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The many thousands of small tidal inlets (STIs), and their adjacent coastlines, are almost certain to be affected by climate change in multiple ways, due to their behaviour being closely linked to both oceanic and terrestrial drivers such as riverflow, sea level, and ocean waves, all which are projected to change over the 21st century. Development of risk informed adaptation strategies for these highly utilized and inhabited inlet-interrupted coast zones requires projections of both alongshore average coastline recession and alongshore variability in coastline position along the coast under future forcing conditions, the latter being an aspect that has not received much attention to date. Here, a combination of a process-based morphodynamic model (Delft3D) and the reduced complexity coastline model (SMIC), concurrently forced with tides, waves, riverflows, and sea level rise, is used to investigate both of these phenomena at STI-interrupted coasts. The models are here applied to schematised conditions representing two systems in Sri Lanka, representing two of the three main Types of STIs: Negombo lagoon – permanently open, locationally stable inlet (Type 1), and Kalutara lagoon – permanently open, alongshore migrating inlet (Type 2). Results indicate that, under a high emissions climate scenario following RCP 8.5, by end-century, the coastline adjacent to the Type 1 STI may experience an alongshore average recession as large as 200 m, and that the alongshore variability in coastline position may be up to twice that at present. The Type 2 STI is projected to experience an alongshore average coastline recession of about 120 m, and up to a 75% increase in alongshore variability in coastline position by end-century, relative to the present. Thus, both the alongshore average coastline recession and the increase in the alongshore variability in coastline position are greater at the Type 1 STI, compared to at the Type 2 STI. These findings highlight the importance of accounting for both alongshore average coastline recession and future changes in alongshore variability in coastline position when assessing coastal hazards and risk on inlet-interrupted coasts to adequately inform climate adaptation strategies.
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INTRODUCTION

There are thousands small tidal inlets (STIs), known as “bar-built” or “barrier” estuaries, along the world’s coastline. These are most commonly found along wave-dominated, microtidal mainland coasts, comprising about 50% of the world’s coastline (Ranasinghe et al., 2013; Duong et al., 2016, 2017, 2018). Duong et al. (2016) defined STIs as systems that have little or no intertidal flats, backwater marshes or ebb tidal deltas, with the estuary/lagoon being separated from the ocean by a sand spit that is connected on one end to the mainland (unlike barrier islands where the barrier is not connected to the mainland). STI systems usually comprise inlet channels that are less than 500 m wide, connected to relatively shallow (average depth <10 m) estuaries/lagoons with surface areas less than 50 km2 (Duong et al., 2016). A majority of these STIs are located in tropical and sub-tropical regions with several examples in India, Sri Lanka, Vietnam, Florida (United States), South America (Brazil), West and South Africa, and SW/SE Australia (McSweeney et al., 2017). STI environs, including the inlet-adjacent coast, have historically supported a number of human activities, including navigation, sand mining, fishing, tourism, and waterfront developments (Kjerfve, 1994; Nicholls et al., 2007; Ranasinghe et al., 2013; Bamunawala et al., 2020a). Thus, any changes in inlet dynamics might negatively affect some or all of these human activities, with associated socio-economic losses (Ranasinghe et al., 2013; Bamunawala et al., 2020a,b).

The general behaviour of STIs is a function of fluvial processes (e.g., fluvial sediment fluxes) and oceanic processes [e.g., wave driven longshore sediment transport (LST)], all of which are projected to change as a result of climate change (Ranasinghe et al., 2013; Duong et al., 2016). Several studies over the last decade or so have shown that climate change will lead to multiple impacts in STI environs, including a decrease in inlet stability, erosion of inlet-adjacent coasts, erosion of estuary margin shorelines, permanent or frequent inundation of low lying areas along estuary margins, estuarine eutrophication, and toxic algal blooms (Duong et al., 2017, 2018; Bamunawala et al., 2020a,b, 2021).

Using the process-based Delft3D model, Duong et al. (2017, 2018) investigated how climate change might affect the stability (i.e., the inlet condition) of the three main STI Types: Type 1 – permanently open, locationally stable inlets, Type 2 – permanently open, alongshore migrating inlets, and Type 3 – seasonally/intermittently open, locationally stable inlets (Duong et al., 2016). These results showed that in general none of the three STI Types will change Types by the year 2100, but that the inlet stability level, represented by the widely used Bruun inlet stability criterion r = P/M [where P = ebb tidal prism which also takes into account the riverflow effect (m3), M = annual LST rate (m3/year)] (Bruun, 1978), will change due to climate change.

