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Abstract

:

Sunken oil transport processes in rivers differ from those in oceans, and currently available models may not be generally applicable to sunken oil in river settings. The open-source Subsurface Oil Simulator (SOSim) model has been expanded to handle spills of sunken oil in navigable rivers, utilizing Bayesian inference to integrate field concentration data with bathymetric data to predict the location and movement of sunken oil. A novel prior likelihood function incorporates bathymetric input, with sampling grid and default parameters adapted appropriately for rivers. SOSim v2 was demonstrated versus field observations taken following the M/T (Motor Tanker) Athos I oil spill. The model was also modified to operate in 1-D, to assess the longitudinal distribution of sunken oil in a non-navigable river using available poling data collected following the Enbridge Kalamazoo River oil spill in 2010. Results of both case studies were consistent with observed data and local bathymetry in 2-D and 1-D, and the model is suggested as a complement to deterministic models for oil spill emergency response in rivers.
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1. Introduction


Inland oil spills, such as in rivers and lakes, from rail, pipeline, or nearby storage facilities occur more frequently than oceanic spills, but involve lesser volumes of oil [1]. Further, spills in inland waters are expected to increase due to the rise in rail transport and pipeline routes across rivers [2,3,4]. Trains may derail and pipelines may burst, causing oil to enter the inland waterbody directly, or in runoff from adjacent land. In general, the rise in production and transport of heavy oil [5] and bitumen products by rail, pipeline, and ship may result in more heavy spills in both navigable and non-navigable rivers. Oil spills in inland waterbodies can have significant negative impacts because the oil can contaminate groundwater and surface water supplies to cities, damage the surrounding ecosystem, and affect recreational activities [1,2].



The density of freshwater is less than that of seawater, so a larger proportion of heavy oils will sink in riverine environments [6]. In addition, sunken oil will behave differently in rivers than in oceans because the oil may be quickly transported by downstream currents [4], and will interact with suspended sediments due to increased turbulence, forming oil–sediment mixtures or oil–particle aggregates (OPAs) [7]. Sunken oil can be defined as any oil (including bitumen, coal tar, asphalt) on the bottom of the waterbody, having sunk due to high density, as OPAs, macroscopic oil-sediment mixtures, or burn residue [8,9]. Several previous spills to rivers have resulted in sunken oil, including ship-related accidents such as the M/T (Motor Tanker) Athos I and T/B (Tank Barge) Apex 3508 oil spills [10,11], storage facility-related spills such as the storage tank fuel transfer leak [12], and pipeline-related spills such as the Enbridge Kalamazoo River spill [13].



When oil sinks in a river or lake, the oil may become difficult to find or find quickly, due to lack of visibility from aircraft and vessels, uncertainty in the oil’s movement with the flow, or lack thereof, and other factors. Moreover, many oil spill trajectory models that have been used for open waters are not applicable in river environments [14], because major transport mechanisms are different in rivers than in the open sea [15]. However, a few trajectory and fates models have been used in river scenarios, such as simulated oil exposure in rivers following hypothetical spills [16,17]. There are also a few trajectory models that can forecast the movement of oil on the surface of the river such as OSCAR (Oil Spill Contingency and Response), GNOME (General NOAA Operational Modeling Environment), OILMAP, RiverSpill, and ROSS3 (River Oil Spill Simulation 3) [2,15,18]. Further, after the Enbridge Kalamazoo River spill in 2010, several models were developed to simulate the formation, fate, and transport of OPAs in riverine environments [7,19,20]. However, these models track only sunken and submerged OPAs and not sunken oil in general. Although rivers are not considered marine environments, many rivers ultimately connect to the sea. Hence, as a great deal of oil is transported along rivers, spills in large rivers such as the Mississippi and Delaware may impact estuaries, bays, and coastal regions, and a comprehensive approach to protect these related environmental compartments is needed. In that light, predicting the transport of sunken oil early on after a river spill by a numerical model can mitigate impacts and the required response in marine environments.



