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Abstract

:

Estuaries worldwide are experiencing increasing threats from climate change, particularly from the compounding effects of sea level rise (SLR) and varying magnitude of river inflows. Understanding the tidal response of estuaries to these effects can guide future management and help assess ecological concerns. However, there is limited existing understanding on how estuarine tidal dynamics may respond to the compounding effects of SLR and altered riverine inflows in different estuaries. To partially address this knowledge gap, this study used data analysis and scrutinised idealised hydrodynamic models of different estuary shapes and boundary conditions to (i) identify broad effects of SLR on estuarine tidal dynamics under various river inflow conditions, (ii) determine how longitudinal cross-sections are impacted by these effects, and (iii) highlight some implications for environmental risk management. Results indicated that short- to moderate-length, high convergent estuaries experience the greatest and short- to moderate-length prismatic and low convergent estuaries experience the least variations in their overall tidal dynamics (i.e., tidal range, current velocity, and asymmetry). These variations were most evident in estuaries with large riverine inflows and macrotidal conditions. Compounding effects of SLR and altered riverine inflows induced spatially heterogenous changes to tidal range, current velocity, and asymmetry, with transects nearest to the estuary mouth/head and at a three-quarter estuary length (measured from estuary mouth) identified as the most and the least vulnerable zones, respectively. These findings provide an initial broad assessment of some effects of climate change in estuaries and may help to prioritise future investigations.
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1. Introduction


Estuaries are amongst the most populated regions worldwide and are important locations for economic, cultural, and recreational activities. Estuaries offer a range of ecosystem services to humans including (but not limited to) water purification, food provision, and flood/erosion protection [1,2,3]. There is widespread consensus that climate change impacts, especially the compounding effects of sea level rise (SLR) and altered riverine inflows, increasingly endanger these ecosystem services and threaten the livelihoods of millions of people inhabiting estuarine environments [4,5,6,7].



SLR and altered riverine inflows (as well as their compounding effects) can alter estuarine tidal dynamics and potentially lead to erosion, entrance instability, failure of drainage systems, more frequent inundation, saltwater intrusion, and the loss of wetlands and associated ecosystems [8,9,10,11,12,13,14]. The variations in the magnitude of river inflows (hereafter called varying river inflows or altered riverine inflows) can alter estuarine tidal dynamics (e.g., tidal range) by changing the surface water slope and influencing the effective roughness and energy dissipation [15,16,17]. SLR has been observed to change the tidal prism, water depth, frictional effects, and the location of nodal points, modifying the tidal structure and propagation patterns [17,18,19]. Depending on the estuarine form (or geomorphic typology), tidal modifications induced by SLR and/or altered riverine inflows may deteriorate water quality, threaten vegetation communities, and alter the sediment budget and geomorphology over time and space [17,18,19]. As such, research that furthers the understanding of estuarine tidal dynamics is important as it may assist in guiding future assessments and management efforts.



Idealised hydrodynamic approaches (i.e., using simplified estuarine geometries such as converging and prismatic channels and running an ensemble of scenarios) have been identified as a promising approach to predict changes in estuarine tidal dynamics [20,21,22,23,24,25]. Idealised models require reduced data collection and computational resources compared with full hydrodynamic approaches and have been found to provide reasonable agreement with theoretical, analytical, and process-based assessments of estuarine hydrodynamics at real-world sites [20,21,22,26]. For instance, idealised prismatic and converging models of estuaries were observed to replicate tidal range responses obtained from a process-based model for the Chesapeake Bay and its tributaries such as the Potomac River, Rappahannock River, and York River [20], as well as the tidal range values obtained from analytical approximations [26]. However, idealised models typically include a large number of simulations to assess variations in estuary hydrodynamics due to the vast array of estuarine parameters, including shapes (e.g., length, depth, and convergence) and boundary conditions (e.g., friction) [21,22].



When dealing with idealised models, researchers have previously investigated individual tidal properties (e.g., tidal range)—as opposed to overall assessments of tidal properties (e.g., changes in tidal range, currents, and asymmetry)—under different boundary conditions and compounding effects [20,21,27,28,29]. Considering the quantity of hydrodynamic properties, the application of generic data analysis techniques may provide a promising approach to analyse large datasets and has been successfully applied to hydrodynamic and hydrology disciplines [30,31,32]. For instance, data analysis methods (e.g., neural network and random forest) have been utilised to assess flood risks [33,34,35,36], boundary condition enhancement [37], water quality [38,39], and spatial distribution of mobile organisms (e.g., fish) [40,41] in different water bodies worldwide.



As such, this study examines the application of a generic data analysis method to a large dataset of idealised models with findings specifically focusing on the compounding effects of SLR and altered riverine inflows. In particular, this study used a Pearson correlation analysis to explore the tidal dynamics (herein, simply defined as changes in tidal range, current velocity, and asymmetry) of a set of idealised hydrodynamic models with different estuary shapes (i.e., prismatic and converging) and boundary conditions (e.g., bed/banks friction) in present-day conditions and under future SLR, varying river inflows, and compounding conditions. Throughout this article, the overarching changes to tidal properties (i.e., tidal range, current velocity, and asymmetry) due to the effects of SLR and/or altered riverine inflows for different estuaries are discussed. Where relevant, findings are compared with real-world sites to cross-check the practicality of their application. Overall, this study addresses the following scientific questions:




	
Are data analysis techniques able to provide broad insights into the effects of SLR and varying river inflows on estuarine tidal dynamics?



	
What are the dominant effects of SLR and altered riverine inflows on estuarine tidal properties?



	
Which estuary types and locations are most vulnerable to changes in mean sea level and river inflows?








This paper is structured as follows. Section 2 presents the methodology, simulations, and tidal properties considered, as well as the data analysis techniques adopted. Section 3 details how parameters representative of estuarine tidal dynamics including tidal range, maximum current velocity, and asymmetry are likely to alter under the compounding influence of SLR and altered riverine inflows. Finally, Section 4 elaborates on the implications of altered tidal dynamics for estuarine management, provides broad conclusions, and offers directions for future research efforts.




2. Methods


2.1. Numerical Modelling


A large subset of idealised simulations conducted by [21] has been re-analysed in this research. These simulations considered three simplified geometries comprising prismatic estuaries and converging estuaries with convergence lengths of CL = 160 km (weaker convergence) and CL = 80 km (stronger convergence) (Figure 1). Combinations of a wide range of estuarine parameters were investigated comprising estuary length (L = 40, 80, and 160 km), uniformly distributed Manning’s roughness (n = 0.015 and 0.03 s/m1/3), tidal range at the mouth (TR0 = 0.5, 1, and 4 m, representing microtidal, mesotidal, and lower boundaries of macrotidal coastal conditions, respectively), river inflow (Q) over tidal prism (TP) ratio (Q/TP = 0%, 1%, 5%, and 10%), and SLR = 0 and 1 m. The width at the mouth (B0 = 1000 m) and water depth (h = 5 m) were kept constant, and for all cases, sinusoidal M2 tides (as the dominant semi-diurnal tidal constituent along the majority of coastlines and a proxy for tidal range) were applied at the mouth with a period of T = 12.42 h. Initially, no river inflow was considered (Q/TP = 0%) to identify the tidal prism TP (i.e., the volume of water entering an estuary over a flood cycle). Using the identified TP, constant river inflows (Q/TP = 1%, 5%, and 10%) were adopted. The range of considered river inflow represents low to high fluvial input conditions. The combination of all variables resulted in 432 simulation cases (144 simulations for each estuary geometry).



