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Abstract

:

The Bureau of Ocean Energy Management (BOEM) is responsible for managing the development of US Outer Continental Shelf (OCS) energy and mineral resources. Because oil spills may occur from offshore oil and gas activities, BOEM conducts oil spill risk analysis (OSRA) prior to oil and gas lease sales. Since the 1970s, BOEM has developed and applied the OSRA model to evaluate the risk of potential oil spills to environmental resources. This paper summarizes some of the OSRA model progress and applications in the past decade: (1) calculation of the risk of catastrophic oil spills (with a volume over one million barrels), which concludes that the return period of a catastrophic oil spill in OCS areas is estimated to be 165 years; (2) a more efficient way to estimate the probability of oil spill contact to environmental resources in the Gulf of Mexico; (3) weathering calculations in OSRA, which enhances the accuracy of the OSRA model results; and (4) application of OSRA to the Ixtoc I oil spill as an example of how the OSRA model simulates large oil spills for oil spill preparedness and response.
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1. Introduction


Oil spills may occur from regulated activities associated with offshore oil and gas exploration, production, decommissioning, and transportation. Prior to conducting an oil and gas lease sale, the Bureau of Ocean Energy Management (BOEM), the US Department of the Interior, conducts oil spill risk analysis (OSRA) to support National Environmental Policy Act (NEPA) analysis.



A large number of numerical models have been developed for simulating the processes associated with oil spills and analyzing oil spill risks. These models help decision makers answer many planning questions, such as which areas are more likely to be hit by spilled oil and how long it would take for spilled oil to reach a specific location. Several models have and are being used to estimate the trajectories of spilled oil. Smith et al. [1] developed an oil spill risk analysis model to estimate the environmental hazards associated with oil resources. Reed et al. [2] built the Oil Spill Contingency and Response (OSCAR) model for analyzing alternative spill response strategies. The National Oceanic and Atmospheric Administration (NOAA) developed tools to analyze statistics from potential spill trajectories [3,4]. Spill Impact MAPping model system (SIMAP) calculates the three-dimensional trajectory, fate, biological effects, and other impacts of spilled oil and fuels [5,6,7]. The oil spill model code MEDSLIK-II is used to predict the transport and weathering of oil spills (e.g., [8,9,10,11]). Hole et al. [12] studied the effect of river fronts on oil slick transport using high-resolution forcing models and an oil drift model. Their results compared well with satellite observations of the surface oil patches. A key component of these models is the use of a trajectory model to simulate oil spill trajectories under different environmental conditions and provide risk assessments in probabilistic terms. There have been several review papers summarizing the extensive literature on oil spill modeling, including [13,14,15,16,17].



The US Department of the Interior has been developing and improving the OSRA model since the 1970s (e.g., [18,19]). The model is used to assess the potential spill risks associated with offshore oil and gas development. The OSRA model was designed for evaluating the likelihood of potential oil spill contact to the environmental resources based on different leasing and transportation scenarios before conducting lease sales [1]. Compared with other oil spill models, the unique features of the OSRA model include the following: (1) its spatial scale is typically very large, up to thousands of kilometers (km), such as the entire Gulf of Mexico (GOM), and (2) its timescale is also very large, up to several decades. To provide external forcing and transport information for the OSRA model, BOEM (and its predecessors) has spent enormous efforts on physical oceanography and numerical modeling in the past decades (e.g., [20,21,22,23]), which are critical for the accuracy of the OSRA model results. There are no other oil spill models that are routinely applied on such large spatial and temporal scales with such detailed oceanographic information.



The occurrence of oil spills is fundamentally a matter of probability, which is affected by a variety of uncertain factors in the future. These factors include the oil volume that may be discovered and then produced, the chance that oil spills would occur from that volume, and the wind, ocean current, and sea ice that transport spilled oil. The OSRA model estimates the probability of spilled oil from hypothetical sources (such as wells, platforms, or tanker routes) contacting environmental resources (such as protected areas, tourist locations, or coastal ecosystems).



The OSRA model consists of four key elements (Figure 1):




	(1)

	
Theory and physics associated with oil spill: This element has been constantly improved over the years. Section 2, Section 3 and Section 4 of this paper present some of the recent improvements.




	(2)

	
Numerical methods employed in the model: Multiple numerical methods have been implemented to improve the model’s efficiency and accuracy.




