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Abstract Tidal waves traveling into estuaries are modified by channel geometry and river flow. The
damping effect of river flow on incident astronomical tides is well documented, whereas its impact on
low‐frequency tides like MSf and Mm is poorly understood. In this contribution, we employ a numerical
model to explore low‐frequency tidal behavior under varying river flow. MSf and Mm are locally generated
by frictional mechanisms inside an estuary, and they are larger in amplitude far upstream in tidal rivers and
persist landward of the point of tidal extinction. Increasing river flow nonlinearly modulates the
longitudinal variations of MSf and Mm amplitudes. This is dynamically explained by flow‐enhanced
asymmetry in subtidal friction over the spring‐neap (MSf) and perigee‐apogee (Mm) cycles, respectively.
Estuaries act as frequency filters, where low‐frequency waves decay at a smaller rate and propagate more
inland than high‐frequency waves. Strong inland penetration of low‐frequency tides informs compound
flood management.

1. Introduction

Tides are an important force driving coastal water motions and the associated transport of sediment and con-
taminants. Examining tidal wave dynamics and long‐wave dynamics is vital for coastal management related
to coastal floods, fisheries, habitat, and navigation (Kukulka & Jay, 2003; Moftakhari et al., 2017). It has long
been understood that tidal waves traveling into shallow estuaries are altered in amplitude and shape due to
bottom friction, channel convergence, and river discharge (Cai et al., 2014; Friedrichs & Aubrey, 1994;
Godin, 1985; Lanzoni & Seminara, 1998; Savenije et al., 2008). Nontidal forcing such as river discharge mod-
ulates tidal wave propagation and deformation. A river flow slows down the incident waves but speeds up
the reflected waves (Godin, 1985, 1991; van Rijn, 2011). River flow also enhances wave deformation by
prolonging falling tides and shortening rising tides (Godin, 1999; Jay & Flinchem, 1997; Toffolon &
Savenije, 2011). Distorted tidal waves are represented by superimposition of more than one constituent, such
as M2 and its harmonics M4, M6, and M8, where M2 is the largest lunar constituent and the others are forced
overtides. These supratidal oscillations have been extensively examined because of their roles in generating
tidal asymmetry and consequent influence on sediment transport and estuarine morphology (Gallo &
Vinzon, 2005; Godin, 1999; Guo et al., 2016; LeBlond, 1991; Wang et al., 1999, 2002). M4 amplitude tends
to be larger with significant river discharge than in the tide‐only situation, because of enhanced nonlinear
river‐tide interactions (Guo et al., 2015).

The frictional interaction of tides and river flow has other manifestation as well. The mean water level
(MWL) has been widely observed to be higher at spring tides than neap tides in tidal river regions of river
estuaries, for example, in the Amazon River (Gallo & Vinzon, 2005), Changjiang River (Guo et al., 2015;
Zhang, Cao, et al., 2018), Pearl River (Luo et al., 2020; Zhang, Sun, et al., 2018), Columbia River (Jay
et al., 2011, 2014), Mahakam River (Buschman et al., 2009; Sassi & Hoitink, 2013), and St. Lawrence River
(Godin, 1999). Guo et al. (2015) and Hoitink and Jay (2016) even used this characteristic as a means to define
the boundary between tidal river and tidal estuary sections of a river estuary. This fortnightly variation in
MWL is ascribed to the MSf tide constituent (a tidal period of 14.7653 days). While there is a small

©2020. American Geophysical Union.
All Rights Reserved.