The RMA-2 modelling package was used for the hydrodynamic modelling, which solves depth- and Reynolds-averaged Navier–Stokes equations using a finite element method [42]. To define the turbulent characteristics, the model utilises horizontal eddy viscosity coefficients [43]. The model captures the flow field, velocity components in the horizontal plane, and water surface elevations. Further details regarding the modelling suite, implementation of boundary conditions, model accuracy, and grid independence have been presented in previous research [21,22,44].




2.2. Tidal Properties


To achieve the research objectives, three key tidal properties that provide insights into inundation, shoreline recession, failure of drainage systems, etc. were extracted along the central nodes for each of the investigated cases including tidal range, maximum current velocity, and tidal asymmetry. In this study, tidal range (TR) is defined as the difference in the maximum water height during high tide (    δ ¯   h i g h    ) and the minimum water height during low tide (    δ ¯   l o w    ) measured along the central nodes of the estuaries:


  T R =   δ ¯   h i g h   −   δ ¯   l o w    



(1)







The maximum current velocity (   V  m a x    ) is calculated as the maximum of total current speed as resulting from maximum horizontal speeds at the x (   V  x ,   m a x    ) and y (   V  y ,   m a x    ) directions (see Figure 1) along the central nodes:


   V  m a x   =    V  x ,   m a x  2  +  V  y ,   m a x  2     



(2)







The tidal asymmetry, a tidal wave deformation process highlighting the inequality of the duration of rise and fall of tidal levels, can be characterised using statistical measures. Here transformed skewness (TS), as an asymmetry proxy, is used and can be calculated as


  T S = S k   i m a g   H i  η       



(3)






  S k  x  =    1   L t  − 1    ∑  t = 1    L t         η t  −  η ¯     3         1   L t  − 1    ∑  t = 1    L t         η t  −  η ¯     2      3 / 2      



(4)




where Sk() is the skewness indicator, imag() represents the imaginary part, Hi() indicates the Hilbert transform,    η t    is the input signal time series,   η ¯   is the mean value, and Lt is the length of equidistant time series data [45]. A positive value of TS denotes a longer rising tide duration and an ebb-dominated system, whereas a negative value suggests a longer falling tide duration and a flood-dominated system [45].




2.3. Data Analysis


For all 432 cases, these properties were evaluated at central nodes along the estuary (Figure 2), producing a large database of tidal properties. For this database, after an initial cluster analysis was conducted (for details, see [46]), a Pearson correlation (α) analysis was performed to identify changes induced by 1 m of SLR and varying river inflows (Q/TP = 0%, 1%, 5%, and 10%) on TR,    V  m a x    , and TS. These results were extracted at five nodes along the estuaries comprising x = 0 (mouth), 0.25 L, 0.5 L, 0.75 L, and L (estuary head) (Figure 2). Note that an offset of 2 km was applied at the mouth and the estuary head to eliminate outliers in the dataset due to model effects. Although the Pearson correlation analysis denotes a simplified, linear association between two variables, it is a reasonable choice in providing empirical, first-pass estimates of changes in tidal properties [22].



Results from the Pearson correlation provided coefficients between −1 ≤ α ≤ +1, representing the linear association between two variables (e.g., tidal range and SLR), where a change in one variable is accompanied with a consistent change in the second variable. A value of α = −1 indicated a negative correlation, α = 0 indicated no correlation, and α = +1 indicated a positive correlation. A value of 0   ≤  α  <   0.3 is commonly considered as a very weak correlation, 0.3   ≤    α  <   0.5 is considered a weak correlation, 0.5   ≤  α  <   0.7 is considered a moderate correlation, and 0.7   ≤  α  ≤   1 is considered a strong correlation. In this study, correlations that are very weak or weak were combined (0   ≤  α  ≤   0.5) and considered as “weak”, whereas moderate or strong correlations were regarded as “strong” (0.5   <  α  ≤   1).





3. Results


This section presents the results of the Pearson correlation analysis to identify the influence of SLR and/or river inflows on tidal range (Table 1), maximum current velocity (Table 2), and transformed skewness (Table 3). The importance of estuary geometry (i.e., shape and length) and frictional effects as well as microtidal, mesotidal, and macrotidal coasts in assessing estuarine tidal dynamics under SLR and altered river inflow effects is also discussed. The results of these three representative tidal parameters were analysed for five different central nodes along the estuaries (x = 0, 0.25 L, 0.5 L, 0.75 L, and L; see Figure 2), which are represented by five consecutive triangles in the cells of Table 1, Table 2 and Table 3. For each river inflow scenario (Q/TP = 0% representing no inflows, Q/TP = 1% representing low inflows, Q/TP = 5% representing moderate inflows, and Q/TP = 10% representing high inflows), upward and downward directed triangles depict an increase or a decrease in any given tidal property due to 1 m of SLR. Hollow and solid triangles denote weak and strong Pearson correlations, respectively. To easily locate each cell in Table 1, Table 2 and Table 3, 2D indices are introduced such that rows are numbered from “1” to “36”, and columns are marked by the letters “a” to “f”. As such, when presenting the results, any given cell is referred to with a letter-number index. Further, dominant patterns of change in tidal range, maximum current velocity, and transformed skewness along the estuaries are highlighted with the same cell colour (e.g., shade of green, blue, or red) across Table 1, Table 2 and Table 3. This shading facilitates a cross-comparison between tidal properties and the overarching trends.



3.1. Effects of SLR and/or Altered Riverine Inflows on Estuarine Tidal Range


Table 1 summarises the effects that SLR and/or riverine inflows can have on the tidal range along the estuaries. Two general patterns of change in tidal range were found:




	(i)

	
SLR led to minor (weak) increases in tidal range along the estuaries (dark green coloured cells);




	(ii)

	
SLR substantially increased the tidal range at the mouth and then minimally strengthened it in a landward direction (light green coloured cells).









