Responses to comments by Reviewer #1

We thank Dr. Du’s careful consideration of our work. In this rebuttal, we have
addressed all the comments formulated by the Reviewer by replying (in black) to his
remarks (in blue). The lines numbers in this rebuttal refer to the revised version of the
manuscript.

General comments:

The article used an analytical tidal model to understand the change of freshwater
discharge on the tidal dynamics in the Yangtze River, with a specific focus on the
impact of Three Gorge Dam. While freshwater discharge’s effect on tidal dynamics is
well recognized by observations and numerical models, it is rare to use an analytical
tool to understand the underlying mechanism (e.g., bottom friction, tidal damping) for
the changes in tidal dynamics. | believe the article is a good example study for the
influence of dam construction. There are some issues, however, needed to be well
resolved before acceptance for publication.

Our reply: Thanks a lot for the positive assessment of our paper.

Major comments

1. The organization of the paper can be improved. For example, in section 4.1, the
description of changed tidal amplitude and mean water level is followed by the
analytical analysis of the tidal damping before detailing the model performance. I
would suggest moving the later part in section 4.1 to section 4.2. Following a strategy
as “observational analysis; model performance and validation; analysis of TGD’s
influence based on the model results”.

Our reply: We do agree with the strategy you proposed. However, it is worth noting
that the later part in section 4.1 actually described the observed tidal damping rate and
residual water level slope based on the observed water levels in a monthly scale.
Hence the whole section 4.1 only consists of observational analysis without including
analytical analysis based on the analytical results. In the revised paper, we maintain
the same structure of the paper.

2. The wording can be greatly improved. Some sentences have been mentioned again
and again. For example, similar sentences as in L154-155 “we mainly concentrate on
the tide-river dynamics under the impacts of TGD seasonal regulation over the entire
reach of the Yangtze River estuary” can be found in multiple places, in the
introduction, methods, results. Please revise them and make the text more concise. |
would suggest mentioning such a sentence in the introduction and in the conclusion
while avoiding repeating them in methods and results. Extensive minor grammar
suggestions can be found in the minor comments.

Our reply: Many thanks for pointing this out. In the revised paper, we have removed
the repeated sentences in the methods and results as suggested by the reviewer.

3. While | agreed that the discharge regulation affects the tidal dynamics, | am not



convinced that the influence of geometric or morphological change due to TGD is
limited. The authors used 2007 bathymetric data, which might not reflect the
alteration due to TGD considering the time-lag of 4-5 yrs in morphological response
to the TGD. The morphological change can be more profound in recent years and it is
well known that the reduced sediment delivery due to the trapping of TGD affects the
erosion/deposition status of the Yangtze River delta. It is possible that the
morphological change on the tidal might be less profound compared to the river
discharge, but such a conclusion is not supported by the presented analysis. 1 would
suggest rewording the related sentence regarding the influence of morphological
change.

Our reply: We very much appreciate your comment with regard to potential impacts
of the morphological adjustment (e.g., loss of floodplain storage by erosion) caused
by the construction of the TGD on the tide-river dynamics. Indeed, the relative
magnitude of morphological adjustment is likely to progressively increase due to the
time-lag of morphological response and the rapid sedimentation in the reservoir (see
Mei et al., 2018). Due to the lack of detailed bathymetry data before and after the
TGD’s operation, in this study we could not further analyze the impacts of
morphological adjustment on the tide-river dynamics. In the revised paper, we have
rewritten the sentence concerning the impacts of morphological change: “The
morphological change of Yangtze Estuary can be even more profound in recent years
due to the continuous and accumulated impact from the TGD. Further adjustment of
morphological change due to the sedimentation in the TGD could exert a
considerable impact on the tide-river dynamics in the estuarine region (e.g., Du et al.,
2018; Shaikh et al., 2018). Further study on the impact of morphological adjustment
on the tide-river dynamics is required in the future.” See lines 438-443 of the revised
manuscript.

4. Regarding the TGD’s influence on damping rate as shown in Fig. 3, could you
explain why there so many jumping values (e.g., in Fig. 3a,c,d,e)? For an analytical
solution with so many simplification assumptions, the response shall be in a much
smoother way. Is such a jumping pattern observed in reality? | think it is important to
clarify such abnormal features in your figures. Such types of not explained pattern
also exist for figure 6-9, where there is a clear jumping pattern. Is it because you are
using two manning coefficients for different regions?

Our reply: Figure 3 shows the observed tidal damping rate Jn before and after the
TGD closure for different reaches along the Yangtze estuary. These values are
observations according to Equation (6) in the manuscript, rather than analytical results.
The main reason that there exists a jumping pattern lies in the fact that the tidal
damping rate o are very small values (in terms of magnitude of -10°—10®), thus
small changes in observed tidal range would dramatically change the damping rate. In
the revised paper, we have explicitly mentioned about this.

For the jJumping behavior in Figures 6-9, this has to do with the adoption of two very
different Manning-Strickler friction coefficient in the seaward and landward regions.



In the revised paper, to avoid such a sharp jump in the curves and to improve the
model performance, we will adopt a friction coefficient of K=80-55 m*3s* (indicating
a linear reduction of the friction coefficient) over the transitional reach (x=32-52 km)
in the analytical model. Figures R1-R4 below show the updated Figures 6-9 using a
linear reduction of the friction coefficient in the transitional reach, where we observe
a smooth transition of the analytically computed variables.
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Figure R1. Longitudinal variability of simulated tidal damping number o (a, c, e, g)
and celerity number 4 (b, d, g, 1) along the Yangtze estuary in different seasons (spring:
a, b; summer: ¢, d; autumn: e, g; winter: g, i) for both the pre-TGD and the post-TGD
periods.
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Figure R2. Longitudinal variability of simulated velocity number u (a, c, e, g) and
phase lag ¢ (b, d, g, 1) along the Yangtze estuary in different seasons (spring: a, b;
summer: ¢, d; autumn: e, g; winter: g, i) for both the pre-TGD and the post-TGD
periods.
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Figure R3. Longitudinal variability of simulated estuary shape number y (a, c, e, g)
and friction number y (b, d, g, 1) along the Yangtze estuary in different seasons (spring:
a, b; summer: ¢, d; autumn: e, g; winter: g, 1) for both the pre-TGD and the post-TGD
periods.
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Figure R4. Longitudinal variability of simulated residual water level slope S (a, c, e, g)
and water depth /4 (b, d, g, 1) along the Yangtze estuary in different seasons (spring: a,

b; summer: ¢, d; autumn: e, g; winter: g, i) for both the pre-TGD and the post-TGD

periods.

5. As the major focus of this paper is to use the model to quantify the impact of
freshwater discharge. It is vitally important to show the model can reproduce the
change in tidal dynamics (e.g., tidal range) in response to varying freshwater
discharge. For example, a plot showing the observed change of tidal range (using the
amplitude of M2 would be better) as a function of freshwater input at selected stations,
together with another line showing the modeled amplitude as a function of river
discharge.

Our reply: As we mentioned in the introduction part, the main purpose of this paper
lies in quantifying the impacts of TGD’s seasonal regulation on the tide-river
dynamics over the entire reach of the Yangtze River estuary. Concerning the impacts
of varying freshwater discharge on the tide-river dynamics, the reviewer can kindly
refer to our recent publication in the journal of Hydrology and Earth System Sciences
(in discussion): Cai, H., Savenije, H. H. G., Garel, E., Zhang, X., Guo, L., Zhang, M.,
Liu, F., and Yang, Q., 2018. Seasonal behaviour of tidal damping and residual water
level slope in the Yangtze River estuary: identifying the critical position and river
discharge for maximum tidal damping, Hydrol. Earth Syst. Sci. Discuss.,



https://doi.org/10.5194/hess-2018-524, in review.

6. For the captions of many figures, it is necessary to detail what each data point
represent for. For example, in Figure 5, it not clear to me how each data point is
obtained, is it monthly mean value?

