced by intertidal habitats.

c. Controlling physical processes of the channel
water motion

The influence of intertidal habitats on the dominant pro-
cesses that control the M2, M4, and M0 tidal water motion as
well as tidal asymmetry in the channel region is discussed in
this section.

1) M2 TIDAL WATER MOTION

The enhanced predominant M2 tidal oscillations |ĥM2
| due to

intertidal habitats can be explained by the resonance/reflection
characteristics of the tidal wave propagation in short estuaries.
As reviewed by Talke and Jay (2020), decreasing water depth
in short estuaries (with lengths less than a quarter of the tidal
wavelength) leads to tidal amplification by bringing these sys-
tems closer to the quarter-wave resonance condition. Since the
idealized estuary considered in the default experiment is typical

of short systems (L 5 25 km, much less than a quarter of the
frictionless M2 tidal wavelength, approximately 400 km, based
on a mean depth of ;10 m), the reduced cross-sectionally av-
eraged water depth, resulting from the inclusion of intertidal
habitats, leads to enhanced M2 tidal oscillations (see more
discussion in section 4a). Moreover, the tidal prism is enlarged
by;40% due to the presence of intertidal habitats, which signif-
icantly enhances the M2 tidal currents (|ûM2

|) in the idealized es-
tuary considered here (Stark et al. 2017; Mahavadi et al. 2024).
The importance of the increased tidal prism to the intertidal ef-
fects on estuarine dynamics is detailed in appendix D, section b.

2) M4 TIDAL WATER MOTION

As shown in Eq. (46), the first-order M4 tidal motion is
driven by various processes. Due to the inclusion of intertidal
habitats, the enhanced leading-order M2 tidal currents greatly
strengthen the first-order M4 (and M0) water motions associated
with several nonlinear processes including AC, TRFSD, and NS
(i.e., indirect effect). The direct effects of the nonzero M4 (and
M0) water exchange Fn on these processes are much weaker due
to the small magnitude of Fn at the first order (Fig. 5a).

The contributions of each process to the depth-averaged
M4 tidal current in experiments with and without intertidal
habitats are shown in Fig. 9. When excluding intertidal habitats,

FIG. 8. Horizontal distribution of the three tidal skewness indicators (first row) gTDA, (second row) gSWA, and (third row) gPCA in the
experiments (middle) with and (left) without intertidal habitats, and (right) the differences in these indicators between both the
experiments.
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the M4 tidal motion is dominated by TRFSD (up to 0.1 m s21;
Fig. 9a), while contributions of other processes are minor
(Figs. 9d,g). After including the intertidal habitats, the ampli-
fied M2 tidal currents substantially increases the M4 tidal con-
tribution associated with AC, TRFSD, and NS (Figs. 9b,e,h).
The TRFSD (;0.15 m s21) also dominates the generation of
the M4 tide in the presence of intertidal habitats (see Fig. 9b).
However, inclusion of intertidal habitats results in a strong
TF-induced M4 tidal current (up to 0.15 m s21; Fig. 9c). This
current is nearly out of phase with that induced by TRFSD
(Figs. 9f,i). Hence, intertidal habitat leads to dampened M4

tidal motion in the channel (see Fig. 7c). However, the aug-
mented M4 tidal current associated with AC and NS results in
a strengthened M4 tidal current at the lower-estuary regions
between the channel and shoals and on the lower-estuary
shoals (Figs. 9d,e,g,h), respectively.

3) RESIDUAL WATER MOTION

Since the residual (M0) water exchange between the chan-
nel and intertidal regions is close to zero (see Fig. 5a), the re-
sidual current due to the residual lateral water exchange (TF)
is negligible (not shown here). Nevertheless, the amplified M2

tidal currents caused by intertidal habitats strongly affects the
residual circulation and the dominant physical processes con-
trolling the residual circulation.

When excluding intertidal habitats, the residual circulation
is dominated by AC (up to 0.10 m s21), which features an

inflow at the regions between the channel and shoals and out-
flow elsewhere (Fig. 10c), and NS (up to 0.05 m s21) charac-
terized by an inflow in the channel and outflow on the shoals
(Fig. 10e). The residual flow due to GC and TRFSD shows
a similar pattern to NS but with a smaller magnitude (see
Figs. 10a,g). After including intertidal habitats, the AC-induced
residual circulation is significantly strengthened (by up to
0.10 m s21) and surpasses all the other processes (see Fig. 10d),
dominating the changes in the total residual circulation (Fig. 7e).
The residual flow due to NS is also enhanced (Fig. 10f), con-
tributing to the strengthened outflow on the shoals (Fig. 7e).
The residual flow due to GC and TRFSD is almost unchanged
by intertidal habitats (Figs. 10b,h). The large influence of inter-
tidal habitats on the residual circulation through AC is consis-
tent with Zheng et al. (2003).

4) TIDAL ASYMMETRY

The skewness indicators gTDA and gSWA are determined by
the M2 and M4 tidal components only, whereas gPCA is also
affected by the residual circulation [see Eqs. (E1)–(E3)]. Con-
tributions of dominant processes to these indicators are
shown in Fig. 11. The M4 tidal elevation due to TRFSD
(hTRFSD

M4
) associated with the amplified M2 tide in the presence

of intertidal habitats leads to an increased gTDA (Fig. 11b).
The TF-induced M4 tidal motion (hTF

M4
and UTF

M4
), however,

results in a decreased gTDA and gSWA throughout the estuary
(Figs. 11a,c). The AC-induced M4 tidal current (UAC

M4
) enhanced

FIG. 9. Amplitude of the depth-averaged longitudinal M4 tidal velocity driven by (a),(b) TRFSD, (d),(e) NS, and (g),(h) AC (left) with-
out and (middle) with intertidal habitats, respectively. (c) The TF-induced M4 current with intertidal habitats, which becomes zero when
excluding these habitats. (f),(i) The phase of the M4 tidal current driven by TRFSD and TF with intertidal habitats.
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by intertidal habitats also contributes to a decreased gSWA

at the regions between the channel and shoals (Fig. 11d).
The intertidal effects on the skewness gPCA are controlled
by the strengthened residual current due to AC (UAC

M0
, Fig. 11f).

