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Abstract

:

Estuaries around the world are facing numerous threats, including urbanization, industrialization, resource scarcity, and the impacts of climate change. To increase estuarine resilience, it is crucial to manage these ecosystems to maintain their functionality. Sediment transport resilience is a critical factor that affects the performance objectives of navigation, storm damage reduction, and ecosystem restoration. This paper focuses on an integrated resilient sediment transport risk management (IRSTRIM) approach for estuaries. The framework quantifies resilience indexes such as reaction amplitude, graduality, and recovery rates of “sediment transport” to “river and sea interaction” in the Arvand Estuary, the Persian Gulf. Additionally, three indexes, the tidal asymmetry index (TAI), saltwater intrusion vulnerability index, and infill rate, are developed to aid in resilient sediment management. The quantified indexes successfully incorporated tidal asymmetry, sediment characteristics, bed properties, and flow hydrodynamics. Different resilience and resistance management scenarios are evaluated using a decision support system. Based on the results, tidal barrier application, as a resilience scenario, is the best scenario, and the dredging scenario, as a resistance one, is the worst scenario. The reaction amplitude with a weight of 0.39, and the TAI with a weight of 0.27 are determined as the most effective indexes.
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1. Introduction


Estuaries are important environmental and economic regions, providing communities with ecological benefits as well as resources for navigation, tourism, and commercial fisheries [1]. The dynamism of estuaries mainly depends on sediment transport processes [2,3]. Although sediment transport can provide some benefits such as beach formation and the enhancement of the fertility of deltas, namely wetlands and aquatic plants and animals [4,5], they can also cause serious problems in estuaries. For instance, research shows that an increase in tidal range due to estuary mouth erosion contributes to rising sediment imports from the sea toward the estuary [5,6]. This sediment accumulation leads to changes in freshwater quality, soil fertility, and increased tidal asymmetry along the river [7,8], which needs further investigation and coastal management strategies.



Sediment risk management, within the context of sustainable development, aims at the ability to meet current needs without disrupting natural cycles [9,10]. Implementing an effective sediment management approach can help maintain or enhance the ecological functionality of riverine, estuarine, and coastal environments [11], as well as guarantee the long-term sustainability of economic activities (e.g., navigation and renewable energy production) and human/environmental safety (e.g., flood conveyance and slope stability).



Resilient risk management addresses the complexities of large integrated estuarine systems and the uncertainty of future threats [12]. The term “resilience” as a new concept in the literature comes from “resilio” in Latin [13,14], and it was first introduced to ecological systems by Holling in 1973 [15]. Holling defines resilience as the capability of a system to retain its functional performance after a disruption. Resilience is often associated with the recovery or return from a disrupted situation to a functional performance situation and is discussed in various research areas such as ecological, engineering, and community resilience. Ecological resilience describes the ability of a self-organized ecological system to absorb damage and remain functional [15,16,17]. Engineering resilience describes the ability of a system to maintain functional performance in the face of a disturbance and/or return to its pre-disturbance performance level following a disturbance [18,19,20,21]. Finally, community resilience refers to the ability of communities to withstand and recover from external stresses and disturbances by learning and adapting in ways that pre-empt and avoid major changes that would otherwise disrupt their performance [21].



Resilience risk management is mainly employed to keep the performance of interdependent systems of systems’ components under various risk scenarios [22,23]. In the context of estuaries, the components of these systems can be divided into anthropogenic and natural features. The processes in these systems are the set of sustained physical, chemical, and biological phenomena that contribute to their function. These sets of systems can be further divided into three subsystems: navigation, storm damage reduction, and ecosystem restoration [24].



Interdisciplinary models connecting different systems have been widely used in the last decade to inform stakeholders and managers about the resiliency of these systems [25,26,27,28,29,30,31,32,33,34,35,36]. One of the main and critical elements of estuarine systems’ resiliency studies is sediment transport due to its critical role in increasing the resiliency of coastal ecosystems [25,37], as well as the stakeholder demand for sediment management in coastal regions.



To inform management decisions, various quantitative measures for the engineering resilience of systems have been presented in research studies [18,19,20,38,39,40]. Among these, the amplitude or magnitude of the reaction to disturbances, the graduality of reaction(s) under increasing disturbances, and the recovery rate [41,42] are some of the widely used indexes. Measuring the loss of system performance following an impairment of a system is one of the general methods to quantify resilience. This quantified value is known as reaction amplitude which is measured in terms of any useful metric or combination of metrics. The definitions for each of the indicators are different according to the target problem. For instance, some of the indicators that have been chosen based on different management criteria are expected annual damage (EAD) [23], expected average number of casualties per year (EANC) [23] in flood resilience management, and reductions in the required material to keep organisms’ life in the natural environment. Hence, there is a need to reach a scientific consensus on resiliency quantification in the coastal and marine science community and provide a new definition for the above-mentioned indicators in the estuarine environment.