Our reply: These are monthly averaged values. In the revised paper, we have
clarified the plotted data in the captions of all the figures. For instance, we shall
modify the caption of the Figure 5 as “Comparison of monthly averaged values for (a,
b) analytically computed tidal amplitude n and (c, d) residual water level Z against
the observations in the Yangtze River estuary for the pre-TGD period (1979-1984)
and post-TGD period (2003-2014).” See lines 356-359 of the revised manuscript.

Minor comments

L44: “to the extent” here reads awkward. Please consider to revise it.

Our reply: We have replaced “to the extent that” with “so that” in the revised paper.
See line 44 of the revised manuscript.

L54: a recent work by Du et al. (2018) might be a good reference in concern of the
geomorphic constraints on tidal dynamics.

Our reply: Thank you for pointing this out. In the revised paper, we have included
this recent work. See line 55 and line 441 of the revised manuscript.

L55: suggest to change “including spring-neap tidal fluctuations as well as seasonal
varying discharge” to “in timescale ranging from a fortnight to season”
Our reply: We agree with your suggestion. See line 57 of the revised manuscript.

L57: change “of the river” to “of a river”
Our reply: We agree with your comment. See line 58 of the revised manuscript.

L58: delete “being”, only those that have already been built can cause changes in
downstream freshwater discharge.
Our reply: We agree with your comment.

L64: suggest moving the part “such as xxxx” forward to as “human intervention, such
as xxxx, which are xxxx”
Our reply: We agree with your comment. See lines 63-66 of the revised manuscript.

L68: suggest changing “a large river” to “the largest river in China in terms of mean
discharge” to emphasize the importance of Yangtze River.
Our reply: We agree with your comment. See line 70 of the revised manuscript.

L92: suggest changing “that have been mainly been concerned with” to “on”, making
it more concise.
Our reply: We agree with your comment.



L114: change “the TGD seasonal regulation effect” to “the effect of TGD seasonal
regulation”
Our reply: We agree with your comment. See line 115 of the revised manuscript.

L119, L121: suggest using past tense of phase, to be consistent to the phase you used
at the beginning, where you used “adopted”.
Our reply: We agree with your comment.

L138: change “Downstream of” to “Downstream”
Our reply: We agree with your comment. See line 140 of the revised manuscript.

L143: change “discharge” to “was discharged”
Our reply: We agree with your comment. See line 146 of the revised manuscript.

L148: change “a tidal range that extends up to 4.6m” to “a tidal range of up to 4.6 m”
Our reply: We agree with your comment. See line 150 of the revised manuscript.

L157: Delete “Sketch”, it is actually a map, not a sketch one. Suggest changing
“displaying the location of gauging and hydrological stations” to “with the location of
tidal gauging and hydrological stations shown with black solid circles and rec solid
rectangles”.
Our reply: We agree with your comment. See lines 155-157 of the revised
manuscript.

L168: change “difference of” to “difference between”
Our reply: We agree with your comment. See line 167 of the revised manuscript.

L169: “and a half” to “and dividing by two”.
Our reply: We agree with your comment. See line 168 of the revised manuscript.

L170: “water levels of xx stations” to “water level at xx stations”
Our reply: We agree with your comment. See line 169 of the revised manuscript.

L206: will the solution for rectangle lateral shape channel be different with those with
a V-shape? It is better to state here why such an assumption is valid as most part of
estuary is not rectangle shape but v-shape.

Our reply: We agree that most small estuaries are characterized with a V-shaped
cross section. However, the Yangtze estuary is extremely large with the mouth width
of around 90 km, and the width of river channel is convergence from around 10 km in
the downstream to around 2-3 km in the upstream. In contrast, the depth is only at
around 10-20 m. In this sense we believe the rectangular shape assumption is
reasonable. Following the suggestion of reviewer, we have revised the sentence as
“We further assume a nearly rectangular cross-section, considering a large width to



depth ratio; hence, the tidally averaged depth is given by h=A/B and the
cross-sectional area variability can be primarily attributed to the change in depth.”
See lines 204-207 of the revised manuscript.

L214-217: These symbols are not used for the four number and it is not appropriate to
use "where" here. | suggest to move it as a note under the table 1, or express the
formula for each number explicitly in the text (say, each number is described with its
corresponding formula in the text).

Our reply: In the revised paper, we have revised the sentence as: “The definitions of
these four variables are defined in Table 1, where n is the tidal amplitude, v is the
velocity amplitude, Ur is the river flow velocity, w is the tidal frequency, rs IS the
storage width ratio accounting for the effect of storage area (i.e. tidal flats or salt

marshes), and co is the classical wave celerity defined as c, =+ gh/rs.”

See lines 215-219 of the revised manuscript.

L280: “in upstream stations” to “at upstream stations”
Our reply: We agree with your comment. See line 284 of the revised manuscript.

L302-309: Isn’t it necessary to describe why some segments has seen little change or
even decrease? It is confusing. Why increased damping denotes weaker friction? For
classic understanding, it is thought larger friction lead to a higher damping rate.

Our reply: Here it should be noted that the value of damping rate Ju is negative, thus
a higher damping rate indicates less friction rather than larger friction.

Figure 5: what does each data point stand for? Monthly value? Or yearly value?

Our reply: They are monthly averaged values. In the revised paper, we have
explicitly mentioned this in the caption of the figure. See lines 356-359 of the revised
manuscript.

Section 4.3: the second part in section 4.1 is suggested to move into section 4.3.

Our reply: We do not agree this comment since the second part in section 4.1
describing the observed tidal damping rate and residual water level slope as a function
of observed freshwater discharge at Datong hydrological station. This part still
belongs to the observational analysis rather than the analytical analysis.

L373: “identify” seems not a good word here.
Our reply: In the revised paper, we have replaced “identify” with “observe”.
See line 385 of the revised manuscript.

L.383: in “the larger the freshwater discharge is, the smaller the velocity number and
the phase lag are.”, suggest changing as “the larger the freshwater discharge, the
smaller the velocity number and the phase lag.”

Our reply: We agree with your comment. See lines 394-395 of the revised



manuscript.

Figure 6: why there is sharply jumping in the curve, due to different manning
coefficient?

Our reply: Indeed, the discontinuous jump has to do with the adoption of two very
different Manning-Strickler friction coefficient. To avoid such a sharp jump in the
curve, in the revised paper, we adopt a friction coefficient of K=80-55 m%3s
(indicating a linear reduction of the friction coefficient) over the transitional reach
(x=32-52 km).

L416: “the river immediately downstream eroded” to “the river bed immediately
downstream was eroded”

Our reply: We agree with your comment. See lines 426-427 of the revised
manuscript.

L426: “therefore” may be a better word than “consequently”
Our reply: This sentence has been deleted in the revised manuscript.

L463-466: this whole sentence reads awkward. Suggesting changing “where the tidal
influence dominates that of the freshwater discharge” to “where tidal influence
overwhelms the influence from freshwater discharge”.

Our reply: We agree with your comment. See line 477-448 of the revised
manuscript.

L500: “drawn lines” to “solid lines”
Our reply: We agree with your comment. See line 516 of the revised manuscript.

L519: it is not clear how you determine the value “20-yr” and “10-yr” here.

Our reply: Generally, these values should be determined based on the long-term time
series of the monthly averaged high-water levels. To avoid confusing, we have
revised the sentence as: “The corresponding flood prevention standard, therefore, is
reduced due to the increased high-water level (see also Nakayama and Shankman,
2013).” See lines 535-536 of the revised manuscript.

L574: suggest changing “as a significant case study” to “as an example”
Our reply: We agree with your comment. See line 600 of the revised manuscript.



Responses to comments by Reviewer #2

We thank Dr. Lewis’s comments of our work. In this rebuttal, we have addressed all
the comments formulated by the Reviewer by replying (in black) to his remarks (in
blue). The lines numbers in this rebuttal refer to the revised version of the manuscript.