To address limitations in the capability of existing models to track sunken oil during emergency response, Subsurface Oil Simulator (SOSim) [21,22] was developed to locate and track sunken oil in marine environments. SOSim v2 is a 2-D generalized multi-modal Gaussian model that accepts field observations on the concentration of sunken oil in space and time, along with bathymetric data, to locate and forecast the movement of sunken oil utilizing Bayesian inference, to support emergency response efforts. As such, the effects of local marine physical transport processes are reflected in the available field observations, which the model uses to infer the uncertain parameters, the need for reliable data on bottom currents is alleviated.



The purpose of this paper is to describe the adaptation of SOSim v2 to the tracking of sunken oil in riverine environments, and demonstrate its ability to locate and track such oil. First, the methods used in development of the sunken oil river module are described, including the Bayesian approach to the use of available field observations and bathymetric data to predict the location of sunken oil in time and space. SOSim is then demonstrated versus field data on the sunken oil concentration collected following the M/T Athos I oil spill in the Delaware River. Lastly, the adaptation of SOSim as a 1-D generalized Gaussian model is described, to address spills where there are no publicly available bathymetric datasets defining the river boundaries, and demonstrated versus field data from the Enbridge Kalamazoo River oil spill. The results from these demonstrations are then discussed.




2. Methods


SOSim v2 is an open-source (Supplementary Materials) 2-D multi-modal inferential Gaussian model, in which the general solution of the advection–diffusion equation is the premise and parameters (sunken oil velocity, dispersion, number of patches) are inferred as maximum likelihood values from available field data, together with default or custom bathymetric data for the waterbody. Modes of the concentration distribution correspond to patches of oil on the bottom. The Gaussian assumption is relaxed in that each sunken oil patch may have a unique velocity vector, diffusion matrix, and orientation and parameters are updated as new field data become available. Uncertainty estimates on the parameters in the model are conducted by a −2 log-likelihood ratio test. Essentially, SOSim v2 uses the same basic approach to forecast the relative concentration of sunken oil in space and time in river settings as described in Jacketti et al. [23] for marine settings, in which the model was previously validated versus data from the ITB (Integrated Tank Barge) DBL-152 oil spill.



SOSim v2 does not incorporate hydrodynamic data as input because field observations on the location and concentration of sunken oil reflect current riverine conditions, and are used in inferring model parameters. Vertical variations in rivers, such as bottom friction and surface stratification, are not calculated in SOSim v2, due to lack of reliable data and the assumption that field data reflect the current conditions. This limitation may influence model output when field data are collected on a single day, because the model may not correctly infer the sunken oil’s characteristics based on these conditions.



Field data comprise any observations taken regarding the location of sunken oil in time, including from Vessel Submerged Oil Recovery Systems (VSORS), visual observations, or subsurface remote sensing techniques such as side-scan sonar. Bathymetric data are considered prior information, and are sampled randomly to create a novel prior likelihood function, adjusted to the scale of the field concentration data, and used to account for gravitational forcing. Sunken oil transport along f/H contours [24] was not considered in the riverine model, due to differing hydrodynamics relative to continental shelf locations. Thus, the algorithms described in Jacketti et al. [23] for marine settings were adapted to more accurately predict the concentration of sunken oil in space and time in a river, considering their generally smaller scale and unique transport mechanisms. Accordingly, the probabilities derived based on gravitational forcing were scaled consistent with the relative probabilities of finding oil calculated based only on the available field concentration data.



Once scaled, the prior and field data are input to their respective likelihood functions and used to infer the model parameters. The likelihood function, L(.), for both the field and prior data in SOSim is based on an exponential distribution of sampling error, the most objective (maximum entropy) distribution over a non-negative range with mean fixed at the inverse of the value of the conditional distribution (relative concentration) at the modeled point in space:


  L  (   C i  , μ ,  Σ  , ρ , γ  )  =   ∏   i = 1  I  λ exp  (  − λ  C i   )   



(1)




in which  C  represents the vector of relative concentration data for either the field or bathymetric data, and:


  1 / λ =   ∑   j = 1  J   γ j   f j  (  X i  ,  t i  |  μ j  ,   Σ  j  ,  ρ j  )  



(2)




in which    f j    represents the Gaussian conditional sampling distribution for the j-th patch,    γ j    is the mass fraction of total oil in the j-th patch,  t  is the time since the oil release,    μ j    and     Σ  j    represent the two dimensional means and covariance matrices for each patch, respectively,    ρ j    is the correlation coefficient for each patch, and  X  is the coordinates of points to be modeled. These methods, and those for defining river boundaries and accounting for flow along streamlines, as well as the incorporation of a 1-D model in SOSim v2, are described in the next sections.