RESEARCH LETTER
10.1029/2020GL089112

Key Points:
• High river flow stimulates local

generation of significant
low‐frequency tides particularly in
upstream tidal river part of estuaries

• Varying river flows nonlinearly
modulate longitudinal variations of
MSf amplitude by enhancing
fortnightly asymmetry in subtidal
friction

• Strong inland penetration of
low‐frequency tidal waves and
surges beyond the limit of incident
waves informs management of
compound flood

Supporting Information:
• Supporting Information S1

Correspondence to:
L. Guo,
lcguo@sklec.ecnu.edu.cn

Citation:
Guo, L., Zhu, C., Wu, X., Wan, Y., Jay,
D. A., Townend, I., et al. (2020). Strong
inland propagation of low‐frequency
long waves in river estuaries.
Geophysical Research Letters, 47,
e2020GL089112. https://doi.org/
10.1029/2020GL089112

Received 9 JUN 2020
Accepted 22 SEP 2020
Accepted article online 28 SEP 2020

GUO ET AL. 1 of 11

https://orcid.org/0000-0002-1261-2536
https://orcid.org/0000-0003-0735-9895
https://orcid.org/0000-0002-6196-4167
https://orcid.org/0000-0003-2101-3858
https://orcid.org/0000-0002-8787-4530
https://orcid.org/0000-0002-9282-4968
https://doi.org/10.1029/2020GL089112
https://doi.org/10.1029/2020GL089112
http://dx.doi.org/10.1029/2020GL089112
http://dx.doi.org/10.1029/2020GL089112
http://dx.doi.org/10.1029/2020GL089112
mailto:lcguo@sklec.ecnu.edu.cn
https://doi.org/10.1029/2020GL089112
https://doi.org/10.1029/2020GL089112
http://publications.agu.org/journals/


astronomically generated MSf, virtually all of the fortnightly energy in a river estuary is locally generated by
nonlinear interactions.

A limited number of past studies have examined the low‐frequency MSf tide and its impact in causing sub-
tidal water level variations (Aubrey & Speer, 1985; Godin, 1991; Jay et al., 2014; LeBlond, 1979; MacMahan
et al., 2014; Parker, 1984; Sassi & Hoitink, 2013), but its dynamic behavior and spatial evolution in response
to varying rive discharges have received limited attention. This is probably because the low‐frequency tides
are not accurately resolved by the harmonic analysis method when significant nonstationary river discharge
influence is present (Hoitink & Jay, 2016; Matte et al., 2013). Analyzing MSf is technically challenging
because it is modulated by nonstationary flow and coastal processes and usually manifests as a band of
energy, not the sharp peak assumed by conventional harmonic analysis (Dronkers, 1964; Jay &
Flinchem, 1997; Matte et al., 2013, 2014). Although complementary methods, such as the continuous wave-
let transform and newly developed NS_TIDE and S_TIDE functions (Matte et al., 2013; Pan et al., 2018),
have been applied, low‐frequency tides and their dynamics are still insufficiently understood (Guo
et al., 2015, Jay et al., 2014).

The Changjiang Estuary provides a useful example of MSf propagation, in part because river flow does not
vary strongly on monthly timescales, facilitating estimation of nonlinear tidal motions. The astronomical
tidal wave propagates 700 km inland, and the system is divided into a tidal river (Datong to Jiangyin) and
a tidal estuary (from Jiangyin seaward) (Figure 1a). The river discharge detected at the tidal wave limit,
Datong, varies seasonally between ~10,000 and ~60,000 m3/s, and the maximum tidal range is ~5.5 m at
Niupijiao (Figure 1; Guo et al., 2015). MWL is significantly higher at spring tide during the wet season
(May to September), particularly in the tidal river (supporting information Figure S4).

Harmonic analyses using the T_TIDE software (Pawlowicz et al., 2002) during periods of relatively constant
river flow show that the astronomical M2 and S2 constituents are slightly amplified near the mouth because
of reduced water depth in the landward direction and then progressively damped inside the estuary owing to
friction and river discharge (Figures 1b and 1c). A significant M4 overtide is generated inside the estuary, and
its amplitudes display nonlinear variations with river discharge (see Figure S5). Compound tides such as
MS4 and MSf are small in amplitude near the mouth but become significant inside the estuary as well, exhi-
biting longitudinal variations that are distinct from the astronomical constituents. TheMSf amplitude is con-
siderably larger throughout the estuary under a high river flow than during low river periods, and it is also
larger than the overtideMS4 during the high river flow period, at least landward of about km 500 (Figure 1e).
Similarly, notable MSf tides are detected in the Amazon Estuary, for example, 0.25 m in amplitude at its tidal
limit (Gallo & Vinzon, 2005; see Figure S6), and in the Pearl River Delta (Luo et al., 2020). However, how the
low‐frequency tides behave under varying river discharges and what controls their spatial and dynamic
behaviors remain open questions.