The first pattern dominated in prismatic and converging estuaries with microtidal or mesotidal coastal conditions (TR0 = 0.5 and 1 m), while the second pattern was often observed in estuaries with macrotidal conditions (TR0 = 4 m). Where SLR increased the tidal range, this was consistent with reported research of real-world estuaries, such as the Elbe River [47], York River [20], Rappahannock River [20], Hudson–Raritan Estuary [48], and Minnamurra River [49]. In these cases, amplified tides may exceed the crest of protective structures, exacerbate flood events [50], and lead to the failure of surface drainage infrastructures; shoreline erosion; and loss of wetlands, intertidal areas, and their associated ecosystems [7,12,51].



Converging estuaries were likely to amplify the tidal range under compounding effects of high inflows and high initial tidal range (Table 1). For all estuary shapes, and under these compounding conditions, SLR always amplified (often strongly) the tidal range at the estuary mouth. Interestingly, the tidal range for prismatic and converging estuaries with CL = 160 km largely varied along the first half of the estuary length (i.e., 0  ≤  x  ≤  0.5 L), whereas areas of strong tidal variations were located around the mouth and head (i.e., x = 0 and L) of converging estuaries with CL = 80 km. This finding aligned with predictions in real-world estuaries, such as the moderately converging Patuxent Estuary (L = ~40 km), which may experience larger variations in tidal range in its first 20 km [20], and the strongly converging Delaware Bay estuary, which may undergo a substantial tidal amplification in its upstream zones [52].



Tidal range also varied dynamically and nonlinearly under SLR for estuaries with high initial tidal range (TR0 = 4 m) (Table 1). In these estuaries, the dampening effect of the bottom friction became important (particularly in the upstream part of the estuary), and a larger Manning’s n could lead to a weaker tidal range amplification. For instance, in a converging estuary with CL = 80 km, TR0 = 4 m, L = 40 km, and Q/TP = 10%, a substantial increase in tidal range with an SLR of 1 m was observed at x = 0, 0.5 L, and L for n = 0.015 s/m1/3, whereas for n = 0.03 s/m1/3, the tidal range only increased at x = 0 (cells a-36 and b-36 in Table 1). In this case, it appeared that the convergence effect outweighed the reduced frictional effects under SLR when n = 0.015 s/m1/3, but friction dominated when Manning’s n increased to n = 0.03 s/m1/3. There were only four cases with CL = 80 km, L = 40 and 80 km, n = 0.015 and 0.03 s/m1/3, and Q/TP = 5% and 10% (cells a-35, b-35, c-35, and a-36 in Table 1) that experienced a substantial increase in tidal range at three or more nodes along the estuary when SLR = 1 m. Such an increase in tidal range due to SLR was observed in several estuaries around the British coast such as the Severn Estuary, which is a converging macrotidal site [53].



Effects of variations in inflows and the compounding effects with SLR are also shown in Table 1. Inflow effects on the tidal range patterns were predominantly evident in estuaries with either a high tidal range at the mouth (TR0 = 4 m) or a strongly converging shape (CL = 80 km) (Table 1). For example, in a converging estuary with CL = 160 km, TR0 = 4 m, L = 160 km, and n = 0.015 s/m1/3, an SLR of 1 m caused a tidal range amplification at all transects when Q/TP = 1%, with the strongest increases observed at the mouth (cell e-22 in Table 1). However, when Q/TP = 5%, SLR only strongly intensified the tidal range at the mouth, with tidal attenuation observed at x = 0.75 L (cell e-23 in Table 1). Increasing inflows appeared to act against the tidal propagation leading to tidal attenuation in the upstream part of the estuary [54]. A similar trend under rising river inflows has been reported in real-world estuaries, including the Ganges–Brahmaputra–Meghna Delta [55], the Scheldt Estuary [56], and the Pearl River [57].



There were a few cases (mainly prismatic or converging with CL = 160 km estuaries) where SLR could reduce the tidal range. These mainly included transects (nodes) at x = 0.25 L for prismatic cases with TR0 = 0.5 and 1 m, L = 160 km, n = 0.015 and 0.03 s/m1/3, and Q/TP = 0% and 1% (cells e-1, f-1, e-2, f-2, e-5, f-5, e-6, and f-6 in Table 1); transects at 0.25 L ≤ x ≤ 0.5 L for prismatic cases with TR0 = 4 m, L = 40 and 80 km, n = 0.015 s/m1/3, and Q/TP = 5% (cells a-11 and c-11 in Table 1); and transects at x = 0.75 L for converging estuaries with CL = 160 km, TR0 = 4 m, L = 40, 80, and 160 km, n = 0.015 and 0.03 s/m1/3, and Q/TP = 1% and 5% (cells a-22 to e-22 and a-23 to f-23 in Table 1).





[image: Table] 





Table 1. Compounding effects of SLR and varying river inflows on tidal range at five nodes along the estuaries (x = 0, 0.25 L, 0.5 L, 0.75 L, and L), which are represented by five consecutive triangles in each cell. Upward and downward triangles indicate an increase or a decrease in tidal range induced by 1 m of SLR and for four varying river inflows (Q/TP = 0%, 1%, 5%, and 10%). Hollow and solid triangles imply weak (0   ≤  α  ≤   0.5) and strong (0.5   <  α  ≤   1) Pearson correlation coefficients, respectively. The symbol “–” denotes the absence of a correlation (for details, see [46]). Dominant patterns of change in tidal properties under compounding effects of SLR and river inflows are highlighted with similar colours across Table 1, Table 2 and Table 3.






Table 1. Compounding effects of SLR and varying river inflows on tidal range at five nodes along the estuaries (x = 0, 0.25 L, 0.5 L, 0.75 L, and L), which are represented by five consecutive triangles in each cell. Upward and downward triangles indicate an increase or a decrease in tidal range induced by 1 m of SLR and for four varying river inflows (Q/TP = 0%, 1%, 5%, and 10%). Hollow and solid triangles imply weak (0   ≤  α  ≤   0.5) and strong (0.5   <  α  ≤   1) Pearson correlation coefficients, respectively. The symbol “–” denotes the absence of a correlation (for details, see [46]). Dominant patterns of change in tidal properties under compounding effects of SLR and river inflows are highlighted with similar colours across Table 1, Table 2 and Table 3.