	(3)

	
Code scheme that makes the numerical simulation fast and computationally efficient.




	(4)

	
Data: Include current, wind, and ice (usually from other models); environmental resources potentially affected by the hypothetical spills; and oil production associated with an individual lease sale or the entire national Outer Continental Shelf (OCS) oil and gas leasing program.









In past decades, BOEM and its predecessor agencies (Bureau of Ocean Energy Management, Regulation, and Enforcement and Minerals Management Service) have invested considerable resources to enhance these key elements (e.g., [20,21,22,23]). This paper presents some of the progress of the OSRA model and its applications in the past decade:




	(1)

	
Risk of catastrophic oil spills (Section 2) [24]




	(2)

	
A more efficient way to estimate the probability of oil spill contact to environmental resources in the GOM (Section 3) [25]




	(3)

	
Oil weathering calculation in OSRA (Section 4)




	(4)

	
Application to the Ixtoc I oil spill (Section 5)










2. Risk of Catastrophic Oil Spills


2.1. Introduction


The Deepwater Horizon oil spill (DWH) in 2010 in the GOM is the largest accidental marine oil spill in the history of the petroleum industry. After the DWH, the question was, What is the probability that a catastrophic oil spill (with a volume over 1 million barrels (MMbbl)) will occur again? The answer to this question is required for safe and responsible offshore oil and gas development. This study focused on individual spills that occurred in a relatively short period of time (months or less), instead of chronically long-term spills.



Understanding the risks of extreme events is a demanding statistical problem. A common feature of extreme events is that they rarely occur, and few data are available to stochastically describe such events. Therefore, by definition, extreme events do not have sufficient historical data for traditional statistical methods. Extreme value theory (EVT) (e.g., [26]) assesses the probability of events that are more extreme than any previously observed (or rarely observed in the past). EVT provides methods for the evaluation of rare events, even outside the range of previous observations. EVT is widely used in fields such as finance [27,28], earth sciences [29,30], traffic prediction [31], economic damage [32,33], and large oil spills [24,34].



Catastrophic oil spills are defined in this study as oil spills of over 1 MMbbl in volume. These are very rare events, with high costs for society and the environment. Because catastrophic oil spills are rare, traditional statistical methods cannot be applied, due to the small amount of data. From 1996 to 2010, most of the OCS spills were less than 1 barrel (bbl) [35]. The DWH volume was more than 8.5 times the volume that had been spilled in the previous 46 years from all OCS oil and gas activities.



This section (Section 2) describes a study conducted by Ji et al. [24] to estimate the risk of catastrophic oil spills in OCS areas. The study applied EVT to analyze oil spills in the OCS in the period 1964 through 2012 to determine the likelihood that a similar catastrophic spill could happen again.




2.2. Mathematical Method


An oil spill distribution, in practice, should be considered in two parts:




	(1)

	
The central part of the distribution includes spills that happen frequently, for which standard statistical models can be used (e.g., [36,37]).




	(2)

	
The extreme end of the oil spill distribution includes very large oil spills. In this case, models based on EVT are required.









Therefore, a combination of models is needed for OSRA. The Poisson distribution has been used in calculating the probability of OCS oil spills [38]. The statistical distribution of catastrophic events can be analyzed by a generalized extreme value (GEV) distribution. The probabilities of extreme events can be estimated by fitting a model to a set of extreme event data, which consists of the tail of the complete data distribution. Here, a set of the largest annual oil spills (maxima) was used.



The blocks method based on EVT relies on deriving block maxima series as a preliminary step (e.g., [29]). The GEV family of functions describes the distribution of the block maximum of a set of data, which are a series of independently and identically distributed observations. The cumulative distribution function, F(x;µ,σ,γ), of the GEV is given by:


  F   x ; µ , σ , γ   =       exp   −     1 + γ   x − µ   / σ     − 1 / γ     ,   1 + γ   x − µ   / σ > 0 ,   γ ≠ 0       exp   − exp   −   x − µ   /  σ        ,     γ = 0        



(1)







The GEV distribution employs three parameters: (1) the location parameter (µ) specifying the center of the distribution, (2) the scale parameter (σ) determining the size of deviations about the location parameter, and (3) the shape parameter (γ) governing how rapidly the upper tail decays. The R statistical environment [39,40] was utilized to estimate these parameters.