2.1. Definition of the Sampling Grid


While SOSim is a Lagrangian model, fixed on moving patches of sunken oil, a sampling grid is nevertheless imposed on the study area to define points at which bathymetric data are sampled as input to SOSim v2. For an oil spill in an ocean environment, a rectangular sampling grid around the spill location is used. However, considering the complex changes in river shoreline orientation and the small transverse scale of many river environments, a rectangular modeling grid may result in sampling points being defined outside of the river boundary. Therefore, to increase the accuracy of SOSim for use in many navigable rivers, the global Earth topography 5 arc minute (ETOPO5) database of land and seafloor elevations with 1-m resolution is used to create a modeling grid that is representative of the shape of the river. Thus, SOSim is applicable in navigable rivers that flow into oceans, for which the ETOPO5 database has readily available bathymetric information. If there are no bathymetric data in the database for a particular river, such as some areas of the Mississippi River, and the user has access to a bathymetric file or a list of soundings taken with coordinates for the area of interest, SOSim will use the coordinates in the uploaded file as the modeling grid.



To create the new modeling grid using the global database, SOSim first creates a rectangular modeling grid based on the scale defined by the user in the area of interest, consisting of 2000 grid nodes in each direction. SOSim then uses the ETOPO5 database to determine which of those modeling points are bathymetric rather than topographic (e.g., depth below the surface rather than height above surface). All points that are located in the river are kept and used, and all other points are discarded. Figure 1 represents an example of SOSim’s river boundary modeling grid in the Delaware River. Here, a portion of the grid is enlarged to show the grid points (black dots). These dots represent the location of bathymetric data points that are input to the generalized Gaussian conditional sampling distribution for computing the relative oil concentration of the sunken oil. The grid is orthogonal, except along the boundaries of the river. Hence, the grid follows the shape of the Delaware River, closely. Note that the generated boundaries are approximate due to the vertical resolution of the bathymetric database.



The bathymetric sampling grid is defined to ensure that bathymetric data points are not sampled outside of the river boundaries when the user does not have access to a bathymetry file and data are available in the ETOPO5 database. To avoid biasing the model results more heavily on the field observations or prior information, the number of bathymetric data points were originally sampled the same number of times as the field data. However, as the number of field data points are often limited, sampling bathymetry to that degree may not provide a representative sample of the local bathymetry. Therefore, the bathymetric data are sampled ten times more frequently than the field data, and input to ten prior likelihood functions. The tenth root of the product of these likelihood functions is then taken to obtain one representative prior likelihood function.




2.2. Uncertain Parameter Ranges


The default ranges considered in the estimation of model parameters for river spills differ from the default ranges for ocean spills because the transport mechanisms are different. In particular, downstream currents and longitudinal dispersion in rivers are much greater than the transverse currents and dispersion. Typical flow velocities in rivers and streams range from approximately 0.2 to 2.9 knots (8.89 to 128.9 km/d) [25]. Flow velocities are highest at the surface and lowest near the channel bed. In addition, bottom currents may not be able to move the sunken oil in a continuous manner [26,27], due, for example, to the formation of a tar mat on the bottom, as was observed following the storage tank fuel transfer leak in the Detroit River [12] or scoured areas behind objects. Therefore, a common velocity profile and professional judgement were used to estimate default ranges of physically possible values of the sunken oil velocity parameters. Possible ranges of diffusion coefficients for sunken oil were estimated similarly, using well-known longitudinal and transverse diffusion coefficient relationships to estimate bottom diffusion in rivers [25].