The skewness gPCA due to the M4 tidal current induced by TF
is substantially negative (Fig. 11e). These results show that the
TF process reduces the values of all three skewness indicators
and promotes ebb dominance of the channel water motion.

d. Sensitivity analysis

To investigate the sensitivity of the intertidal effects on
estuarine hydrodynamics to the characteristics of intertidal

habitats and estuary geometry, we analyze the intertidal effects
on the sea surface elevation (Fig. 12), tidal currents (Fig. 13),
and tidal asymmetry (Fig. 14) in the channel domain in five ad-
ditional sensitivity experiments (Table 3). These experiments
consider a smaller intertidal habitat width (scenario II), inter-
tidal habitats covering only the lower reach (scenario III) or
the upper reach (scenario IV), a stronger width convergence
(scenario V), and a larger estuary length (scenario VI), with
and without intertidal habitats, respectively. Since the results
of channel water motions without intertidal habitats for
scenarios I–IV have been analyzed in Figs. 3 and 6, the no-
habitat results of water level and tidal currents in more

FIG. 10. The depth-averaged residual (M0) circulation driven by (a),(b) GC, (c),(d) AC, (e),(f) NS, and (g),(h)
TRFSD (left) without and (right) with of intertidal habitats, respectively.
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convergent (scenario V) and long-estuary (scenario VI) ex-
periments are shown in Figs. F1 and F2, respectively (see
appendix F).

1) INTERTIDAL HABITAT WIDTH

Reducing the ratio rB from 0.4 to 0.2 (scenario II) halves
the width of the intertidal region. As a result, the intertidal ef-
fects on the amplitude of the M2 and M4 tidal elevation and
currents, as well as the M0 surface elevation and residual cir-
culation, are approximately halved (see Figs. 12 and 13a–c).
This reduces the intertidal effect on gSWA by 30%–50% (see
Figs. 14a and 8f) and reduces the intertidal effect on gPCA by
half (see Figs. 14b and 8i). Since DgTDA is small in all scenar-
ios (e.g., see Fig. 8c), its sensitivity is not discussed hereafter.

Halving the width of intertidal regions decreases the water
exchange by half [because Fn ~ Bf, see Eq. (10)], which corre-
spondingly weakens the intertidal effects on the M2 tidal
amplitude by half [see also in Li et al. (2018b), Speer and
Aubrey (1985)]. Also, the intertidal effects due to all non-
linear processes are approximately halved (see Figs. 15a–c),

resulting in halved intertidal effects on the total M4 tidal
motion, M0 residual circulation, and also the tidal asymmetry
(see Figs. E1a–c).

2) INTERTIDAL HABITAT POSITION

Including intertidal habitats only in the lower estuary (sce-
nario III) or the upper estuary (scenario IV) results in sub-
stantially different water motion in the channel region. The
intertidal effects on the sea surface elevation, flow velocities,
and tidal skewness indicators in scenario I, where intertidal
habitats are distributed throughout the entire estuary, are
roughly equivalent to the combined intertidal effects observed
in experiments with intertidal habitats located in both the
lower (scenario IV) and upper (scenario V) estuaries.

Similar to the default experiment (scenario I), inclusion of
intertidal habitats in the upper or lower estuary results in an
amplified M2 tide along the estuary (see Fig. 12a) by up to
0.06 or 0.02 m, respectively. The lower-estuary intertidal habi-
tats cause an increased M4 tidal amplitude (by ;0.02 m),
while the upper-estuary habitats induce a decreased M4 tidal

FIG. 11. Intertidal effects on gTDA due to M4 tidal elevation driven by (a) TF and (b) TRFSD, on gSWA due to M4

tidal currents driven by (c) TF and (d) AC, and on gPCA due to (e) M4 tidal current driven by TF and (f) M0 residual
circulation driven by AC, respectively.
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amplitude (by ;0.01 m, see Fig. 12b). The residual sea surface
is increased by;0.02 m by the lower-estuary or upper-estuary
habitats (see Fig. 12c).

Patterns of the effects of the lower-estuary or upper-estuary
habitats on tidal/residual currents and tidal skewness are simi-
lar to those in the default experiment. It is interesting to note
that intertidal habitats in the lower estuary only affects the
flow velocities and tidal skewness indicators in the lower estu-
ary, without affecting them in the upper estuary (Figs. 13d–f
and 14c,d). Including intertidal habitats in the upper estuary,
however, modulates the water motion and tidal asymmetry
throughout the estuary (Figs. 13g–i and 14e,f). Moreover, the

strength of these effects is of the same magnitude in both
scenarios, even though intertidal width of the upper-estuary
habitats is smaller than that in the lower part. This means
that compared to the lower-estuary habitats, the upper-estuary
habitats can induce an even larger effect on tidal velocities
and tidal asymmetries if considering the same intertidal
width (hence a larger rB due to estuary convergence), ac-
cording to the sensitivity of intertidal effects to rB derived in
section 3d(1). This implies that the strength of intertidal ef-
fects on estuarine hydrodynamics is determined by the
width ratio between intertidal and channel regions instead
of the intertidal width, as noted by Jay (1991), Hepkema et al.
(2018), and Winterwerp and Wang (2013). The dominant
processes controlling the intertidal effects of upper-estuary
or lower-estuary habitats on the tidal/residual currents and
tidal asymmetries are similar to those in the default experi-
ment (see Figs. 15d–i and E1d–i).

3) ESTUARY CONVERGENCE

By reducing the estuarine convergence length Lb from
30 to 5 km in scenario V, the estuarine hydrodynamics is
strongly modulated by the weakened tidal water motions (see
Fig. F1, pink lines, and Figs. F2a–c). This can be explained by
the characteristics of the tidal wave resonance in the estuary.
In short systems (L 5 25 km), a decrease in Lb makes the sys-
tems move farther from the resonance condition (i.e., the
quarter-wave resonance), hence leading to a weakened pre-
dominant M2 tidal current (Talke and Jay 2020). As a result,
the nonlinear processes (e.g., TRFSD, TF, AC, see Figs. 15j–l)
are substantially weakened, yielding a weakened M4 tidal and
residual water motions. The intertidal effects on sea surface el-
evation, tidal/residual currents, and tidal asymmetries are also
weakened substantially.

When considering a strong width convergence, the presence
of intertidal habitats only slightly modifies the tidal elevation
at each frequency, with the M2 tide amplified, M4 tide damp-
ened, and M0 sea surface increased by less than 0.02 m (Fig. 12).
The M2 tidal currents are enhanced by less than 0.1 m s21

throughout the estuary (Fig. 13j). The M4 tidal currents are en-
hanced by up to 0.03 m s21 on the lower-estuary shoals and
weakened by less than 0.02 m s21 elsewhere (Fig. 13k). The land-
ward residual circulation is strengthened by up to 0.03 m s21 at
the lower-estuary regions between the channel and shoals
(Fig. 13l). The intertidal effects on tidal current, residual circu-
lation, and tidal asymmetries (Figs. 14g,h) in estuaries with a
stronger width convergence show patterns similar to those in
the default experiment, with their dominant processes shown
in Figs. 15j–l and E1j–l.

