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Abstract

:

Residence time is an important parameter linked to the water quality in an estuary. In this paper, we identify and analyze the main processes that affect the residence time of the Caloosahatchee River Estuary, a micro-tidal and mixed diurnal-semidiurnal estuary located in western Florida. Multiyear validated hydrodynamic hindcast results were coupled with an offline particle tracking model to compute the residence time of the estuary, which showed a strong seasonality driven by the river discharge. The residence time reduced with increasing river flow. The wind velocity and direction also affected the residence time. The influence of the wind was dependent on the magnitude of the river discharge. In general, upstream-directed wind increased residence time, while downstream-directed wind decreased residence time. Downstream wind during the dry period reduced residence time on average by a week. Processes such as water density gradient-induced circulation and particle buoyancy also influenced the residence time of the estuary. The outcomes of this study can be used to better understand the influence of the main physical processes affecting the residence time at other similar estuaries and to help in the management of the estuaries to improve their water quality.
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1. Introduction


Estuaries are unique environments that are ecologically diverse and valuable systems worldwide [1]. They also support many economic and recreational services to the communities in these areas [2]. Increased human activities around estuaries can adversely affect these ecosystems’ water quality, usually by modifying the concentration of dissolved chemicals [3,4,5]. Apart from anthropogenic pressures, the water quality of an estuary also depends on the water circulation patterns and how rapidly different parts of the estuary can be “flushed” [4,6]. The flow patterns and the subtidal circulation in an estuary are governed by complex hydrodynamic interactions between coastal, fluvial, and atmospheric processes (e.g., [7]). Numerical modeling is commonly used to better understand the circulation patterns and ecological implications of estuarine environments [8].



Residence time in an estuary is defined as the time taken for a water parcel to leave the estuary. A higher residence time indicates that the estuary has less circulation and tends to retain nutrients, which can lead to water quality issues within the environment. Residence time is a commonly used parameter to discuss biogeochemical processes in estuaries [9,10]. Residence time can also provide information on the possibility of eutrophication [11], which may lead to adverse water quality issues due to phytoplankton blooms [12] and hypoxia [13].



Residence times depend, among other factors, on the morphological characteristics of an estuary [10]. For a given estuary, temporal variations in residence time also occur due to alterations in circulation patterns due to changes in processes such as tidal characteristics, riverine flows [14], wind fields [13], and barometric pressure [15].



The particle age is another important time scale that can be used to quantify the transport of matter in a system. The age provides information on how long particles remain within a given region [16]. The particle age has been used in previous studies to understand and quantify pollutant transport in coastal systems [17,18].



This study focuses on the residence time and the particle age in the Caloosahatchee River Estuary in Florida, United States (hereinafter referred to as CRE). Located on the west coast of the Florida peninsula, the CRE and Charlotte Harbor are vital areas for human and ecological activities. The CRE is connected to the Charlotte Harbor Estuary and spans a total area of ~800 km2, which makes it the second-largest estuarine system in Florida [19]. The CRE is 42 km in length, spanning from Franklin Lock and Dam (S-79) to Shell Point [20]. The estuarine width ranges from 160 m at the upstream end to 2500 m downstream. The main channel of the estuary is ~5 m deep from Beautiful Island to Shell Point (Figure 1a and Figure 2).



The CRE is connected to Lake Okeechobee by the Caloosahatchee River via a series of dams and canals. The freshwater flow to the estuary is highly regulated and varies over the year. The tides are mixed diurnal-semidiurnal and micro-tidal, with an average tidal range of 0.8 m in the lower part of the estuary. Due to the variations in freshwater flow to the estuary, the salinity structure (length of salinity intrusion through the estuary, stratification) shows significant changes over time [21,22].



The CRE has been mired in water quality issues for decades [23]. Water quality in an estuary is directly influenced by physical forcings (e.g., freshwater discharge and wind forcings) [24]. The physical forcings impact the water quality by altering the fluxes and concentrations of different chemical constituents (e.g., dissolved oxygen, Total Nitrogen-n, Total Organic Carbon) and changing the residence time of the estuary [25].



The effect of Caloosahatchee River discharge on the concentration of chemical constituents has been investigated in many previous studies [26,27,28,29]. For example, the effect of river discharge on water quality parameters (e.g., Ammonia-n (  N   H   4    ) Nitrates, Ortho Phosphate-p, Total Nitrogen-n, and Total Organic Carbon) [26], phytoplankton communities [27], bottom dissolved oxygen concentration [28], and colored dissolved organic matter [29] has been extensively studied. The research by Xia et al. (2010) [28] also found that the dissolved oxygen concentration showed a strong relationship to wind forcing at the estuary.