Default parameter ranges are shown in Table 1. These ranges worked well over the course of model development, and can be otherwise specified as needed by the user. Flow velocities in rivers are highly variable. For example, currents in the Mississippi River following the T/B Apex 3508 spill were 1.8 knots (80.01 km/d), but were as high as 8 knots (355.6 km/d) in the river following the Apex Towing spill [9]. In addition, currents in the Detroit River during the storage tank fuel transfer leak were roughly 3 to 4 knots (133.3 to 177.8 km/d), though the bottom currents were not great enough to significantly transport the viscous coal tar [12]. Hence, the user can edit velocity and diffusion parameter ranges to reflect local conditions, based on site-specific data on subsurface currents, turbulence, or forces required to move sunken oil, if available.




2.3. Accounting for Flow along Streamlines


River flow moves along streamlines (constant velocity contours) [28,29], rarely crossing them [29]. Further, because sediment transport is largely controlled by river flow, sunken oil transport can be expected to be influenced by river flow as well, and hence sunken oil droplets or patches are not expected to cross streamlines other than through diffusion, which is expected to be low (Table 1).



To incorporate sunken oil transport along streamlines, a local velocity vector would need to be calculated at each sampling grid point, requiring users to input river velocity data, which may be difficult to obtain during emergency response. Such hydrodynamic data are not accepted as an input to SOSim, and hence streamlines are not directly calculated in the model. Instead, when data are available only on a single date, the inferred diffusion coefficient is fixed at the maximum likelihood value for purposes of forecasting transport with minimal movement across streamlines. When data are available on multiple days, the diffusion coefficient is allowed to change with time based on the data.




2.4. Development of a 1-D Model


For demonstration purposes, SOSim was re-written as a 1-D model and demonstrated versus data collected from a non-navigable area of the Kalamazoo River. This procedure allowed modeling of the spill, because generally tracing the movement of the sunken oil downstream was the key issue. There were also no publicly available bathymetric databases for the Kalamazoo River to utilize in defining the river boundaries, and the limited bathymetric data received from US EPA were insufficient for this purpose. The updated model produced one dimensional distributions of the probability of finding sunken oil along the length of the river. Latitudinal and longitudinal coordinates of the river were then extracted from ArcGIS and used to create the 2-D map of relative oil concentrations. Then, the 1-D probability distribution was plotted as bands of relative oil concentrations along the length of the river. However, this procedure cannot be automated given currently available data.





3. Model Demonstration


3.1. M/T Athos I Oil Spill


The SOSim v2 sunken oil module was first demonstrated using field data collected after the M/T Athos I oil spill. This spill occurred on 26 November 2004 in the Delaware River near Paulsboro, NJ, USA when the M/T Athos I tanker struck an uncharted submerged object. The collision resulted in a perforation of a ballast tank, causing ~978 metric tons of Bachaquero Venezuelan crude oil with an API gravity of 13.2–13.9 to be released to the river [10]. A small amount of the spilled oil sank due to sediment entrainment. Sunken oil was located in depressions under the collision site and was immobile due to the highly cohesive nature of the oil [10]. In addition, stranded oil in the intertidal zone picked up sediment and sank in the river, and this oil was transported by riverine and tidal currents. Recovery was especially important because the mobile sunken oil threatened intakes to a nearby nuclear power plant and benthic organisms in the area [10].



Vessel Submerged Oil Recovery System (VSORS) field data, collected after the spill, were used as input into SOSim in the form of latitude/longitude coordinates and the respective concentration of oil on the bottom. The field observations were collected from 6 December to 10 December 2004 (Figure 2). The VSORS’ oil sorbent “pom-poms” were dragged along the bottom and recovered to assess the amount of oiling [9]. The resulting field data are shown in Figure 2. Only a portion of these data, representing roughly one half of the study area, were used as input to SOSim to allow demonstration of the model’s ability to locate sunken oil across the entire study area, similar to previous work [21,23]. Several assumptions were made when extracting the data from Figure 2 as input. First, because no specific sampling dates were assigned to each VSORS drag, we assumed that all data were collected on 8 December 2004, the midpoint of the 5-day sampling period, 12 days after the spill. Second, because VSORS data depict only a drag line rather than an exact location of oil on the bottom, the midpoint of each drag was assumed as the sunken oil location for input into SOSim. Lastly, each drag was given a range of percent oiling, so the midpoint of each range for each drag was used as the concentration of sunken oil in the model. These assumptions created significant uncertainty in the model and hence in SOSim’s output. Note also that the data points indicating 0% concentration were also input to SOSim, as inclusion of data points representing no sunken oil will allow SOSim to better infer the location of sunken oil.