4) ESTUARY LENGTH

Increasing the estuary length L from 25 to 150 km
(scenario VI) substantially enhances the tidal water motions
(see Fig. F1, gray lines, and Figs. F2d–f). This can be explained
by the wave resonance characteristics in estuaries considered
in this study. Increasing L in short estuaries moves the system
closer to the resonance condition (Talke and Jay 2020), hence
significantly enhancing the predominant M2 tidal currents

FIG. 12. The intertidal effects on the sea surface amplitude at the
(a) M2, (b) M4, and (c) M0 tidal frequencies, in the default experi-
ment (scenario I; blue lines), experiment with a smaller intertidal
width (scenario II; orange lines), experiment with intertidal habi-
tats located partially in the lower (scenario III; purple lines) or up-
per (scenario IV; green lines) estuary, experiment with a stronger
estuary convergence (scenario V; pink lines), and experiment with
a larger estuary length (scenario VI; gray lines), respectively. Note
that the gray y axis on the right is utilized for the long-estuary sce-
nario only.
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together with the first-order M4 and M0 currents driven by the
nonlinear processes (e.g., TRFSD, TF, AC, see Figs. 15m–o).
This is also emphasized by Wei et al. (2022) in their sensitivity
studies on tidal and residual currents to L.

The intertidal effects on estuarine hydrodynamics are also
augmented substantially by increasing L. Contrary to all the
other experiments, the intertidal habitats in the long system
(L 5 150 km) significantly dampen the predominant M2 tide
by up to 0.5 m (Fig. 12a). This can be understood as the re-
duced water depth due to the inclusion of intertidal habitats

moves the system farther from the resonance condition in the
long estuary (Talke and Jay 2020). This indicates intertidal
effects on tidal wave propagation strongly depend on estu-
ary length due to distinct resonance/reflection characteris-
tics of tidal wave propagation in short and long estuaries.
Due to the presence of intertidal habitats, the M4 tide is am-
plified by up to 0.05 m in the lower estuary and dampened
by more than 0.5 m in the upper estuary (Fig. 12b). The re-
sidual sea surface is increased by up to 0.4 m in the upper es-
tuary (Fig. 12c).

FIG. 13. The intertidal effects on the depth-averaged velocity amplitude at the (left) M2, (middle) M4, and (right) M0 tidal frequencies in
scenarios (first row) II, (second row) III, (third row) IV, (fourth row) V, and (fifth row) VI, respectively.
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With the enhanced tidal water motions in the long estuary,
the intertidal habitats strengthen the M2 tidal currents by up
to 0.5 m s21 throughout the estuary (Fig. 13m). This is due to
the enlarged tidal prism as found in the Scheldt Estuary
(Stark et al. 2017), despite the dampened M2 tidal oscillations.
The M4 tidal currents are strongly enhanced in the midestuary

channel and at the lower-estuary shoals by more than 0.2 m s21

(Fig. 13n). This is dominated by the enhanced nonlinear process
TRFSD (Fig. 15m) together with AC and NS (not shown here).
The M4 tidal currents are weakened elsewhere by more than
0.2 m s21 especially in the upper estuary (Fig. 13n) due to
the counteracting effects of the TF-induced M4 tidal current

FIG. 14. The intertidal effects on the tidal skewness indicators (left) gSWA and (right) gPCA in
scenarios (first row) II, (second row) III, (third row) IV, (fourth row) V, and (fifth row) VI,
respectively.

J OURNAL OF PHY S I CAL OCEANOGRAPHY VOLUME 551176

Unauthenticated | Downloaded 09/03/25 10:01 PM UTC



(Fig. 15n) on the TRFSD-induced M4 tidal current as men-
tioned above. The intertidal habitats considerably strengthen
the residual circulation by up to 0.2 m s21, dominated by the
significantly enhanced AC in the long estuary (Fig. 15o).

Different from the other experiments where intertidal
habitats lead to a decreased gSWA throughout the estuary,
these habitats in long estuaries only decrease gSWA in the
lower-estuary channel and increase it elsewhere (Fig. 14i).
This is driven by the TF-induced M4 tidal current (Fig. E1m)
together with the AC-induced M4 tidal current (Fig. E1n)

enhanced by the inclusion of intertidal habitats. The intertidal
effect on gPCA shows similar patterns to those in the default
experiment (Fig. 14j), which is dominated by the AC-induced
residual circulation enhanced by intertidal habitats (Fig. E1o).

4. Discussion

a. Implications of the intertidal–channel interactions

Our results reveal that intertidal habitats can strongly modu-
late estuarine hydrodynamics in tidally dominated, well-mixed

FIG. 15. Depth-averaged M4 tidal velocity due to (left) TRFSD and (middle) TF, along with depth-averaged residual circulation due to
(right) AC in the presence of intertidal habitats in scenarios (first row) II, (second row) III, (third row) IV, and (fourth row) V, respectively.
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estuaries. This has strong implications for the estuarine material
transport and water quality. For instance, the strengthened lat-
eral circulations near the channel shoulders, driven by the
strongly amplified tidal rectification in the presence of intertidal
habitats, can contribute significantly to the channel–shoal sedi-
ment exchange and potentially affect morphological evolution
in both channel and intertidal regions (McSweeney et al. 2016).
Besides, the different responses of the M2, M4, and residual
water motion to the intertidal habitats mean that the rela-
tive importance of different physical processes controlling
the estuarine material transport can be strongly affected by
intertidal habitats. As literature shows, by reducing the mean
water depth, intertidal habitats can amplify the predominant
(e.g., M2) tide in short estuaries [e.g., Darwin Harbor (Li et al.
2012), Xiangshan Bay (Li et al. 2018a) , with L , ;50 km] and
dampen the tide in long [e.g., Scheldt Estuary (Stark et al.
2017), Satilla River Estuary (Zheng et al. 2003), Delaware Bay
(Lee et al. 2017), with L. ;100 km] estuaries. However, inter-
tidal habitats always enhance the predominant tidal currents in
these estuaries due to the enlarged tidal prism by including in-
tertidal water storage areas (Zheng et al. 2003; Li et al. 2017,
2014; Stark et al. 2017). These habitats also tend to strengthen
the residual circulation and increase the lateral variability in the
depth-averaged residual currents (see Fig. 3). This implies that
the presence of these habitats may strengthen the salt/sediment
transport caused by the M2 tidal advection and residual circula-
tion (Wei et al. 2016, 2018; Li et al. 2014).

