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In the Oil and Gas industry, Environmental Impact Assessments (EIAs) performed for offshore exploratory or production drilling permit applications require both qualitative and quantitative analyses. Several quantitative analyses are performed through modeling to answer increasingly complex questions related to hypothetical unplanned events as well as planned releases to the environment. Two such models are oil spill modeling and drill cuttings and mud discharge modeling. The former is used to estimate the potential consequences due to unplanned events such as vessel collisions or groundings, pipeline ruptures, riser pipe breaks, hose leaks, and well blowouts.  In the aftermath of the Deepwater Horizon incident, inclusion of a scenario to simulate a large volume well blowout for a sustained period of time, if applicable, has become commonplace. For planned releases, such as drill cuttings, or operational discharges near the surface such as chlorinated cooling water effluent, produced water, wastewater from platforms. Water quality parameters and other concentrations of concern from these types of discharges may include water temperature changes, oxygen demand, suspended solids, coliform bacteria, free-residual chlorine and chlorine by-products, “oil and grease” or more specific oil-related hydrocarbons such as monoaromatics or polycyclic aromatics, and a variety of both inorganic and organic constituents including residual chemical additives which may be found in the produced water. In general, discharges from routine operations in the marine environment may impact a relatively small volume of ocean water, quickly diluting to ambient levels, due to small effluent flow rates and/or low contaminant concentrations. However, localized impacts in the vicinity of the discharge can be assessed within the context of the EIA. Steady-state models, such as the USEPA-supported CORMIX model, may be most appropriate for this type of assessment, able to predict an effluent plume’s geometry and concentrations with distance from the release in the open waters.  For oil spills and drill cuttings deposition modeling, however, more complex dynamic models are required.  These include ERM’s COSIM, SINTEF’s OSCAR, and ASA’s OILMAP models for oil spills.  For drill cuttings, applicable models include ERM’s GIFT, ASA’s MUDMAP, SINTEF’s (ParTrack) model, and the Offshore Operators Committee (OOC) Model with GUIDO.
Hydrodynamics
When performing several modeling studies within the same vicinity, a comprehensive modeling approach may be used, such that a single hydrodynamic model input source serves all of the models. Current data can be obtained from in situ observations, such as from drifters, Autonomous Drifting Ocean Stations (ADOS) or Acoustic Doppler Current Profile (ADCP) measurements.  While measurements are valuable, they often do not provide sufficient information to cover the spatial domain required for the models, or information over a long enough period of time.  Field measurements, most commonly performed at or near the sea surface, often fail to provide sufficient data for modeling of wellhead blowouts or deposition upon the seabed, which require current velocities throughout the water column. Therefore, hydrodynamic models are often employed, with the freedom to provide currents at any depth for the desired spatial and temporal resolution.  Field observations can be used to bound, calibrate, and validate these models. In some cases, these observations are assimilated into the models to influence the computations, allowing the models to match reality more closely. 
Hydrodynamic models characterize mass and momentum balances of the ambient seawater or winds usually on grids using finite differencing, volume or element approaches. In addition to current velocities, outputs from these models often contain information about water temperature, salinity, dispersion, and waves.  Though hydrodynamic modeling may be necessary for the study demands, the complexity related to bounding and setting up these models may make it infeasible to develop, test, apply, and calibrate an original model, considering the time and level of effort typical allowable for the average EIA. Instead, several peer reviewed and well-documented global circulation models maintained by different organizations can be utilized to address these concerns.  The temporal and spatial resolution from these global circulation models vary greatly from one model to the other. One such model from the National Centers for Environmental Prediction (NCEP), an arm of the US National Oceanic and Atmospheric Administration (NOAA) produces hydrodynamic output from their Climate Forecast System Reanalysis (CFSR) program (Kistler et al., 2001).  NCEP data are available for the earth’s oceans at every 0.5° in latitude and longitude. Vertically, values of current, salinity, and temperature are available at 10-m intervals for depths 5 m to 225 m. Values continue at coarser resolution with increasing depth as deep as 4478 m. NCEP also provides Reanalysis 2 (NRA-2)  wind dataset at 6-hour temporal resolution. The Hybrid Coordinate Ocean Model (HYCOM) on the other hand has a spatial resolution of 0.083 (1/12)° with vertical resolution of 10 m for depths 0–30 m, 25 m for 50–150 m, 50 m for 200–300 m, 100 m for 400–1500 m, and continuing with increased spacing to 5500 m (where available). Other models with publicly available data include the US Navy’s Naval Research Laboratory (NRL) Layered Ocean Model (NLOM) and the Navy Coastal Ocean Model (NCOM).