Nonlinearity enters tidal systems through the gradient term in the continuity equation and the advection
and friction terms in the momentum equation (Parker, 1984, 1991; Speer & Aubrey, 1985; Wang et al., 1999;
see section S1). Friction is one of the most important nonlinear effects, and it reduces tidal amplitude and
wave celerity in the landward direction (Godin, 1991; Godin & Gutierrez, 1986; Proudman, 1953).
Nonlinearity also leads to internal generation of new harmonics and subsequent wave deformation
(Parker, 1984, 1991; Proudman, 1953; Wang et al., 1999). Analytical solutions of tidal wave equations have
provided a basic framework for our understanding of tidal dynamics (Friedrichs & Aubrey, 1994; Jay, 1991;
Lanzoni & Seminara, 1998; Savenije, 2005). These solutions treat tidal propagation as a sinusoidal wave
when omitting friction (Green, 1837) or using an iterative polynomial friction representation
(Dronkers, 1964; Godin & Gutierrez, 1986; Jay, 1991). But a numerical approach, as used here, provides a
more accurate treatment of nonlinearities (van Rijn, 2011). It allows us to explore the spatial evolution of
the low‐frequency tides in a long river estuary and the controlling effect of river discharge.

2. Model Setup and Settings

We construct a schematized 1‐D estuarine model based on the Delft3D software (Figure S1). The model
solves the shallow water equations, and it has been widely validated and used in river, estuary, and coastal
environments (Lesser et al., 2004). To ensure complete tidal damping and retrieval of low‐frequency tides,
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the model domain is extended to be 1,000 km long with a weakly convergent upstream segment (km 0 to km
600, width varying from 1 to 2 km) and a strongly convergent downstream portion (km 600 to km 1,000,
width varying from 2 to 20 km; Figure S1), mimicking the planform of the Changjiang Estuary
(Guo et al., 2016; Zhang et al., 2015). Tides and constant river discharges of different magnitudes are
prescribed as boundary forcing conditions, which enable stationary tidal output and application of the
harmonic analysis approach (Pawlowicz et al., 2002). Note that the 1‐D model assumes uniform water

Figure 1. (a) Map of the Changjiang Estuary showing the location of the tidal gauges and along‐river variations of the
tidal amplitudes of (b) M2, (c) S2, (d) MS4, and (e) MSf in the wet and dry seasons when the mean river discharge is
~45,000 and ~15,000 m3/s, respectively. A description of the Changjiang Estuary is provided in Guo et al. (2015). The
numbers in the brackets in panel (a) indicate that the seaward distance from Anqing River discharge was traditionally
monitored at Datong, the tidal wave limit, while water level data at Anqing are included in this work to demonstrate
more inland tidal influence.
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density and excludes tidal flats, which may underestimate tidal asymmetry (Friedrichs & Aubrey, 1994).
Tidal asymmetry mainly relates to higher harmonics (overtides), whereas we are interested in the
low‐frequency tides in this work. Overall, the schematized model provides a virtual lab where tidal dynamic
sensitivity to river discharges can be isolated from the influences of basin geometry and irregular shoreline,
thus facilitating straightforward exploration of river‐tide interactions and low‐frequency tidal behavior. Note
that varying channel convergence might induce additional tidal amplification or damping (Lanzoni &
Seminara, 1998), and regional channel narrowing or width expansionmay cause anomalous changes in tidal
amplitudes, as that observed in the Changjiang Estuary (see Figure 1b).

A combination of different astronomical harmonics is imposed at the seaward boundary. For simplicity, we
input the semidiurnal M2 and S2 tides with amplitudes of 1.2 and 0.6 m, respectively. Extra simulations are
conducted by including the N2 tide to reproduce monthly subtidal variations. River discharge is prescribed
by constant values of 0, 10,000, 30,000, 60,000, and 90,000 m3/s, symbolized as Q0, Q1, Q3, Q6, and Q9 sce-
narios, respectively. A dimensionless parameter, defined by a mean flood tidal discharge to a mean ebb tidal
discharge ratio for spring tide at the mouth section, is modeled to be 1.07, 1.03, 0.99, 0.89, and 0.87, respec-
tively, suggesting strong tidal influence even under a high river discharge.