2.3. Results


The results are as follows: (1) The location parameter (µ) is 2.442 (which is equivalent to 277 bbl), (2) the scale parameter (σ) is 0.839, and (3) the shape parameter (γ) is −0.073. The model data comparison is presented graphically using a probability–probability plot (PP plot) and a quantile–quantile plot (QQ plot).



The return level (spill volume) variable is the quantile value that is exceeded, on average, once in a period of time (return period in years). Figure 2 gives return levels under different return periods. As examples, the return levels for the 10-year and 100-year return periods are 16 and 562 Mbbl (1 Mbbl = 1000 bbl), respectively. The return level of 1 MMbbl (i.e., the catastrophic oil spill) corresponds to a return period of 165 years, which means that a catastrophic spill is most likely to occur once in 165 years, and every year has a chance of occurring of 0.6% (=1/165). The 95% confidence level is between 41 years and more than 500 years. Because there are 49 years of observational data, it is not that meaningful to estimate periods longer than 500 years. Recent progress in technology and regulation should likely lower the oil spill risk.




2.4. Conclusions


In this study, GEV distributions were applied to analyze oil spills in the OCS in the 1964–2012 time frame. Major findings from this study include the following:




	
The blocks method from EVT was successfully applied to oil spill risk analysis. GEV distributions are capable of estimating the probabilities of oil spills in OCS areas using the 49 years of OCS oil spill data.



	
The return period of a catastrophic oil spill in OCS areas is estimated to be 165 years, with a 95% confidence interval between 41 years and more than 500 years.








The findings of this study are used for offshore oil and gas management at BOEM (e.g., [41]) and other regulatory agencies (e.g., [42]).





3. A More Efficient Way to Estimate the Probability of Oil Spill Contact to Environmental Resources in the GOM


Many improvements have been made over the past four decades on the OSRA model, e.g., [43,44,45,46,47,48]. As shown in Figure 3, in the GOM, the OSRA model typically launches trajectories from over 6000 hypothetical oil spill locations (at 0.1° by 0.1° spatial resolution) in the offshore US waters within the planning areas for BOEM’s lease sales. These trajectories are initialized daily, and were simulated for up to 30 days, unless they touch the land boundary or flow out of the study domain. The surface ocean currents over several years or decades are used to calculate the trajectories on an hourly basis, along with a wind drift factor for the same durations. The probabilities of contact of these hypothetical spills to environmental resources are then calculated. This type of probability is a conditional probability, which assumes the condition of an accidental large oil spill (≥1000 bbl) occurs at these locations.



The conditional probability is derived by dividing the number of trajectories that touch a particular environmental resource by the millions of calculated trajectories. In the existing OSRA model, the spatially and temporally varying environmental resources are input to the OSRA model code and are in the OSRA model inputs. Thus, minor changes in the environmental resources will lead to a rerun of the OSRA model. Li and Johnson [25] proposed a method to tabulate the contacts of trajectories to every non-land model grid and archive the original spill locations and the contact numbers in a database. Thus, the probability of the contact to a particular environmental resource can be inferred from the database instead of computing via the OSRA model, should any changes of environmental resources occur.



The oceanographic input to the OSRA model is a critical component for generating the trajectories from hypothetical spill locations. As such, BOEM has committed to improving and updating the ocean circulation model on a regular basis. The companion paper [23] discusses BOEM-funded studies related to oil spill modeling in the past decade, including ocean circulation modeling and field observation projects for improving the understanding of circulation patterns, especially deep circulation patterns, in the GOM.



In Li and Johnson [25], two sets of surface wind and ocean current, with one from 1993 to 1999 and the other from 2000 to 2007, were used to simulate the trajectories. (Wind data are in six-hourly intervals, while ocean current data are in three-hourly intervals). For 1993–1999, surface wind data are from the European Centre for Medium-Range Weather Forecasts [20]. For 2000–2007, winds are from the National Centers for Environmental Prediction (NCEP) QuikSCAT blended (https://rda.ucar.edu/datasets/ds744.4/ (accessed on 23 December 2020)). The ocean current data for both time frames were generated from the Princeton Regional Ocean Forecast System (PROFS) [49,50], but with different resolutions and data assimilation schemes. The model output was verified extensively with observations and was capable of reproducing the Loop Current and eddies spun off from the Loop Current, surface circulation pattern on and near the continental shelf, and ocean transport through the Yucatan Channel.