Resilience quantification requires determining the specific response variables such as fluid velocity, tidal range, and bed resistance in estuarine sediment management. To determine these variables, resilience has to be defined by noting the “of what” and “to what” terms in systems, which indicate how a subsystem could reach the status of being resilient to anthropogenic or natural changes [43]. This study aims to clarify a scientific resiliency quantification approach by investigating the resilience of “sediment transport in a fluvial estuary” in the northwestern part of the Persian Gulf to “river and sea interaction”. This research also presents an integrated resilient sediment transport risk management (IRSTIRM) approach for evaluating sediment management in estuaries through modeling and quantifiable metrics of resiliency. In this regard, by focusing on the main evolutionary (internal or external) forces, several indexes are proposed and efficiently applied within the IRSTRIM approach. This approach introduces a hierarchical method that facilitates the investigation of various sediment transport risk management methods and decision-making. This approach can assist coastal managers to appreciate the suggestions and assessments of various risk aspects and quantified resiliency factors of estuarine systems.




2. Materials and Methods


2.1. Study Area


The Arvand Estuary is located in the southwest of Iran. This fluvial estuary receives flow and sediment from the Arvand River. The Arvand River—also known as Shatt-al-Arab—is one of the longest tidal rivers on the border of Iran–Iraq which is formed by the conjunction of the Tigris and Euphrates rivers in Iraq and Karun River in Iran (Figure 1b) [44]. Three major cities, Abadan, Khoramshahr, and Basra, are located around it (Figure 1b), with the river running mainly towards the south to reach the Persian Gulf [45]. Before discharging into the Persian Gulf (Figure 1c), the river varies from 270–2500 m in width and 9–15 m in depth, which implies that it is navigable. It supports marine habitats along the northwest coast of the Persian Gulf and in the Mesopotamian marshes [46]. The hydrodynamics of the estuary are affected by upstream discharge and downstream tides. The tide in the estuary is classified as semi-diurnal, with an average of 2.6 m at the mouth of the river near the Persian Gulf [47]. The tide affects the upstream river by an average of 1.4 m at Abadan city (about 74 km from the river mouth) and continues upstream [48,49].




2.2. Resilient Sediment Transport Risk Management Approach


To employ resilient sediment transport risk management in estuarine systems, a resiliency quantification approach has been developed. The proposed approach (Figure 2) presents a process starting with a study area assessment in order to determine whether the area needs sediment management implementation or not. In the areas threatened by sediment transport risk, major factors used in the resiliency quantification module will be determined. Numerical simulations and the modeling of the hydrodynamic conditions considering management scenarios provide inputs for the resiliency quantification part of the proposed approach. The decision support system (DSS) module, in the next step, selects the preferred management scenario using resiliency quantification outputs. To assess the selected scenarios, this approach proposes sensitivity analysis in the final step to confirm the management decision.



2.2.1. Study Area Assessment


Any estuary, its location, the geography of the system, and its hydrodynamics introduce sediment transport potential to the subsystems of the estuarine system. Sediment transport is a natural process and it is not always considered a risk. In some situations, according to human needs and the expected performance of the system, sediment transport is identified as a threat and risk. In this situation, its management is addressed and the concept of IRSTRIM is applicable. Taking into account the important aspects of sediment transport risk leads to the determination of suitable resilience indexes and appropriate management strategies. To assess any study area, it is critical to investigate the archive of satellite images and periodical hydrographs, and evaluate the long-term changes in the study area.




2.2.2. Resilience Quantification


The resilience of a system is determined by calculating its response to forces that affect the functional performance of processes and components. This force could be investigated as a disturbance or evolutionary force. Schultz et al. [24] define disturbance as any sudden change in forces that could affect major processes and damage system function. Evolutionary force is described as a gradual change that significantly influences the function of the elements and processes of a system [24]. The changes due to evolutionary forces are persistent rather than the transient changes resulting from disturbance forces. The gradual erosion of coastal areas is an example of an internal evolutionary force. Sediment import or export is another example of an external evolutionary force that may affect the functional performance of navigation infrastructure. Research shows that major resilience factors that need to be quantified are reaction amplitude, recovery rate, and graduality rate, which are modified and updated for the IRSTRIM approach.



Due to the focus of this study on sediment transport risk management and increasing the resiliency of estuarine systems, the authors introduce additional critical factors that need to be quantified such as the tidal asymmetry index (TAI), saltwater intrusion vulnerability index, and infill rate.