Though these models produce a conveniently accessible abundance of useful values for model input, they have several limitations and shortcomings.  These models were not created for small specific regions of the world.  Analysis of a feature such as a coastal embayment may have few or no current vectors available from a given global model.  Model outputs may not be refined near the coastline, reducing the accuracy of near-shore analysis. In some locations, the nearest modeled current vector may be 25 km or 50 km from the shoreline.  Tides are often omitted from the model due to the large scale of the model domain. Therefore, these models cannot replace a fine-grid nearshore hydrodynamic model for a detailed analysis of the intertidal regions and kinetics associated with breaking waves along the shore. Freshwater inflows and effects are often not explicitly modeled by these global circulation models and prevent detailed studies near such bodies. Finally, the various models may not necessarily agree with each other.  The differences between the models, such as the grid resolution, temporal resolution, boundary conditions, input data sources, and degree of calibration performed, can produce different levels of accuracy. General circulation patterns may be similar, but current speeds and directions on a given day may vary more greatly. 
Oil Spill Modeling
For quantifying potential impacts related to oil spills, complex dynamic models are required to accurately replicate the physics of the oil and particle transport, and various fate processes. Impacts related to an oil spill are focused on the locations on the shoreline and on the water surface in which oil is likely to make contact. In addition, the dissolved concentrations of concern released by the oil, typically the soluble aromatics, are assessed. The process of using an oil spill model for an EIA involves four phases: designing scenarios and gathering model input data; setting up the model and running diagnostics; performing the model simulations, typically with multiple iterations for a stochastic analysis; and finally processing and analyzing the model output to derive probabilities of oil contacting the water surface and various shorelines.  Care must be taken when communicating the results of the probabilistic analyses.
Scenario Selection

The criteria for oil spill scenario selections includes choosing situations that are both feasible potential occurrences resulting from the planned activities, and significant in magnitude in order to demonstrate a potential impact. Though there are many possible scenarios that could be simulated, the EIA should provide an insight into a range of possible conditions for the major types (collisions, containment spills, blowouts, etc.) of unplanned events. These conditions are usually classified as Tier 2 (medium sized spill in the vicinity of the operations) or Tier 3 (large spill requiring national / international cooperation for response) (IPIECA, 2008). For example, these types of scenarios might be an instantaneous release of 5,000 bbl of diesel fuel oil from a vessel collision, or a 120-day wellhead blowout of crude oil.  Tier 1 events (small spills in the vicinity of a company’s own facility) may also be considered to characterize any potential impacts from a minor event.
Once the location, oil type, volume of release, and duration of the spill are determined, the time of the release needs to be allocated for the scenarios.  Stochastic analyses may be run for random start dates from a particular month or season over multiple years.  What defines the “worst case” month or season depends on which potentially impacted resource is examined.  For example, conditions in April may result in the greatest length of shoreline oiling, while June may result in the shortest time to reach shoreline (i.e. the shortest time for responders to act) though oiling less of the coast than in April. The worst case may be viewed as the time in which results in the greatest area of surface oiling, or the largest volume of dissolved concentrations above a toxic threshold.  However, since response efforts focus on protecting the sensitive resources of the shorelines, the release month or season are often selected to illustrate the range of shoreline oiling based on the variable metocean conditions. For example, wind and current rose diagrams may be generated for each month and statistically analyzed to select the months in which winds and currents direct the surface slick trajectory towards the furthest two extremes along a shoreline.  (Note: wind induced currents create a shearing force upon a surface slick, adding a vector approximately 3% of the overall wind velocity.)  An alternate third scenario may be selected with the most stagnant trajectory to illustrate impacts between the two extremes. Another alternate scenario can be made using random start dates throughout the year for a more comprehensive analysis of trends, although a greater number of random iterations are needed in the stochastic analysis to represent the full year.
Oil Spill Model Grids
Most oil spill models use Lagrangian particles to represent the transport of oil.  This provides the modeler with the ability to more easily simulate radial dispersion of the oil, transport of oil mass into small coastline contours, while simulating a range of droplet sizes assigned to individual particles which may occupy nearly the same location in the model domain without the restrictions of a fixed grid.  Each oil particle may weather at separate rates as well, since soluble hydrocarbon components within smaller droplet can more easily dissolve, while taking a slower time to rise to the surface if submerged.  Although the transport of these oil particles are grid independent, estimates of dissolved concentrations are projected unto a fixed grid. The resolution of the grid used for this projection needs to be selected carefully to best represent the spatial resolution needed for the analysis. Other factors governing this selection are the number of particles released per volume of oil released. Whether the grid is small or large, the ratio of the number of particles to grid cell area can affect the concentration estimates.  A small ratio resulting from may make the output appear spotty with hotspot concentrations surrounded by cells with no mass. On the other extreme, a large grid cell with few particles can potentially dilute the concentrations.  While rectilinear grids are often the most practical to use in a model, a grid dynamically sized relative to the density of the particle locations is better suited for estimating concentrations in this manner.  While a large number of particles provide a better solution, computer limitations limit the number of particles used in these types of models.  Sensitivity tests are recommended to select grid cell sizes and the number of oil particles by iteratively changing the values and examining the resulting concentrations.