	

	

	
a

	
b

	
c

	
d

	
e

	
f

	




	

	
L

	
40 km

	
80 km

	
160 km

	




	
n

	
0.015 s/m1/3

	
0.03 s/m1/3

	
0.015 s/m1/3

	
0.03 s/m1/3

	
0.015 s/m1/3

	
0.03 s/m1/3

	




	
Prismatic

	
TR0 = 0.5 m

	
No inflow (Q/TP = 0%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△▽△△△

	
△▽△△△

	
1




	
Low inflow (Q/TP = 1%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△▽△△△

	
△▽△△△

	
2




	
Moderate inflow (Q/TP = 5%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
3




	
High inflow (Q/TP = 10%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
4




	
TR0 = 1 m

	
No inflow (Q/TP = 0%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△▽△△△

	
△▽△△△

	
5




	
Low inflow (Q/TP = 1%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△▽△△△

	
△▽△△△

	
6




	
Moderate inflow (Q/TP = 5%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
7




	
High inflow (Q/TP = 10%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
8




	
TR0 = 4 m

	
No inflow (Q/TP = 0%)




	
△△△△△

	
△△△△△

	
△▲△△△

	
△△–△△

	
△△△△△

	
△△△△△

	
9




	
Low inflow (Q/TP = 1%)




	
▲△△△△

	
▲△△△△

	
▲△△△△

	
▲△–△△

	
▲△△△△

	
▲△△△△

	
10




	
Moderate inflow (Q/TP = 5%)




	
▲▽▽△△

	
▲△–△△

	
▲▽▽△△

	
▲△△△△

	
▲△△△△

	
▲△△△△

	
11




	
High inflow (Q/TP = 10%)




	
▲△△△△

	
▲△△△△

	
▲△△△△

	
▲△△△△

	
▲△▲△△

	
▲△△△△

	
12




	
Converging with CL = 160 km

	
TR0 = 0.5 m

	
No inflow (Q/TP = 0%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
13




	
Low inflow (Q/TP = 1%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
14




	
Moderate inflow (Q/TP = 5%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
15




	
High inflow (Q/TP = 10%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
16




	
TR0 = 1 m

	
No inflow (Q/TP = 0%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
17




	
Low inflow (Q/TP = 1%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
18




	
Moderate inflow (Q/TP = 5%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
19




	
High inflow (Q/TP = 10%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
20




	
TR0 = 4 m

	
No inflow (Q/TP = 0%)




	
▲△△△△

	
▲△△△△

	
▲△△△△

	
▲△△△△

	
▲△▲△△

	
▲△△△△

	
21




	
Low inflow (Q/TP = 1%)




	
▲△△▽△

	
▲△△▽△

	
▲△△▽△

	
▲△-▽△

	
▲△△▽▲

	
▲△△△▲

	
22




	
Moderate inflow (Q/TP = 5%)




	
▲–▲▽△

	
▲△–▽△

	
▲▽▲▽△

	
▲△△▽△

	
▲△△▽△

	
▲△△▽△

	
23




	
High inflow (Q/TP = 10%)




	
▲▲△△△

	
▲▲△△△

	
▲▲△△△

	
▲▲△△△

	
▲▲△△△

	
▲▲△△△

	
24




	
Converging with CL = 80 km

	
TR0 = 0.5 m

	
No inflow (Q/TP = 0%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
25




	
Low inflow (Q/TP = 1%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
26




	
Moderate inflow (Q/TP = 5%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△–△△

	
△△△△△

	
27




	
High inflow (Q/TP = 10%)




	
△△△△△

	
△△△△△

	
△△△△▲

	
△△△△▲

	
△△△△▲

	
△△△△▲

	
28




	
TR0 = 1 m

	
No inflow (Q/TP = 0%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
29




	
Low inflow (Q/TP = 1%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△▲△

	
30




	
Moderate inflow (Q/TP = 5%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△–△

	
△△△△△

	
31




	
High inflow (Q/TP = 10%)




	
△△△△▲

	
△△△△–

	
△△△△▲

	
△△△△▲

	
△△△–▲

	
△△△△▲

	
32




	
TR0 = 4 m

	
No inflow (Q/TP = 0%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△▲△△

	
△△△△△

	
33




	
Low inflow (Q/TP = 1%)




	
▲△△△△

	
▲△△△△

	
▲△△△△

	
▲△△△△

	
▲△△△△

	
▲△△▲△

	
34




	
Moderate inflow (Q/TP = 5%)




	
▲▲▲▲–

	
▲△▲▲▽

	
▲▲▲▲△

	
▲△△▲▽

	
▲△△▲△

	
▲△△▲△

	
35




	
High inflow (Q/TP = 10%)




	
▲△▲△▲

	
▲△△△△

	
▲△▲△△

	
▲△△△△

	
▲△△△▲

	
▲△△△▲

	
36










3.2. Effects of SLR and/or Altered Riverine Inflows on Estuarine Maximum Current Velocity


As shown in Table 2, SLR was likely to alter the distribution of tidal currents including maximum current velocity, with some estuary types and shapes more affected than others. For all of the estuary shapes and tidal ranges tested, SLR effects on current velocities were most evident in the first half of the estuaries (0  ≤  x  ≤  0.5 L) and for high-fluvial-inflow conditions (Q/TP = 10%). Overall, two general patterns of change in maximum current velocity were identified:




	(i)

	
Compounding effects of SLR and moderate to high inflows (Q/TP = 5–10%) increased this parameter particularly in the first half of estuaries (0  ≤  x  ≤  0.5 L) (e.g., dark and light shades of red in Table 2);




	(ii)

	
SLR minimally reduced this parameter when L = 40 and 80 km, TR0 = 0.5 and 1 m, and Q/TP = 0–1% (e.g., very light shades of red in Table 2).









In short- and moderate-length estuaries (L = 40 and 80 km), SLR minimally decreased the current velocity for TR0 = 0.5 and 1 m and Q/TP = 0%, but for long estuaries (L = 160 km), both small increases and decreases were observed (Table 2). This observation of a mixed pattern was consistent with findings in the Hudson River, a long, mesotidal, moderately converging estuary (L  ≅  245 km, TR0  ≅  1.3 m, CL  ≅  140 km) [58,59], where SLR would lead to minor increases in the residual current speed mid-estuary and minor decreases in the upper bay [48]. Although the maximum velocity does not change considerably under SLR, the current velocity distribution (e.g., ebb or flood velocity values) may vary throughout the system [22].



For estuaries with TR0 = 4 m and Q/TP = 0%, SLR generally increased the velocity up to three quarters of the prismatic and converging cases with CL = 160 km (e.g., cells a-21 to f-21 in Table 2) but decreased at the mouth and head of converging estuaries with CL = 80 km (e.g., cells e-33 and f-33 in Table 2). For low inflows (Q/TP = 1%) and TR0 = 0.5 and 1 m, SLR often decreased the current velocity along prismatic and converging with CL = 160 km estuaries with L = 40 or 80 km (e.g., cells a-6 to d-6 in Table 2), whereas it increased in estuaries with L = 160 km (e.g., cells e-6 and f-6 in Table 2). This finding was consistent with the microtidal, ~100 km long Barataria Bay, where SLR decreased the longitudinal velocity by nearly 58% in the mid-estuary region [60]. When Q/TP = 1% and TR0 = 4 m, nearly all prismatic and converging with CL = 160 km estuaries (cells a-10 to f-10 and a-22 to f-22 in Table 2) and almost all converging cases with CL = 80 km experienced an increase in their maximum current velocity due to SLR.