The strong sensitivity of estuarine dynamics to the position
of intertidal habitats revealed in this study means that re-
claiming/restoring intertidal habitats at different longitudinal
locations can have substantially different impacts on estuarine
dynamics. In particular, the pronounced impact of upper-estuary
intertidal habitats on the lower reach implies that losses of
upper-estuary habitats can significantly influence the dynam-
ics throughout the estuary. Thus, it is crucial to account for
the broader effects of localized intertidal habitat changes on
the entire estuary during the design phase of reclamation or
restoration projects.

More importantly, the intertidal effects on tidal dynamics
significantly vary with estuary length and width convergence,
implying that the role of intertidal regions can differ greatly
from estuary to estuary. The sensitivity of intertidal effects on
the dominant tidal propagation to the estuary length suggests
that climate mitigation measures (e.g., intertidal habitat resto-
rations) may trigger undesired effects in short estuaries (i.e.,
increased tidal range and aggravated flood risks). In long sys-
tems with weak convergence, however, these measures may
effectively dampen tides and thereby have larger flood miti-
gation potential. Meanwhile, climate change and human acti-
vities like the construction of physical barriers (e.g., sluice
gates, weirs) have significantly altered these estuarine charac-
teristics (Talke and Jay 2020), potentially leading to additional
shifts in intertidal effects on estuarine hydrodynamics and the
dominant controlling processes. For example, the steepening/
narrowing of these habitats, caused by either sea level rise or
land reclamation, can weaken residual circulation and reduce
the dominance of advection in the total residual circulation.
This highlights the importance of understanding how intertidal

effects on tidal dynamics respond to changes in estuarine char-
acteristics (e.g., length, convergence) and forcing conditions,
particularly in the context of potential restoration and creation
of intertidal regions for climate mitigation.

A comprehensive understanding of the impact of intertidal
habitats on the channel water motion and its dominant mech-
anisms derived from this study also offers valuable insights
into how various climate mitigation measures could poten-
tially affect estuarine water quality, morphology, and primary
production (Dronkers 2016; Liu and de Swart 2015; Talke
et al. 2009; Zhu et al. 2021).

b. Model limitations and unresolved processes

Our study systematically investigates the impact of inter-
tidal habitats on the tidal and residual water motions in tidally
dominated, well-mixed estuaries. However, it is important to
recognize the constraints inherent in the semianalytical ap-
proach employed in our study, which relies on specific simpli-
fications and assumptions detailed in section 2.

The semianalytical model is tailored for tidally dominated,
well-mixed or weakly stratified estuaries with a small river dis-
charge, where the salinity and vertical eddy viscosity are pre-
scribed to be vertically homogenous and time independent. This
means that the model diagnostically resolves gravitational circu-
lation and disregards the interaction between tides, asymmetric
tidal turbulence, residual circulation, and salt intrusion. How-
ever, tidal variations in the vertical eddy viscosity and diffu-
sivity, driven by temporal changes in vertical shear, stratification,
and water depth, can strongly affect residual circulation and salt
transport (Wei et al. 2021). Another limitation lies in the lineari-
zation of bottom friction, which allows for the examination of
distinct processes but may lead to an overestimation of residual
circulation and overtides (Fig. 3).

There are several other unresolved processes in our model.
For example, the hydrodynamics in the intertidal region is de-
scribed using one-dimensional shallow-water equations, neglect-
ing the influence of lateral variations in intertidal parameters/
variables, such as bottom friction, sea surface gradient, and ve-
locity on interactions between intertidal and channel waters.
This might contribute to the observed differences in the in-
tertidal velocities between the numerical and extended semi-
analytical models (Fig. 4). Also, our idealized model assumes
a linear intertidal bed profile, yet in real estuaries, the profile
can be concave up or convex up (Friedrichs 2011). This im-
plies that the intertidal effects derived in this study might be
either underestimated or overestimated due to the simplified
representation of intertidal bathymetry. In estuaries consid-
ered in this study, the intertidal habitats affect the tidal and
residual water motions mostly through changing the total es-
tuarine tidal prism (appendix D, section b). However, since
both the mean water depth and tidal prism are altered after
including intertidal habitats, the individual impacts of inter-
tidal habitats on estuarine water motion through modulating
the mean water depth, tidal prism, or nonzero water exchange
cannot be explicitly isolated in our results.

Last but not least, the sensitivity analysis in our study may
yield different results when considering a different set of
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estuary parameters (e.g., geometry, bathymetry, and bottom
friction) (Alebregtse et al. 2013; Friedrichs and Aubrey 1994;
Li et al. 2016). For example, the strength of bed friction and
the rate of topographic convergence determine tidal proper-
ties in estuaries predominantly (Jay 1991), which causes tides
to be dampened by intertidal habitats in frictionally domi-
nated systems but amplified by these habitats in less frictional
estuaries (Li et al. 2016). A steeper channel–shoal bathymetric
structure can lead to tidal amplification (Ensing et al. 2015) and
reinforce intertidal effects through the increased water ex-
change resulting from enhanced tidal motions and lateral cur-
rents (Zhou et al. 2020). Also, by focusing on exponentially
converging estuaries in our experiments, the intertidal effects
on estuarine circulation in small estuaries with strong channel
curvature (Tao and Zhu 2022) are not considered. Finally, Cori-
olis effects are found to be minor in this study (not shown), but
they can lead to strong secondary circulation and interactions
between intertidal and channel waters in larger, wider estuaries
(Huijts et al. 2006). A more comprehensive understanding of
the impact of intertidal habitats on estuarine dynamics necessi-
tates the exploration of a broader range of parameter space in
future studies.

5. Conclusions

In this study, we extended a three-dimensional semianalyti-
cal model to investigate the influence of intertidal habitats on
estuarine hydrodynamics in tidally dominated, well-mixed es-
tuaries, with a particular focus on the interaction between in-
tertidal and channel waters. The results obtained from our
extended semianalytical model were compared with those from
a numerical Delft3D model, demonstrating a good reproduc-
tion of tidal and residual water motion in both the channel and
intertidal regions.