Climate change effects at STI environs will however not be limited to variations in inlet stability, but will also extend to the beaches adjacent to inlets. As inlet-adjacent beach areas are usually highly developed and utilised by local communities and businesses (fishing and tourism), any future changes in the beach position (i.e., recession/progradation) and plan form (i.e., alongshore variability) could have severe socio-economic ramifications. Reliable information on how much coastline recession on average as well as how much alongshore variability in coastline position can be expected with climate change, will be invaluable for local authorities who are faced with the difficult task of making decisions on how to adapt and mitigate the potential impacts on inlet-adjacent coasts while maximising gains from coastal zone investments. While studies to date have mostly focussed on deriving 21st century projections of alongshore average coastline recession (e.g., Ranasinghe et al., 2012, 2013; Dastgheib et al., 2018; Le Cozannet et al., 2019; Athanasiou et al., 2020; Vousdoukas et al., 2020), there have been virtually no investigations on whether climate change may also result in more/less alongshore variability in coastline position. This study takes a first step toward addressing this knowledge gap, for the particular case of STI-interrupted coasts, and excluding possible long term signatures of extreme events.

This study employs the same Delft3D models that were used by Duong et al. (2017, 2018) in combination with the Scale aggregated Model for Inlet-interrupted Coasts (SMIC), a reduced complexity model presented by Ranasinghe et al. (2013), to investigate how climate change might affect coastline recession and alongshore variability of STI-interrupted coasts. It should be noted that Duong et al. (2017) adopted schematised system bathymetries and forcing, while Duong et al. (2018) used real-world system bathymetries and forcing derived from detailed area specific dynamic downscaling of climate variables from two different Global Climate Models (GCMs). The results of the two approaches agreed very well, providing confidence in the schematised approach which is more widely and easily applicable, especially in data poor regions, due to significantly reduced input data requirements. This study is therefore based on the schematised approach.



MATERIALS AND METHODS

The modelling approach used in this study revolves around the application of the process-based coastal area morphodynamic model Delft3D (to simulate alongshore variability in coastline position) and the reduced complexity coastline change model SMIC (to obtain projections of alongshore average coastline recession). The former is fully described in Lesser et al. (2004) and the latter is fully described in Ranasinghe et al. (2013). Brief descriptions of the two models are provided below.


Delft3D

Delft3D is a process-based model that combines a short wave model (SWAN), a depth-averaged flow module, a sediment transport module (van Rijn, 1993), and a bed level update scheme based on the 2D sediment continuity equation. Delft3D has an in-built morphodynamic accelerator MORFAC (Roelvink, 2006; Ranasinghe et al., 2011) to enable faster computations. The MORFAC approach represents the lag between hydrodynamic forcing and morphological response, by multiplying the bed levels computed after each hydrodynamic time step by a time varying or constant factor (MORFAC), which enables much faster computation. The upscaled new bathymetry computed after each hydrodynamic time step is used for the subsequent hydrodynamic time step. The model structure is shown in Figure 1A. The main output from Delft3D utilized in this study is the simulated alongshore variable mean water line position along the coastline of the study areas.
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FIGURE 1. Modelling method: (A) Delft3D model structure and (B) schematic diagram illustrating the key processes accounted for in SMIC [(B) from Ranasinghe et al. (2013)].




Scale Aggregated Model for Inlet-Interrupted Coasts

The scale-aggregated model SMIC (Ranasinghe et al., 2013) provides rapid 100-year projections of coastline change adjacent to small inlet-interrupted coasts due to the combination of climate change driven sea level rise (SLR) (including Bruun effect and SLR driven basin infilling) and climate change driven variations in rainfall/runoff (including basin volume change and fluvial sediment supply effect). The schematic diagram of the model is shown in Figure 1B. The total “potential” coastline change due to the four main physical processes is calculated using Equation 1.
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where, △CT is the total potential coastline recession (m), △CBE is the coastline change due to the SLR driven Bruun effect (m), △CBI is the coastline change due to the SLR driven basin infilling effect (m), △CBV is the coastline change due to the riverflow driven basin volume change effect (m), and DCFS is the coastline change due to the rainfall/runoff driven fluvial sediment supply change effect (m). The main output from SMIC utilized in this study is the projected alongshore average coastline recession by 2100 at the study areas.