	
Reaction Amplitude






In this research, the reaction of the system to the evolutionary force of sediment transport is described using the expected amount of sediment fluxes in a one-year time period as the reaction amplitude. To quantitatively estimate the index value, the analytical emulator for sediment concentrations and fluxes presented by Prandle is used. In this analytical approach, the flow is assumed to be one-dimensional and sediment advection in the horizontal direction is ignored. Erosion is assumed to be proportional to the current speed squared, modulated by an exponential settling rate (proportional to     e  − α t     ) to yield the mean and tidally varying components of sediment concentration. Sediment fluxes involve the products of erosion, modulated by deposition, multiplied by the velocity component of an assumed constant depth. The reaction amplitude consists of three components of Equations (1)–(3). The first component,    F 1   , represents the sediment flux associated with the product of the time-averaged suspended particulate matter (SPM) concentration, residual currents of the river flow and saline intrusion. The second component,    F 2   , results from the semi-diurnal SPM component generated by the combination of M2 and M4 currents, advected by the semi-diurnal current of M2 constituent. The third component,    F 3   , is similar to    F 2   , except the semi-diurnal SPM component arises from the combination of     U 0     and     U 1  c o s ω t   .
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Evaluation of these three components of reaction amplitude requires calculating some parameters as follows.     U  R S      is calculated via the summation of the velocity component associated with river flow,     U R    , and density-induced current component,     U S    ; see Equation (8). P and Q are two constant values equal to 1/0.7 and 1/−0.69, respectively. The phase advance of ζ* relative to     U ∗     as   θ   is a function of (  D  , ζ*) and approximately equal to unity for ζ* =   D   /10. For values of ζ* >>   D  /10, tidal dynamics become frictionally dominated, whereas for ζ* <<   D  /10 friction,   f   in Equation (5), becomes insignificant. The     F ω     ratio (equal to    t a n θ    as in Equation (4)) is extrapolated from the presented diagram in Prandle [50]. Friedrichs and Aubrey [51] showed the predominance of the friction term in convergent channels, irrespective of depth. To calculate     U ∗     and   ω  , Equations (6) and (7) have to be solved simultaneously. As Prandle [52] suggests, the density-induced current component is calculated based on Equation (11). The parameter   α   is defined as a variable to calculate the half-life in suspension,       t  50   =   0.693  α      , in Equation (12).     K z     as the vertical eddy diffusivity coefficient is also calculated in Equation (8). Figure 3 illustrates the trend of reaction amplitude calculations. Other parameters are described as follows.



	
Recovery rate






Generally, the rapidity of recovery is the time between the disturbance event and the time at which a pre-disturbance level of performance is recovered; see Equation (13). In this study, the recovery rate in the sediment transport process is defined based on the concept of dynamic stability, which was first introduced by Gilbert [53]. Dynamic stability in sediment studies is defined as an equilibrium between sediment transport, erosion, and sedimentation, which is a function of physical, chemical, biological, and hydrodynamic parameters [54]. The recovery rate is described as the required time for a system to establish an equilibrium from a disturbance and move from a disturbed stable state to the next stable state [55]. Since the study is focused on sediment transport risk management, the recovery rate is determined as a function of the suspended sediment concentration’s rate of change. Due to the exponential settling rate of the suspended sediment concentration in Equation (14), the recovery time is obtained by employing Equation (15). The recovery rate varies with the suspended sediment concentration, as in Equation (16), which is affected by tidal current, river flow, and sediment type and size; see Equation (17).
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Graduality rate






The gradualness of the disturbances increases the resilience of a system, as slower changes allow for more adaptive responses and reduce the stress on the system [23]. Therefore, the graduality rate index is defined by the relative increase in the speed of occurrence of disturbances or the relative increase in damages or losses [22]. In this research, the rate of gradual and persistent change is illustrated as a function of reaction amplitude changes. According to the presented graduality rate in Equation (18), a sustainable system without any changes will have a value of 0 while a system with sudden changes will be denoted by 1.


   G r a d u a l i t  y F  = 1 − 0.5          ζ ∗   2       ζ ∗   1    − 1   −     ∑  F  T 2     ∑  F  T 1     − 1       



(19)
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Tidal asymmetry index






Coastal managers need to make informed decisions to increase the resiliency of estuaries against sediment transport risks [56,57,58]. Morphodynamics and sediment transport in estuaries majorly depend on tidal asymmetrical behavior and variability and its consequent effects [59,60,61,62,63,64]. The difference in duration between the rising and falling phases, due to tidal asymmetry, leads to an offset between the velocities of flood and ebb tides. A higher flood velocity transports a larger amount of sediment from the sea to the estuary than that of the sediment exported from the estuary to the sea, while the ebb-dominant condition flushes more sediment out through the estuary [65,66].



To assess tidal asymmetry along the estuary, the tidal asymmetry index (   T A  I  R i v e r     ) is employed based on the relative phase between M4 and M2, as in Equation (20), and is defined as Equation (21) [67]. This index indicates the bias of all sections along the river from the symmetric condition and varies between 0 and 1. The closer    T A  I  R i v e r      is to 0, the higher symmetric condition is.