Comparatively, fewer studies have been conducted to understand the effect of physical forcings (e.g., river discharge, wind velocity, and direction) on residence time at the CRE. In earlier studies, the average residence time for most cases of CRE was approximated at 30 days [25]. Wan et al. (2013) [23] found that a clear relationship exists between the river discharge and residence time at the CRE. The study was conducted by numerically modeling 14 semi-synthetic river discharge conditions. The effect of wind forcing and its seasonality on particle transport at the CRE was studied by [30]. However, this study did not compute residence time variations due to wind forcing.



The objective of this research is to understand the influence of physical forcings (river discharge, wind velocity, and magnitude) and processes (density-gradient-driven flows and the effect of particle buoyancy) on residence time and particle age at CRE. Multiyear validated numerically modeled hindcast results are used in this study to achieve this goal.



A major difference between our study and previous studies on residence time in estuaries is the use of a multiyear validated numerical hindcast to obtain residence time. By using hindcast results, we can accurately represent the variation in forcings and their inherent relationships, which, otherwise, are overlooked in a synthetic forcing model. Furthermore, by using long-term (5 year) results, we can provide a holistic picture of how the residence time is sensitive to the forcing conditions.




2. Methods


In this section, we describe the methods used to calculate and analyze the residence times in the CRE. To compute the residence time and the particle age, we first set up and ran a hydrodynamic numerical model of the estuary. After verifying its performance, we performed a five year reanalysis of the water levels, current velocities, water temperature, and salinity fields. This reanalysis was used together with a particle tracking model to compute the residence time and particle age of the estuary.



2.1. Hydrodynamic Numerical Model


The hydrodynamics of CRE and the Charlotte Harbor environment were simulated using the Regional Ocean Modeling System (ROMS). ROMS is a three-dimensional hydrostatic ocean circulation model that solves the Reynolds–Averaged Navier–Stokes (RANS) equations using a terrain-following, vertical coordinate system [31,32].



2.1.1. Study Domain and Bathymetry


The numerical model domain covers an area of approximately 800 square kilometers, which spans from Upper Lemon Bay in the north to Estro Bay in the south, with the west boundary situated in the West Florida Shelf (Figure 1a and Figure 2). The model grid consists of a varying horizontal grid resolution ranging from ~300 m offshore to ~10 m in the estuarine regions and inlets (Figure 1b). The water column is discretized with 12 terrain-following vertical layers, which results in a resolution of ~0.1 m in the shallowest parts of the estuary. The bathymetry for the model was constructed using NOAA’s Continuously Updated Digital Elevation Model (CUDEM) with 1/9 arc second resolution and the US Geological Survey’s Lidar Digital Elevation Model for southwest Florida, reconstructed in 2018, with 0.5 m horizontal resolution.




2.1.2. Boundary Conditions and Forcings


The ocean boundaries of the model were forced with free surface elevation, current velocity, water temperature, and salinity acquired from the HYbrid Coordinate Ocean Model with the Naval Research Lab (NRL) Coupled Ocean Data Assimilation Global analysis (HYCOM/NCODA Global), which has an output spatial and temporal resolution of 1/12° and 3 h, respectively. The tidal forcings were acquired from the TPXO global tide model [33]. The Chapman implicit boundary condition was used for the free surface, while the Flather boundary condition was imposed on depth-averaged currents. Radiation boundary conditions were used for water temperature and salinity. A Generic Length Scale approach [34] was used for the vertical turbulence closure scheme in the model.



Bulk atmospheric forcings for the model were obtained from the North American Regional Reanalysis (NARR) [35], which included the 10 m wind speed, atmospheric pressure at mean sea level, 2 m air temperature, relative humidity, and short and longwave radiation. The forcings are available at a 3 h time resolution and a 0.3 degree spatial resolution. Freshwater inflows from the three main rivers in the modeled area (Myakka River, Peace River, and Caloosahatchee River) were acquired from US Geological Survey flow data (https://dashboard.waterdata.usgs.gov/; accessed on 10 January 2022).