General comments:

A very interesting study, with applications to all "downstream consequences from
land management practice (e.g. reservoirs, hydro-electric, flood risk mitigation). |
think the article is great and worthy of publication, but | have some concerns — listed
below. Applying an analytical model to find the downstream change to volume of a
river due to upstream water collection (the three gorges dam) is neat — but I am unsure
how this can be used to assess impact to biology.

Our reply: Thanks a lot for the reviewer’s positive evaluation of our manuscript. Due
to the fact that in this study we mainly focus on the impacts of freshwater regulation
of TGD on spatial-temporal patterns of tide-river dynamics in the Yangtze River
estuary, we did not provide details concerning the TGD’s impact on biology in the
paper. However, we do mention the possible influence of TGD’s operation on ecology
in the sections of ABSTRACT and INTRODUCTION. In particular, the results
obtained from this study can further be used to assess the impacts of TGD’s operation
on salt intrusion (as a general predictor of the aquatic ecosystem health in estuarine
environment) when combined with an ecological or salt intrusion model. This is
further elaborated in the DISCUSSION part (see Section 5.4 in the manuscript). In the
revised paper, we have explicitly mentioned that “However, to quantify the potential
impacts of TGD'’s operation on salt intrusion and related aquatic ecosystem health in
general, it is required to couple the hydrodynamic model to the ecological or salt
intrusion model (e.g., Qiu and Zhu, 2103; Cai et al., 2015).” See lines 583-586 of the
revised manuscript.

Major comments

1. Inter-annual variability. | think some effort to resolve inter-annual variability would
have been nice. Standard deviation could be added to the mean values in Figure 11 -
and then a conclusion of "significant change between months 7 to 11" can be made
with confidence. At present such a statement cannot be made: Significant compared to
what? Where is the test of significance? At best the authors can say "the change in the
mean is clear for months 7-10". If Table 2 had more data added, i.e. how the monthly
mean changes each year — it would be nice. Certainly the data is sufficient (it spans
multiple years), and so the inter-annual variability can be added to Figure 11. That
said, perhaps the authors can defend my comment here?

Our reply: We thank the reviewer for this comment. Indeed, it is better to resolve the
inter-annual variability. In the revised paper, we have included the standard deviation
information in Figure 11 (see Figure R1 below).
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Figure R1. Temporal variation of the position of the tidal limit relative to the TSG
station for both the pre-TGD and the post-TGD periods. The vertical error bar at each
data point indicates the standard deviation of the analytically computed time series.

2. Sub-monthly variability impact. Another concern | have is the resolution of the
model. Is the frequency of boundary forcing information sufficient to resolve extreme
events? For example, daily-averaged flow rates were found to be insufficient to
resolve flood risk and water quality within estuary hydrodynamic models (e.g. Robins,
P.E., Lewis, M.J., Freer, J., Cooper, D.M., Skinner, C.J. and Coulthard, T.J., 2018.
Improving estuary models by reducing uncertainties associated with river flows.
Estuarine, Coastal and Shelf Science, 207, pp.63-73.) | guess | am simply asking: you
have monthly means, but how does this down-scale to hourly means, which are likely
to be important for impact to wildlife and estuary impact? For this second comment,
perhaps a sensitivity test is needed to prove to the reader that you can take coarse river
data and resolve estuary impact. However, perhaps this can also be defended by the
authors?

Our reply: Due to the fact that the main purpose of this study lies in quantifying the
impacts of TGD’s seasonal regulation on the tide-river dynamics over the entire reach
of the Yangtze River estuary, thus we adopted the monthly averaged river discharge
conditions. This is possible to down-scale to the tidally averaged means since the
proposed analytical model is obtained based on the tidally averaged conditions. For
such a kind of application using tidally averaged means, the reviewer can kindly refer
to our previous publications of Cai et al. (2014, 2016). However, the model cannot be
used to understand the impacts of hourly varying freshwater discharge on the
tide-river dynamics because of model limitation. To resolve extreme events and their



impacts on flood control and water quality, as suggested by the reviewer (e.g., Robins
et al.,, 2018), it is required to use a high-resolution numerical model adopting
high-resolution boundary conditions (e.g., hourly mean river discharge).

3. Assumptions of river geometry variability. For the analytical solution method —
how is river width treated for application to volume temporally variance? Is an
assumption made about the river being canalised? i.e. constant bank full width? Or is
there an associated flood plan? How is river depth calculated? If so, how does this
effect your results?

Our reply: Indeed, in the analytical model we simplified the channel geometry to be
in the shape of rectangular geometry. This means that the channel width is assumed to
be time-invariant, while the water depth is variable as a function of tidal and riverine
forcing. Such an assumption is particularly reasonable since the Yangtze River
estuary is extremely large with the mouth width of around 90 km, and the width of
river channel is convergent from around 10 km in the downstream section to around
2-3 km in the upstream section. On the other hand, the depth is only at around 10-20
m along the main course of the estuary. Consequently, the width to depth ratio is large
so that the cross-sectional area variability can be primarily caused by the depth
variability. The possible influence of storage area (i.e. flood plain and tidal flats) is
taken into consideration by introducing the parameter of the storage width ratio rs (i.e.,
the ratio of the storage width to the averaged stream width). Such a kind of
rectangular shape assumption has been used in many previous studies (e.g., Van Rijn,
2011, Toffolon and Savenije, 2011, Cai et al., 2014, 2016). In the revised paper, we
have clarified such an assumption: “We further assume a nearly rectangular
cross-section, considering a large width to depth ratio; hence, the tidally averaged
depth is given by h = A/B and the cross-sectional area variability can be primarily
attributed to the change in depth.” See lines 204-207 of the revised manuscript.
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Key points

1. Impacts of TGD operation on tide-river dynamics are quantified using an
analytical model.

2. The strongest impacts occurred during autumn and winter due to the seasonal
freshwater regulation by TGD.

3. The alteration of tide-river dynamics may exert considerable impacts on

sustainable water resource management in dam-controlled estuaries.
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Abstract

The Three Gorges Dam (TGD), located in the mainstream of the Yangtze River, is the
world’s largest hydroelectric station in terms of installed power capacity. It was
demonstrated that the TGD had caused considerable modifications in the downstream
freshwater discharge due to its seasonal operation mode of multiple utilisation for
flood control, irrigation, and power generation. To understand the impacts of the
freshwater regulation of TGD, an analytical model is adopted to explore how the
operation of TGD may affect the spatial-temporal patterns of tide-river dynamics in
the Yangtze River estuary. We evaluated the effect of TGD by comparing the changes
in major tide-river dynamics in the post-TGD period (2003-2014) with those in the
pre-TGD period (1979—-1984). The results indicate that the strongest impacts occurred
during the autumn and winter, corresponding to a substantial reduction in freshwater
discharge during the wet-to-dry transition period and slightly increased discharge
during the dry season. The underlying mechanism leading to changes in the tide-river
dynamics lies in the alteration of freshwater discharge, while the impact of geometric
change is minimal. Overall, the results suggest that the spatial-temporal patterns of
tide-river dynamics is sensible to the freshwater regulation of the TGD, tso e—the
extent-that the ecosystem function of the estuary may undergo profound disturbances.
The results obtained from this study can be used to set scientific guidelines for water
resource management (e.g. navigation, flood control, salt intrusion) in dam-controlled
estuarine systems.

Key words: seasonal freshwater regulation, Three Gorges Dam, analytical model,
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tide-river dynamics, Yangtze River estuary

1. Introduction

Estuaries are transition zones where river meets ocean (Savenije, 2012). Tide-river=

interactions, a result of both hydrologic drivers and geomorphic constraints, are

highly dynamic in estuaries (Buschman et al., 2009; Sassi and Hoitink, 2013; Guo et

al., 2015; Cai et al., 2016; Hoitink and Jay, 2016; Hoitink et al., 2017: Du et al.. 2018).