In all investigated estuary types, SLR slightly increased the maximum current velocity when Q/TP = 5% but considerably strengthened it when Q/TP = 10% (Table 2). The increasing current speeds were caused by the compounding effects of SLR and higher river inflows. The varying inflows could also alter flood and ebb velocity distributions, as observed in the Ota River estuary, where the maximum flood and ebb currents changed by −35% and 18% during low and high river inflows, respectively [61].



The frictional effects can become important in estuaries with high tidal range at the mouth (TR0 = 4 m). For instance, for a converging case with CL = 80 km, TR0 = 4 m, L = 80 km, and Q/TP = 10%, SLR strongly increased the maximum current velocity from the mouth up to the mid-estuary (x = 0.5 L) when n = 0.015 s/m1/3 (cell c-36 in Table 2) and up to x = 0.25 L when n = 0.03 s/m1/3 (cell d-36 in Table 2). In converging estuaries, the funnelling effects outweighed the frictional effects from the entrance to a distance along the estuary before reaching a balance between these two forces [29,62].



The importance of friction in estuaries with a higher initial tidal range was consistent with theoretical approximations where friction has been identified with large ratios of tidal range and estuary depth [63]. In contrast, a low tidal range to depth ratio can minimise friction effects on the tidal dynamics, as reported for the Alfacs Bay [64]. Frictional effects can also become important in estuaries where SLR inundates adjacent, low-lying areas, adding increased dissipation over new shallow zones [65,66].
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Table 2. Compounding effects of SLR and varying river inflows on maximum current velocity at five nodes along the estuaries (x = 0, 0.25 L, 0.5 L, 0.75 L, and L), which are represented by five consecutive triangles in each cell. Upward and downward triangles indicate an increase or a decrease in maximum current velocity induced by 1 m of SLR and for four varying river inflows (Q/TP = 0%, 1%, 5%, and 10%). Hollow and solid triangles imply weak (0   ≤  α  ≤   0.5) and strong (0.5   <  α  ≤   1) Pearson correlation coefficients, respectively. The symbol “–” denotes the absence of a correlation (for details, see [46]). Dominant patterns of change in tidal properties under compounding effects of SLR and river inflows are highlighted with similar colours across Table 1, Table 2 and Table 3.
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a

	
b

	
c

	
d

	
e

	
f

	




	

	
L

	
40 km

	
80 km

	
160 km

	




	
n

	
0.015 s/m1/3

	
0.03 s/m1/3

	
0.015 s/m1/3

	
0.03 s/m1/3

	
0.015 s/m1/3

	
0.03 s/m1/3

	




	
Prismatic

	
TR0 = 0.5 m

	
No inflow (Q/TP = 0%)




	
▽▽▽▽▽

	
▽▽▽▽▽

	
△▽▽▽▽

	
△▽▽▽▽

	
△△△▽▽

	
△△△▽▽

	
1




	
Low inflow (Q/TP = 1%)




	
▽▽▽▽△

	
▽▽▽▽△

	
△▽▽▽△

	
△▽▽▽△

	
△△△▽△

	
△△△▽△

	
2




	
Moderate inflow (Q/TP = 5%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
3




	
High inflow (Q/TP = 10%)




	
▲▲▲△△

	
▲▲▲△△

	
▲▲▲△△

	
▲▲▲△△

	
▲▲▲△△

	
▲▲▲△△

	
4




	
TR0 = 1 m

	
No inflow (Q/TP = 0%)




	
▽▽▽▽▽

	
▽▽▽▽▽

	
△▽▽▽▽

	
△▽▽▽▽

	
△△△▽▽

	
△△△▽▽

	
5




	
Low inflow (Q/TP = 1%)




	
▽▽▽▽△

	
▽▽▽▽△

	
△▽▽▽△

	
△▽▽▽△

	
△△△▽△

	
△△△▽△

	
6




	
Moderate inflow (Q/TP = 5%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
7




	
High inflow (Q/TP = 10%)




	
▲▲▲△△

	
▲▲▲△△

	
▲▲▲△△

	
▲▲▲△△

	
▲▲▲△△

	
▲▲▲△△

	
8




	
TR0 = 4 m

	
No inflow (Q/TP = 0%)




	
△▽△△▽

	
△▽△△▽

	
△▲△△▽

	
△△–△▽

	
△△△△▽

	
△△△△▽

	
9




	
Low inflow (Q/TP = 1%)




	
△▽△△△

	
△▽△△△

	
△△△△△

	
△△-△△

	
△△△△△

	
△△△△△

	
10




	
Moderate inflow (Q/TP = 5%)




	
△▲△△▲

	
△△–▲▲

	
△▲△△▲

	
△△△▲▲

	
△△△△▲

	
△△△▲▲

	
11




	
High inflow (Q/TP = 10%)




	
▲▲▲▲▲

	
▲▲▲▲△

	
▲▲▲▲△

	
▲▲▲▲△

	
▲▲▲▲△

	
▲▲▲△△

	
12




	
Converging with CL = 160 km

	
TR0 = 0.5 m

	
No inflow (Q/TP = 0%)




	
▽△▽▽▽

	
▽△▽▽▽

	
▽△▽▽▽

	
▽△▽▽▽

	
▽△△▽▽

	
▽△△▽▽

	
13




	
Low inflow (Q/TP = 1%)




	
▽△▽△△

	
▽△▽△△

	
▽△▽△△

	
▽△▽△△

	
▽△△△△

	
▽△△△△

	
14




	
Moderate inflow (Q/TP = 5%)




	
△▽△△△

	
△▽△△△

	
△△△△△

	
△▲△△△

	
△▲△△△

	
△▲△△△

	
15




	
High inflow (Q/TP = 10%)




	
▲▲△△△

	
▲▲△△△

	
▲▲△△△

	
▲▲▲△△

	
▲▲▲△△

	
▲▲▲△△

	
16




	
TR0 = 1 m

	
No inflow (Q/TP = 0%)




	
▽△▽▽▽

	
▽△▽▽▽

	
▽△▽▽▽

	
▽△▽▽▽

	
▽△△▽▽

	
▽△△▽▽

	
17




	
Low inflow (Q/TP = 1%)




	
▽△▽△△

	
▽△▽△△

	
▽△▽△△

	
▽△▽△△

	
▽△△△△

	
▽△△△△

	
18




	
Moderate inflow (Q/TP = 5%)




	
△▽△△△

	
△▽△△△

	
△△△△△

	
△▲△△△

	
△▲△△△

	
△▲△△△

	
19




	
High inflow (Q/TP = 10%)




	
▲▲△△△

	
▲▲△△△

	
▲▲△△△

	
▲▲▲△△

	
▲▲▲△△

	
▲▲▲△△

	
20




	
TR0 = 4 m

	
No inflow (Q/TP = 0%)




	
△△△△▽

	
△△△△▽

	
△△△△▽

	
△△△△▽

	
△△▲△▽

	
△△△△▽

	
21




	
Low inflow (Q/TP = 1%)