Bathymetric data were downloaded from NOAA’s Bathymetric Data Viewer for the area of interest and input to SOSim as one data file. In this demonstration, ten times more bathymetric data points were sampled than the number of available field data points, to obtain a representative sample of the local bathymetry. The tenth root of the product of the prior likelihood functions was then taken to obtain one prior likelihood function, as described in Jacketti et al. [23], to avoid weighting the evidence towards bathymetry and away from field data. The optional inputs and outputs for the M/T Athos I case study are described in Table 2. The scale and resolution were chosen (Table 2), and the default river parameters were used (Table 1). A 95% confidence bound was chosen for display with the field data on a map of the spill site in the Delaware River.



The first SOSim assessment was conducted to locate the full extent of the oil in space on the assumed sampling date. In addition, although forecasts may be less reliable when data are available from only one sampling date, due to uncertainties in the inferred velocity and diffusion coefficients, a second prediction was made 24 days after the spill (12 days after the sampling campaign). This forecast was based on default parameters for the initial advection and dispersion of the oil during settling [23], to test the model’s ability to forecast the movement of sunken oil in a river setting based on limited data. Figure 3a,b represent assessments of the location of sunken oil 12 and 24 days after the initial spill, respectively. The red cross represents the spill location and the green line represents the 95% confidence bound on a 4% concentration of oil. The blue dots represent the field data, with the size of the dot corresponding to the recorded concentration in percent. The assessed relative oil concentrations are normalized from 0 to 1 and are analogous to the relative probability of finding sunken oil at specific locations.



The model results in Figure 3a are realistic in that the initial prediction covers the area for which data indicate the presence of oil were input to the model, as well as the area further to the West, covering all of Tinicum Island, also found to be oiled but for which data were not input to SOSim. The sunken oil patch in Figure 3a is wide and significantly dispersed due to the uncertainties and assumptions in the field data that were input. In addition, the three low-concentration field data points just to the East of the initial spill location are encompassed by the confidence bound. Further, the most concentrated area of the sunken oil patch is located just South of Tinicum Island, within the deepest channel of the river. Figure 4 represents a bathymetric chart for the Delaware River near Tinicum Island. When comparing the most concentrated area in the sunken oil patch in Figure 3a and the bathymetric chart, the most heavily oiled area is located within the channel at roughly 47 feet. Thus, model output based on bathymetric data and field observations were consistent with the observed and expected locations of sunken oil in the Delaware River.



The forecast in Figure 3b is consistent with the downstream currents in the Delaware River. Within three days of the VSORS tows in Figure 2, the amount of sunken oil surrounding Tinicum Island steadily declined [30]. Thus, SOSim’s assessment of the location of sunken oil 12 days after the sampling campaign corresponds with observations after the spill. The sunken oil may have been thought to travel further in 12 days due to the swift river currents, which were roughly 2 knots (88.9 km/d) at the time of the spill [30]. However, the sampled field data were taken 12 days after the initial spill and the majority of the sunken oil was in close proximity to the spill location. In addition, sunken oil will generally move slower than river currents and currents are slower at the bottom due to bottom boundary friction. Overall, SOSim was able to provide realistic 2-D predictions for the movement of sunken oil in the Delaware River. However, more high quality and quantitative field data will allow the model to generate more accurate results that reflect both the observations in the field and the local bathymetry.



The velocity and diffusion parameters inferred by SOSim for the ‘Best Guess’ sunken oil patch (Figure 3a), and the parameters inferred for the confidence bound are shown in Table 3. The inferred parameters are well within the range of the default parameter values and suggest the parameter ranges are appropriate.