2.1.3. Model Calibration


Prior to the production of the final simulations, multiple short-term (~months) calibration runs were performed. Water level, salinity, and water temperature observations gathered by the River, Estuary, and Coastal Observing Network (RECON, https://recon.sccf.org/; accessed on 10 January 2022) were used for calibrating the model. During the calibration process, we observed that the main balance in the estuary is between the bottom friction and the pressure gradient. Hence, the friction coefficients were adjusted to closely match the measurements. The bed stress was calculated using a logarithmic velocity profile with a bed roughness of 0.01 m. Furthermore, an overestimation of the water temperature was observed. After a thorough investigation, we attributed it to an excess of shortwave radiation on the water surface. This bias in the temperature estimation could be due to the effect of cloud coverage not being accounted for in the shortwave radiation data. This issue was resolved by reducing the intensity of the shortwave radiation acquired from NARR by 25%.



After calibrating the model, the numerical model was simulated for a duration of five years, from 1 March 2008, to 1 April 2013.





2.2. Offline Particle Tracking Model


ROMSPath [36] is an offline particle tracking model developed specifically for ROMS model outputs. ROMSPath uses the ROMS native grid to calculate particle trajectories, which reduces the need for interpolation, resulting in increased accuracy over other offline particle tracking models [36]. The model uses the four-dimensional (x, y, z, t) hydrodynamic ROMS outputs to advect passive particles through space and time (  δ  X hydro   ). Furthermore, the model also considers the particle displacement associated with horizontal (  δ  X hturb   ) and vertical diffusion (  δ  X vturb   ). Thus, the particle position vector at a given time can be presented as follows:


  Χ ( t + δ t ) =   Χ ( t ) + δ   Χ   h y d r o   + δ   Χ   h t u r b   + δ   Χ   v t u r b    



(1)




where   t   is time,   δ t   is the discrete timestep, and   Χ ( t )   is the particle position vector in the current time step [36].



ROMSPath uses a fourth-order Runge–Kutta ordinary differential equation solver to calculate the particle advection due to the four-dimensional velocity field (  δ   Χ   h y d r o    ). The vertical random displacements (   δ   Χ   v t u r b     ) of the particles are calculated using a modified random walk method [37]. The vertical turbulent diffusivity derived from the ROMS turbulence closure scheme is used to calculate vertical displacement. The horizontal movement of the particles due to horizontal dispersion (   δ   Χ   h t u r b     ) is also calculated as a random walk using a constant diffusion coefficient of 2.8 m2/s. The order of magnitude of the diffusion coefficient used is in accordance with previous studies with similar flow currents [38].



ROMSpath runs were initiated with particles that were uniformly spread over the estuary (in the horizontal direction and along the water column). A single release case was run for a total duration of 90 days, with multiple such release cases simulated during the simulation period (Section 2.3). The ROMSpath simulation duration was selected as 90 days, as it was observed that this duration was long enough for most particles to move out of the defined region. The location of each particle was recorded at half hour intervals. Particle locations were then used to determine if a particle was either remaining in or had left a given region.




2.3. Calculation of Residence Time and Particle Age


2.3.1. Residence Time


Studies have used multiple parameters (i.e., residence time, flushing time, and turnover time) to describe the time scales required to transport and/or remove material from a given region [38]. In this study, the residence time is defined similarly to that of [17], i.e., the time required for a given water mass to exit a defined region. Past numerical modeling studies (e.g., [23,37]) have released passive concentrations (dye) and tracked the decay of concentrations to calculate the movement of water masses in a region. Another method is using passive particles to track the movement of water masses (e.g., [13]). In this study, we used the latter method as it allowed us to perform multiple different releases of particles and track their movement to calculate residence time.



The Charlotte Harbor estuarine region is divided into 13 strata based on the studies conducted by the Fish and Wildlife Research Institute (FWRI) and the Coastal and Heartland National Estuary Partnership (CHNEP) (Coastal Charlotte Harbor monitoring network-standard operating procedure 2019 updates). Each stratum is considered to have a relatively homogeneous water quality condition. In our study, we used the Tidal Caloosahatchee stratum (Figure 2) as the defined region to calculate residence times in the CRE.



The estuarine residence time,      T   r      was calculated as follows:


    T   r   =     ∫  0   T    N ( t ) d t     N ( t = 0 )   ,  



(2)




where    N ( t = 0 )    is the initial number of particles inside the Tidal Caloosahatchee stratum,    N ( t )    is the number of particles remaining inside the Tidal Caloosahatchee strata at the time    t   . The interval length,    T ,    was chosen as 90 days (ROMSpath simulation duration, Section 2.2) or the time taken for the number of particles to reduce by 10% from the initial value, whichever was the smallest.