Study Areas

This study focusses on two real-world STIs located along the South West (SW) coast of Sri Lanka: Negombo lagoon – permanently open, locationally stable inlets (Type 1) and Kalutara lagoon – permanently open, alongshore migrating inlets (Type 2). Type 3 STIs (seasonally/intermittently open, locationally stable inlets) were excluded from this study as the available modelling approaches do not allow the quantification of coastline recession and alongshore variability of inlet-adjacent coasts for systems that are only open for some part of the year, as is the case with Type 3 STIs. This study adopts the same schematised bathymetries developed for the two study areas in Duong et al. (2017).

The two study areas on which the schematised bathymetries are based on are shown in Figure 2. In general, Sri Lanka has a monsoonal climate with a Northeast monsoon and Southwest monsoon operating respectively in the months November–February and May–September. The country’s coastal environment is classified as micro-tidal, wave dominated with a mean tidal range of about 0.5 m and an average offshore significant wave height of 1.12 m (Duong et al., 2018). The SW coast, where the two study areas are located, experiences energetic wave conditions during the SW monsoon (significant wave heights of 1–2 m, incident from the SW-W octant). Almost the entire coastline of Sri Lanka contains sandy beaches with grain diameters (D50) varying between 0.2 and 0.45 mm depending on the location (Jayathilaka, 2015).
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FIGURE 2. Location of Sri Lanka (left) and the two case study sites (right): (A) Type 1 – Negombo lagoon (permanently open, locationally stable inlet; top) and (B) Type 2 – Kalutara lagoon (permanently open, alongshore migrating inlet; bottom). Inlet locations are shown by the red dotted circles. The location of the capital city Colombo is also shown for reference.



Negombo Lagoon

Negombo lagoon (Figure 2A), situated about 30 km north of the capital Colombo, has a permanently open inlet channel with average dimensions of: width 400 m, length 300 m, depth 3 m. The lagoon is about 45 km2 in surface area and has an average depth of approximately 1 m. Due to sheltered nature of the coastline adjacent to the inlet, there is hardly any LST in the area (Chandramohan et al., 1990). Beach sand near the inlet has a D50 of 0.25 mm. Most of the riverflow into the lagoon occurs during the SW monsoon through several small streams. The combined average annual riverflow volume reaching the lagoon varies from almost 0 m3/s during dry seasons to more than 200 m3/s during rainy seasons (University of Moratuwa, 2003).



Kalutara Lagoon

Kalutara lagoon, situated about 40 km south of Colombo (Figure 2B), historically had a permanently open, alongshore migrating (north to south) inlet, before it was artificially stabilized in the south. The historical alongshore migration cycle of the inlet had a 3–4 year cycle during which the inlet migrated about 2 km to the south (∼ 500 m/year southerly migration) before a more hydraulically efficient new inlet was created (naturally or artificially) at the northern end of the lagoon barrier (Perera, 1993). The inlet channel has average dimensions of: width 150 m, length 150 m, and depth 4.5 m. The lagoon has a small surface area of less than 2 km2 and its average depth is about 3 m. Due to the highly exposed nature of the coast, the net LST rate along the sand barrier fronting the lagoon is about 0.5 million m3/year to the south. The beach sand along this part of the coast has a D50 of 0.25 mm. Kalutara lagoon derives riverflow from the Kalu river, which has the second highest annual riverflow volume (∼ 7500 million m3/year) in the country. As the catchment of the Kalu river receives rainfall during both the SW and NE monsoons, river discharges are higher than 100 m3/s most of the year (peak flows greater than 280 m3/s in June and October).