One advantage of this method is that it allows comparison of the annual conditional probabilities on a series of maps, as demonstrated in Figure 4. The annual conditional probability represents the probability of contact initiated from the locations of hypothetical oil spills throughout a whole year for the environmental resources that are sensitive to oil spill impacts all year round. The annual conditional probability shows a strong variation for 2000–2006, and the distribution pattern reflects the convergence of the trajectory paths, essentially following the pattern of the Loop Current and Loop Current eddies. Similar patterns are observed for 1993–1999 (not shown).



A more efficient way to calculate the conditional probability is presented in this section that provides a solution to reduce the number of OSRA model simulations, as each lease sale often requires an updated OSRA run with slightly different hypothetical launch points and environmental resources. Additionally, this method provides a means to perform the sensitivity tests on the optimal number of launch points, spacing of launch points, and OSRA model resolution with respect to a particular wind and current data set. In regions dominated by mesoscale or sub-mesoscale eddies, a fine spacing of the launch points are likely needed, and the launch points may not need to be equally spaced in the planning area. The map distributions of the conditional probabilities show that areas of least contacted resources are in the west Florida shelf and east coast of Florida, while areas of most contacted resources are the Loop Current and eddies, assuming that the hypothetical spills are located throughout the GOM planning areas. Other OCS regions can benefit from this approach to improve their oil spill risk assessments.




4. Weathering Calculation in OSRA


There are factors not explicitly considered by the OSRA model that can affect the transport of spilled oil as well as the dimension, volume, and nature of the oil spills contacting environmental resources. For example, the physical and biological weathering of spilled oil was not included in the OSRA model in the past decades [1]. The OSRA model used a more environmentally conservative approach by presuming persistence of spilled oil over the selected time duration of the trajectories. The spilled oil was considered as conservative, and oil weathering was neglected in the OSRA model. This assumption made the calculated probabilities higher than would have been obtained using weathering effects (e.g., [51]).



This section discusses the implementation of weathering into the OSRA model and uses Cook Inlet, Alaska, as an example of this application.



4.1. Weathering and Its Representation in the OSRA Model


The physical and chemical characteristics of oil change almost immediately when oil is spilled in water due to evaporation, natural dispersion, emulsification, dissolution, oxidation, sedimentation, and biodegradation. All these processes interact with each other and are collectively referred to as oil weathering. Photochemical reactions and biodegradation can change the character and reduce the amount of oil over time. Major processes include the following [52]:




	
Evaporation converts liquid oil to a gaseous phase. The lighter fractions of the oil are lost first. This is a major process that accounts for the loss of oil, particularly light oils. During the evaporation process, low-molecular-weight compounds with low boiling points are vaporized into the atmosphere. The process is dependent on the viscosity of the oil and atmospheric weather conditions. At 15 °C over a 2-day period, evaporation can remove almost 100% of gasoline, 80% of diesel fuel, 40% of light crude, 20% of heavy crude, and about 5–10% of Bunker C. The typical timescale of this process is less than 5 days.



	
Emulsification is the process by which very small water droplets are mixed into liquid oil. The oil is held in suspension in the water. The water content often reaches 50–80%. This process can increase the amount of recovered pollutant by two to four times and slows down other mixing processes. The onset of emulsification can be delayed for days, but once initiated, this process happens rapidly.



	
Natural dispersion mechanically breaks up an oil slick into small droplets that are mixed into the water column. Oil from the water surface is typically removed within days.



	
Dissolution is the mixing of the water-soluble components of oil into the water. The low-molecular-weight compounds often travel vertically and are lost to the water column. It is governed by many parameters, including the viscosity of the oil and weather conditions. Most water-soluble components of oil are toxic. The crude oil dissolution time period is less than 5 days.



	
Biodegradation is the breakdown of oil by microbes into smaller compounds and eventually into water and carbon dioxide. The biodegradation rate depends on oil type, temperature, nutrients, available oxygen, and amount of oil. This process can take weeks to months.



	
Formation of tarballs is the breakup of slicks of weathered heavy crudes and refined oils into small patches that persist for long distances. The timescale is days to weeks.



	
Sinking occurs when the density of the oil increases due to evaporation, dissolution, and interaction with particulates. The residual oil then sinks to the bottom and is incorporated in the sediment. Resurfacing occurs when the density of the residual oil reduces to such a degree that it can be refloated from the sediment bed.