A total of 33,440 particles were released in the ROMSPath model uniformly over the entire water body of the Tidal Caloosahatchee strata, and their movements were tracked at ½ h intervals for 90 days. The study consisted of 191 such releases spaced at 10 day intervals. Thus, a total of 6.38 million particles were tracked within the 5 year simulation period.




2.3.2. Particle Age


The particle age was studied in the San Carlos Bay and Matlacha Pass strata, which neighbor the Tidal Caloosahatchee stratum (Figure 2). The intravariation of particle age within these strata was examined by subdividing the stratum into sub-polygons with an approximate size of 200 m × 200 m. The two strata were subdivided into 4727 sub-polygons. The particle age for each sub-polygon was calculated by tracking the number of particles that were residing within each sub-polygon during a release case. The particle age was calculated according to [39] as follows:


      P   a g e     i   =     ∫  0   T      N   i     t   t d t       ∫  0   T      N   i   ( t ) d t     ,  



(3)




where      P   a g   e   i        is the particle age of the     i   t h     sub-polygon and     N   i   ( t )   is the number of particles within the     i   t h     sub-polygon at the time   t  .






3. Results


3.1. Model Verification


The model’s performance was evaluated by comparing simulated water levels, salinity, and water temperature time series with measured values along the CRE. Measurements gathered at seven stations (six RECON stations and the NOAA water level gauge at Fort Myers) were used for comparison purposes. Three statistical parameters were used to quantify the model performance: coefficient of determination (    R   2    ), root mean square error (  R M S E  ), and relative root mean square error (  R R M S E  ), computed as follows:


    R   2   =         ∑  i = 1   n    (   m e s   i   −   m e   s   i    ¯  ) (   s i m   i   −   s i   m   i    ¯  )       2         ∑  i = 1   n        m e s   i   −   m e   s   i    ¯        2       ∑  i = 1   n        s i m   i   −     s i m   i    ¯        2     ,  










  R M S E =      ∑  i = 1   n          m e s   i   −   s i m   i       2       n    ,  










  R R M S E =   R M S E     m e   s   m a x   − m e   s   m i n       × 100 ,  








where   n   is the number of data points,     m e s   i     is the measured value in the field,     s i m   i     is the model simulated value, and   m e   s   m a x     and   m e   s   m i n     are measured maximum and minimum values, respectively. Figure 2 depicts the locations of the measurement stations used in the validation.



Table 1 provides a comparison between measured and modeled water levels, salinity, and temperature.



Modeled water levels agree well with the measured water levels (RMSE < 0.11 m) over the simulation period at all locations. Further analysis of the results showed that the model was able to simulate the water level variations that occurred due to high river discharge events and high offshore and onshore wind events. Figure 3 illustrates a time series segment of the model results and the corresponding measured water levels for such a period of high river discharge and wind forcing. The model was able to capture the quick variations in water level during the period of 17 August to 17 September.



Water temperature and salinity observations were measured close to bed level. The model was able to capture the variations in salinity over the simulation period successfully (RMSE < 5). Figure 4 illustrates the salinity variation over the same time interval as the model results in Figure 3. The model was successful in simulating the reduction in salinity as river dominance increased with high river discharge from the 1st of June to the 27th of July. Additionally, the model was able to capture the salinity variations at locations where salt water and fresh water are dynamically mixed (Figure 4).



Similarly, the water temperatures were successfully predicted by the model, which was able to model the temperature fluctuations and trends very well (RMSE < 1.1 °C).



It should be noted that model simulations contain no prior information (e.g., data assimilation using the measured data) on the measured water levels, salinity, or water temperature apart from initialization.




3.2. Particle Movement in the Estuary


Figure 5 provides an example of how the particles move in the estuary with time (release case number 54 on the 15th of June 2009) and the corresponding river discharge, wind magnitude, and direction during that release case. A reduction with time can be observed for the total number of particles as the particles leave the defined region (Tidal Caloosahatchee stratum) for release case 54 (Figure 5d). During the period of 15–30 June, the particles at the downstream end of the estuary are removed from the region (Figure 5b). Most of the particles left the estuary when the river discharge increased between 2 and 10 July (Figure 5c).




3.3. Effect of River Discharge


The residence times were calculated for all the release cases (191 release cases) over the 5 year study period, using particle track data for each case, similar to that of Figure 5d (release case 54). Figure 6 shows the residence time variation for the Tidal Caloosahatchee stratum over time. A seasonal variation in residence time values can be observed. Furthermore, the seasonal residence time signal shows correspondence to the seasonally varying river discharge. Lower river discharges are correlated with higher residence time events, and vice versa for higher river discharges.