Another improvement here relative to most 1‐D tidal models is that we first run a morphodynamic simula-
tion based on the abovementioned model outline when considering M2 and S2 tides and a hydrograph with
river discharge varying between 10,000 and 60,000 m3/s, as detailed in Guo et al. (2016). Starting from an
initial bed profile, with a linearly varying bed level from 2 to 15 m, morphodynamic equilibrium is
approached at the millennial timescale when the bed level change rate become negligible. The eventual
equilibrium bed profile is then used as the bottom‐level condition in the tidal wave simulations. The purpose
of using this equilibrium bed profile (Figure S1) is to provide consistency between the forcing conditions and
the morphology as much as possible. Details of the morphodynamic model are referred to Guo et al. (2016).

3. Results

River discharge enlarges the seaward mean current (not shown) and raises the MWL in the upper estuary
(Figure 2a). Considerable MWL setup (~0.2 m) and mean currents are still observed in the Q0 scenario,
which is ascribed to the Stokes drift generated by a progressive wave (Guo et al., 2016). The landward water
level setup and a longitudinal MWL gradient are established to balance the water depth difference and fric-
tion asymmetry between flood and ebb tides (Hill, 1994).

River discharge reinforces this intratidal friction asymmetry, and the landward MWL setup becomes more
significant (Figure 2a), and a backwater occurs when river discharge is significant. This reduces the tidal
volume and compensates it with stored river flow during the flood, which is then evacuated during the
ebb (Zhang et al., 2015). In addition, the principal tides are slightly amplified in the lower segment of the
estuary owing to channel convergence. The incoming tides are predominantly damped inside the estuary
in the landward direction (Figure 2b). A larger river discharge enhances this damping, particularly toward
the landward end of the estuary. Accordingly, the tidal wave limit migrates seaward with increasing river
discharge, for example, from km 0 in the Q0 scenario to km 300 in the Q9 scenario.

Significant MS4 andMSf tides are detected inside the estuary (Figures 2c and 2d), as a result of the tidal inter-
actions between M2 and S2 tides at their summed and differenced frequencies, respectively. The spatial evo-
lution of the MS4 tide is similar to the behavior of M4, as previously reported (Guo et al., 2016). The MSf
amplitude increases to ~0.1 m before it reduces slowly more inland in the Q0 scenario (Figure 2d). A river
discharge of 10,000 m3/s results in enlarged MSf throughout the estuary, apart from a small reduction in
the utmost landward regions. With further increased river discharges, the MSf amplitude decreases in the
upstream regions but keeps increasing in the lower estuary. The location of the maximum MSf amplitude
migrates seaward, with an increasingly long upstream tail, below 0.1 m in amplitude, as river discharge
increases.

It is notable that the MSf tide remains significant in the upstream regions where both the principal tides and
overtides have been dissipated under high river discharges, for example, the region landward of km 300 in
the Q3, Q6, and Q9 scenarios. The presence of a significant MSf signal is consistent with and as a result of
the fortnightly variations in the MWL (Figure S7).
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Similar results are obtained from the model for MN4 and Mm constituents (a tidal period of 27.5546 days) in
the simulations forced by M2 and N2 tides (1.2 and 0.5 m in amplitude, respectively; Figure S8). Significant
Mm tide results in an oscillation of the MWL at a monthly timescale (Figure S9), as compared to the fort-
nightly variations (~14.7 days) related to MSf. This Mm tide is even more difficult to detect accurately from
actual data because of its low frequency and variations in river discharge at the comparable monthly time-
scale. Thus, a modeling approach has strong advantages in isolating tide‐induced subtidal water level varia-
tions from nontidal signals, especially for Mm.