   T A = 2  φ  M 2   −  φ  M 4     



(21)






   T A  I  R i v e r   =  1 L    ∫   l : R i v e r   P a t h         T A I − 180   180       d l   



(22)







	
Saltwater intrusion vulnerability index






Various impactful phenomena affect the amount of sediment transported in estuaries including saltwater intrusion and turbidity, which could be related to processes in regions such as the turbidity maximum. The turbidity maximum region influences the upstream (landward) transport of fine suspended sediment and is affected by different hydrodynamic processes such as tidal asymmetry. This asymmetry causes a residual flow pattern, as well as estuarine circulation and stratification resulting from density variations between seawater and river water.



Further upstream in the estuary, residual flow is dominated by river discharge. The convergence region is developed between the river flow’s suspended sediment in the upstream and tidal asymmetry and estuarine circulation’s suspended sediment transport in the downstream. Fine suspended sediment accumulates in the convergence zone upstream and downstream, and forms the turbidity maximum. This zone is generally located around the location of maximum seawater intrusion [68,69,70,71]. When river discharge is high enough, the turbidity maximum can be flushed out from the estuary [72,73].



The turbidity maximum leads to the flocculation of cohesive sediment in the presence of saltwater. Then, the estuary acts as a trap for fine sediments. In this case, a gradual infill of the estuary takes place. Moreover, high turbidity prevents the penetration of sunlight and makes the estuary more vulnerable to environmental stressors [74,75,76].



In this study, the saltwater intrusion length (    L I    ) is introduced as the saltwater intrusion vulnerability index (SIVI) to assess the different management strategies, which affect the formation of turbidity maxima or flush it out of the estuary.     L I     is a function of factors such as tidal range, river flow, and wind speed. Investigating the salinity infiltration process requires recognizing the effects of different physical processes. Here, the following empirical equation [77,78] is used to evaluate the amount of     L I    . According to Equation (23),     L I     is directly proportional to the water depth in the mouth of the river. According to the observations of Prandle, the calculated values for the     L I     are based on tide ranges, the density gradient, bed friction coefficients, river flow, water depth, and flume length.


    L I  =   0.005 D   f  U ∗   U R    =   0.00274  D   3 4        ( f  ζ ∗  ω )    1 2     U R      



(23)







	
Infill rate index






The long-term morphodynamic evolution of estuaries is influenced by both external factors, such as tides, riverine flow, and sediment fluxes, and internal factors (such as the geometry and erodibility of the bed). The multiple interactions and feedback between various physical processes result in highly complex evolutionary trends. In this study, to simplify the evaluation of the morphodynamic evolution of the estuary, the infill rate Equation (25) based on Prandle’s study [50] is applied. An estimate of the minimum in-fill rates (IF) has been obtained based on the assumption of fine marine sediment flow as a continuous suspension (such as salt) in an estuary [50].


    T F  = 0.5    L I  / 2    U 0      



(24)






    I F  =    ρ s   T F    0.69 C     



(25)








2.2.3. Numerical Simulation


To evaluate the resilience of the Arvand Estuary quantitatively, some data are required as input. The Delft3D model developed by Delft Hydraulics (https://www.deltares.nl/, accessed on 16 June 2023) was operated to simulate the hydrodynamics of the study area. In this regard, a regional model was developed for the Persian Gulf and then a nested local model based on the extracted downstream boundary condition from the Persian Gulf model was simulated. Arvand Estuary simulation and calibration employed in this study were published and explained in detail.



	
Management strategies






Two different types of strategies could be selected for sediment transport risk management: resilience and resistance. These two strategies need to be investigated and compared to better inform coastal managers to reach the most preferred decision. The IRSTRIM approach includes both of these strategies for stakeholders. As an example of a resilient strategy, the construction of tidal barriers, which changes the tidal regime in the river, leads to relatively constant tidal asymmetry along the mouth of the estuary [67]. Furthermore, wetland restoration and development is considered an ecological resilience strategy [79]. It leads to a change in the flow pattern and the propagation process of tidal currents by dissipating wave energy [79,80,81]. These natural-based features could be engineered and created as a resilient strategy [82,83]. This study also investigates the maintenance dredging strategy as a resistance sediment management approach. The primary goal of maintenance dredging is to make the waterway more suitable for human use by adding depth to the navigation channel. This method could lead to ecological damage, changing the tidal flow regime, reducing the flow speed, and increasing the sedimentation rate due to deepening.




2.2.4. DSS Implementation


The IRSTRIM approach bridged the gap between resilience theory and practice with a decision support system to assist decision-makers in the planning and management of resilient systems. Afterward, the resilience indexes were calculated for different management strategies, using multi-criteria decision-making (MCDM) techniques for prioritizing management strategies [84]. The DSS phase of the resilient management approach implements the Entropy method to adjust the final weights of indexes. Finally, the TOPSIS selection method is employed [85].




2.2.5. Sensitivity Analysis


Since the reliability of the output results from the IRSTRIM depended on the input parameter values, it was necessary to perform a sensitivity analysis to evaluate the results against the uncertainties. Therefore, the influence of possible uncertainties governing the effective input parameters on the quantified indicators was analyzed in order to determine the sensitivity of the resulting prioritization and the decision was made.