The black dots in Figure 7 represent the residence time values obtained in our study and the corresponding mean river discharge during the releases. Using an optimization workflow based on nonlinear least squares, it was found that a double exponential function was able to best describe (    r   2   = 0.70  ) the relationship between residence time and mean river discharge found in our study (red line in Figure 7). Similar optimization procedures have been conducted in previous studies [40]. The figure also depicts a relationship found in another study (Wan et al. (2013) [23]) at CRE, which is discussed in detail in Section 4.1.




3.4. Effect of Wind Direction and Magnitude on the Residence Time of the Estuary


The residence times are computed using hindcast flow velocities over five years, and thus, wind and other forcings vary between releases. To study the effect of wind on the residence time of the estuary, the mean wind velocity and direction that prevailed during each release duration were calculated. The CRE is aligned along the northeast-southwest axis. Mean wind directions that were directed 45 degrees to either side of the northeast-southwest axis were classified upstream for wind velocities directed between north and east directions and downstream for wind velocities directed between south and west directions.



Figure 8 provides the wind direction and magnitude associated with the release cases where the mean wind velocity was larger than 1 m/s and the wind direction was classified as upstream or downstream. It can be observed that, in general, upstream-directed winds increased the residence time of the estuary while downstream-directed winds decreased it. The effect of wind reduces with increasing mean river discharge. For low river discharge conditions (<50 m3/s), winds can change the residence time by up to 10 days.





4. Discussion


4.1. Use of River Discharge to Explain the Residence Time


Wan et al. (2013) [23] examined the relationship between residence time and river discharge in the CRE by numerically modeling 14 semi-synthetic river discharge scenarios. This study kept the other forcings between the semi-synthetic river discharge scenarios constant. The residence times in that study were computed by releasing an inert tracer concentration and calculating the decay of concentration over time. The study found that a double exponential function best described the relationship between residence time and river discharge (blue line in Figure 7). In their study, the river discharge fully explained the residence time variation (the      r   2   &gt; 0.99    for the relationship between river discharge and residence time obtained in that study) as it was the only variable. While other forces (e.g., wind and tidal conditions) are variable between releases in our study, the residence time variations in the estuary can still be explained to a good extent by the mean river discharge. The average difference among the residence time predictions between our study and [23] is 2.44 days (red and blue lines in Figure 7). However, it can be observed in Figure 8 that the wind velocity and direction act as secondary forces, changing the residence time. The wind forcing has the highest effect on the residence time at low discharge conditions, which is observed in the dry season (the average Caloosahatchee River discharge during the dry season    < 38.5     m   3   / s   ). Figure 9 depicts the wind velocities and directions measured by the NOAA gauge at Fort Myers, FL, during the dry season (June to October). It can be observed that the winds are predominantly directed in the downstream direction of the estuary during the dry season. The downstream-directed wind helps the particle leave the estuary, reducing the residence time compared to particle dispersal only due to river discharge. The mean difference between the red and blue lines in Figure 7 for river discharge    < 38.5     m   3   / s    increases to 6.98 days from the average of 2.44 days.



At higher discharges, the effect of wind forcing becomes smaller, and the residence time is predominantly governed by the river discharge. The mean difference between the red and blue lines in Figure 7 for river discharge    &gt; 38.5   m   3   / s    is 1.86 days. A similar seasonal wind effect on particle movement in the CRE and Charlotte Harbor Estuary was observed in the study by Dye et al. (2020) [30].




4.2. Effect of River Mass Transport and Density-Induced Circulation on Residence Time


The effect of river discharge on residence time is twofold. The downstream mass flux caused by the river discharge carries particles from the defined region. Furthermore, the freshwater discharge of the river induces density gradient currents in the estuary, which can also result in a subtidal flow [41]. While these subtidal flows are much weaker than the flow due to the mass flux of the river, they can have disproportionately greater importance in the movement of waterborne material [42]. To study the importance of density gradient-induced circulation on residence times, the hydrodynamic model was rerun without density-induced circulation by using zero salinity all over the model domain. The resulting velocity fields were then used to calculate the particle transport and the corresponding residence times.