4. Discussion

Locally detected compound tides are caused by energy transfer from the principal tides to forced constitu-
ents. While these forced constituents are insignificant seaward of the estuary, they gain measurable energy
and amplitudes inside estuaries. In general, new harmonics with frequencies of k1ω1 + k2ω2 + k3ω3 (k1, k2,
and k3 can be positive, negative, or null integers;ω1, ω2, andω3 indicate the frequencies) of the principal con-
stituents can be created through self‐, dual‐, and triad‐tidal interactions (Godin & Gonzalez, 1991;
Le Provost, 1991; LeBlond, 1991; Song et al., 2011). The MSf and Mm tides are generated by M2‐S2 and
M2‐N2 interactions, respectively, at their frequency difference. Thereby, the internally created forced waves
enrich and broaden the tidal frequency spectrum in shallow estuarine waters compared to that in open
oceans (Guo et al., 2015; Jay et al., 2014), which then requires longer time series of data to resolve them
all (Devlin et al., 2014).

Nonlinear friction plays an essential role in the tidal interactions and energy transfer processes (Godin, 1991;
Le Provost, 1991; Parker, 1984; Speer & Aubrey, 1985; Wang et al., 1999). The oscillation of the
low‐frequency signals is affected by friction as well as its long‐wavelength nature. Frictional effects increase
with decreased depth, increased tidal amplitude, and increased frequency (Parker, 1984). On the one hand,
river discharge enhances tidal damping and tidal interaction predominantly through the friction term

Figure 2. Along‐estuary variations of (a) mean water level and amplitudes of (b) M2, (c) MS4, and (d) MSf in the
scenarios forced by M2 and S2 tides under varying river discharges.

10.1029/2020GL089112Geophysical Research Letters

GUO ET AL. 5 of 11



(Gallo & Vinzon, 2005; Horrevoets et al., 2004; MacMahan et al., 2014). For overtides, larger water depth and
smaller friction during high tide lead to larger wave celerity than that during low tide, causing creation of M4

overtide as regards to M2 and tidal wave deformation at the daily timescale. For subtidal waves like MSf and
Mm, friction is important in their generation because of the shallow water in estuaries but also because, after
generation, they are less damped than the higher‐frequency constituents. They are generated, because the
subtidal friction exhibits variations between spring and neap tides, which call subtidal friction asymmetry
(SFA; Figure 3d). The subtidal friction is the low‐pass‐filtered friction estimated according to inform the
friction term in the momentum equation based on the modeled time series of currents and water depth
(see section S1). This SFA is the result of nonlinear interactions between tidal currents and water depth,
and its fortnightly variations correlate with MSf tide. A similar subtidal friction difference between
perigee and apogee cycles is also detected, which correlates with the Mm tide (not shown).

River discharge enhances the SFA because it enlarges the mean currents and increases friction, while also
enhanced the difference between flood and ebb tidal currents. Thus the subtidal friction is larger during
spring tides than neap tides under significant river discharges, resulting in an asymmetry over the
spring‐neap cycle (Figure S2). SFA is also larger in the upper estuary where the MSf tide is dissipated in
the landward direction than that in the lower estuary. More specifically, SFA is largest at the locations with
largest longitudinal gradients in MSf amplitude, both in the upper and lower estuaries (Figures 3b and 3d).
SFA is smallest in the middle of the estuary where the MSf amplitude is largest, and its longitudinal gradient
is nearly zero. In addition, SFA is larger under higher river discharge than low river discharge. Overall, SFA
is highly correlated with the longitudinal gradient inMSf amplitude for all scenarios (Figure 3c). Specifically,
a positive gradient inMSf amplitude (indicating a landward amplitude increase) increases concurrently with