3.2. Enbridge Kalamazoo River Oil Spill


The Enbridge Kalamazoo River oil spill occurred on 26 July 2010 when an Enbridge operated pipeline burst and oil flowed into Talmadge Creek, which feeds into the Kalamazoo River near Marshall, Michigan, U.S.A. The 76 cm ruptured pipeline initially spilled ~3000 metric tons of diluted bitumen (DilBit) [31], resulting in the largest inland river spill in Midwestern U.S. history [13,32]. In this case, the DilBit was floating initially, and once the volatile hydrocarbons evaporated, a portion of the heavier bitumen became submerged in the water column [13]. OPAs were then formed from the submerged bitumen and sank, settled, and re-suspended in different areas along the river [19,33]. Some factors that enhanced the formation of OPAs were the warm water temperatures and increased turbulence and suspended sediments due to floodwater [33]. According to Dollhopf and Durno [13], sunken OPAs were most prevalent in areas where the velocity of the surface water was less.



Following the Enbridge Kalamazoo River oil spill, a poling was used to detect the sunken OPAs [33]. That is, response teams used poles to stir up the sediment on the bottom of the river, recording the presence of sunken oil if a sheen or tar ball floated to the surface or oil adhering to the pole [32]. Poling data throughout the Kalamazoo River from 2010 to 2014 were obtained from the US EPA, starting from 29 August 2010. Poling data are more quantitative than VSORS data, because exact locations with associated sunken oil concentrations are recorded. However, the assessed concentrations are qualitative, listed as “heavy”, “moderate”, “slight”, or no oiling [34]. Therefore, the qualitative concentrations were converted to numerical oil concentrations, ranging from 0–100%.



SOSim was designed first for emergency response, so data from 29 August to 21 September 2010 were extracted and used as input for the initial model run. Figure 5 shows the entirety of the Kalamazoo River that was sampled from 29 August to 21 September and includes the points where sunken oil was observed. Rather than using data along the entire river up to Morrow Lake (roughly 1800 data points), data only from the approximate spill site to the sixth transect were input to the model, to assess impacts to the most heavily oiled section of river (Figure 6). In fact, significant sunken oil was identified in the first 3-km stretch downstream of the spill site by the end of the 3 month pre-recovery poling assessment [20]. All data points along this river segment, including at locations with zero concentration, were input to SOSim.



As a result of no publicly available bathymetric datasets in this area of the Kalamazoo River, the depths of the river were extracted from all of these data points provided by the US EPA and input to SOSim. In addition, SOSim was run in 1-D in space, so the coordinates that were extracted from ArcGIS Pro to create a 2-D output following the river were used as the locations of SOSim model output. Further, the velocity and diffusion parameter ranges were adjusted based on the available field data on subsequent days and the small scale of the area of interest (~7 km). SOSim’s output is a 1-D probability distribution for locating sunken oil in the longitudinal direction. This output is then converted to a 2-D map of relative oil concentrations along the Kalamazoo River to visually assess the highest probability of finding sunken oil in the river. The required and optional inputs and outputs to SOSim are described in Table 4.



SOSim predicted the location of sunken oil along the river 5 days after the last sampling campaign (2 months after the initial spill) to compare the model result with observed data in the area of interest on the same day and demonstrate the model’s ability to predict the movement of sunken oil into the future. Figure 7a represents SOSim’s prediction for the location of sunken oil in 1-D on 26 September 2010. In Figure 7a the forecasted location of sunken oil on 26 September 2010 can be seen. In Figure 7b, the observed sunken oil locations on the same day as the forecast are shown, with the size of the dot corresponding to the concentration of sunken oil. When comparing Figure 7a,b, SOSim was able to predict the longitudinal location of the sunken oil as the same location as the majority of the field observations at roughly 85.05° W. The 1-D result produced by SOSim was then plotted as bands along the Kalamazoo River to give users a visual idea of the location of sunken oil in the river, as shown in Figure 8. The red dots represent the non-zero field data points that were input to SOSim (Figure 6).