Schematised Bathymetries

The first step in the schematised modelling approach is to generate a schematic, simplified bathymetry that follows the main characteristics of the target real-world system. The key system dimensions determined from available literature and Google Earth, and used in creating the schematised bathymetries (in Figure 3), are shown in Table 1. The schematised STI bathymetries consist of a rectangular flat-bed estuary/lagoon connected to the ocean through a straight channel. The near-shore zone consists of shore parallel depth contours, down to 10 m depth, following a Dean’s equilibrium profile corresponding with the local median sediment diameter of the area (also given in Table 1). Riverflow was introduced to the estuary/lagoon based on observation at the target STI as a flow discharge at the landward boundary of the domain. Model grid resolutions in both cross-shore and alongshore directions were optimised for Delft3D computations. High resolution (∼ 10 m × 10 m) grid cells were used in the (approximate) surf zone and inlet channel, to ensure that key physical processes in the vicinity of the inlet entrance and channel were accurately resolved by the model. The flow computational domain was extended 5 km either side of the inlet to avoid boundary instabilities affecting the area of interest (i.e., the inlet entrance), and the wave domain was created larger than flow domain to avoid any wave shadowing effect at lateral boundaries.
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FIGURE 3. Schematised bathymetries for: (A) Negombo lagoon (Type 1) (left) and (B) Kalutara lagoon (Type 2) (right); plan view (top); section 1-1 (middle); section 2-2 (bottom) [after Duong et al. (2017)].



TABLE 1. Key dimensions of the two systems used to generate the schematised bathymetries and the adopted SMIC model input parameter values and sources.
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MODEL IMPLEMENTATION


Delft3D

The schematised process-based modelling approach used here using Delft3D has been successfully applied in various previous studies such as: Marciano (2005), Dastgheib et al. (2008), van der Wegen and Roelvink (2008), Bruneau et al. (2011), Dissanayake et al. (2012), Nahon et al. (2012), van Maanen et al. (2013), Zhou et al. (2014), Nienhuis et al. (2016). The implementation of this approach to investigate climate change effects on STIs is described in detail in Duong et al. (2017) and therefore only a summary is provided here for the sake of completeness. Essentially, this approach entails the application of Delft3D to flat bed, schematised estuary/lagoon bathymetries that are constructed based on published literature and other freely available sources (e.g., aerial photographs and Google Earth), and with present and future forcing also obtained from freely available sources.

A Delft3D Present Simulation (PS) was undertaken for each schematised system, with contemporary harmonic tides together with monthly average wave and riverflow forcing (derived from measurements – see Duong et al., 2017) to reproduce the general contemporary morphodynamic behaviour of the system, to gain confidence in the model’s ability to simulate system morphodynamics. In all Delft3D simulations employed here, a MORFAC of 30 was used to capture the annual cycle of hydrodynamic forcing within a 1 year long morphodynamic simulation. The PS model has been qualitatively validated against available aerial/satellite images of the study area and compared with empirical relationships including A–P relationship (O’Brien, 1931, 1969; Jarrett, 1976), Escoffier curve (Escoffier, 1940), and Bruun inlet stability criterion (Bruun, 1978) in Duong et al. (2017) and is therefore not further described here, however, for the sake of convenience, key validation results presented by Duong et al. (2017) for the two study sites are summarised in the Supplementary Material. The validated model was implemented in a series of future snap-shot (1-year long) Delft3D simulations (CS) to investigate climate change impacts on the system (at year 2100). Here, the future forcing used represents a worse-case climate scenario following RCP 8.5, and climate change driven variations in mean water level (MWL) (i.e., SLR) and other forcing (i.e., wave conditions and riverflows) were obtained from freely available, coarse resolution sources [such as: (Stocker et al., 2013a,b), global projections by Hemer et al. (2013); see Table 2]. The basin infilling effect due to SLR was also taken into account in an offline fashion in CS simulations that included SLR. All PS and CS simulations were undertaken for a 1 year duration to represent the annual cycle of forcing (including riverflows and wave conditions).


TABLE 2. Adopted climate change forcing and sources.

[image: Table 2]
Two sets of CS simulations were undertaken for each system to investigate: the first set investigated the impact of climate change driven variations in individual system forcings (i.e., SLR, wave height, wave direction, and riverflow), and the second set investigated the impact of climate change modified key physical processes [e.g., LST – M, ebb tidal prism (including riverflow effects) – P]. In total, 15 CS simulations were undertaken for each of the two study systems.