By comparing the tidal and residual water motions between
estuaries with and without intertidal habitats, we found that
intertidal habitats can notably affect estuarine hydrodynam-
ics. In the short estuary considered in our default experiment,
intertidal habitats amplify and delay the predominant M2

tides and currents, leading to a significantly strengthened M4

and M0 water motion as a result of enhanced nonlinear pro-
cesses such as tidal rectification (AC) and tidal return flow
(TRFSD). Lateral water exchange between the intertidal and
channel regions results in a new M4 and M0 contribution
(TF). The TF-induced M4 tidal current dampens the total
M4 tidal motion in the channel because it is out of phase
with the dominant M4 contributions. Elsewhere, intertidal
habitats enhance the M4 tidal current due to the increased
contributions of AC and the shear-free surface condition
(NS). The residual circulation is dominated by AC and NS
in the absence of intertidal habitats, with an inflow in the
channel and outflow on the shoals. Inclusion of intertidal
habitats considerably shifts the pattern and strength of the
residual circulation due to the strengthened AC, resulting in
a strong inflow at the regions between the channel and
shoals and outflow in the channel.

Intertidal habitats strongly affect tidal asymmetry due to their
impact on the M2, M0, and M4 tidal motions. The TF-induced

M4 tidal motion results in an increased duration of low water
slack and an increased peak ebb velocity, thereby promoting
ebb dominance throughout the estuary. Meanwhile, the en-
hanced AC due to intertidal habitats increases the peak flood
velocity and promotes flood-dominant peak current at the re-
gions between the channel and shoals. In the channel and on
the shoals, however, AC tends to promote ebb dominance in
the peak current.

The influence exerted by intertidal habitats is sensitive to
the characteristics of intertidal habitats and estuaries. By halv-
ing the intertidal habitat width, the intertidal effects on the
water motion, tidal asymmetry, and water exchange between
intertidal and channel regions are halved. Relocating inter-
tidal habitats from the lower estuary to the upper estuary
brings about substantial alterations in the channel water mo-
tion. Lower-estuary intertidal habitats primarily affect only
the lower reach surrounded by these habitats, while the ef-
fects of the upper-estuary habitats are considerable through-
out the estuary. By increasing the estuary width convergence
rate, the abovementioned intertidal effects are substantially
weakened. More importantly, the roles of intertidal habitats
on tidal dynamics strongly vary with the estuary length. By in-
creasing the estuary length, the intertidal habitat leads to damp-
ing of the predominant M2 tide and strengthened M2 tidal
currents in long estuaries, where intertidal effects become much
stronger than those in short estuaries.

Our study reveals the complex interactions between intertidal
and channel hydrodynamics, highlighting the potential impor-
tance of intertidal habitats to estuarine material transport. The
strong sensitivity of intertidal effects to intertidal and estuarine
characteristics suggests that future intertidal habitat changes
can significantly influence the estuarine ecosystems and their re-
sponses to climate change and human interventions.
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APPENDIX A

Governing Equations of Intertidal Water Motion

The three-dimensional shallow-water motion equations
[Eqs. (1)–(3)] are first used to describe the 3D intertidal
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dynamics, where h and U 5 (u, y , w) also represent the 3D
intertidal sea surface elevation and velocities. Then, the one-
dimensional governing equations for the water motion in the in-
tertidal regions are derived by averaging the three-dimensional
shallow-water equations over the intertidal cross section.

As a first step, the continuity and momentum equations
integrated from z 5 2h to z 5 h are derived. Then, these
equations are integrated from the interface (­FV) y 5 B/2
to the time-varying shoreline y 5 Bt/2 and divided by the
area of the intertidal cross section. This yields the cross-
sectionally averaged equations for the intertidal water motion.
Note that the Coriolis deflection term in the intertidal momen-
tum equation (i.e., fy) is assumed to be negligible.

a. Linear assumption of intertidal sea surface elevation

Based on the linear intertidal surface elevation (Fig. A1,
blue line), the intertidal cross-sectionally averaged water level
hf is derived from the intertidal cross-sectional area Af, with
intertidal water storage unchanged (i.e., two triangular areas
are identical in Fig. A1):

Af 5

�Bt /2

B/2
(h 1 h)dy 5

(hf 1 h)2
2[2hf /Bf 2 sign(y)­yh]

5 Bf

(hf 1 hf )2
4hf

, at (x, y) 2 ­FV? (A1)

Taking the square root of Eq. (A1) yields hf as a function of h
at­FV [Eq. (9)].

b. Intertidal continuity equation

The depth-integrated continuity equation reads

�h
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Then, the intertidal cross-sectional integral of the continuity
equation is derived as�Bt /2
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with the intertidal cross-sectionally averaged velocity

uf 5
1
Af

�Bt /2

B/2

�h

2h
u dz dy: (A4)

Here, the lateral water transport Fn across the interface ­FV

reads

Fn 5

�h

2h
uh ? nh dz, with nh 5

1
a

2
1
2
dB
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, sign(y)
[ ]

at (x, y) 2 ­FV, (A5)

and the term a is associated with the estuary width convergence

a 5

����������������
1 1

1
4

dB
dx

( )2√
: (A6)

The depth-integrated flux at the time-varying shoreline
y 5 6Bt/2 is equal to zero due to zero total water depth
here. Substituting Eqs. (A1) and (A4) into Eq. (A3) yields the
one-dimensional intertidal continuity equation as shown in
Eq. (10).

c. Intertidal momentum equation

In this section, the different terms in the momentum
equation [Eq. (2)] integrated over the intertidal cross
section are derived.

The depth-integrated inertia term in Eq. (2) reads�h
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The intertidal cross-sectional integral of the inertia term
becomes

FIG. A1. Sketch of the intertidal cross section with the linearly
varying intertidal surface elevation (blue line) and uniform cross-
sectionally averaged water level (black horizontal line).
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with the cross-sectional integral of (u 2 uf) (u 2 uf) induced by
the cross-sectional variation of current velocities over intertidal
habitats assumed to be minor and hence neglected (Speer 1984).
Here, the lateral momentum transport Mn across the interface
­FV reads

Mn 5

�h

2h
(uh ? nh)u dz, at (x, y) 2 ­FV: (A9)

Applying the dynamic boundary conditions [Eqs. (7) and (8)],
the depth-integrated vertical shear stress is derived as�h
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The intertidal cross-sectional integral of the vertical mixing
term becomes�Bt /2
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with the overbar ? means the intertidal width average, hence
sf 5 su|z52h /uf measuring the average strength of bottom fric-
tion over intertidal habitats. Also, the intertidal cross-sectional
integral of the barotropic term reads�Bt /2
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with the cross-sectional integral of [­(h 2 hf )]/­x induced
by the correlations between the lateral structures of the
longitudinal surface gradient and the total water depth
over intertidal habitats assumed to be negligible (Speer
1984).