4. Discussion and Conclusions


Results presented in this paper indicate that the adaptation of SOSim to also model of spills into rivers, based on Bayesian inference from available field concentration data and bathymetric data, was successful in reflecting the riverine transport mechanisms and scale to delineate areas of higher priority in the search for sunken oil. In particular, results for the M/T Athos I oil spill were consistent with responders’ assessments of the location of sunken oil, using available field observations. According to the Submerged Oil Assessment Unit [30], the greatest concentrations of sunken oil were detected around Tinicum Island soon after the spill, consistent with the patch in Figure 3a. Modeling of the subsurface oil directly after the M/T Athos I spill occurred was used to determine when to safely reopen the water intakes of the Salem Nuclear Power Plant and thus restart power production. Model predictions, however, were based on estimated bottom transport speeds and were later calibrated with observations of sunken oil concentrations [28]. While the modeling results assisted in decision making after the spill, bottom currents are generally not measured and there may be uncertainties in estimating these velocities. The nuclear power plant at the time of the spill was shut down for several days to prevent oil contamination of the circulation and service water intake systems [30], at a total cost of roughly $33.1 million [18], paid for by the Responsible Parties. Hence, a probabilistic model such as SOSim could have been a complement to other model predictions; useful in (1) identifying key sampling locations and (2) predicting when sunken oil would no longer be a threat to the water intake systems, by exploiting field concentration data reflecting system hydrodynamics to estimate oil transport rates and reduce losses.



Smaller, non-navigable rivers pose somewhat different challenges in terms of modeling and response. In that regard, results of the 1-D model adaptation demonstrated versus poling observations following the Enbridge Kalamazoo River oil spill indicate that SOSim is capable of providing forecasts on a small scale utilizing limited available field observations and bathymetric data. Following this spill, a few OPA models were developed and used to hindcast the submerged and sunken OPAs in the Kalamazoo River [19,20,35]. The 1-D model developed by Jones and Garcia [20] simulated the longitudinal distribution of settled particles in the Kalamazoo River and found that almost all of the settled oil was located in the first 1-km stretch downstream of the spill site. Inputs to this model include average river longitudinal, lateral, and vertical velocity components, flowrate, flow depth, and slope, diameter of the river sediments, distribution of oil droplet sizes, and oil density. These input parameters may be difficult to obtain during emergency response compared with field observations and bathymetric data, and thus can influence applicability and accuracy of their model. Both the model by Jones and Garcia [20] and SOSim were able to assess sunken oil concentrations in 1-D within 10 km of the spill site. However, the model by Jones and Garcia [20] does not track an OPA once settled on the bottom.



Overall, the Bayesian SOSim v2 model appears to be an effective tool for tracking slow-moving contaminants such as oil on the bottom of a waterbody, which is growing in importance as heavy oils are being increasingly transported. We can conclude the following based on the results presented in this work:




	
Inference based on available field data, and constraints on gravitational deposition, can be an effective approach to forecasting the trajectory of relatively slow-moving pollutant masses, particularly when reliable flow field data are not available;



	
even qualitative data on pollutant concentration, such as poling data, are sufficiently informative inputs to an inferential assessment such as implemented in SOSim v2;



	
SOSim v2 is applicable for locating and tracking sunken oil in navigable rivers following releases, as long as field observations on sunken oil concentrations and bathymetric data are available; and