In natural conditions, they usually experience a wide range of temporal variations, in

timescale ranging from a fortnight to seasoni

well-as-—seasonal-varying-discharges (e.g. Zhang et al., 2018). Human intervention,

such as dam construction in the upstream parts of the-a river and the growing number
of water conservancy projects beins—built along large rivers (such as freshwater

withdrawal), have caused seasonal changes in downstream freshwater discharge

delivery, leading to adjustments in the function of fluvial and estuarine hydrology (e.g.

Lu et al., 2011; Mei et al., 2015; Dai et al., 2017). Consequently, it is important to

understand the impacts of large-scale human intervention, such as flood control,

navigation, salt intrusion, and freshwater withdrawal, which are relevant not only to

tide-river dynamics and riparian ecology but also to sustainable water resource

management in general

River discharge generally fluctuates following a wet-dry cycle due to the seasonal

variation of precipitation in the upstream river basin. For instance, the Yangtze River,

R A BOEE 03

=

ﬁ;i (BRIA) Times New Roman, /\fU, 4k
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the largest river in China in terms of mean dischargea-largeriver, which flows into the

East China Sea, has a maximum river discharge during summer in July and a low
value during winter in January, with a maximum discharge difference of
approximately 38,000 m%/s (Cai et al., 2016). Similar seasonal variations are also
identified in other large rivers in eastern and southern Asia, such as the Mekong River
in Vietnam, Ganges River in India, and Pearl River in China, under the influence of a
monsoon climate. However, most large rivers have been significantly dammed at the
central and upper reaches in recent decades, dramatically modifying stream hydrology
and sediment delivery, resulting in changes in hydraulics and river delta development
trend at the lower reaches (e.g. Risénen et al, 2017; Rahman et al., 2018; Liu et al.,
2018). Due to the fact that the response of tide-river interactions to the impacts of
dams are diverse and non-uniform and that many more dams are to be built in the
future, the impacts of the hydrodynamic interactions between tidal waves and
seasonal river flows from natural variations and anthropogenic activities have become

a common focus in international hydraulic research, especially in large tidal rivers.

The Yangtze River estuary, located near the coastal area of East China Sea, is one of
the largest estuaries in Asia. In the mouth of the Yangtze River estuary, bifurcation
occurs and the characteristics of tides have been broadly investigated in previous
studies (e.g. Zhang et al., 2012; Lu et al., 2015; Alebregtse and Swart, 2016).
However, in these studies, river influences are usually neglected. In recent years, the

processes of nonlinear interactions between tidal wave and river flow in the Yangtze
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River estuary have received increasing attention (e.g. Guo et al., 2015; Zhang et al.,
2015a, b; Cai et al., 2016; Kuang et al., 2017; Zhang et al., 2018). However, recent

studies

on tidal properties, such as asymmetry,
changes near the mouth area, and seasonal variations in tidal wave propagation and
fluvial effects over the entire 600 km of the tidal river, up to the tidal limit of the
Datong hydrological station, have been limited. In addition, the operation of the Three
Gorges Dam (TGD), the largest dam in the world, has substantially affected the
downstream river hydrology and sediment delivery. There is a variety of debate
regarding the potential impacts of TGD on the downstream river morphology,
hydrology, and ecology, since the underlying mechanism of the impact of the TGD is
not fully understood. Specifically, the TGD operation has altered the downstream
fluvial discharge and water levels on the seasonal scale, directly following the
reservoir seasonal impounding and release of water volume (e.g. Chen et al., 2016;
Guo et al., 2018). However, the impacts of seasonal freshwater regulation by the TGD
on the spatial-temporal tide-river dynamics in the downstream estuarine area have not
been systematically investigated. For example, during the dry season TGD operation
increased the multi-year monthly averaged river discharge at Datong station from
9520 m’-s! to 12896 m’-s? in January, while during wet season the regulation
reduced the river discharge from 49900 m*-s! to 44367 m?-s™'in July during the pre-

and post- TGD period.

In this study, for the first time, the spatial-temporal variations in the hydrodynamic
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processes due to the interactions of tidal flow and fluvial discharge in the Yangtze

River estuary caused by natural forcing and human intervention were studied, with

specific focus on the effect of TGD seasonal regulation

effeet. Here, we adopted a well-developed analytical model proposed by Cai et al.
(2014a, 2016) to investigate the spatial-temporal patterns of tide-river dynamics in the
entire Yangtze River estuary and quantify the impacts of the TGD operation. In the
following sections, we introduce the study site of the Yangtze River estuary. This is
followed by a description of the available data and analytical model of tide-river
dynamics in Section 3. Subsequently, we applyapplied the model to the Yangtze
River estuary, where the TGD has operated since 2003 (Section 4). In particular, we
explored the alteration of the tide-river dynamics after the TGD closure and
summarise the impacts of the TGD on the spatial-temporal patterns of tide-river
dynamics. The impacts of channel geometry and river discharge alterations on
tide-river dynamics as well as the implications for sustainable water resource

management are-were then discussed in Section 5. Finally, some key findings are

were addressed in Section 6.

2. Overview of the Yangtze River estuary

The Yangtze River, flowing from west to east in central China, is one of the world’s
most important rivers due to its great economic and social relevance. It has a length of
about 6300 km and a basin area of about 190,000 km? (Figure 1a). The Yangtze River

basin is geographically divided into three parts, the upper, central, and lower
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sub-basins, and contains an estuary area with partitions at Yichang, Jiujiang, and
Datong (DT), respectively (Figure 1a). Of concern in this study are the impacts of the
Three Gorges Dam (TGD), the world's largest dam, on the spatial-temporal patterns of
tide-river dynamics in the estuarine area. It is located about 45 km upstream of
Yichang (Figure 1a). The TGD project began in 2003; by 2009, when full operations
began, the total water storage capacity rose up to ~40 km?, equivalent to 5% of the
Yangtze’s annual discharge. Downstream ef-the DT station, where the tidal limit is
located, the Yangtze River estuary extends ~630 km to the seaward end of the South
Branch. Wuhu (WH), Maanshan (MAS), Nanjing (NJ), Zhenjiang (ZJ), Jiangyin (JY),
and Tianshenggang (TSG) are the major gauging stations along the mainstream in the
seaward direction (Figure 1b). Under the control of the Asian monsoon climate, river

discharges show distinct seasonal patterns. In 1979-2012, more than 70% of

freshwater was discharged at DT occurred during summer (May—October).

Apart from river flows, tidal waves are also recognised as the major sources of energy
for hydrodynamics in the Yangtze River estuary, which is characterised by a meso-tide
with a tidal range that-extendsof up to ~4.6 m and a mean tidal range of ~2.7 m near
the estuary mouth. According to the observation in the Gaogiaoju tidal gauging station
(1950-2012), the averaged ebb tide duration (7.5 h) is a bit longer than the averaged
flood tide duration (5 h), indicating an irregular semidiurnal character (Zhang et al.,

2012).
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Figure 1. Sketeh-Mmaps of the Yangtze River basin (a) and Yangtze River estuary (b);

with the location of tidal gauging and hydrological stations shown with black solid

circles and reed solid rectanglesdisplaying the location-of gauging and-hydrological-

3. Data and Methodology
3.1 Source of Data
To quantitatively investigate the relationship between freshwater discharge regulation

caused by the TGD operation and the tide-river dynamics, monthly averaged
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hydrological data for both pre-TGD (1979-1984) and post-TGD (2003-2014) periods
of tidal range and water level from the above-mentioned six tidal gauging stations
along the Yangtze River estuary were collected. They were published by the Yangtze
Hydrology Bureau of the People's Republic of China. The monthly averaged tidal
amplitude is determined by averaging the daily difference ef-between high and low
water levels and dividing by twoa-half. To correctly quantify the residual water level
along the Yangtze estuary, locally measured water levels ef-at different gauging

stations are corrected to the national mean sea level of Huanghai 1985.