The intertidal cross-sectional integral of the baroclinic
term is derived by assuming the longitudinal density gradi-
ent to be cross-sectionally uniform:
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with ­xrf as the intertidal cross-sectionally averaged den-
sity gradient. Finally, dividing the above-derived cross-
sectionally integrated terms in the momentum equation by Af

yields the one-dimensional intertidal momentum equation
[Eq. (11)].

APPENDIX B

Scaling Analysis

A perturbation method is utilized to solve the channel
water motion equations coupled with intertidal water mo-
tion equations, scaling physical variables with their typi-
cal scales:

t̃ 5 st, (x̃, ỹ, B̃f ) 5 (x, y, Bf )/L, (ũ, ỹ , ũf ) 5 (u, y , uf )/U,

(h̃, h̃f ) 5 (h, hf )/amM2
, (z̃, h̃, h̃f ) 5 (z, h, hf )/H,

­x̃ r̃f 5­xrf /rH: (B1)

Here, the nondimensional variables are indicated by tilde
(;), with U 5 esL as the typical longitudinal tidal velocity, e
as the ratio of the mean M2 tidal amplitude amM2

to the mean
water depth H at the seaward boundary, L as the estuary
length, and rH as the typical longitudinal density gradient [see
details in Kumar et al. (2016, 2017)]. The dimensionless form
of the channel water motion equations is the same as those
derived by Kumar et al. (2016), while the new scaled bound-
ary condition at the interface­FV and the intertidal water mo-
tion equations are derived below.

a. Intertidal water motion equations

The dimensionless intertidal water motion equations
[Eqs. (10) and (11)] reads

­

­x̃
ũf

h̃f B̃f (1 1 eh̃f /h̃f )2
4

[ ]
1

B̃f (1 1 eh̃f /h̃f )
2

­h̃f

­t̃
2 aF̃ n 5 0,

(B2)

­ũf

­t̃
1 eũf

­ũf

­x̃
2 4ea

M̃n 2 ũf F̃ n

B̃f h̃f (1 1 eh̃f /h̃f )2

52
gH
s2L2

­h̃f

­x̃
2

gHrH
r0sU

h̃f 1 eh̃f

3

­r̃f
­x̃

2
2sf
Hs

ũf

(h̃f 1 eh̃f )
, (B3)

with the dimensionless lateral water and momentum exchange
across the interface­FV:
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F̃ n 5
Fn

UH
5

� eh̃

2h̃
~uh ? nh dz̃ 5

�0

2h̃
~uh ? nh dz̃ 1 eh̃~uh|z̃50 ? nh,

(B4)

M̃n 5
Mn

U2H
5

�eh̃

2h̃
ũ~uh ? nh dz̃ 5

�0

2h̃
ũ~uh ? nh dz̃ 1 eh̃ũ~uh|z̃50 ? nh:

(B5)

Following Kumar et al. (2016), the barotropic term gH/s2L2

and the friction term 2sf/Hs are at O(1), while the baroclinic
term gHrH/r0sU is atO(e). The term a associated with the es-
tuary width convergence is considered as O(1). The nonlinear
term 1/(h̃f 1 eh̃f ) in the intertidal water motion equations is
expanded asymptotically in h̃f e/h̃f :

1

h̃f 1 eh̃f

5
1

h̃f

2 e
h̃f

h̃2
f

1 O(e2): (B6)

Combining Eqs. (B2)–(B6) with the asymptotical expansion of
physical variables Eq. (15), the intertidal water motion equa-
tions at each order of e are derived [Eqs. (19) and (24)].

b. Linear assumption of intertidal sea surface elevation

Assuming the slope of the intertidal habitat (2hf/Bf ; 1023)
much larger than the lateral gradient of the surface elevation
­yh (;1025), the square root term in Eq. (9) can be asymptot-
ically expanded in ­yh/(2hf/Bf) (,,1):

hf ’ h 1 sign(y) hf 1 h

4hf /Bf

­h

­y
1

3hf
8(2hf /Bf )2

­h

­y

( )2
, (B7)

with second and higher orders neglected. The last two terms
on the right-hand side show that the relationship between the
intertidal surface elevation hf and the channel surface eleva-
tion h strongly depends on the intertidal habitat width and
the water depth at the side boundary ­FV. The dimensionless
form of Eq. (B7) reads

h̃f 5 h̃ 1 sign(ỹ) h̃f 1 h̃e

4h̃/B̃f

­h̃

­ỹ
1

3h̃f

8
­h̃

­ỹ

( )2
e: (B8)

By combining Eqs. (15) and (B8), the leading-order and first-order
forms of the linear assumption can be derived, respectively:

hfM2

5 hM2
1 sign(y)Bf

4

­hM2

­y
, (B9)

hfMj

5 hMj
1 sign(y)Bf

4

­hMj

­y
1 dMj︸︷︷︸

TF

: (B10)

Here, dMj
is the modification of the intertidal surface eleva-

tion generated by the nonlinear effect of the leading-order
water motion (contributing to the TF process, i.e., nonlinear
intertidal interactions):

dMj
5 sign(y)

hM2

4hf /Bf

­hM2

­y
1

3hf
8(2hf /Bf )2

­hM2

­y

­hM2

­y
: (B11)

c. Intertidal boundary conditions

The dimensionless seaward boundary condition in the in-
tertidal region [Eq. (13)] reads

h̃f 5
af
M2

amM2

cos(t̃) 1 af
M4

amM2

cos(2t̃ 2 uf ) 1 af
M0

amM2

: (B12)

The landward boundary condition [Eq. (14)] reads

ũf 5
Rf

i

U
: (B13)

Here, af
M2

/amM2
is assumed to be at O(1), and af

M4
/amM2

, af
M0

/amM2
,

and Rf
i /U are considered to be at O(e) in tidally dominated

estuaries considered in this study.