Oil spill models simulate the transport and weathering of oil in waters. The primary purpose of the OSRA model is to calculate oil spill risk over very large spatial scales (up to thousands of kilometers) and very long timescales (up to a few decades). Simulating weathering processes in detail would be computationally prohibitive in the OSRA model. In addition, measured data are not adequate for justifying a detailed modeling approach and specifying the values of numerous parameters that might be involved. Therefore, the OSRA model utilizes the following formula for bulk oil mass weathering that is widely used in oil spill models, e.g., [53]:


  Oil =   Oil  0   e  − k · t    



(2)




where Oil = oil volume at time t, Oil0 = initial oil volume, k = rate of removal (or decay rate) in 1/day, and t = time in days. The decay rate (k) can also be expressed as the half-life time (th), i.e., the time when the oil volume is reduced by half:


  k = 0.6931 /  t h   



(3)








4.2. Application to Cook Inlet, Alaska


The US federal government offered a portion of the OCS lands in Cook Inlet, Alaska, for oil and gas leasing (Lease Sale 244) in 2017 [51]. Because oil spills may occur from activities associated with offshore oil and gas production, BOEM conducts oil spill risk analysis to support NEPA analysis completed prior to conducting an oil and gas lease sale. Ji et al. [51] documented the OSRA data and results used in the Cook Inlet OCS Lease Sale 244 Environmental Impact Statement.



The OSRA model estimated oil spill trajectories using model-simulated hindcast fields of winds, sea ice movement and concentration, and surface ocean currents in Cook Inlet and the Gulf of Alaska (Figure 5). A state-of-the-art, three-dimensional coupled ice–ocean hydrodynamic model based on the Regional Ocean Modeling System (ROMS) simulated the wind-driven and density-induced ocean flow fields and the ice motion and concentration fields. [54]. The OSRA calculation used the same wind fields used by Danielson et al. [54]. The current and ice model has a resolution of 1.5 km. The wind fields have a resolution of 10 km.



The OSRA model domain (Figure 5) had a resolution of 245 m by 256 m and a total of 8 million grid cells. The domain was chosen to be large enough to allow most hypothetical oil spill trajectories to develop without contacting the boundary segments through 110 days.



The OSRA model initiated a hypothetical oil spill trajectory from each potential lease block starting on day 1 in 1999 and then launched a new trajectory every day for 10 years (1999–2009). A total of 3600 trajectories were simulated from each launch point. The trajectories were driven by the hourly wind and ice or current data from the ocean model simulations from the years 1999 through 2009.



The model calculated conditional probabilities of contact to environmental resources within 1, 3, 10, 30, and 110 days of travel time for each of the hypothetical spill sites to serve as input into the final calculation of the conditional probabilities. Ji et al. [51] provides detailed results, including about 70 tables and 20 figures.



To show the possible impact that weathering can have on OSRA calculations, Table 1 lists some environmental resource areas that might be affected by hypothetical spills from a launch area (LA6) (Figure 6). Table 1 gives the annual conditional probabilities (expressed as percentage chance) that a large oil spill starting from LA6 will contact environmental resource areas within 30 days, under the conditions of no weathering (k = 0), th = 15 days, and th = 3 days. Ji et al. [51] used the results of the no weathering case (k = 0). Table 1 shows that the including weathering in the OSRA model can significantly reduce the contact probabilities, even for a very slow decay rate of th = 15 days. The weathering process reduces the amount of oil mass in the study area.




4.3. Conclusions


Since the inception of the OSRA model in the 1970s, the weathering effect has not been included in past OSRA analyses. This conservative approach led to overestimating the contact probabilities from hypothetical spills. The NEPA analysts considered the weathered oil results to describe various impacts on resources, thereby improving their use of the OSRA model results. This section describes the incorporation of the weathering effect into the OSRA model. The newly improved OSRA model was applied to Cook Inlet, Alaska. The preliminary results indicated that the incorporation of weathering into the OSRA model can reduce the contact probabilities significantly.



As discussed in Section 4.1, the weathering of spilled oil depends on a variety of factors, including oil type, ocean condition, meteorological condition, and oil spill response. The calculation of oil characteristics through more complex weathering algorithms might provide more accurate information about the spilled oil at shorelines and environmental resources. It would be helpful to compare the updated OSRA model (with the simple weathering algorithm described in this paper) against other oil spill models (with more complex weathering algorithms). Further studies are needed before the weathering process can be fully employed in the OSRA model.