Figure 3. Along‐river variations of (a) subtidal water level amplitude, that is, MSf amplitude, (b) longitudinal gradient of
the subtidal water level amplitude, (c) the correlation between the subtidal friction difference between spring and
neap tides and the spatial gradient of subtidal surface amplitude, and (d) the subtidal friction difference between spring
and neap tides.
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SFA in the lower estuary seaward of the MSf amplitude maximum. A negative gradient (indicating a
landward amplitude decrease) proportionally decreases with SFA in the upper estuary landward of the
MSf amplitude maximum. Flow‐enhanced subtidal friction and associated spring‐neap asymmetry thus
explain larger MSf amplitude as river discharge increases (Figure 3a). Dynamically, river‐tide interactions
enhance the subtidal friction, which needs to be balanced by a subtidal water level gradient in the
momentum equation (Buschman et al., 2009; LeBlond, 1978; Sassi & Hoitink, 2013). Therefore, more
water is stored in the upper estuary during spring tide (or proxigean tide when talking about Mm) than
neap tide, leading to a fortnightly signal in the tidal spectrum.

MSf and Mm are more prominent in the upper estuary, compared to pronounced influence of overtides in
the lower estuary. This is because low‐frequency waves have a larger length scale and, therefore, decay
slowly in the landward direction after their forcing by the main tidal constituent decreases (Figure 4).
Henrie and Valle‐Levinson (2014) estimated that the subtidal wave length is ~10 times of the estuary length
in a ~175 km long subtropical estuary. Thus, the MSf length scale is estimated to be much longer than the
physical length of any estuary on earth, based on its period and estuary depth. The long‐distance propagation
of low‐frequency waves can be explained in terms of a 1‐D continuity equation:

∂QMSf

∂x
þ ∂SMSf

∂x
¼ −b

∂ζMSf

∂t
≈ 0

where b is channel width; QMSf, ζMSf, and SMSf are, respectively, the transport, surface elevation, and
Stokes drift of the MSf wave. The low‐frequency and long‐wavelength nature of MSf requires that the
divergence of QMSf and SMSf must balance. Generation of SMSf continues to the head of the tide, and some
distance further landward is required for extinction of the MSf oscillation. Moreover, tidal wave propaga-
tion is frequency dependent; that is, high frequencies decay at a higher rate than low frequencies

Figure 4. Sketches showing the river‐to‐ocean transition water in terms of tidal wave properties: (a) the planform and (b)
the along‐river side view. MSL and MWL indicate mean sea level and mean water level, respectively. HW and LW
indicate high water and low water, respectively. The amplitude variations in panel (b) are conceptual and thus are not to
the scale.
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(Godin, 1985). Thus, the MSf tide dissipates at a smaller rate than the M2 and M4 constituents inside estu-
aries, confirming the role of an estuary as a frequency filter (Godin, 1985; Kennedy, 1984). As a result, the
low frequencies can travel hundreds of kilometers further inland than the principal tides (Figures 2 and 4).
Finally, the above equation suggests that MSf and Mm (and similar motions) are actually oscillations
rather than waves, because the divergence of the transport QMSf is balanced by the divergence of SMSf,
not changes in surface elevation ζMSf.

It remains an open question how further inland the low‐frequency tides can penetrate until they are dissi-
pated under the combined influence of river discharge, bed level, and tidal strength (Kästner et al., 2019;
Tanaka et al., 2014). River stage increases with increasing river discharge; thus, the along‐river MWL gradi-
ent becomes larger under a higher river discharge condition. This larger MWL gradient constrains landward
tidal wave propagation and enhances tidal damping (Cai et al., 2016). It is notable that alluvial estuaries with
significant river discharges usually have a long tide‐influenced reach because of the low‐lying landscape in
the river‐to‐ocean transition zone (Gugliotta & Saito, 2019), such as the Amazon Estuary (~1,100 km long;
Gallo & Vinzon, 2005) and the Changjiang Estuary (~700 km long, Guo et al., 2015). In such cases, the river
bed elevation at the limit of incoming astronomical tides may be still below the mean sea level in the coastal
ocean, facilitating inland wave propagation (Kästner et al., 2019). The low‐lying lower river also provides
space for incoming tidal waves to adjust their amplitude and shape to accommodate the variations of river
discharges and friction at different timescales (Zhang et al., 2015). Moreover, a backwater water surface pro-
file is more likely to occur in such cases than drawdown of the surface profile (Lamb et al., 2012). Overall,
low‐frequency waves are then more pronounced in low‐lying coastal plain river estuaries, when compared
to tide‐dominated estuaries with relatively shorter physical length and small river discharge. It is likely that
the extinction point for subtidal oscillations in long alluvial estuaries conforms to the analysis of Kästner
et al. (2019) for astronomical tides—the propagation of the low‐frequency waves is extinguished when river
bed reaches a height of the mean sea level. However, the inland propagation and extinction of low‐frequency
waves in estuaries of varying length and bed level profiles would merit future study.