Although Delft3D (and other similar coastal area models) has good skill at simulating bed level changes below MWL, it is not designed specifically to simulate changes in the MWL contour (i.e., shoreline) itself, and thus the Delft3D computed coastline (i.e., the zero meter depth contour) positions are not very reliable. Therefore, the momentary coastline (i.e., MKL) approach (or in Dutch, Momentary Kustlijn – MKL) philosophy (van Koningsveld and Mulder, 2004) was adopted here to compute the alongshore variability of the coastline from Delft3D output. The MKL approach defines the coastline position as a function of the sand volume in the near shore zone, which is calculated along individual cross-shore profiles based on the volume of sand per unit alongshore length between two pre-defined, stable horizontal planes that are located above and below mean low water (MLW) and bounded by a fixed vertical landward boundary, as shown in Figure 4. In each simulation undertaken here, the standard deviation of the MKL positions calculated at all the individual cross-shore profiles was taken as an indicator of the alongshore variability in coastline position under the conditions simulated.
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FIGURE 4. Schematic diagram showing the momentary coastline (MKL) concept [from Duong et al. (2017)].


In this study, the momentary coastlines MKL were calculated for each STI Type at the end of each PS and CS Delft3D simulations (i.e., at the end of 1 year simulations). The (spatial) standard deviation of this end-MKL is then taken to be representative of the alongshore variability in coastline position.



Scale Aggregated Model for Inlet-Interrupted Coasts

As Delft3D is not an ideal tool to accurately compute alongshore average coastline recession, the reduced complexity model SMIC was used to obtain estimated of alongshore average coastline recession (by 2100, relative to the present) due to the combined effect of SLR driven Bruun effect and basin infilling, changes in riverflow volume and fluvial sediment supply (note: SMIC does not provide any information on the alongshore variability of the coastline). The model was applied to the two STIs using values obtained from published literature as shown in Table 1.

The standard deviations of the Delft3D derived MKLs were then plotted around the SMIC predicted alongshore average future coastline positions to illustrate alongshore variability in coastline position resulting from the considered climate change driven variations in system forcing.




RESULTS


Permanently Open, Locationally Stable Inlet (Type 1)


Type 1 – Climate Change Driven Variations in Individual Forcings and Inlet-Adjacent Coastline

The climate change driven variations (representing year 2100 conditions) applied to contemporary forcing in the seven simulations (T1_C1 to T1_C7) undertaken for this analysis at Type 1 inlet are shown in Table 3A. The associated changes in tidal prism (P) and annual LST volume (M) are also shown in the last column of the table.


TABLE 3. Climate change impact simulations of the Type 1 inlet: (A) individual impact and (B) combined impact; forcing, associated changes in tidal prism P and annual longshore sediment transport M (ΔHS, change in wave height; Δθ, change in wave angle, a positive change in wave angle indicates a clockwise rotation; ΔR, change in riverflow).
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Figure 5A below shows that SLR (simulation T1_C1) is the major cause of alongshore average coastline recession [up to ∼ 200 m, compared to about 150 m recession by 2100 under RCP 8.5 projected by Vousdoukas et al. (2020) for this area], which is not unexpected, while other climate change driven changes in individual system forcings do not appear to result in significant coastline recession/progradation. The alongshore variability in coastline position appears to differ significantly from the contemporary condition (i.e., T1_PS) in the T1_C5 simulation (spatial standard deviation of ∼ 50 m, as opposed to ∼ 25 m in the T1_PS), when M increases due to a climate change driven southerly rotation (of 10°) in mean wave direction.
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FIGURE 5. Type 1 inlet – changes in alongshore average coastline position (positive = recession) and alongshore variability in coastline position due to climate change driven variations: (A) in individual forcing and (B) in physical processes. The present conditions (T1_PS) are shown for comparison.




Type 1 – Climate Change Driven Variations in Physical Processes and Inlet-Adjacent Coastline

Strategic combinations of climate change modified forcing were used to investigate the impact of climate change modified key physical processes on alongshore average coastline recession and alongshore variability in coastline position adjacent to the inlet. The combinations of climate change forcing adopted in simulations (T1_C8 to T1_C15) are shown in Table 3B.

Similar to the individual forcings results, here too, as can be seen in Figure 5B, SLR shows the major impact on alongshore average coastline recession (up to ∼ 200 m) as evident by all simulations including SLR, while climate change driven variations in tidal prism (P) (due to changing riverflows) in the absence of SLR (T1_C8 and T1_C12, with increases in riverflow; T1_C9 and T1_C13, with decreases in riverflow) do not result in much coastline recession. In addition, similar to the individual forcing results, the highest coastline variability here too is indicated when M increases due to an anti-clockwise rotation of 10° in the wave direction (T1_C12 and T1_C13 with spatial standard deviations of ∼ 50 m, as opposed to ∼ 25 m in the T1_PS). Interestingly, the lower coastline variability in T1_C14 and T1_C15 relative to T1_C12 and T1_C13 (all simulations in which a climate change driven 10° anti-clockwise rotation of waves is affected) indicates that SLR appears to have a damping effect of coastline variability.