5. Application to the Ixtoc I Oil Spill


Knowledge of trajectories in the case of a potential oil spill is useful for preparedness and response. Understanding how the variability in oceanic and metrological conditions over multiple years influences oil trajectories is essential. The ocean circulation, local and regional, in tandem with prevailing meteorological conditions, determines the oil pathways [55]. From the risk analysis point of view, this information can be helpful for contingency planning and response operations in the case of an actual oil spill (e.g., [45]).



When a large oil spill happens, people often ask two key questions: Will it affect my environment (such as my beach, my shoreline, my park, etc.)? If so, when will it affect me (economically, physically, emotionally, etc.)? As an example, the OSRA model is applied to simulate the Ixtoc I oil spill using 15 years of Gulf of Mexico current and wind fields. The purpose is to understand the transport and distribution patterns of oil spilled at the Ixtoc I site. This study does not intend to hindcast the Ixtoc I spill event but to investigate the oil distribution patterns from the spill site under the conditions of historical currents and winds.



5.1. Background Information


On 3 June 1979, the exploratory well of the Mexican state-owned oil company PEMEX (Petróleos Mexicanos), Ixtoc I (92°13′ W, 19°24′ N), blew out in the Bay of Campeche, about 80 km northwest of Ciudad del Carmen, Mexico (Figure 7). The water depth at the site is about 50 m. About 10,000–15,000 bbl of oil were released daily for a period of 9.7 months (290 days). The spill, not brought under control until 23 March 1980, released at least 3.5 MMbbl (475,000 tons) of crude oil into the GOM [56]. Ixtoc I was the largest offshore oil spill in history at that time, only surpassed 30 years later by the DWH in 2010 [57].



The Ixtoc I oil spill was unique not only for its magnitude but also for the long interval between the release of oil and its impact on the environment. The accident was further aggravated by the absence of a rapid control response. The environmental impacts of the Ixtoc I oil spill were not extensively studied during and after the spill. The full extent of the damage is still unknown. Jernelöv and Lindén [58] explained the general behavior of the spilled oil and gave a detailed account of the cleanup operations and the efforts implemented by PEMEX to stop the flow of oil. Jernelöv and Lindén [58] estimated that 50% of the spilled oil evaporated into the atmosphere, 25% sank to the bottom, 12% degraded biologically and chemically, less than 1% landed on Texas beaches, and the remainder was mechanically removed or burned at the well site.



Even though 40 years have passed since the Ixtoc I oil spill, there are limited modeling studies on the transport and distribution of the spilled oil. During the Ixtoc I oil spill, Galt [59] utilized trajectory models for the purposes of (1) providing daily forecasts of the expected movement and spreading of the oil, (2) describing the long-term prospects for Ixtoc I oil movement and defining the strategic threat under which the response should be planned, and (3) identifying threat areas associated with particular high-value regions. Anderson [60] used three pairs of current and wind data sets to simulate the transport of the oil released from Ixtoc I. Both studies [59,60] used very limited wind and current fields, which hindered detailed simulation of this event.




5.2. Model Results


Conducting an oil spill risk analysis requires detailed information about ocean currents and wind fields [61]. The ocean current inputs used in this study are numerically computed from an ocean circulation model of the GOM [20,49,50]. Section 3 describes the ocean model and the OSRA model used in this study.



The OSRA model estimates and tracks spill particles released at the Ixtoc I site for 15 years (from 1 January 1993 to 31 December 2007). Trajectories of hypothetical spills were initiated every day from the Ixtoc I spill site over the simulation period. A total of 5400 trajectories (one spill per day for 15 years) were calculated. Jernelöv and Lindén [58] reported that the microbial degradation of the Ixtoc I oil occurred at a relatively slow rate (microbes were nutrient starved). To estimate the oil spill risk conservatively, the OSRA model assumes that the weathering effect is minimal and is neglected. The weathering effect will be addressed later.



A wide variety of physical processes affect spilled oil. Analysis of the ocean currents and wind patterns in the vicinity of the Ixtoc I exploratory well shows that the oil would primarily move in a northeastward direction (Figure 7). The essential transport mechanism of oil to Texas coastal waters was the Mexican Coastal Current. US waters were threatened when the Mexican Coastal Current was strong enough to move oil north along the Mexican coast before the winds could blow it onshore. Texas coastal surface currents also played a significant role in the movement of the oil [58,62].