APPENDIX C

Finite Element Method

The finite element method is utilized to solve the elliptic
equation for the water level at each order of e. As a first step,
the weak form of the governing equations for the water levels
in the channel and intertidal regions are derived. Then, these
weak formulations are discretized within the model domain.

a. Leading-order water motion

The weak form of the leading-order M2 water motion
equation is derived by multiplying Eq. (38) with a test func-
tion V, integrating it over the channel model domain V, and
applying the corresponding boundary conditions [Eq. (39)]
and integration by parts. It yields

0 5

��
V

[= ? (DM2
=ĥM2

) 1 isĥM2
]Vdx dy

52

��
V

(DM2
=ĥM2

) ? =V dx dy 1

�
­FV

F̂nM2

V ds

1

��
V

isĥM2
V dx dy, (C1)

with the test function V 5 0 at ­SV. The second term on the
right-hand side of the equation is induced by the nonzero lat-
eral water exchange between intertidal and channel regions,
and it is derived according to Eq. (30) and corresponding
boundary conditions [Eq. (20)]:�

­FV

F̂nM2

V ds 5
�
­FV

isBf

2a
ĥfM2

V ds 2
bM2

hfBf

4a

­ĥfM2

­x
­V
­x

ds:

(C2)

Then, the channel domain is discretized using triangles as
detailed in Shewchuk (1996), with N nodes in the interior
or at the side/landward boundaries (unconstraint nodes) and
M nodes located at the seaward boundary (constraint nodes).
The one-dimensional intertidal model domain is also discre-
tized using line segments, with Nf being the number of nodes
in the interior including the landward boundary and Mf being
the number of nodes at the seaward boundary. Here, Mf is
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equal to 2 or 0 when the seaward limit of intertidal habitats is
located at the estuary mouth or in the interior estuary. Fol-
lowing Kumar et al. (2016), the unknown complex ampli-
tude of the sea surface elevation in the channel and
intertidal regions is approximated by the continuous piece-
wise polynomials:

(ĥM2
, ĥMj

) 5 ∑
P

k51
(ĥM2k

, ĥMj
k

)fk;

(ĥfM2

, ĥfMj

) 5 ∑
P1Pf

k5P11
(ĥfM2k

, ĥfMjk

)fk: (C3)

Here, fk indicates the Lagrange basis function, which is equal
to 1 at node k and 0 at other nodes; P 5 N 1 M and
Pf 5 Nf 1 Mf are the total nodes of the channel and intertidal
model domains, respectively. Since the intertidal and channel
water levels atM1 Mf constraint nodes are provided by the sea-
ward boundary conditions [see Eqs. (39a) and (42a)], we have
N1 Nf unknown variables in Eq. (C3) at each order.

By substituting Eq. (C3) into Eq. (C1) and taking V 5 fi,
the discretized governing equation for ĥM2

is derived as

0 52∑
P

k51
ĥM2k

��
V

DM2
=fk ? =fi dx dy

1 ∑
P

k51
ĥM2k

��
V

isfkfi dx dy

2 ∑
P1Pf

k5P11
ĥfM2k

�
F

bM2
hfBf

4a
­fk

­x
­fi

­x
ds

1 ∑
P1Pf

k5P11
ĥfM2k

�
­FV

isBf

2a
fkfi ds: (C4)

This yields N equations (for i 5 1, 2, … , N) with N 1 Nf un-
known numbers. Hence, another Nf equations are needed to
solve this system. According to the linear assumption of the in-
tertidal water level (appendix B, section b), these equations
are derived by deriving the weak form of Eq. (B9) that links
ĥfM2

to ĥM2
at the interface­FV:

∑
P1Pf

k5P11
ĥfM2k

�
­FV

fkf ids 5 ∑
P

k51
ĥM2k

�
­FV

fk 1
Bf sign(y)

4
­fk

­y

[ ]
fi ds,

(C5)

with i 5 P 1 1, P 1 2, … , P 1 Nf. Therefore, the linear
closed system of equations for the leading-order water motion
can be solved.

b. First-order water motion

Likewise, the weak form of Eq. (40) for the first-order
water motion is derived by multiplying it with the test func-
tion V, integrating it over the channel model domain V,
and applying the corresponding boundary conditions [Eq. (42)]
and integration by parts. It yields

0 5

��
V

[= ? (DMj
=ĥMj

1 F) 1 isjĥMj
1 FV

TRFSD]V dx dy

52

��
V

(DMj
=ĥMj

1 F) ? =V dx dy

1

�
­FV

(F̂nM j

2 F­V
TRFSD)V ds

1

�
­RV

(Ri 2 F­VTRFSD)V ds 1
��

V

isjĥMj
V dx dy

1

��
V

FV
TRFSDV dx dy: (C6)

Here, the nonzero lateral water exchange term is derived by
integrating Eq. (36) over ­FV and applying corresponding
boundary conditions [Eq. (26)]:�

­FV

F̂nM j

V ds 5
�
­FV

isjBf

2a
ĥfMj

1
f cTF
a

( )
V ds 1

hfBf

2
Rf

i V

2

�
­FV

hfBf

4a
bMj

­ĥfMj

­x
1 fmGC 1 fmTF

( )
­V
­x

ds: (C7)

By substituting Eq. (C3) into Eq. (C6) and taking V 5 fi, the
discretized governing equation for ĥMj

is derived as

2∑
P

k51
ĥMj

k

��
V

DMj
=fk ? =fi dx dy 1 ∑

P

k51
ĥMj

k

��
V

isjfkfi dx dy 2 ∑
P1Pf

k5P11
ĥfMj

k

�
­FV

bMj
hfBf

4a
­fk

­x
­fi

­x
ds

1 ∑
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k5P11
ĥfMj

k

�
­FV

isjBf

2a
fkfi ds

5

�
­FV

hfBf f
m
TF

4a
­fi

­x
ds 2

�
­FV

f cTF
a

fi ds︸��������������������︷︷��������������������︸
TF

1

��
V

F ? =fi dx dy︸��������︷︷��������︸
GC1AC1NS

1

�
­FV

hfBf f
m
GC

4a
­fi

­x
ds︸����������︷︷����������︸
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�
­RV

Rifi ds 2
hfBf

2
Rf

ifi︸�������������︷︷�������������︸
RD

1

�
­FV
⋃

­RV

F­VTRFSDfi ds 2
��

V

FV
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: (C8)
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This yields N equations (for i 5 1, 2, … , N) with N 1 Nf

unknown numbers. The other Nf equations are then derived
from the discretized weak form of the relationship between
ĥfMj

and ĥMj
at ­FV [see Eq. (B10)]:

∑
P1Pf

k5P11
ĥfMj

k

�
­FV

fkfi ds

5 ∑
P

k51
ĥMj

k

�
­FV

fk 1
Bf sign(y)

4
­fk

­y

[ ]
fi ds 1

�
­FV

d̂Mj
fi ds︸�����︷︷�����︸

TF

,

(C9)

with i 5 N 1 1, N 1 2, … , N 1 Nf and dMj
5R{d̂Mj

eisj t} [see
Eq. (B11)]. Therefore, the linear algebraic equations can be
solved for each forcing term separately in the first-order
system.