	
as an open source application, SOSim v2 can be modified to operate in 1-D for non-navigable rivers, at such time as bathymetric data become more widely available, e.g., for definition of river boundaries.
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Figure 1. Definition of a grid consistent with river boundaries using the Earth topography 5 arc minute (ETOPO5) database in the Delaware River. The grid is a standard orthogonal grid, except along the boundaries. Map created with Google MyMaps. 
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Figure 2. Available Vessel Submerged Oil Recovery System (VSORS) field data collected after the M/T Athos I oil spill. Map created by NOAA [30]. 
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Figure 3. (a) SOSim’s relative probability of finding sunken oil on 8 December 2004, 12 days after the M/T Athos I spill; (b) SOSim’s relative probability of finding sunken oil on 20 December 2004, 24 days after the M/T Athos I spill. (Cardinal directions in image: North = top, South = bottom, East = right, West = left). 
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Figure 4. Bathymetric chart in the Delaware River (NOAA Chart 12312). (Cardinal directions in image: North = top, South = bottom, East = right, West = left). 
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Figure 5. Poling data with sunken oil from 29 August–21 September 2010. Created using ArcGIS Pro. The yellow dots correspond to slight oiling, the orange to moderate oiling, and the red to heavy oiling. 
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Figure 6. Poling data from 29 August–21 September 2010 input to SOSim. Created using ArcGIS Pro. The green dots correspond to no oiling, the yellow correspond to slight oiling, the orange to moderate oiling, and the red to heavy oiling. 
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Figure 7. (a) SOSim’s relative probability of finding sunken oil on 26 September 2010, 2 months after the Enbridge Kalamazoo River spill; (b) location of field observations on 26 September 2010, 2 months after the Enbridge Kalamazoo River spill. 






Figure 7. (a) SOSim’s relative probability of finding sunken oil on 26 September 2010, 2 months after the Enbridge Kalamazoo River spill; (b) location of field observations on 26 September 2010, 2 months after the Enbridge Kalamazoo River spill.



[image: Jmse 08 00729 g007]







[image: Jmse 08 00729 g008 550] 





Figure 8. SOSim’s 1-D model result on 26 September 2010 shown in 2-D along Kalamazoo River. Field data from 29 August to 21 September 2010 that were input to SOSim are shown as red dots. 
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Table 1. Default parameter ranges of the Subsurface Oil Simulator (SOSim) for use in rivers.
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	Parameter
	Units
	Minimum
	Maximum





	    v x    
	km/d
	−67.1
	67.1



	    v y    
	km/d
	−2.4
	2.4



	    D x    
	km2/d
	0.01
	0.6



	    D y    
	km2/d
	0.01
	0.2



	  ρ  
	[-]
	−0.999
	0.999



	  γ  
	[-]
	0
	1
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Table 2. Inputs and outputs for demonstration of M/T Athos I oil spill.
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	Required Input
	Output





	Spill coordinates and time: 39.86° N, 075.23694° W on 26 November 2004 at 00:00

Field observations: VSORS concentration data Figure 2 (lat/lon, concentration) and Sampling Date (8 December 2004) at 00:00

Desired prediction dates: 8 December 2004 and 20 December 2004
	Maps of relative oil concentration (conditional probability)



	Optional Input
	Optional Output



	Bathymetry Data

Defined Modeling Area: 0.3° lon × 0.1° lat around the spill

Interactive spatial scale and resolution: 2000 grid nodes in each direction
	Location of VSORS concentration data

95% confidence bounds
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Table 3. SOSim’s inferred velocity and diffusion parameters for M/T Athos I case.
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	Parameter
	Best Guess Patch
	Conf. Bound Patch





	   v x    (km/d)
	−0.396
	−0.414



	   v y    (km/d)
	−0.136
	−0.136



	   D x    (km2/d)
	0.152
	0.152



	   D y    (km2/d)
	0.0527
	0.0702
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Table 4. Inputs and outputs for demonstration of Enbridge Kalamazoo River oil spill.






Table 4. Inputs and outputs for demonstration of Enbridge Kalamazoo River oil spill.





	Required Input
	Output





	Spill coordinates and time: 42.2395° N, 084.9662° W on 26 July 2010 at 00:00

Field observations: Poling concentration data Figure 6 (lat/lon, concentration) and Sampling Date (29 August–21 September 2010) at 00:00

Desired prediction date: 26 September 2010
	1-D probability distribution of sunken oil location in the x-direction

Bands of relative oil concentration (conditional probability)



	Optional Input
	Optional Output



	Bathymetry Data

Defined Modeling Area: 0.1° lon around the spill

Interactive spatial scale and resolution: 450 grid points
	Location of VSORS concentration data
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