3. Results and Discussion


In this research, the IRSTRIM approach is applied to the Arvand Estuary to investigate the sediment transport change risk and inform various management decisions in this estuary.



3.1. Arvand Estuary Assessment


In recent decades, considerable dam construction, climate change, and reductions in precipitation have decreased riverine discharge, which has resulted in the domination of tidal currents in the Arvand fluvial estuary. Consequently, this estuary has been affected by the following items:




	
Increased salinity intrusion [86,87];



	
Increased rate of sea sediment intrusion [7];



	
Changes in tidal asymmetry in the river [7,88];



	
Tidally forced river mouth erosion [7], intensified by the above factors.








These changes are confirmed by employing long-term assessments of the Arvand Estuary. The water body boundaries extracted from processed satellite images, namely Global Surface Water Explorer (GSWE) datasets (https://global-surface-water.appspot.com/, accessed on 23 June 2023) [89], were assessed to investigate the shoreline change effects on sediment transport. GSWE employs the entire archive of the Landsat 5 TM (Thematic Mapper), the Landsat 7 ETM+ (Enhanced Thematic Mapper Plus), and the Landsat 8 OLI (Operational Land Imager) orthorectified, TOA (top of atmosphere) reflectance, and brightness temperature images acquired from 1984 to 2019 [90]. In Figure 1d, the green area indicates previously dry land and current tidal zone regions due to increased tidal currents in the estuary. However, the orange area represents a previously intertidal region which has become inundated in recent years. In general, the inundation of the intertidal zone expands gulf boundaries and moves the river mouth northward affecting the tidal regime and asymmetry. Consequently, this area is exposed to a sediment transport hazard, and sediment transport risk management is required.




3.2. Numerical Simulation


Hydrodynamic simulations for the current condition were performed and three proposed management scenarios were established to prepare the required inputs of the IRSTRIM. The Arvand Estuary hydrodynamic model was developed and validated by Zakipour et al. [67] using the Delft3d model. This local model resolved the hydrodynamic processes from the gulf end of the Arvand Estuary up to the Khorramshahr Port at approximately an 80 km distance from the Persian Gulf. It received its boundary conditions from the Persian Gulf’s hydrodynamic model which extended to the Strait of Hormuz in the east. The surface elevation at the open boundary of the Persian Gulf model at the Strait of Hormuz was predicted based on tidal constituents. The curvilinear structured grid approach was employed with finer grids in the local Arvand model (200 m) and around the estuary and mouth of the river, which becomes coarser (1000 m) within the deep gulf regions in the Persian Gulf model.



The downstream boundary condition was extracted from the Persian Gulf model’s water-level oscillations, and the upstream boundary condition was defined as river discharge at the Khorramshahr boundary. The mesh captured the river section by dividing it into 20 segments with a length of about 100 to 150 m (Figure 1d). Bathymetry data resources include the General Bathymetry Chart of the Oceans (GEBCO) on the 15 arc-second interval gridded data [91], Admiralty Chart 2888 of the Strait of Hormuz, and Chart 3842, 3843, 3844, and 1235 for the Arvand River.



The calibration and validation of the hydrodynamic model were performed using data from the Persian Gulf model and two stations along the estuary for the local model (Figure 1c,d). The Persian Gulf model was calibrated by varying bed roughness coefficients in the range of 0.012–0.019 s/m 1/3. For more details, see Zakipour et al. [67].



	
Implementation of Management Strategies






The calibrated hydrodynamic model was employed to investigate the proposed management strategies and assess these strategies’ effects on the current condition to inform managers with the resilience indexes produces with IRSTRIM.



Tidal barrier construction: Different tidal barrier (TB) scenarios were applied using the Arvand hydrodynamic model [67]. The study showed that the ideal case of TB with a closure depth and closure duration of 55% and 180 min can provide a symmetric condition. The results presented by Zakipour et al. [67] are used in this study as inputs for IRSTRIM.



Wetland Effect: To investigate the vegetation effects on the resilience of the sediment transport system, a 50 to 150 m wide band of wetlands in the vicinity of the dry coast was applied in the simulation. Based on Huang [92], wetlands increase bed roughness in their covered areas by 30%, dampen waves and storm surges [93], reduce erosion, and increase the resiliency of the system.



Maintenance dredging: In this study, dredging is proposed as a management resistance strategy, and was applied in simulations to assess the performance of the quantified resiliency indexes. Dredging was performed to keep the required river navigation lane depth maintained. According to the PIANC [94], navigation depth is a function of the draft of ships and processes affecting the vertical motions of the ship such as salinity variation, squat effect, and wave-induced vertical motions. The Abadan berths in the northern part of the river (Figure 1) are equipped to receive ships with a mean draft of 5.5 m loaded with 500 tons and Khorramshahr port (Figure 1) was designed for a maximum draft of 6 m. Considering 0.6 m for net keel clearance, and 1m for the squat effect, the dredging depth was estimated to be 7.5 m, which was applied 150 m away from the thalweg of the river.