APPENDIX D

Model Comparison

a. Model validation

All parameter settings are the same in the numerical
Delft3D model and the semianalytical model. However,
unlike the semianalytical model that considers a linearized
bed shear stress, the Delft3D model uses the quadratic
friction law. To ensure consistency between the two mod-
els, the tidally averaged energy dissipation integrated over
the intertidal and channel domains of the numerical model
(as a function of the Chezy coefficient) is required to be
the same as that in the semianalytical model (Hepkema
et al. 2018; Lorentz 1926; Terra et al. 2005). This yields
the Lorentz linearization condition��

V

h g
C2 |u*|u2*i dx dy 5

��
V

hsu2*idx dy, (D1)

�L

0
hBf

g
C2

f

|uf |u2f idx 5

�L

0
hBf sf u

2
f idx: (D2)

Here, h?i denotes the tidal average; C and Cf are the Chezy co-
efficients in the channel and intertidal regions, respectively; and
u* 5 u|z52h is the bottom frictional velocity in the 3D channel
model domain. Based on semianalytical model results and
Eqs. (D1) and (D2), the Chezy coefficients C and Cf in the
numerical model are calculated. Note that only the longitudi-
nal tidal current at the M2 tidal frequency is considered in Eqs.
(D1) and (D2) because the lateral and higher-order currents are
much weaker than the leading-order longitudinal currents.

The spatial patterns of the depth-averaged currents at
each tidal frequency qualitatively agree in both models, as
shown in Fig. 3. The lateral and vertical distributions of the
tidal current and residual circulation are also well repro-
duced by the extended semianalytical model in comparison
with the numerical model in the presence of intertidal habi-
tats (Fig. D1).

b. Role of changes in tidal prism

When comparing our extended semianalytical model with
that of Kumar et al. (2017), the tidal prism is changed by
including intertidal regions as mentioned in section 2b(1).
To understand the role of tidal prism associated with the in-
clusion of intertidal habitats in estuaries dynamics, we in-
vestigated the differences between the two models: one
with and one without intertidal habitats, while considering
the same tidal prism. Since the tidal prism is enlarged by a
factor of rB due to the presence of intertidal habitats, the
estuary width in the experiment without intertidal habitats is
increased by a factor of rB to maintain the same tidal prism.
Other parameters are the same as those used in the default ex-
periment with intertidal habitats (Table 2). The depth-averaged
velocities obtained from the experiments with and with-
out intertidal regions are shown in Fig. D2. The semidiur-
nal, quarter-diurnal, and residual currents show similar
patterns between the experiments with and without inter-
tidal habitats (see Fig. D2), when the tidal prism is kept un-
changed. This implies that, in estuaries considered in this
study, the intertidal areas influence the tidal and residual wa-
ter motions mostly through changing the tidal prism.
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FIG. D1. Cross-sectional distribution (at x5 5 km) of the tidal and residual velocity obtained from (left) the numerical model with inter-
tidal habitats, (middle) the semianalytical model with intertidal habitats, and (right) the semianalytical model without intertidal habitats at
(a)–(c) M2, (d)–(f) M4, and (g)–(i) M0 tidal frequencies, respectively. The blank spaces near the surface and bottom in the first column re-
sult from the discontinuous time series above the low tide and the inadequate resolution of the sigma-layer near the bottom.
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APPENDIX E

Tidal Asymmetry Decomposition

Since the M0 and M4 water levels and currents (ĥM4
, ûM4

,
and uM0

) result from different contributions, as shown in

Eqs. (45) and (46), the three skewness indicators [Eq. (52)] are
also controlled by different processes at each tidal frequency:

gTDA 5 aTDAI ĥM4
e
2iu ˆ̂hM2

{ }
, (E1)

gSWA 5 aSWAI ûM4
e
2iuûM2

{ }
, (E2)

gPCA 5 aPCA
M4

R ûM4
e
2iuûM2

{ }
1 aPCA

M0
uM0

, (E3)

with

aTDA 5

3
2
|ĥM2

|2

1
2
(|ĥM2

|2 1 4|ĥM4
|2)

[ ]3/2 , (E4)

aSWA 5

3
2
|ûM2

|2

1
2
(|ûM2

|2 1 4|ûM4
|2)

[ ]3/2 , (E5)

FIG. D2. Depth-averaged velocity obtained from the experiments (left) with no intertidal habitats and (right) with
intertidal habitats at the (a)–(d) M2, (e),(f) M4, and (g),(h) M0 tidal frequencies, considering the same tidal prism as in
the default experiment. Gray areas represent the intertidal regions.
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aPCA
M4

5

3
4
|ûM2

|2

1
2
(|ûM2

|2 1 |ûM4
|2) 1 (uM0

)2
[ ]3/2 , (E6)

aPCA
M0

5

3
2
(|ûM2

|2 1 |ûM4
|2) 1 (uM0

)2
[ ]
1
2
(|ûM2

|2 1 |ûM4
|2) 1 (uM0

)2
[ ]3/2 : (E7)

Here, |ĥM2
|, uĥM2

, |ĥM4
|, and uĥM4

indicate the amplitude and

phase of the M2 and M4 tidal elevations; |ûM2
|, uûM2

, ûM4
, and

uûM4

represent the amplitude and phase of the M2 and M4

tidal velocities; and I{?} denotes the imaginary part of a com-
plex variable. The dominant processes that control the intertidal
effects on tidal asymmetry for five sensitivity experiments are
shown in Fig. E1.

FIG. E1. Intertidal effects on gSWA due to M4 tidal currents driven by (left) TF and (middle) AC, and on gPCA due to M0 residual circu-
lation driven by (right) AC, in sensitivity scenarios (first row) II, (second row) III, (third row) IV, (fourth row) V, and (fifth row) VI,
respectively.
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APPENDIX F

More Convergent and Long Estuary Scenarios

As the results without intertidal habitats in less convergent
and short-estuary experiments (i.e., scenarios I–IV) have been
already shown in Figs. 3 and 6, this section shows the no-
habitat results of water level (Fig. F1) and tidal/residual
currents (Fig. F2) in more convergent (scenario V) and
long-estuary (scenario VI) experiments.

FIG. F1. The sea surface amplitude with (solid lines) and without
(dashed lines) intertidal regions at the (a) M2, (b) M4, and (c) M0

tidal frequencies in the experiment with a stronger estuary conver-
gence (scenario V; pink lines) and experiment with a larger estuary
length (scenario VI; gray lines), respectively. Note that the gray y
axis on the right is utilized for the long estuary scenario only.
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