Oil Thickness
As oil spreads across the water surface and loses mass due to evaporation, entrainment in the water column, dissolution, photodegradation, and oxidation, the slick will grow thinner. The oil changes color at various thicknesses, from a silvery sheen, to a rainbow of swirling colors, metallic, and ultimately dark black at its thickest.  For impact assessments, applying a lower thickness limit is necessary to delineate the point at which floating oil poses a risk of smothering to wildlife which may contact the oil.  Additionally, the lowest thickness associated with oil’s visibility is another useful threshold for characterizing the surface impacts, since spill responders will typically rely on visual observations to characterize the presence or absence of oil. If modeling is performed without a thickness threshold, the area impacted may be overpredicted by inclusion of surface oiling with a negligible mass.
The first visible color, silvery sheen, appears at oil thicknesses between 0.04 µm to 0.3 µm according to the 2006 Bonn Agreement Oil Appearance Code (BAOAC) (Lewis, 2007).  Oil that is thinner than the BAOAC value for silvery sheen is considered to be barely visible to the naked eye. A threshold thickness value commonly used by modelers is 0.1 µm, corresponding to both an approximate visibility threshold and a protective value one order of magnitude below a minimum smothering thickness of 1 µm (French et al. 1999; NOAA 1996).  However, it may also be useful to compare the surface areas oiled corresponding to the 0.04 µm visibility threshold to the 1 µm smothering thickness threshold. 
Drill Cuttings and Mud Deposition Modeling
For offshore drilling, cuttings (chippings of the drilled rock) are often disposed into the sea along with all or some of the drilling fluids (used to help with cooling, lubricating, cuttings removal and control of the formation pressures. Drilling fluids are characterized as either water-based mud (WBM) or oil-based mud (OBM). In drill cuttings and mud modeling, the settling through the water column and deposition upon the seabed is simulated. The impact assessment is performed with estimates of suspended solids concentrations added above the ambient levels, the thickness of deposited materials potentially causing smothering of benthic invertebrates, and in some cases the sedimentation rate, which can impact sensitive corals through prolonged exposure to disposed material. Drilling fluids used have different degrees of toxicity, with WBM considered less toxic than OBM. Though the toxicity of OBM has been reduced in recent years, disposal at sea is to be avoided. Spent OBM is typically returned to the surface for processing and disposal on land, or possibly recycled and reused to save costs. The cuttings may be directly disposed to sea. However, cuttings exposed to OBM may be transported to a platform or offshore facility where the cuttings are separated from the drilling fluids. The cuttings, which may be disposed back into the sea, may contain a small residual fraction of OBM after treatment, (although this practice is becoming restricted in several parts of the world, requiring land disposal of the muds)  Heavy metals contained within the minerals such as barite comprising the drilling fluids, may be examined as well, although some studies have suggested very limited bioavailability of the metals to the benthic invertebrates which may consume the material (Jenkins, et al, 1988).  For cuttings and mud modeling, the EIA process is similar to oil spill modeling, though without the need for a stochastic analysis due to the relatively short time for impacts to potentially occur (minutes to hours), compared to the days or weeks for shoreline oiling to occur in typical oil spill simulations associated with offshore drilling.
Drill Cuttings Model Grids

As in oil spill modeling, Lagrangian particles are used to simulate the deposition of cuttings and muds.  Both cuttings and muds are characterized having a range of grain sizes.  Within a Lagrangian model, each particle is assigned various grain sizes which settle at different rates as a function of the radius and density of the material, according to Stokes’ Law.  Though cuttings and muds used for drilling the top sections of the well are often discharged directly to the seabed, material used in deeper sections is commonly transported to the surface for disposal.  The further the release distance from the seabed, the longer the time the cuttings and mud may be acted upon by currents, spreading out the depositional footprint.  The direct releases from the top hole sections, however, are more apt to form a smaller but higher mound in the vicinity of the well.
Given two distinct depositional footprints from surface and seafloor releases, gridding needs to be considered carefully for computation of the total suspended solids (TSS) plumes.  While a large grid is needed to capture the spreading of the releases from the surface, a fine grid cell sizes are needed around the well and the surface discharge location to accurately compute TSS.  However, very small grid cells over a large three dimensional region may reduce the computational efficiency of the simulation.  Cell sizes near the release locations are recommended to be in the range of 10 m to 15 m.  If nesting a small grid within a larger grid is not feasible, a stretched grid with increasingly larger grid cell sizes with distance from the release location may provide both accuracy and efficiency.  Alternatively, the simulation can be run twice: once for the nearfield region with a fine grid, and again for the larger domain to capture the complete depositional footprint inclusive of tiny particle sizes which travel the greatest distance due to having the slowest settling velocity.
CONCLUSIONS 
Modeling is often the first step in the process of producing an EIA, laying the foundation from which other analyses flow.  While the nature, location, and duration of potential impacts may vary depending upon the planned or unplanned event, modeling can provide key predictions of the range of possible areas at risk.  Model output can be compared to local or regional regulations, or biological criteria to determine the level of risk associated with the various scenarios.  Once the study area at risk is defined by the model results, potential sensitive resources in these regions can be identified for a baseline assessment. Once the impact assessment is complete, the planning phase can begin to determine how these risks can be managed or mitigated.
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