3.2 Analytical model for tide-river dynamics

3.2.1 Basic equations

In tidal rivers, the tidally averaged water level (i.e. residual water level) depicts a
steady gradient, which usually increases with freshwater discharge (e.g. Sassi and
Hoitink, 2013). The key to deriving the dynamics of the residual water level lies in the
one-dimensional momentum equation, which can be expressed as (e.g. Savenije, 2005,

2012):

U oy oz ghop UJU|

— =0, 1
ot x 9 2p o 9o 1

where U is the cross-sectional averaged velocity, Z is the free surface elevation, % is
the water depth, g is the acceleration due to gravity, ¢ is the time, p is the water density,
x is the longitudinal coordinate directed landward, and K is the Manning-Strickler
friction coefficient. It was demonstrated that in the subtidal momentum balance, the

residual water level slope is primarily balanced by the residual friction term (Vignoli
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198  where the overbars indicate the tidal average. For a single channel with the residual

199  water level set to 0 at the estuary mouth (i.e. Z =0 at x=0), the integration of

200  Equation (2)2} leads to an analytical expression for the residual water level [%E{ﬁrﬁ & (BRA) Times New Roman, SR HiE:
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207  where A, and B, represent the tidally averaged cross-sectional area and width at the (BB T T (BIA) Times New Roman
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208 estuary mouth, respectively, A, and B, represent the asymptotic riverine
209  cross-sectional area and width, respectively, and a and b are the convergence lengths
210  of the cross-sectional area and width, respectively. The advantage of these equations
211 for approximating the shape of the estuary is that they account not only for the
212  exponential shape in the lower part of the tidal river but also for the approximately
213  prismatic channel in the upstream part of the tidal river. We further assume a nearly [i&ﬁ?’lﬁ:‘&: F AR, FREE: XF 1, FHEEE)

214  rectangular cross-section, considering a large width to depth ratio; hence, the tidally
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215  averaged depth is given by h,= A/B_and the cross-sectional area variability can be (BRETHR: FHHAR XT 1, FEGER)
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primarily attributed to the change in depth.Wefurther—assumeanearly rectangular

3.2.2 Analytical solution for tidal hydrodynamics

It was shown by Cai et al. (2014a, b, 2016) that the tide-river dynamics is dominantly
controlled by four dimensionless parameters (see their definitions in Table 1). They
include: the dimensionless tidal amplitude ¢ (representing the boundary condition in
the seaward side), the estuary shape number y (representing the cross-sectional area
convergence), the friction number y (representing the bottom frictional effect), and the
dimensionless river discharge ¢ (representing the impact of freshwater discharge),-).

The definitions of these four variables are defined in Table 1, where-where— z, is the

tidal amplitude, p,is the velocity amplitude, ,U; is the river flow velocity, , is the tidal

frequency, 75 is the storage width ratio accounting for the effect of storage area (i.e.

tidal flats or salt marshes), and ¢y is the classical wave celerity defined as ,
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Table 1. Definitions of dimensionless parameters used in the analytical model

Local variables Dependent variables
Dimensionless tidal amplitude Amplification number
C=nlh S§=c,dn/(newdx)
Estuary shape number Velocity number
y:co(ﬂ—K)/(waﬂ) w=01(r¢c,)=oh I (rc,)
Friction number Celerity number
;(=rsgcog“[l—(4§/3)2]1/(a)KZH‘”3) A=c,ic
Dimensionless river discharge Phase lag
p=U, /v e=n12-(¢,—¢,)

In this study, we used the analytical solutions proposed by Cai et al. (2014a, b, 2016),
in which the solutions of the major tide-river dynamics are derived by solving a set of
four implicit equations for the tidal damping, the velocity amplitude, the wave celerity,
and the phase lag (see details in Appendix B). The major dependent parameters can be
described by the following four variables (see also Table 1): J represents the
damping/amplification number describing the increase (J > 0), or decrease (6 < 0) of
the tidal wave amplitude along the estuary axis, x represents the velocity number
indicating the ratio of actual velocity amplitude to the frictionless value in a prismatic
channel, / represents the celerity number representing the classical wave celerity co

scaled by the actual wave celerity ¢, and ¢ represents the phase lag between the high

12
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water (HW) and high water slack (HWS) or between the low water (LW) and low
water slack (LWS). It is important to note that the phase lag (ranging between 0 and
7/2) is a key parameter in classifying the estuary, where ¢ = 0 suggests the tidal wave
is featured by a standing wave, while ¢ =n/2 indicates a progressive wave. For a
simple harmonic wave, the phase lag is defined ass=r/2—(g, —¢,), Where ¢, and

¢, are the phases of elevation and current, respectively (Savenije, et al., 2008).

3.2.3 Analytical solution for the entire channel

It is worth noting that the analytically computed tide-river dynamics x, d, 4, and € only
represent local hydrodynamics since they depend on local (fixed position) values of
the dimensionless parameters, i.e. the tidal amplitude ¢, the estuary shape number yp,
the friction number y, and the river discharge ¢ (see Table 1). To correctly reproduce
the tide-river dynamics for the entire channel, a multi-reach technique is adopted by
subdividing the entire estuary into multiple reaches to account for the longitudinal
variations of the estuarine sections (e.g. bed elevation, bottom friction). For a given
tidal damping/amplification number ¢ and tidal amplitude # at the seaward boundary,
it is possible to determine the tidal amplitude at a distance 4x (e.g. 1 km) upstream by
simple explicit integration. Hence, the analytical solution for the entire channel can be

obtained by step-wise integration in this way.

4. Results

4.1 eObservational analysis on the Aalteration of the-tide-river dynamics after

13
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273 TGD closure

274  To quantify the impacts of TGD operation on the downstream tide-river dynamics, we- \:;ﬁﬁﬁ:‘&ﬂ’ﬂ: [CE2SEid

275  divided the time series into two periods, including a pre-TGD period (1979-1984,
276  representing the condition before the operation of the TGD) and a post-TGD period
277 (2003-2014, after the closure of the TGD with an operating TGD). Figure 2 shows the
278  changes in the observed tidal range AH and residual water level AZ before and after
279  the closure of the TGD at the six gauging stations, together with the change in
280  freshwater discharge AQ observed at the DT hydrological station. Figure 2 and Table
281 2 clearly show that the monthly averaged river discharge in January, February, and
282  March substantially increased by 35.5%, 30.5%, and 16.4%, respectively, due to the
283  considerable release of freshwater from the TGD. On the other hand, we observe a
284  significant decrease in freshwater discharge in September, October, and November,
285  decreasing by 20.1%, 33.2%, and 20.8%, respectively. The reason can be primarily
286  attributed to the impounding water of the TGD during these months, especially in
287  October. During the other months, the impacts of TGD on the change in the
288  freshwater discharge are relatively small, mimicking the natural condition before the
289  operation of the TGD.

290

291  In Figure 2a we observe an increasing trend in tidal range for the post-TGD period at- R MR

292  the six gauging stations, except for the marked decrease at the ZJ station in the first
293  half of the year (i.e. January—June). On average, the maximum increase (0.20 m) in
294  tidal range occurs in October, which is mainly due to the substantial reduction of river

14
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discharge caused by the TGD operation. This indicates a consistent enhancement of
tidal dynamics along the Yangtze estuary, except the reach near the ZJ station. For the
residual water level, Figure 2b clearly shows that the change in the residual water
level directly follows that of the river discharge due to the stable relationship between
these two parameters. In particular, we see that the residual water levels increased by
0.26 m, 0.30 m, and 0.16 m, respectively, in January, February, and March, while they
significantly decreased by 0.72 m, 1.17 m, and 0.70 m, respectively, in September,
October, and November. In addition, the decrease trend in residual water level is more
significant in-at upstream stations when compared with those in the downstream

areas.