Figure 10 provides the residence time variation with river discharge with and without density-induced circulations. It should be noted that not all cases were simulated with the zero salinity condition due to computational expense. All releases in non-density-induced circulations resulted in a higher residence time (an average increase of 10 days) compared to the original (Figure 10b). With increasing river discharge, the difference starts to reduce as the density-induced circulation becomes weaker and the particle movements are influenced mostly due to mass flow from the river. Similar results were also observed by [18] in the Danshuei River estuarine system in Taiwan. The authors observed that disregarding density gradient-induced circulations resulted in higher residence times, and the effect of the water density gradient-induced circulation was reduced with increasing river discharge.




4.3. Particle Age at the Neighboring Strata


The Caloosahatchee River conveys pollutants/nutrients it receives from Lake Okeechobee and the watershed to the coastal and estuarine systems [43]. The particle age of the neighboring two strata to CRE (i.e., San Carlos Bay and Matlacha Pass) can provide information on where the pollutants/nutrients remain the longest. The particle age was calculated for these two strata according to Equation (3) for all release cases. The average particle age was then calculated for the dry and wet periods in the system (The wet season was taken as November to April, and the dry season was taken as June to October [22]. Figure 11 provides the particle age variation in San Carlos Bay and the Matlacha Pass for the wet and dry seasons. A clear variation in the particle age between the two seasons can be observed. The wet season in general shows a lower particle age compared to the dry season. The dominance of the riverine processes during the wet season is especially apparent at the mouth of the CRE, where the particle age is lower as the river can quickly push the particles further away. In both wet and dry seasons, the Matlacha Pass shows a higher particle age compared to San Carlos Bay. These results suggest that Matlacha Pass could have a higher probability than San Carlos Bay of having water quality issues due to pollutant discharge from the CRE.




4.4. Influence of Particle Buoyancy on Residence Time


The particles that were used in our study were neutrally buoyant and resembled “passive traces” which are free to travel through the whole water column due to the advection and diffusion processes. However, certain pollutants and nutrients that are transported in estuarine environments can also be either positively or negatively buoyant. Locations at which the particles reside in the water column will affect their movement and, hence, the residence time of the estuary. Particle tracking models compute vertical movements using ad hoc methods [44]. In our study, we used a similar technique to replicate the effects of positive and negative buoyancy instead of solving all the complex physics. The residence time of positively or negatively buoyant particles was studied by constraining the movement of the particles to only a 25 cm layer on the surface of the water column (positively buoyant particles) and a 25 cm layer on the bottom of the water column (negatively buoyant particles). This approach is deemed a reasonable approximation for the horizontal movement of these particles, which are mainly affected by the horizontal currents. Similar methods have been used in previous studies [45]. Figure 12 provides the residence times obtained for these two cases compared with the neutrally buoyant particle results (original results presented in Section 3.3). The positively buoyant particle residence time is much smaller compared to the neutrally buoyant particles. The average residence time was 22.2 days for neutrally buoyant particles, compared to just 9.6 days for positively buoyant particles. Furthermore, the positively buoyant particles only showed a reduction in residence time with increasing river discharge at low river dischargers (mean river dischargers < 20 m3/s). The residence time values became invariant on river discharge for discharges larger than 20 m3/s.



The near-bottom subtidal velocities are much smaller than in the rest of the water column and are generally oriented in the upstream direction in the river estuary. The bottom velocity at the estuary mouth was on average 4–6 times smaller compared to the depth-averaged velocity. As a result, negatively buoyant particles are unable to leave the defined region during low discharge events, leading to residence times that are longer than 80 days for release cases with a mean river discharge smaller than 60 m3/s. When the river discharge is sufficiently large, the bottom velocities can also be directed downstream and carry the particles off the defined region, reducing the residence time. For negatively buoyant particles, a threshold on the river discharge (~60 m3/s) can be observed for the particles to leave the estuarine area. Further, a large variation in the residence time is observed for a given mean river discharge for negatively buoyant particles.



Figure 13 provides the number of particles remaining within the region in time for the release cases with negatively buoyant particles marked in Figure 12 (  R   C   56   ,      R   C   18    , and   R   C   25    ). While the mean river discharge is approximately the same for these three release cases, the discharge time series varies between them (Figure 13b). The river flows that occurred during   R   C   25     and   R   C   18     show large pulses of discharge, and much of the particle movement off the defined region only occurred at these large river pulses (  R   C   25     and   R   C   18    , Figure 13a). On the contrary, only a few particles move out of the defined region during   R   C   56    , as the river discharge does not have such large pulses that are able to push the particles out of the defined region. The residence time thus varies by a large amount (a 54 day difference between   R   C   25     and   R   C   56    ) even though they have the same mean river discharge.