Permanently Open, Alongshore Migrating Inlet (Type 2)


Type 2 – Climate Change Driven Variations in Individual Forcings and Inlet-Adjacent Coastline

The model predicted impacts of climate change driven variations in individual forcings on the inlet adjacent coast (simulations T2_C1 to T2_C7) are shown in Table 4A and Figure 6A. Figure 6A shows the variations in alongshore average coastline position and alongshore variability in coastline position resulting from the considered climate change driven variations in individual forcings at this inlet Type. SLR is also the major driver of alongshore average coastline recession [∼ 120 m recession in T2_C1, compared to 150 m recession by 2100 under RCP 8.5 projected by Vousdoukas et al. (2020) for this area], while changes in riverflow (T2_C6 and T2_C7) result in only marginal coastline recession. Alongshore variability in coastline position in this case is highest when M increases due to a 10° clockwise rotation of the wave direction or when riverflow increases (T2_C4 and T2_C6, respectively) but not significantly different from that of the T2_PS (standard deviation of ∼ 30 m relative to 20 m in T2_PS).


TABLE 4. Climate change impact simulations of the Type 2 inlet: (A) individual impact and (B) combined impact; forcing, associated changes in tidal prism P and annual longshore sediment transport M (ΔHS, change in wave height; Δθ, change in wave angle, a positive change in wave angle indicates a clockwise rotation; ΔR, change in riverflow).
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FIGURE 6. Type 2 inlet – changes in alongshore average coastline position (positive = recession) and alongshore variability in coastline position due to climate change driven variations: (A) in individual forcing and (B) in physical processes. The present conditions (T2_PS) are shown for comparison.




Type 2 – Climate Change Driven Variations in Physical Processes and Inlet-Adjacent Coastline

The variations in alongshore average coastline position and alongshore variability in coastline position computed for simulations T2_C8 to T2_C15, which investigate the impact of climate change modified key physical processes on alongshore average coastline recession and alongshore variability in coastline position adjacent to the inlet, are shown in Table 4B and Figure 6B. Results show that SLR is the major driver of alongshore average coastline recession (∼ 120 m recession) as evidenced by the predictions for simulations T2_C10, T2_C11, T2_C14, and T2_C15 relative to other simulations. Alongshore variability in coastline position is notably higher than that in the T2_PS only in simulations T2_C8 and T2_C10 (standard deviations of ∼ 35 m relative to ∼ 20 m in the T2_PS), when both M and P increase.





DISCUSSION

The modelling approach adopted in this study has several limitations. Some of the main limitations are summarized below.


The Use of Global Scale Projections of Future Forcing

Future mean sea level, wave conditions and riverflow at both sites are obtained from global scale projections, which by necessity are of relatively coarse scale. As such these projections may not fully represent regional features of the climate such as monsoons and regional variations in SLR (Duong et al., 2016; Ranasinghe, 2016).



Process-Based Snap Shot Modelling With Delft3D

The present and future alongshore variability of the coastline is here determined using Duong et al.’s (2017) process-based snap shot modelling approach. In this approach year-long simulations are performed at the two ends of the study period, as a full 100 years Delft3D simulations with concurrent and realistic tide, wave and riverflow forcing is still not possible (Ranasinghe, 2016, 2020). In this approach, while the bed level changes that may occur within the estuary/lagoon between the PS and CS are represented in an aggregated and offline way (see Duong et al., 2017), coastline plan shape changes that may occur between the PS and CS are not represented. Such plan shape changes may occur, for e.g., due to beach rotation (Ranasinghe et al., 2004; Harley et al., 2011), evolution and growth of local singularities (Ashton et al., 2001) that may result from extreme events such as very low return period storm surges (new inlet formation, extreme localized shoreline retreat) and/or riverflow/fluvial sediment supply events (formation of a new ebb delta).