	
△△▽△△

	
△△▽△△

	
△△▽△△

	
△△–△△

	
△△△△▲

	
△△△▽▲

	
22




	
Moderate inflow (Q/TP = 5%)




	
△–△△△

	
△▽–△△

	
△▲△△△

	
△△△△△

	
△▽△△△

	
△△△△△

	
23




	
High inflow (Q/TP = 10%)




	
▲▲△△△

	
▲▲△△△

	
▲▲△△△

	
▲▲△△△

	
▲▲△△△

	
▲▲△△△

	
24




	
Converging with CL = 80 km

	
TR0 = 0.5 m

	
No inflow (Q/TP = 0%)




	
▽▽▽▽▽

	
▽▽▽▽▽

	
▽▽▽▽▽

	
▽▽▽▽▽

	
▽▽△▽▽

	
▽▽△▽▽

	
25




	
Low inflow (Q/TP = 1%)




	
▽△△△△

	
▽△△△△

	
▽△△△△

	
▽△△△△

	
▽△△△△

	
▽△▽△△

	
26




	
Moderate inflow (Q/TP = 5%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△–△△

	
△△△△▽

	
27




	
High inflow (Q/TP = 10%)




	
▲▲△△▲

	
▲▲△△▲

	
▲▲△△△

	
▲▲△△△

	
▲▲△△△

	
▲▲△△△

	
28




	
TR0 = 1 m

	
No inflow (Q/TP = 0%)




	
▽▽▽▽▽

	
▽▽▽▽▽

	
▽▽▽▽▽

	
▽▽▽▽▽

	
▽▽△▽▽

	
▽▽△▽▽

	
29




	
Low inflow (Q/TP = 1%)




	
▽△△△△

	
▽△△△△

	
▽△△△△

	
▽△△△△

	
▽△▽△△

	
▽△▽△△

	
30




	
Moderate inflow (Q/TP = 5%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△▽

	
△△△–▽

	
△△△△▽

	
31




	
High inflow (Q/TP = 10%)




	
▲▲△△△

	
▲▲▽▽–

	
▲▲△△△

	
▲▲△△△

	
▲▲△–△

	
▲▲△△△

	
32




	
TR0 = 4 m

	
No inflow (Q/TP = 0%)




	
▽△▽△▽

	
▽△▽△▽

	
▽△▽△▽

	
▽△▽△▽

	
▽△▲△▽

	
▽△△△▽

	
33




	
Low inflow (Q/TP = 1%)




	
△△▽△△

	
△△▽△△

	
△△▽△△

	
△△▽△△

	
△△▽△▲

	
△△▽△▲

	
34




	
Moderate inflow (Q/TP = 5%)




	
△▲△▲-

	
△▽△▲△

	
△▲△▲△

	
△△△△△

	
△△△△△

	
△△△△△

	
35




	
High inflow (Q/TP = 10%)




	
▲▲▲△▽

	
▲▲△△△

	
▲▲▲△△

	
▲▲△△△

	
▲▲△△△

	
▲▲△△△

	
36










3.3. Effects of SLR and/or Altered Riverine Inflows on Estuarine Asymmetry


Table 3 shows the effects of SLR and/or altered riverine inflows on estuarine asymmetry represented as transformed skewness. SLR generally enhanced the transformed skewness values in idealised estuaries (e.g., green cells in Table 3), particularly in converging cases or those with high tidal range at their mouths (TR0 = 4 m). These increased transformed skewness values do not necessarily imply ebb tide domination but can also represent a reduced flood tide domination. This is important as increasing transformed skewness may reinforce seaward sediment export/flushing and jeopardise shoreline stability and marsh accretion. This finding was consistent with the analytical predictions of [67,68], indicating that flood tide domination reduces with increasing water depth (e.g., under SLR) in estuaries with no (or small) tidal flats or with considerable overland inundation.



In converging estuaries with CL = 80 km and TR0 = 0.5 and 1 m, an SLR of 1 m generally increased the transformed skewness along most estuaries, leading to less flood tide domination or more ebb tide domination where Q/TP ≤ 5% (rows 25–27 and 29–31 in Table 3). Where Q/TP = 10% and TR0 = 0.5 and 1 m (rows 28 and 32 in Table 3), SLR enhanced ebb tide dominance along all transects (nodes) except at x = 0.75 L, where SLR brought about flood tide dominance. When CL = 80 km and TR0 = 4 m, SLR considerably reduced the flood tide dominance in all cases with Q/TP = ≤ 1 % (rows 33 and 34 in Table 3). As a converging estuary with minor river inflows, the Tamar River estuary in Australia is a real-world example that will likely experience a reduction of up to 40% in its flood tide dominance under SLR, enhancing flushing and altering the geomorphic trajectory of the system [69]. Converging cases with CL = 160 km largely followed similar trends as cases with stronger convergence (CL = 80 km), except for cases with L = 40 and 80 km, TR0 = 0.5 and 1 m, and Q/TP = 0%, where SLR reduced flood tide dominance at all cross-sections except the mid-estuary (cells a-13 to d-13 and a-17 to d-17 in Table 3). Prismatic estuaries with TR0 = 0.5 and 1 m, L = 40 km, and Q/TP = ≤ 1% were the only cases that underwent an increased flood tide dominance at their mouths (cells a-1, b-1, a-2, b-2, a-5, b-5, a-6, and b-6 in Table 3), boosting sediment import and basin infilling.



As geomorphic changes were not considered in this study, the relative strength of dissipation over convergence may help determine flood or ebb tide domination. The frictional effects were reduced under increasing water depth induced by SLR, rendering a less flood-tide-dominant system [70]. Bed friction became typically important in cases with either high initial tidal range or moderate to high river inflow conditions. For example, in a converging case with CL = 160 km, TR0 = 4 m, L = 80 km, and Q/TP = 5%, the transformed skewness strongly increased along the estuary from the oceanic entrance to the head when n = 0.015 s/m1/3 (cell c-23 in Table 3) but only strongly increased the transformed skewness at the entrance and head and decreased at other transects (nodes) when n = 0.03 s/m1/3 (cell d-23 in Table 3). As such, a system may shift from ebb tide dominant (or less flood dominant) to flood tide dominant (or less ebb tide dominant) by increasing friction, leading to an increasingly turbid estuary, as observed in the Ems River [71].
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Table 3. Compounding effects of SLR and varying river inflows on transformed skewness at five nodes along the estuaries (x = 0, 0.25 L, 0.5 L, 0.75 L, and L), which are represented by five consecutive triangles in each cell. Upward and downward triangles indicate an increase or a decrease in transformed skewness induced by 1 m of SLR and for four varying river inflows (Q/TP = 0%, 1%, 5%, and 10%). Hollow and solid triangles imply weak (0   ≤  α  ≤   0.5) and strong (0.5   <  α  ≤   1) Pearson correlation coefficients, respectively. The symbol “–” denotes the absence of a correlation (for details, see [46]). Dominant patterns of change in tidal properties under compounding effects of SLR and river inflows are highlighted with similar colours across Table 1, Table 2 and Table 3.
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a

	
b

	
c

	
d

	
e

	
f

	