Inland propagation of low‐frequency waves indicates that marine and tidal influences can reach upstream
rivers well beyond the landward limit of astronomical tides, which is already far beyond the limit of salt
intrusion and limit of current reversal in large river estuaries (Figure 4). Moreover, the backwater effect that
the ocean exerts on the river outflow extends even further upstream. For example, the backwater effect has
been estimated to extend ~800 km in the lowerMississippi River where the tides are small (Lamb et al., 2012).
The backwater effect is also substantial in the Changjiang Estuary though the landward limit of its influence
has not been quantified (Zhang et al., 2016). More inland influences of low‐frequency waves and backwater
effect suggest the need to revisit the definition and spatial extent of a tidal river than conventionally assumed
based on salt intrusion limit (Pritchard, 1967) and wave limit of astronomical tides (Fairbridge, 1980)
(Figure 4).

Understanding the low‐frequency tides has implications for tidal prediction, calculation of extreme high
water level inundation risk, subtidal mixing and water exchange, and management of tidal river ecosystem
(Guo et al., 2016; Jay et al., 2014; MacMahan et al., 2014; Prandle, 1991). For example, the MWL and the
extreme high water level become much higher at proxigean spring tide compared with the situation without
low‐frequency tides, for example, up to 0.5 m higher in the upper Changjiang Estuary. Similarly,
low‐frequency surges and tsunami waves also can propagate more inland in river estuaries
(Tolkova, 2017). Thus, long inland propagation of the low‐frequency long waves needs to be considered in
assessment of extreme high water level and management of compound floods in river estuaries with signifi-
cant river‐tide interaction. Also, the presence of significant subtidal MWL variation can affect river discharge
estimation based on river stage‐discharge rating curves. River stage monitoring is technically easier than
cross‐sectional velocity measurement, but tide‐induced subtidal MWL variations can induce associated spur-
ious river discharge variations. Therefore, river discharge data obtained at the tidal wave limit of principle
tides may need to be filtered to remove the subtidal influences.

5. Conclusions

Daily averaged MWL is often higher at spring tides than neap tides in the upper regions of estuaries influ-
enced by significant river discharges, such as the Changjiang, Columbia, and Amazon estuaries. In this
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work we employed a numerical model to investigate this phenomenon and the low‐frequency tidal behavior.
We found that significant low‐frequency tides such as MSf and Mm are locally generated (within the estu-
ary), especially when river flow is high. Increased river discharge enhances the low‐frequency tides because
the river‐tide interaction reinforces the subtidal fiction and the difference between friction at spring and
neap tides. The amplitude maxima of the MSf tide are located further upstream than that of the principal
(astronomical) tides and their overtides. Its spatial behavior is explained by a subtidal friction difference
between spring and neap tides (for MSf) and between perigee and apogee cycles (for Mm). Subtidal variation
in MWL persists in the river upstream of the tidal wave limit of the principal tides, which suggests more
inland tidal influence than conventionally assumed, and implies a need to revisit the definition and spatial
extent of a tidal estuary or tidal river. Though simple and highly schematized, our model results reveal ubi-
quitous low‐frequency tidal behavior in response to different river discharges, and the findings inform pre-
diction and interpretation of extreme high water levels during compound flooding in estuaries.

Data Availability Statement

No new data are used in this work, and the tidal height data are collected from official websites of state water
resources department (http://221.226.28.67:88/jsswxxSSI/Web/Default.html?m=2) (in Chinese), are avail-
able through Guo et al. (2015), and are archived in PANGAEA (https://issues.pangaea.de/browse/PDI‐
25360).
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