3.3. Resilience Quantification


	
Reaction magnitude






The reactions of implemented management scenarios are digitized in Table 1. The higher positive reaction amplitude in the table illustrates a higher-sedimentation process. The best-expected condition is equal to zero for the accumulation of sedimentation and erosion. Under the existing condition, the Arvand Estuary experiences 215 tons of sedimentation per year. The dredging maintenance scenario shows an increase in the magnitude of the response from 215 tons/year to 334 tons/year, which can potentially increase the risk of sedimentation. By applying vegetation effects and adding a wetland system to simulations, the reaction amplitude decreased from 215 tons per year to 168 tons per year. Non-changing and constant tidal fluctuations and the tidal prism resulted in a 22% annual decrease in sediments. Applying TB with a 64% closure depth for a 5 h duration showed a reduction in the reaction amplitude.



	
Recovery rate






In the dredging management scenario, the estimated recovery rate is approximately 0.146 Kg/m3.h. Dredging of the river bed in addition to increased depth can reduce the flow velocity, which potentially introduces more sediments into the water column. Applying the wetland system scenario reduced the estimated recovery rate to 0.12 kg/m3.h. The scenario of TB and tidal range reduction led to a lower recovery rate. This is because the tidal range reduction associated with a tidal flow velocity decrease can cause lower suspended sediment concentrations in the equilibrium rates.



	
Graduality rate






This index shows how gradual changes can impose less stress on the system. Therefore, a closer gradual rate value to one indicates a more gradual and stable trend of changes in the estuary. The gradual rate for dredging was estimated to be 0.706, and including the wetland system scenario demonstrated a gradual rate of 0.89, which was expected due to the nature of an environmentally based scenario. In the TB management scenario, the gradual rate decreased to 0.67 due to a sudden change in the system.



	
Tidal asymmetry index






The tidal asymmetry index is proposed to be calculated along the river. The Arvand Estuary is flood-dominant, ignoring management scenarios, and the tidal asymmetry index is calculated to be 0.34. The dredging scenario decreased the TAI to 0.18 indicating a positive impact on tidal asymmetry conditions along the river. The wetland system scenario has little positive effect on the TAI value, reducing it to 0.31. The most impactful scenario, which shows the minimum TAI, is the TB. According to a related study [67], the implementation of TB can change the flood-dominant state of the estuary to a tidal symmetry state (TAI = 0), and then lead to a transition from that to an ebb-dominant state of the estuary. This could help to reduce the sediment transport risk and increase the resiliency of the system.



	
The salinity intrusion index






The length of salinity intrusion is influenced by factors such as tidal range and river flow. Unlike the scenarios of implementing TB, which resulted in changes in the maximum tidal range and consequently changes in the length of salinity intrusion within the range of 21 to 39 km along the river, the dredging process and the presence of a wetland system were shown to have minimal effects on the salinity intrusion length.



	
Infill rate index






The estimation of the infill rate index is based on the estimation of the filling trend of the estuary. Dredging in the estuary has resulted in an increase in the value of the filling rate index from 0.088 mm/yr to 0.096 mm/yr, which indicates the negative impact of the dredging management scenario on this index. However, the wetland system scenario favored this index and the filling rate value was reduced to 0.065. Implementing the TB scenario decreased the gradual filling rate and the estimated index values due to reduced sediment transport and a decreased amount of suspended sediments in the estuary.




3.4. DSS Implementation


The DSS process including the development of the decision matrix, the indexes’ weight estimation, and non-dimensionalizing was performed and is presented in Table 2 and Table 3. The decision matrix for the Arvand Estuary problem was calculated to employ as input for multi-criteria decision-making methods using information from Table 1. The weights related to the indicators were assigned via the Entropy technique. These weights express the relative importance of each index. The weighting of indicators based on the Entropy method in Table 2 led to the estimation of the impact of each indicator monotonously. Finally, the management scenarios were prioritized according to the weight of the resilience indexes applying the TOPSIS [85] ranking method (Table 3).



The Entropy method demonstrated that the reaction amplitude with a weight of 0.29 and the tidal asymmetry index with a weight of 0.23 are the most effective factors in prioritizing management scenarios. In the present study, graduality, the filling rate, SIVI and recovery rate were weighted 0.13, 0.14, 0.12 and 0.087, respectively.




3.5. Sensitivity Analysis


To evaluate the performance of the IRSTRIM approach, the sensitivity of each index to particle settling velocity (Ws) and bed roughness (f) parameters was assessed. The sensitivity calculations were performed for 0.0005 < Ws < 0.05 m/s and 0.0005 < f < 0.0125.