	

	
L

	
40 km

	
80 km

	
160 km

	




	
n

	
0.015 s/m1/3

	
0.03 s/m1/3

	
0.015 s/m1/3

	
0.03 s/m1/3

	
0.015 s/m1/3

	
0.03 s/m1/3

	




	
Prismatic

	
TR0 = 0.5 m

	
No inflow (Q/TP = 0%)




	
▽△▽△△

	
▽△▽△△

	
△△▽△△

	
△△▽△△

	
△▲▽△△

	
△▲▽△△

	
1




	
Low inflow (Q/TP = 1%)




	
▽△△△△

	
▽△△△△

	
△△△△△

	
△△△△△

	
△▲▽△△

	
△▲▽△△

	
2




	
Moderate inflow (Q/TP = 5%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△▽△△

	
△△▽△△

	
3




	
High inflow (Q/TP = 10%)




	
△△△▽△

	
△△△▽△

	
△△△▽△

	
△△△▽△

	
△△▽▽△

	
△△▽▽△

	
4




	
TR0 = 1 m

	
No inflow (Q/TP = 0%)




	
▽△▽△△

	
▽△▽△△

	
△△▽△△

	
△△▽△△

	
△▲▽△△

	
△▲▽△△

	
5




	
Low inflow (Q/TP = 1%)




	
▽△△△△

	
▽△△△△

	
△△△△△

	
△△△△△

	
△▲▽△△

	
△▲▽△△

	
6




	
Moderate inflow (Q/TP = 5%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△▽△△

	
△△▽△△

	
7




	
High inflow (Q/TP = 10%)




	
△△△▽△

	
△△△▽△

	
△△△▽△

	
△△△▽△

	
△△▽▽△

	
△△▽▽△

	
8




	
TR0 = 4 m

	
No inflow (Q/TP = 0%)




	
△△▲△△

	
△△▲△△

	
△▲▲△△

	
△△-△△

	
△△▽△△

	
△△▽△△

	
9




	
Low inflow (Q/TP = 1%)




	
▲△▲▲▲

	
▲△▲▲▲

	
▲△▲▲▲

	
▲△–▲▲

	
▲△▽▲▲

	
▲△▽▲▲

	
10




	
Moderate inflow (Q/TP = 5%)




	
▲△△△▲

	
▲△–▼▲

	
▲△△△▲

	
▲△▽▼▲

	
▲△▽△▲

	
▲△▽▼▲
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High inflow (Q/TP = 10%)




	
▲△▼▽▲

	
▲△△▽▲

	
▲△△▽▲

	
▲△△▽▲

	
▲△▽▽▲

	
▲△△▽▲
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Converging with CL = 160 km

	
TR0 = 0.5 m

	
No inflow (Q/TP = 0%)




	
△△▽△△

	
△△▽△△

	
△△▽△△

	
△△▽△△

	
△△△△△

	
△△△△△
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Low inflow (Q/TP = 1%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△
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Moderate inflow (Q/TP = 5%)




	
△△△△△

	
△△△△△

	
△▽△△△

	
△△△△△

	
△▲▽△△

	
△△▽△△
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High inflow (Q/TP = 10%)




	
△△△▽△

	
△△△▽△

	
△△△▽△

	
△△▽▽△

	
△△▽▽△

	
△△▽▽△
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TR0 = 1 m

	
No inflow (Q/TP = 0%)




	
△△▽△△

	
△△▽△△

	
△△▽△△

	
△△▽△△

	
△△△△△

	
△△△△△

	
17




	
Low inflow (Q/TP = 1%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
18




	
Moderate inflow (Q/TP = 5%)




	
△△△△△

	
△△△△△

	
△▽△△△

	
△△△△△

	
△▲▽△△

	
△△▽△△
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High inflow (Q/TP = 10%)




	
△△△▽△

	
△△△▽△

	
△△△▽△

	
△△▽▽△

	
△△▽▽△

	
△△▽▽△
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TR0 = 4 m

	
No inflow (Q/TP = 0%)




	
▲△▲▲▲

	
▲△▲▲▲

	
▲△▲▲▲

	
▲△△▲▲

	
▲△▼▲▲

	
▲△△▲△
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Low inflow (Q/TP = 1%)




	
▲△▲▲▲

	
▲△▲▲▲

	
▲△▲▲▲

	
▲△-▲▲

	
▲△△▲▲

	
▲△△▲▲
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Moderate inflow (Q/TP = 5%)




	
▲–▲△▲

	
▲▲–△▲

	
▲▲▲△▲

	
▲▽▽▽▲

	
▲▲▽▽▲

	
▲▽▽▽▲
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High inflow (Q/TP = 10%)




	
▲△△▽▲

	
▲△▽▽▲

	
▲△△▽▲

	
▲△▽▽▲

	
▲△▽▽▲

	
▲△▽▽▲
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Converging with CL = 80 km

	
TR0 = 0.5 m

	
No inflow (Q/TP = 0%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△
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Low inflow (Q/TP = 1%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△
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Moderate inflow (Q/TP = 5%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△–△▲

	
△△▽△▲
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High inflow (Q/TP = 10%)




	
△△△▽▲

	
△△△▽▲

	
△△△▽▲

	
△△△▽▲

	
△△△▽△

	
△△△▽△
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TR0 = 1 m

	
No inflow (Q/TP = 0%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△
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Low inflow (Q/TP = 1%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△△

	
30




	
Moderate inflow (Q/TP = 5%)




	
△△△△△

	
△△△△△

	
△△△△△

	
△△△△▲

	
△△▽-▲

	
△△▽△▲

	
31




	
High inflow (Q/TP = 10%)




	
△△△▽▲

	
△△△▽-

	
△△△▽▲

	
△△△▽▲

	
△△▽-△

	
△△△▽△

	
32




	
TR0 = 4 m

	
No inflow (Q/TP = 0%)




	
▲△▲▲▲

	
▲△▲▲▲

	
▲△▲▲▲

	
▲△▲▲▲

	
▲△▲▲▲

	
▲△△▲△

	
33




	
Low inflow (Q/TP = 1%)




	
▲△▲▲▲

	
▲△▲▲▲

	
▲△▲▲▲

	
▲△▲▲▲

	
▲△△▲▲

	
▲△△△▲

	
34




	
Moderate inflow (Q/TP = 5%)




	
▲▲▲▲–

	
▲▽▲▲▲

	
▲▲▲▲▲

	
▲▽▽▽▲

	
▲▽▽▽▲

	
▲▽▽▽▲

	
35




	
High inflow (Q/TP = 10%)




	
▲△△△▲

	
▲△▽△▲

	
▲△△△▲

	
▲△▽△▲

	
▲△▽△▲

	
▲△▽△▲

	
36











4. Discussion


Climate change affects coastal environments in various ways, including through rising global mean sea levels and increasing the strength and/or frequency of river inflows. Estuaries, as low-lying areas where the ocean and rivers meet, are subjected to compounding effects of SLR and variable riverine inflows, making management decisions increasingly complex. The methods and findings presented herein can provide an initial, site-independent picture of estuarine hydrodynamic response to climate change effects where limited information of estuary length, depth, convergence, initial tidal range, friction, and riverine inflows exists. If these basic characteristics are available for any estuary worldwide, the results provided herein may help to provide preliminary insights into the anticipated variations in tidal dynamics (although a detailed modelling study is required at a later stage).