12 3 4 5 6 7 8 9 10 11 12
—6—TSG —&-JY —%-ZJ -=-NJ ==—MAS ~ WH -%-DT:Q

Month

Figure 2. Changes in monthly averaged (a) tidal range AH and (b) residual water level

AZ together with the freshwater discharge AQ along the Yangtze River estuary.
15
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Table 2. Comparison of multi-year monthly averaged river discharge O (m3-s™)

between the pre-TGD and the post-TGD periods

Month 1 2 3 4 5 6 7 8 9 10 11

Pre-TGD 9520 10527 16298 25050 30867 38283 49900 47276 45317 38467 23633

Post-TGD 12896 13733 18974 22165 30971 39180 44367 40590 36187 25682 18714

Change 3376 3206 2675  -2885 105 896 -5533  -6687  -9130  -12784  -4919

14810

14203

-607

Since the TGD operation affects tide-river dynamics primarily through the alteration

of the freshwater discharge, it is worth exploring the patterns of trends in the

relationship between the freshwater discharge and gradients of the main tidal

parameters with respect to distance (i.e. the tidal damping rate and the residual water

level slope). Here, we estimated the tidal damping rate du and the residual water level

slope S for a reach of 4x by using the following expressions:

5 - 1 H,—H,
" (H+H,) /2 Ax

Z,-7,
AX

A

S

where H; and Z; are the tidal amplitude and residual water level on the seaward side,

respectively, whereas H> and Z, are the corresponding values Jx upstream,

respectively. Figure 3 presents the computed tidal damping rates for different reaches

along the Yangtze estuary based on the observed tidal ranges at the six gauging

stations. It is remarkable that the tidal damping rates at the ZJ-NJ and MAS-WH

reaches have significantly increased during the post-TGD period, which suggests an
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enhancement of tidal dynamics under the current freshwater discharge conditions. On
the contrary, a noticeable decrease in Jy was observed at the JY-ZJ reach, which
corresponds to a decrease in tidal range at the ZJ station for the low river discharge
conditions (from January to May, see Figure 2a). At TGS-JY and NJ-MAS, no
significant change in Jn is observed. In Figure 4, a consistent decrease in the residual
water level slope S is observed along the Yangtze estuary, except for the JY-ZJ reach.
This means that the residual friction effect becomes weaker in the post-TGD period
since the residual water level slope is primarily balanced by the residual friction term

(Caietal., 2014a, b, 2016).
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Figure 3. Changes in tidal damping rate Ju before and after the TGD closure for
different reaches along the Yangtze estuary: (a) TGS-JY, (b) JY-ZJ, (c) ZJ-NJ, (d)

NJ-MAS, (¢) MAS-WH.
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Figure 4. Changes in residual water level slope S before and after the TGD closure for
different reaches along the Yangtze estuary: (a) TGS-JY, (b) JY-ZJ, (¢) ZJ-NJ, (d)

NJ-MAS, (¢) MAS-WH.

4.2 Performance of the analytical model reproducing the tide-river dynamics

The analytical model presented in Section 3.2 was subsequently applied to the
Yangtze River estuary, with the seaward boundary using the tidal amplitude imposed
at the TSG station and the landward boundary using the river discharge imposed at the
DT station. The computation length of the estuary is 470 km, covering the entire
estuary from TSG to DT. The adopted geometric characteristics (including the tidally
averaged cross-sectional area, width, and depth) are the same for both pre- and

post-TGD periods, which were extracted from a digital elevation model (DEM) using
18
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Yangtze River estuary navigation charts surveyed in 2007. The geometric
characteristics, calibrated by fitting the observed values using Equations (4) and (5),
are presented in Table 3, where a relatively large cross-sectional area convergence
length (a = 151 km) is evident, with a relatively small width (b = 44 km), indicating a
fast transition from a funnel-shaped reach to a prismatic reach in terms of width. It is
worth noting that the Yangtze River estuary is characterised by a typical semidiurnal
character; thus, a typical M2 tidal period (i.e. 12.42 h) was adopted in the analytical
model. For the sake of simplification, we assume that the storage width ratio rs = 1.
Hence, the only calibrated parameter is the Manning-Strickler friction coefficient K.
Here, we used two values for K: K =80 m'”-s! in the tide-dominated region (x = 0—
42 km), and a smaller value of K =55 m'?-s’! in the river-dominated region (x = 42—
450 km). The analytically computed results were compared with the observed tidal
amplitudes and the residual water levels at five gauging stations along the Yangtze
estuary (Figure 5). It can be seen that the overall correspondence between analytical
results and observations is good, with high coefficients of determination (R?> 0.95),
which suggests the usefulness of the present analytical model for reproducing the
tide-river dynamics, given the gross features of flow characteristics and estuarine

geometry.

Table 3. Characteristics of geometric parameters in the Yangtze River estuary
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Characteristics River Mouth Convergence length a/b (km)
Cross-sectional area A (m?) 12,135 51,776 151
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Figure 5, Comparison of monthly meanaveraged values effor (a, b) Cemparisen—-of
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analytically computed tidal amplitude # and (c, d) residual water level Z against the

observations in the Yangtze River estuary for the pre-TGD period (1979—1984) and

post-TGD period (2003-2014).
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4.3 Impacts of TGD operation on spatial-temporal patterns of tide-river
dynamics
With the significant seasonal discharge variations resulting from the TGD regulation,
an understanding of the seasonal impacts on tide-river dynamics along the estuary has
become increasingly important. In Figures 6 and 7, we see how the TGD operation
impacts the longitudinal variation of the main tidal dynamics in terms of the four
dependent parameters o, A, u, and ¢ for different seasons. The most considerable
changes in the major tide-river dynamics occurred in both autumn and winter seasons,
which correspond to the substantial reduction in freshwater discharge in the
wet-to-dry transition period (i.e. autumn) and slightly increased freshwater discharge
in the dry season (i.e. winter) due to the TGD operation since 2003 (see Table 2). On
the other hand, the impacts of the TGD operation on the tide-river dynamics during
the spring and summer are relatively minor due to the negligible change in the
freshwater discharge. However, we do notice that the TGD had exerted slight
influence on tide-river dynamics in the downstream reaches (x <250 km) during the
summer, with the maximum freshwater discharge occurring within a year. In addition,
it appears that there exists a critical position corresponding to the maximum tidal
damping (or minimum value of d) upstream in which the tidal damping becomes weak.
This phenomenon occurs particularly in the spring, summer, and autumn. The

underlying mechanism is elaborated in the discussion section.

Figures 6a, c, e, g show the comparison of the analytically computed tidal damping
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number 0 before and after the closure of the TGD, in which we clearly identify

demonstrateobserve that the longitudinal tidal damping effect was considerably

weakened in autumn, while it was slightly enhanced in winter after the TGD closure.
This was expected since freshwater discharges tend to dampen the tidal wave
primarily through the enhancement of the friction term (Horrevoets et al., 2004; Cai et
al., 2014a, b, 2016). Figures 6b, d, g, i show a similar picture for the wave celerity
number A, which is positively correlated to the tidal damping number J, according to
the celerity equation (11) in Appendix B. Figure 7 shows the longitudinal computation
of the velocity number x and the phase lag ¢ for both periods. The impacts of the TGD
operation on the velocity scale and phase lag are similar to the tidal damping, i.e. the

larger the freshwater discharge, the smaller the velocity number and the phase lag.the

Overall, in the seaward reach of the estuary, the effect of freshwater discharge

alteration by the TGD operation on the major tide-river dynamics (i.e. J, 4, &, and ¢)
was less significant because of the small ratio of freshwater discharge to tidal
discharge. On the other hand, in the upstream reach of the estuary, the changes in the
four dependent parameters are also small due to the substantial tidal attenuation as a
result of the long-distance propagation from the estuary mouth. Therefore, the pattern
of seasonal variation due to the TGD operation is relatively small at both ends of the
estuary, whereas the largest variation usually occurs in the middle reach of the estuary.