4.5. Implications of Residence Time on Water Quality


Water quality issues in an estuary (e.g., eutrophication) depend on nutrient loading, biogeochemical processes, and residence time [13]. The concentration of many nutrients (e.g., Ammonia-n (NH4) Nitrates, Total Nitrogen-n) increased with increasing river discharge in the CRE [26,46]. However, the increase in nutrient loads in the wet season did not result in a similar increase in chlorophyll concentrations, a proxy for phytoplankton blooms [46]. Rumbold (2023) [46] hypothesized this was due to the “flushing” of the estuary, which removes the nutrients from the area. In our study, we observed an exponential reduction in residence time with increasing river discharge, which justifies the results and the hypothesis made in [46].



In our study, we also observed a seasonal signal in residence time (Figure 6), where low residence time periods (which correspond to high river discharge) are followed by high residence time periods. Large algal blooms have occurred in the CRE following tropical storms and hurricanes [47,48]. These algal blooms could be partly fueled by the comparatively high residence times (>20 days) in the estuaries, which occur after high discharge events such as storms.



The nutrient loading to the CRE by the Caloosahatchee River is dependent on the type of discharge (i.e., release from Lake Okeechobee and/or watershed runoff) [26]. Furthermore, the water management operations on Lake Okeechobee also affect the nutrient concentrations received by the CRE [49]. Future studies, including the nutrient loading and coupling of the hydrodynamic model with biogeochemistry modules, will be required to generate a holistic picture of water quality in the CRE region.




4.6. Applicability of the Findings to Other Estuaries and Further Considerations


While most of the results obtained on the influence of processes on residence time at CRE can be transferred to other estuaries, some aspects need to be considered. The residence time of an estuary is dependent on its geometry and morphological characteristics. The CRE is a long estuary with a single opening to the ocean. An estuary with more complex geometry may show different results, especially due to wind action [50]. Furthermore, the CRE is micro-tidal, and therefore, estuaries with larger tidal ranges may show variations in the results (e.g., [51]). Another unique aspect of CRE is that its freshwater discharge is heavily regulated, which will change river discharge patterns in a natural estuarine river.



Bathymetry plays an important role in the circulation of the estuary. In our model, we keep the bathymetry constant over time. While there have been no major changes to the bathymetry during the study period, large storms like Hurricane Ian in 2022 can change the bathymetry rapidly. The model bathymetry can be updated as needed using methods such as satellite-derived bathymetry [52] to improve the circulation in the system and thus the residence time and particle age calculations.





5. Conclusions


The primary objective of this study was to understand how residence time was influenced by different forcings and processes at the CRE, a subtropical estuary strongly influenced by managed river discharges. The study was conducted by performing a multiyear hindcast. The residence time of the estuary was mainly controlled by the river discharge, with a double exponential function best describing the decreasing trend of the residence time with increasing mean river discharge. The residence-time time series over a five year period showed a strong seasonal signal. Wind velocity and magnitude also affected the residence time. Wind velocities directed in the downstream direction tended to reduce the residence time, while upstream-directed wind velocities increased the residence time. The effect of wind velocity on residence time decreased with increasing discharge. Water density gradient-induced circulations were observed to reduce residence time on average by 10 days. Finally, the buoyancy of the particles also influenced the residence time: positively buoyant particles, which remained at the surface of the estuary, had a smaller residence time compared to negatively buoyant particles, which remained near the bottom of the estuary.
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Figure 1. (a) Numerical model domain and bathymetry. (b) Grid resolution in the wet region of the model is computed as the square root of the area of grid cells. 
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Figure 2. Study location. The polygons represent the Coastal and Heartland National Estuary Partnership (CHNEP) demarcated strata near the CRE. The red squares represent the monitoring stations (maintained by RECON and NOAA) used for the validation of water level, salinity, and temperature. The purple square represents the Franklin Lock and Dam (S-79) location. 
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Figure 3. (a–e) Modeled and measured water level signals at observation locations are represented in red and black lines, respectively. (f) Caloosahatchee River discharge at S-79. (g) Average wind speed and direction in the Tidal Caloosahatchee strata. The blue arrows depict the direction of the winds, corresponding to the north arrow of the figure. The days are in the year 2008. 
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Figure 4. (a–c) Modeled and measured salinity signals at observation locations, represented in red and black lines, respectively. (d) Caloosahatchee River discharge at S79. The days are in the year 2008. 
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Figure 5. Particle movement in the CRE. (a–c) Number of particles per     10   4       m   2     at 0, 10, and 20 days after the release of particles, respectively, for release case 54 (released on 15th June 2009 (T)). (d) The total number of particles remaining in the Tidal Caloosahatchee stratum for release case 54. (e) Caloosahatchee river discharge at S-79. (f) Average wind speed and direction in the Tidal Caloosahatchee stratum. The days are in the year 2009. 
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Figure 6. (a) Residence time variation over time. The black dots show the residence time values for each release case, and the red line depicts the fitted spline to the calculated residence time values. (b) Mean river discharge variation over time. The black dots show the mean river discharge for each release case, and the red line depicts the fitted spline to the mean river discharge values. 
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Figure 7. Residence time variation with mean river discharge for the release cases (black dots). The red line indicates the best-fit double-exponential curve for the data. The equation for the best-fit curve is provided in the figure, where y is the residence time and x is the mean river discharge. The blue line indicates the Wan et al. (2013) [23] study results. 
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Figure 8. Effect of wind magnitude and direction on residence time. The arrows show the magnitude and direction of the average wind speed during the release case. The arrow direction is drawn in relation to the north arrow shown in the figure. The red, green, and black dots represent the wind direction classification for the release case: upstream, downstream of CRE, and other directions, respectively for the release case. The red line represents the best-fit curve for the data (Figure 7). 
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Figure 9. The wind rose for CRE during the dry season (June to October) for the study period. The direction shown is the “wind is blowing to” direction. 