The effect of net sediment transport on the reaction amplitude parameter is demonstrated in Figure 4. The graph shows an increase in the amount of sediment moving out of the river with a decrease in the settling velocity of particles. Meanwhile, the sediment import through the velocity component F2Sin increases. On the other hand, the sedimentation rate associated with the velocity components F2cos + F3 initially increases and then decreases. The graph shows little effect on bed roughness with the settling velocity. Increasing bed roughness leads to a gradual decrease in the values of sedimentation induced by each of the components, F1, F2Sin, and F2Cos + F3.



The sensitivity analysis of the reaction amplitude to variations in particle settling velocity and roughness (f) indicated the critical role of both particle diameter and settling velocity. The results showed that changes in particle diameter and settling velocity (particularly in the range of 0.0005) have a significant impact on the reaction amplitude. For f < 0.0025, decreasing the settling velocity to between 0.005 and 0.0005 is a sign of erosion at a rate of 5 tons per year, and then a reduction in erosion values to 0 tons per year, followed by a conversion of erosion values into deposition values of up to a maximum of 10 tons per year. It should be noted that the magnitudes of the reaction amplitude, in comparison to the initial conditions of the estuary with deposition occurring at approximately 125 tons per year, have significantly decreased. Increasing bed roughness has led to an increase in erosion values of between 0 tons per year to 20 tons per year.



As shown in Figure 5, the recovery rate is highly influenced by the settling velocity values, while variations in bed roughness show little effect on the estimated recovery rate values. Figure 6 illustrates the sensitivity analysis of the graduality index for different ranges of sediment diameter and bed roughness. The graph demonstrates a graduality index in the range of 0.55 to 0.65 and low sensitivity to these two parameters. In addition, Figure 7 indicates a low effect of particle diameter on the SIVI parameter, whereas bed roughness impacts the SIVI values. In the examined roughness range, the effects were variable within the range of 30 to 50 km.



To consider other important factors in the relationships, the sensitivity of U* to the average depth of the estuary mouth (D) and settling velocity was assessed. The graph in Figure 8 shows the calculated values for U* and indicates no sensitivity to changes in water depth and particle diameter. However, an increase in depth led to an increase in sediment transport towards the sea (Figure 9).



This results of this research are in agreement with the findings of Colby et al. for the Murray Estuary [95] showing a reduction in the degree of flood dominance with the dredging strategy due to a reduction in the asymmetry of tidal currents. While bed dredging improved symmetry conditions in the estuary, it caused a 55% increase in the reaction amplitude compared to that of the existing condition. This process could threaten the stability of the estuary system, which is the same as what was observed in the Passer Estuary system in Bangladesh [96]. The Passer Estuary experienced a sedimentation rate of 0.1 to 0.6 m per year after dredging in 2014, which contradicts sustainable system development [96]. The filling rate due to dredging in the Arvand Estuary was estimated at 0.096 m per year. The increase in the reaction amplitude, as well as an increase in bed depth, and a decrease in flow velocity intensified the filling rate and consequently lowered the gradual nature of sedimentation. However, the values of the saline intrusion length decreased by less than 3% compared to that of the existing conditions.



Adding a wetland system scenario led to a decrease in the reaction amplitude compared to that of existing conditions. The tidal asymmetry under applied conditions also underwent minor changes. The application of TB resulted in a decrease in the reaction amplitude. The values of tidal asymmetry along the river also showed a significant decrease.



In general, the provided approach showed that despite the significant impact of tidal asymmetry on the sediment input and transport process in estuaries, this index alone cannot be used to estimate sustainable development goals and establish a resilient system. A consideration of other dimensions and factors affecting sediment transport, such as the characteristics of sediment including settling velocity, flow depth, tidal velocity and amplitude, and upstream discharge, in the IRSTRIM approach can provide the conditions to comprehensively compare various management scenarios.





4. Conclusions


In recent years, various factors such as an increase in salinity intrusion and sedimentation, and the landward progress of the Arvand Estuary have caused disruptions in the performance of this estuary. In this study, the IRSTRIM approach was presented and implemented in the Arvand Estuary located northwest of the Persian Gulf. Various resilient (e.g., tidal barrier implementation and considering wetland) and resistant (e.g., dredging) management scenarios were also proposed and assessed using the IRSTRIM approach.



This approach shows that the dredging scenario is a resistant method, and improves the TAI related to the existing condition (Do Nothing). On the other hand, it causes a 55% increase in the reaction amplitude. The increase in the reaction amplitude, as well as an increase in bed depth, and a decrease in flow velocity resulted in an increase in filling rate (of 10%) and consequently a decrease in the gradual nature of sedimentation. Adding a wetland system as a management scenario also led to a decrease in the reaction amplitude compared to that of existing conditions. The tidal asymmetry under applied management scenarios showed minor changes. The application of TB demonstrated a decrease in the reaction amplitude and tidal asymmetry along the river.