To discuss these implications for sustainable management of estuaries and provide a broader understanding of compound impacts due to SLR and altered riverine inflows, the results presented in Table 1, Table 2 and Table 3 are further discussed in the context of



	(i)

	
The most common patterns of change in tidal properties along the length of estuaries;




	(ii)

	
The estuary types influenced by compounding effects of SLR and varying riverine inflows; and,




	(iii)

	
The most vulnerable estuarine cross-sections.







Repeated patterns in the hydrodynamic response of estuarine properties can highlight broad insights as to the effects of SLR and/or variable riverine inflows. Overall, dominant patterns of change in the tidal range, maximum current velocity, and transformed skewness under SLR denoted (a) a weak increase in tidal properties along all nodes, and (b) a strong increase in tidal properties at the mouth (x = 0) and then a weak increase for x = 0.25 L, 0.5 L, 0.75 L, and L (Table 1, Table 2 and Table 3).



Estuaries with tidal properties that substantially increase at three or more nodes (as per Table 1, Table 2 and Table 3) may represent cases that are most influenced by compounding effects of SLR and varying river inflows. Based on these results, it was observed that estuaries with moderate to high riverine inflows and macrotidal conditions experience the most drastic changes in their tidal dynamics, hence highlighting the importance of driving forces on estuarine hydrodynamics. Further, under SLR and variable riverine inflows, moderately converging and prismatic estuaries were observed to experience fewer variations in their tidal dynamics compared with highly converging estuaries. As such, management decisions related to changing estuarine shape/planform (e.g., land reclamation and dredging) should be made with caution as they may affect the hydrodynamics of the system and the resultant sediment distribution as well as how a system responds to compounding impacts.



The number of solid triangles (strong variations) was counted across Table 1, Table 2 and Table 3, identifying the estuary mouth as the most vulnerable location to the effects of SLR and/or high river inflows. This suggests that the estuary entrance should be prioritised to mitigate potential impacts (e.g., entrance training). The tidal dynamics of the landward end (estuary head) of the estuary became more sensitive to SLR and/or varying river inflows as the convergence increased. The least affected nodes were identified at x = 0.75 L. This part of the estuary was likely characterised by a force balance between the tides and riverine inflows as well as the convergence and roughness. In the Hudson River, it is reported that dredging resulted in amplified tides potentially due to the changes induced to the convergence length and effective roughness [59]. Therefore, any modifications to the convergence (e.g., dredging) and/or roughness (e.g., loss of adjacent wetlands) would alter estuarine tidal response to compounding events as well as the most/least impacted areas.



Compounding effects of SLR and variable river inflows can change the estuarine sediment dynamics by modifying the tidal range, maximum current velocity, and asymmetry. The transformed skewness values typically increased at the two ends of the macrotidal estuaries enhancing ebb domination and the resultant sediment flushing/export. On the other hand, SLR increased the maximum velocity at the estuary mouth and therefore intensified sediment entrainment. This can lead to a change in sediment dynamics of an estuary depending on the sediment settling velocity, shear force, and grain size [72], requiring appropriate dredging and nourishing management practices [65]. The combined effects of increasing the maximum velocity and tidal range at the estuary mouth may result in drowned barrier islands and intertidal areas as well as cause entrance/shoreline instability [73,74]. For instance, it is predicted that an SLR of 0.9 m could considerably increase the cross-sectional flow area, tidal range, and maximum current velocity in the inlet of the Lake Illawarra Estuary, leading to an increasingly unstable scouring entrance [75]. Another important ecological repercussion of altered sediment dynamics is the larvae transfer to marine waters, which places their existence at risk [76]. This will not only affect aquaculture and fishing industries but will also impact the whole ecosystem from plant growth to bird migration [77].



The simulations performed in this study assumed a constant rectangular cross-section, which may not be representative of bathymetry/shape for some estuaries (e.g., those with V-shaped or trapezoidal cross-sections). Any variations in estuarine bathymetric configurations may influence the resultant tidal dynamics in the present day and under future compounding effects, requiring further research. Additionally, for simplification purposes, this study assumed a constant river inflow and did not consider wind and wave forcing as well as the Coriolis effect when performing idealised simulations and, hence, may not capture the full spatial/temporal tidal variations caused by a compounding event. Despite these limitations, throughout this study, it was indicated that the overarching findings from idealised models can still be applied to some real-world estuaries, although the use of detailed hydrodynamic approaches should be considered in the next steps.




5. Conclusions


This study applied a Pearson correlation analysis to examine a large dataset of results of idealised hydrodynamic simulations of a wide range of estuaries. The compounding effects of SLR and variable riverine inflows were found to be a key forcing mechanism that could control/change estuarine tidal properties. Under these compounding effects, short length, high convergent as well as long prismatic and long, weak convergent cases are likely the estuary types experiencing the greatest variations in their tidal dynamics. The estuarine mouth (i.e., the parts of the estuary close to the oceanic tidal forcing) is the region most affected by the compounding effects of SLR and variable riverine inflows, as opposed to areas adjacent to the three-quarter estuary length (measured from estuary mouth) that are least affected. Given the limited financial resources available to address the overall climate change impacts in estuaries, it is important to prioritise the most vulnerable estuaries, as well as the most vulnerable areas within estuaries. However, further research is necessary to identify suitable adaptation strategies that consider the complex chain of hydro-eco-morphologic relationships and feedback loops as well as more sophisticated, nonlinear data analysis techniques. As indicated in this study, idealised hydrodynamic modelling may provide important guidance for future research and management efforts.
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Figure 1. Plan view of different estuarine geometries investigated in this study including prismatic (top panel), converging with CL = 160 km (middle panel), and converging with CL = 80 km (bottom panel). All panels depict co-ordinate system, driving forces, and boundary conditions. 
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Figure 2. An example of a gridded prismatic estuary together with five different locations at x = 0, 0.25 L, 0.5 L, 0.75 L, and L, where data of water surface elevations and horizontal velocity components were extracted to calculate tidal range, maximum current velocity, and transformed skewness. Star symbols show the nodes where the flow data were extracted and examined. 
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