Figure 9. The wind rose for CRE during the dry season (June to October) for the study period. The direction shown is the “wind is blowing to” direction.



[image: Jmse 11 01333 g009]







[image: Jmse 11 01333 g010 550] 





Figure 10. Effect of density-induced circulation on the residence time of the estuary. (a) The black line represents the relationship obtained for residence time vs. river discharge with density-induced circulation (red line in Figure 7). The blue dots represent the residence time and mean river discharge for the release cases without density-induced circulation. The blue line indicates the best-fit double-exponential curve for the blue dots data. (b) The black dots depict the difference in residence time between with and without density-induced circulation for each case (  R e s i d e n c e   T i m   e   w /   d e n s i t y   i n d u c e d   c i r c   − R e s i d e n c e   T i m   e   w / o .   d e n s i t y   i n d u c e d   c i r c   )  . The black line represents the fit of the double exponential curve to the data. 
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Figure 11. Average particle age (days) in the San Carlos Bay and Matlacha Pass during the (a) wet and (b) dry seasons. 
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Figure 12. Residence time variation with the buoyancy of the particles. The red dots represent the residence time for particles constrained to the surface (positively buoyant particles). The blue dots depict the residence time for particles constrained to the bottom (negatively buoyant particles). The red (double exponential) and blue (two-term power series model) lines represent the best-fit curves for the red and blue dots, respectively. The black line represents the residence time variation for the neutrally buoyant particles. 
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Figure 13. Particle movement out of tidal Caloosahatchee strata for particles only at the bottom. (a) The number of particles remaining in tidal Caloosahatchee strata after release for release cases 56, 18, and 25 is represented by orange, green, and purple lines, respectively. (b) The time series of river discharge prevailing during each release case (i.e., release cases 56, 18, and 25). 
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Table 1. Model error estimates for water level, salinity, and temperature at the measurement locations.
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Location

	
Water Level

	
Salinity

	
Temperature
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Fort Myers (NOAA)

	
0.78

	
0.08

	
5.50

	

	

	

	

	

	




	
Beautiful Island

	
0.85

	
0.10

	
9.51

	

	

	

	

	

	




	
Fort Myers

	
0.77

	
0.09

	
5.96

	
0.84

	
4.54

	
15.38

	
0.97

	
1.06

	
4.73




	
Shell Point

	
0.82

	
0.08

	
5.57

	
0.87

	
3.91

	
10.20

	
0.99

	
0.78

	
3.09




	
Tarpon Bay

	
0.85

	
0.10

	
6.76

	
0.85

	
2.69

	
12.07

	
0.98

	
0.80

	
4.41




	
Gulf of Mexico

	
0.86

	
0.10

	
4.76

	

	

	

	
0.98

	
1.01

	
4.11




	
Redfish Pass

	
0.85

	
0.09

	
5.66

	
0.63

	
1.2

	
6.91

	
0.98

	
0.89

	
3.66








The gray-shaded areas in Table 1 are due to the unavailability of measurements at the particular station during the hindcast period.
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