23



434

435

436

437

438

439

This finding was supported by the results of harmonic analysis using the numerical
results (Zhang et al., 2018). Similar phenomena have also been identified in other
large fluvial meso-tide estuaries, such as the Mekong River estuary and Amazon
River estuary, where dam operation altered the seasonal patterns of tide-river

dynamics (Kosuth et al., 2009; Hecht et al., 2018).
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Figure 6. Longitudinal variability of simulated tidal damping number 0 (a, c, e, g) and
celerity number 4 (b, d, g, i) along the Yangtze estuary in different seasons (spring: a,

b; summer: ¢, d; autumn: e, g; winter: g, i) for both the pre-TGD and the post-TGD

periods.
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Figure 7. Longitudinal variability of simulated velocity number u (a, c, e, g) and phase
lag ¢ (b, d, g, 1) along the Yangtze estuary in different seasons (spring: a, b; summer: c,

d; autumn: e, g; winter: g, i) for both the pre-TGD and the post-TGD periods.

5. Discussion
5.1 The impact of channel geometry alteration on tide-river dynamics

Dam operations, which dramatically modified downstream flow and sediment-
regimes, are becoming an increasingly important factor controlling the morphological
evolution. Previous studies show that, as a result of the trapping of sediments by the
TGD, considerable erosion occurred in the first several hundred km downstream of

the TGD, considerably coarsening the bedload (Yang et al., 2014). In particular, the
27
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river bed immediately downstream was erodedthe—river—immediately—downstream

eroded at a rate of 65 Mt/yr in 2001-2002 (Yang et al., 2014). It was shown by Lyu et
al. (2018) that due to a dramatic reduction in the sediment discharge following the
construction of the TGD, a significant change in size, geometry, and spatial
distribution of pool-riffles occurred downstream; however, this adjustment was
limited to the reaches close to the TGD. It should be noted that the bathymetry
adopted in the analytical model is restricted to the estuarine area in 2007, which is
only 4 years after the TGD closure in 2003, and it is before the full operation of the
TGD began in 2009. In addition, the TGD is around 1600 km away from the estuary
mouth, and its influence on the estuarine morphology normally has a lag effect of at
least 4-5 years, as discussed by Wang et al. (2008). Hence, the adopted geometry has

been only partly altered after the TGD closure. The emorphological change of

Yangtze Estuary can be even more profound in recent years due to the continuously

and accumulated impact from the TGD. Further adjustment of morphological change

(RBTHR: T BN, PHHE XF 1L REGRE) |

due to the sedimentation in the TGD could exert a considerable impact on the

tide-river dynamics in the estuarine region (e.g., Du et al., 2018; Shaikh et al., 2018).

Further study on the impact of morphological adjustment on the tide-river dynamics is

required in the future.
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5.2 The impact of freshwater discharge alteration on tide-river dynamics

The water conservancy of the TGD has multiple purposes, in which the seasonal
discharge regulation and their impact on the ecosystem are well documented (e.g. Mei
et al., 2015a, b; Chen et al., 2016; Guo et al., 2018). However, the actual influence of
discharge regulation on the river-tide dynamics in the estuarine area is not fully
understood. With the analytical reproduction of tide-river dynamics for pre- and
post-TGD periods, it is possible to quantify the extent of the changes in the major
tidal dynamics, including the estuary shape number y and friction number y (Figure 8),
and the residual water level slope S and water depth % (Figure 9) along the Yangtze
River estuary. In general, during the transition from the wet season (summer—autumn)
to the dry season (winter—spring), the water level and corresponding fluvial discharge
downstream from the TGD is first raised by the impounding water and then reduced
by the release of water, which would substantially change the tide-river dynamics in
the downstream estuarine area, with the maximum variation occurring in autumn and

the minimum variation occurring in spring.
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Figure 8. Longitudinal variability of simulated estuary shape number y (a, c, e, g) and
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Figure 9. Longitudinal variability of simulated residual water level slope S (a, c, e, g)
and water depth /4 (b, d, g, 1) along the Yangtze estuary in different seasons (spring: a,
b; summer: c, d; autumn: e, g; winter: g, i) for both the pre-TGD and the post-TGD

periods.

Figures 8 and 9 show that during the wet season (summer—autumn), the estuary shape
number y and friction number y experience a general increase, while a decrease in the
residual water level slope S and water depth h can be identified in the post-TGD
period due to the reduction in freshwater discharge. However, the changes in these
major dynamics vary significantly along the channel. Near the estuary mouth, where

tidal influence overwhelms the influence from freshwater dischargewhere—the—tidal
34




518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

, the difference is relatively small,
as the magnitude of the freshwater discharge is small when compared with that of the
tidal discharge. Meanwhile at the upstream reach of the estuary, where the riverine
influence dominates that of the tide, the difference is also small due to the attenuation
of the tidal wave propagation over a long distance. Consequently, the most significant
changes in major tide-river dynamics occurred in the middle reach of the Yangtze
River estuary due to the discharge regulation of the TGD during the wet season. By
contrast, during the dry season (winter—spring), especially in winter, the opposite
trend was observed, indicating a slight increase in y and y, and a slight decrease in S
and h due to the additional release of discharge from the TGD. In addition, we also
observed that the changes in tide-river dynamics caused by the TGD operation were

much stronger upstream than in the lower stream.

5.3 Implications for water resource management
The construction of the TGD is the largest hydro-development project ever performed
in the world, having multiple influences on downstream water resource management,

including navigation, flood control, tidal limit variation, and salt intrusion.

5.3.1 Implications for navigation

The navigation condition is mainly controlled by both high water and low water levels.
Figure 10 shows the estimation of the cumulative distribution function (cdf) for both
the high-water level (Figure 10a) and the low-water level (Figure 10b) at the six
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gauging stations along the Yangtze River estuary for both the pre- and post-TGD
periods. The results indicate that navigation conditions during the non-flood season
are generally improved, because both percentages of high-water and low-water levels
are increased due to the additional freshwater discharge released from the TGD. On
the other hand, during the flood season, the reduction in the freshwater discharge by
TGD impounding tends to exert a negative impact on navigation. However, the
reduced freshwater discharges in the late summer and autumn are not of sufficient
magnitude to cause any navigation problems. This is due to the fact that the mean
water levels during the flood season are relatively high; hence, the regulating flow
quantity and regulating capacity are relatively small (e.g. Chen et al., 2016). In
general, due to the staggered regulation in freshwater discharge, seasonally, the actual
navigation condition is improved due to the significant increase in the percentage of

low water levels.
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Figure 10. Cumulative distribution function (cdf) estimated by using the kernel
smoothing function (a) for high water level and (b) low water level at six gauging
stations along the Yangtze estuary. The solid linesdrawn-tines represent the pre-TGD

period, while the dashed lines represent the post-TGD period.

5.3.2 Implications for flood control

Flood control is one of the most important functions of building dams and reservoirs
in large rivers. Before the construction of the TGD, the Yangtze River basin suffered
from frequent and disastrous flood threats. For instance, the floods of 1998 in the
Yangtze River were reported to have killed 3656 people, destroyed 5.7 million homes,
and damaged seven million more. Many studies have examined the flood control
capacity of the TGD over the past two decades (Zhao et al., 2013; Chen et al., 2014).

In particular, the capability of the TGD flood control is influenced by multiple factors
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(e.g. Huang et al., 2018), particularly in the estuarine area, which is strongly
influenced by tides from the ocean. During the flood season, the reduced freshwater
discharge by TGD impounding benefits the flood control by reducing the peak flood
discharge. However, as the tidal influence is enhanced, both the percentages of high
water and low water levels for the post-TGD period are considerably increased, as
shown in Figure 10, indicating a decreased flood control capability. For instance, at
the WH gauging station located in the upstream part of the Yangtze River estuary, the
8-m high-water level increased by approximately 10% after the TGD closure during

the wet season. The corresponding flood prevention standard, therefore, is reduced

(B TER: T R, SHAE: X7 1, FERE)

due to the increased high-water level (see also Nakayama and Shankman, 2013).