Alongshore Average Coastline Recession Modelling With Scale Aggregated Model for Inlet-Interrupted Coasts

Being a reduced complexity model, SMIC represents the main physical processes governing STI behaviours using aggregated equations that consider the estuary/lagoon and the inlet-adjacent coast as connected but discrete elements of an STI system. As such SMIC does not simulate local singularities such as bars, shoals, channels, shoreline protrusions/indentations that may occur and grow (e.g., due to positive feedback loops) over the 100 years simulation period. Furthermore, as in the Delft3D snap shot approach, the SMIC application here also does not account for possible long-term signatures of extreme events on mean shoreline position. SMIC also does not account for possible effects any spatio-temporal variations in LST on alongshore average coastline recession.



Alongshore Average Coastline Recession Comparisons

The alongshore average coastline recession projections obtained from SMIC are compared here with those presented by Vousdoukas et al. (2020). However, there are several noteworthy differences between the two modelling approaches. For example, SMIC takes into account the effect of estuary/lagoon processes such as basin infilling and fluvial sediment supply would have on coastline recession, which Vousdoukas et al. (2020) does not. Furthermore, Vousdoukas et al. (2020) assumes that ambient shoreline change trends would continue as they are today during the 21st century, which SMIC does not. Thus, while the effects of processes such as alongshore gradients in longshore transport on coastline recession would be included in Vousdoukas et al.’s (2020) projection, they are not accounted for in SMIC. Finally, the SMIC application here considers a single SLR value of 1 m by 2100 [representing the high end of the likely range of global mean SLR given in Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report (AR5) (Stocker et al., 2013b) and Sixth Assessment Report (AR6) (Masson-Delmotte et al., 2021)], while Vousdoukas et al. (2020) treats SLR in a more sophisticated way using probability density functions (PDFs) of SLR for RCP 8.5 (as well as RCP 4.5) and also accounting for regional variations in SLR within a Monte Carlo simulation.




CONCLUSION

Sea level rise, variations in wave conditions and riverflows due to climate change are widely expected to have multiple impacts on the thousands STIs around the world, due to the high level of sensitivity of these dynamic systems to both oceanic and terrestrial system forcing. Risk informed, climate proof management of such inlet-interrupted coastal zones requires knowledge of not only how much coastline recession can be expected on average, but also whether climate change might result in higher alongshore variability in coastline position, the latter being an aspect that has not received much attention to date. Here, we investigated both of these phenomena for the particular case of coastlines adjacent to STIs, using the process-based coastal area morphodynamic model Delft3D and the reduced complexity model SMIC. The models were applied to schematised conditions representing two STIs representing the two of the three main Types of STIs present around the world; Negombo lagoon – permanently open, locationally stable inlet (Type 1); Kalutara lagoon – permanently open, alongshore migrating inlet (Type 2). The two case study sites are located along an approximately 80 km stretch of coastline along the South West coast of Sri Lanka. Results indicate that:


•At the Type 1 Negombo lagoon: the alongshore average coastline recession adjacent to the inlet can be as much as 200 m, while climate change driven increases in LST results in larger alongshore variability in coastline position that may be twice as much compared to the present.

•At the Type 2 Kalutara lagoon: SLR results in an alongshore average coastline recession adjacent to the inlet of about 120 m, and a 75% increase of the alongshore variability in coastline position relative to the present is predicted when either or both the ebb tidal prism and annual LST volume increase.



These findings imply that, when assessing coastal hazards and risk on inlet-interrupted coasts, both alongshore average coastline recession and future changes in the alongshore variability of the coastline need to be taken into account. For example, if coastal setback lines (for the 2100 planning horizon) were to be established near the Type 1 STI taking only alongshore average coastline recession into account, then a setback of about 225 m appears to be sufficient (25 m buffer at 2100). However, under the worst case scenario, an increase of 25 m in the alongshore variability of the coastline can also be expected (see Figure 5). This means, to ensure safety along the coastline, the setback should in fact be at least 250 m (200 + 25 + 25 m buffer). In coastal risk assessments, the consideration of such an additional localised erosion of around 25 m (i.e., more than 10% of the length of an average city block) due to climate change induced increases in coastline variability will likely result in a substantial increase of the “consequence” side of the risk equation, especially in highly developed areas. This may in turn have implications on the cost-benefit ratio related to risk reduction afforded by different adaptation options, in some situations affecting the choice for the optimal adaptation measure for a given location.
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