To include management decision processes, the DSS prioritization process was applied and the reaction amplitude and the TAI had the highest weight priority, respectively. In general, the provided approach showed that despite the significant impact of tidal asymmetry on the sediment input and transport process in estuaries, this index alone cannot be used to estimate sustainable development goals and establish a resilient system.



Identifying the processes influencing sediment transport in the Arvand Estuary, determining the effective parameters, and ultimately creating a suitable framework for developing indexes and prioritizing proposed management scenarios are among the most important achievements of the IRSTRIM framework for estuary resilience assessment and sustainable development. The quantified indexes successfully incorporate tidal asymmetry, sediment characteristics, bed properties, and flow hydrodynamics.



Performing sensitivity analysis, considering the possible uncertainties, helps to assess the certainty in the prioritization. Sensitivity analysis was conducted for changes in particle settling velocity, bed roughness, and water depth in the estuary.



The proposed resilience assessment framework could be improved by incorporating the transport of sediments using horizontal advection influenced by factors such as channel geometry, flow turbulence, flow direction changes, and human activity. Due to the various spatial and temporal conditions involved, determining the precise values of these parameters usually involves uncertainties and needs to be investigated. Future research that includes these aspects of sediment transport will help in reaching a more comprehensive understanding of the topic. As the other suggestion for future study, the development of models and strategies that can effectively mitigate the impacts of sediment transport on ecosystems and infrastructure would be a valuable area of research. While it is true that more research is needed to fully understand sediment transport risks, there are several scientifically sound concepts based on a solid foundation of established principles. These impacts can originate from sediment properties, flow characteristics, landscape features, and human impacts, which have all been extensively studied and documented in the literature.
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Figure 1. (a) Arvand Estuary location in the southwest of Iran. (b) Long-term changes of Arvand Estuary entrance adopted from Global Surface Water Explorer (GSWE). Blue area: permanent water-covered area; sky-blue area: tidal zone; green area: dry land converted into the intertidal area; pink are: intertidal area converted into dry lands; orange area: intertidal area converted into permanent water-covered area; yellow area: permanent water-covered area converted into the tidal zone; gray: area without data. (c) Persian Gulf bathymetry (GEBCO and Admiralty Charts), observational station, and location of the Persian Gulf model’s open boundary. (d) Delft3D curvilinear mesh of Arvand Estuary model, and observational stations along the estuary. 
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Figure 2. Workflow of integrated resilient sediment transport risk management (IRSTRIM) approach. 






Figure 2. Workflow of integrated resilient sediment transport risk management (IRSTRIM) approach.



[image: Jmse 11 01471 g002]







[image: Jmse 11 01471 g003] 





Figure 3. Flowchart of reaction amplitude calculation. 
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Figure 4. Sensitivity analysis of reaction amplitude. (a) F1. (b) Cosine flux term in F2 and F3. (c) Sine term in F2. (d) Magnitude of reaction amplitude. 
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Figure 5. Sensitivity analysis of recovery rate. 
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Figure 6. Sensitivity analysis of graduality rate. 
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Figure 7. Sensitivity analysis of saltwater intrusion vulnerability index. 
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Figure 8. Sensitivity analysis of U* to changes in particle settling velocity and water depth in the inlet. 
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Figure 9. Sensitivity analysis of F1 and F2COS+F3 to changes in particle settling velocity and water depth in the estuary inlet. 
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Table 1. Resilience quantification values.
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	Scenarios
	Amplitude (ton/year)
	Recovery Rate (kg/m3.h)
	Graduality
	TAI
	Salinity Index (km)
	Infill Rate (m/year)





	Do Nothing
	215.233
	NaN
	1.000
	0.341
	21.154
	0.088



	Dredging
	334.044
	0.146
	0.706
	0.184
	20.651
	0.096



	Wetland
	168.330
	0.120
	0.891
	0.310
	22.321
	0.065



	TB
	4.547
	0.090
	0.675
	0.167
	23.299
	0.045










 





Table 2. Estimated weight for indicators.
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	Amplitude
	Recovery Rate
	Graduality
	Infill Rate
	Asymmetry
	Salinity Index





	0.29
	0.087
	0.13
	0.14
	0.23
	0.12










 





Table 3. Normalized decision matrix results and application of TOPSIS method considering weight obtained from Entropy method.
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	Ranking
	Conditions
	Amplitude (ton/year)
	Recovery Rate (kg/m3.h)
	Graduality
	Infill Rate (m/year)
	TAI
	Salinity Index (km)
	TOPSIS Results





	1
	TB
	0.01
	0.49
	0.56
	0.32
	0.32
	0.60
	0.80



	2
	Wetland
	0.39
	0.66
	0.74
	0.46
	0.59
	0.57
	0.48



	3
	Do Nothing
	0.50
	0.00
	0.00
	0.62
	0.65
	0.54
	0.31



	4
	Dredging
	0.77
	0.80
	0.59
	0.68
	0.35
	0.53
	0.28
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