5.3.3 Implications for tidal limit

It is important to detect the position of the tidal limit (corresponding with the position
where the tidal amplitude to depth ratio is less than a certain threshold, e.g. % < 0.02),
which is the farthest point upstream where a river is affected by tidal fluctuations,
since it is essential for surveying, navigation, and fisheries management, in general
(e.g. Shi et al., 2018). Subsequently, we are able to define the tide-influenced length
as the distance upstream from the estuary mouth to the tidal limit. Generally, the tidal
limit fluctuates with the changes in the seasonal freshwater discharges. Field
measurements have demonstrated that tidal limit can reach as far as the NJ station and
further upstream during the dry season, while during the wet season, it is pushed

down to the ZJ station and may be pushed further downward to the JY station under
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spate conditions. Figure 11 shows the analytically computed tidal limit position for
both the pre- and post-TGD periods. It can be observed that the tidal limit moved
downstream by about 25-45 km and 256-39 km in January and BeeemberFebruary
under the impact of the additional release of discharge from TGD during the dry
season. During the transition from dry to wet seasons (January—May), the total
freshwater discharge from TGD increases, and we identify further downstream
movement of the tidal limit, although to a smaller extent. The reverse of the post-TGD
tidal limit in April is due to the decrease in the freshwater discharge compared with
the pre-TGD tidal limit (see Table 2). The TGD storage period begins in June, and the
tidal limit moved upstream by a large amount compared with the pre-TGD period.
The largest change occurred during October when the tidal limit moved from 175 km
pre-TGD to 25025 km post-TGD due to the substantial increase in freshwater

discharge (see Table 2).
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5.3.4 TImplications for salt intrusion

The operation of the TGD changed the location of tidal limit, which, in turn, directly
influences the intensity of saltwater intrusion, especially during the dry season, when
the freshwater discharge is low and saltwater intrusion is important (e.g. Cai et al.,
2015). The analysis of tide-river dynamics shows that the tidal dynamics are
considerably enhanced during the autumn due to the substantial decline in freshwater
discharged into the estuary, which may lead to enhanced saltwater intrusion. However,
with supplemented discharge after the TGD during the winter, saltwater intrusion
tends to be significantly suppressed, and the isohalines are pushed seaward by
additional river discharges (e.g. An et al., 2009; Qiu and Zhu, 2013). In contrast,
during the wet season, the TGD operation slightly extended the timing of saltwater
intrusion and increased its intensity by impounding freshwater. Since the total river
discharge rate during the wet season is the largest during the year, the influence of
saltwater on freshwater reservoirs along the coastal area is limited. Therefore, the
operation of TGD is overall favourable for reducing the burden of freshwater

supplement in the tidally influenced estuarine areas. However, to quantify the

(BT HR: Tk Emp

potential impacts of TGD’s operation on salt intrusion and related aquatic ecosystem

health in general, it is required to couple the hydrodynamic model to the ecological or

salt intrusion model (e.g., Qiu and Zhu, 2013; Cai et al., 2015).
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631 6. Conclusions

632  An analytical approach was used to examine the potential impacts of TGD operation
633 on the spatial-temporal patterns of tide-river dynamics along the Yangtze River
634  estuary. It was shown that the freshwater regulation caused by the TGD, on a seasonal
635  scale, exerts significant impacts on the tide-river dynamics, with the maximum
636 influence occurring in autumn and winter. This generally corresponds to a dramatic
637  decrease in freshwater discharge during the wet-to-dry transition period and a slight
638 increase in discharge during the dry season. The analytical results indicate that the
639  discharge regulation by the TGD drives the alterations in the tide-river dynamics
640  instead of the geometric change. In particular, the change in the freshwater discharge
641  changes the estuary shape number (representing the geometric effect), the residual
642  water level slope (representing the effective frictional effect) and, hence, the tide-river
643  dynamics. This study, using the Yangtze River estuary as an exampleas—a-significant
644  ease-study, provides an effective yet simple method to quantify the seasonal regulation
645  in freshwater discharge by large reservoirs or dams on hydrodynamics in estuaries.
646  The results obtained from this study will, hopefully, shed new light on aspects of

647  water resource management, such as navigation, flood control, and salt intrusion.

648
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650
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Appendix A. Simplified momentum balance for the residual water level slope
Assuming a periodic variation of flow velocity, the integration of Equation (1)1} over
a tidal cycle leads to an expression for the residual water level slope (e.g. Cai et al.,

2014a, 2016):
oz _ 1(U|U|j 1’ 1.5

ox KUK ) 2g ax 2p, ox

(8%)

A A

where the overbars and the subscript 0 indicate the tidal average and value at the
seaward boundary, respectively. The residual water level slope is induced by three
contributions: residual frictional, advective acceleration, and density effects, which

correspond to the three terms on the right-hand side of Equation (8)(). Note that the

contribution from advective acceleration to the residual water level slope:

aZadv _ i 6[7

- i 9
X 29 ox ®)
can be easily integrated to:
_ — _(u? \—
zadv:—i(uz—ug):—lFro Y 1ln (10)
29 2 (Y

where the Froude number is introduced, Fr2 = W/ (gh), which is computed with
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the averaged variables. In this case, the correction is local (not cumulative) and
proportional to the flow depth through a coefficient that is negligible as long as the
velocity does not change significantly, and Fr is small, as is common in most tidal
flows. It was shown by Savenije (2005, 2012) that the density term in equation (1)1
always exercises a pressure in the landward direction, which is counteracted by a
residual water level slope, amounting to 1.25% of the estuary depth over the salt
intrusion length. The value for the residual water level slope, induced by the density
effect, is usually small compared with the gradient of the free surface elevation; thus,
in this paper, we neglect the influence of the density difference on the dynamics of the

residual water level.

Appendix B. Governing equations for tide-river dynamics in estuaries
The analytical solutions for the dependent parameters x, J, A, and ¢ are obtained by
solving the following four dimensionless equations (see details in Cai et al., 2014a):
the tidal damping/amplification equation, describing the tidal amplification or
damping as a result of the balance between channel convergence (gq) and bottom
friction (CmIG):
5 10— T) ©11)
1+u°p

the scaling equation, describing how the ratio of velocity amplitude to tidal amplitude
depends on phase lag and wave celerity:

_sin(g) _cos(s)

= 1012
i B (#612)

the celerity equation, describing how the wave celerity depends on the balance
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between convergence and tidal damping/amplification:

A =1-8(y-95), (H13)
and the phase lag equation, describing how the phase lag between HW and HWS
depends on wave celerity, convergence, and damping:

tan () = —— (1214)

=5 14
where g, 6,and G account for the effect of river discharge and where:

1
B=0-1lpl(1), 6=1-(1+¢ -1l (u), T :;[pl—ZpZm p? (3+ A2 /<p2)]
(+315)

Note that I is a friction factor obtained by using Chebyshev polynomials (Dronkers,
1964) to represent the non-linear friction term in the momentum equation:

_ujup 1

—ai3 —a13

F=
K?h K?h 7z

(Pov” + Pl + p,U% + pU* /), (1416)
in which U is the cross-sectional averaged velocity consisting of a steady component
Ur, generated by the fresh water discharge, and a time-dependent component U,
introduced by the tide:

U=U,-U, =usin(at)-Q/A, (1517)
where Q is the fresh water discharge (treated as a constant during the tidal wave
propagation), and pi (5i =0, 1, 2, 3) are the Chebyschev coefficients (see Dronkers,

1964, p. 301), which are functions of the dimensionless river discharge ¢ through

o = arcos(-¢):

Po :7%sin(2a)+2—143in(6a)—$sin(8a), (+618)
b :%sin(a)_%(301)_%sin(sap%sm(m), (1719)
P, =7r—2a+%sin(2a)+%sin(4a)—ésin(6a), (4820)
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The coefficients pi, p2, and ps determine the magnitudes of the linear, quadratic, and

cubic frictional interaction, respectively.
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