Based on satellite data, Sun et al. [62] reported that the patterns of the oil trajectory of the Ixtoc I oil spill were to the northwest and north, nearly parallel to the coastline, with possible oil landing on Mexican and Texas beaches. Field observations at selected beaches and islands along the coast of the western and southern GOM confirmed these satellite-based findings. Once the oil slicks arrived offshore along the Mexican coast, they were transported north with the northward Mexican Coastal Current. The main oil slick that entered the US waters might have come from 50 km offshore of Tampico [58,62].



Figure 8a shows the probability of contact with oil spilled from the Ixtoc I location, averaged over 15 years (1993–2007). Figure 8a reveals that the highest contact probabilities (more than 11%) are in the immediate area of the Ixtoc I well. The Texas coastal water and shoreline are likely affected by the spill, and the probability of contact is less than 1%. The distribution patterns of the spilled oil shown in Figure 8a are generally consistent with the one of Ixtoc I shown in Figure 7. Based on 15 years of simulations, the oil slicks driven by the surface current and wind fields are most likely to first drift west to west-northwest. Figure 8a also indicates that the main slick is offshore in the Texas waters. The results shown in Figure 8a are generally consistent with the statements of Galt [59] and Figure 5b (satellite-based observations) of Sun et al. [62]. Biggs et al. [63] also reported similar patterns of transport in their discussions on eddies.



The impact of Ixtoc I oil in south Texas was first observed on 6 August 1979 (two months after the blowout), when a total of 26 to 28 km of shoreline was impacted with light to very light swashes of tar balls [58]. Using remote sensing data, Sun et al. [62] documented the surface footprint and trajectory of the released oil from Ixtoc I and also reported a shoreline contact time of about two months.



Figure 8b shows the time of contact with oil spilled from the Ixtoc I location, averaged over 15 years (1993–2007) of the OSRA model results. The typical time for the oil spilled at the Ixtoc I site to travel to the Texas shoreline is about 50 days. More detailed analysis indicates that for different years and different seasons, the travel time to the Texas shoreline varies from 40 days to more than 60 days. Therefore, the range of contact times obtained from the OSRA model is generally consistent with Galt [59] and Sun et al. [62].



Regional and local oceanographic and meteorological conditions control oil transport. There are distinctive differences between each year and each season with respect to oceanic circulation and wind fields (e.g., [64]). Consequently, oil distribution patterns exhibit strong seasonal and annual variabilities. Figure 9a shows the time of contact for the oil spilled at the Ixtoc I site to reach a particular location in the winter (January–March) of 1994. The oil release in this period showed the highest risk of oil beaching in the Mexican shoreline. The spilled oil covered a relatively small area of the GOM in this case.



In contrast, Figure 9b shows the time of contact with oil spilled from the Ixtoc I location in the summer (July–September) of 1998 and shows that a much larger area of the GOM is affected by the spilled oil. A significant portion of the oil is transported in the northeast direction. Sun et al. [62] reported that oil slick appearance frequency and area of coverage increased in the east and northeast direction of the spill site after September 1979. The northward-flowing western GOM current reversed direction during September 1979, and major surface concentrations of oil were then found to the northeast, east, and southeast of the well [65,66]. Figure 9b exhibits some similarities with the observations reported by Sun et al. [62], ERCO [65], and Farrington [66].




5.3. Discussion and Conclusions


The results shown in Figure 8 and Figure 9 were obtained under the assumption that the weathering effect is minimal and that the spilled oil is conservative. As what was discussed in Section 4, neglecting weathering effects may lead to overestimating the probability of contact.



Numerical tests are conducted to analyze the sensitivity of the OSRA model results to parameters. Figure 10a is the same as Figure 8a, except the half-life time is set to 15 days. Comparing Figure 10a with Figure 8a, it is evident that the weathering process reduces the probability of contact, even though Figure 10a still exhibits similar oil distribution patterns, and the spilled oil still reaches Texas coastal waters. Figure 10b is the same as Figure 8b, except the half-life time is set to 15 days. As expected, the patterns of contact time in Figure 10b are very similar to the ones in Figure 8b because the contact time is primarily determined by current and wind fields.



The study presented in this section is primarily for addressing these two questions: (1) When a large spill happens, will it affect certain areas? (2) If so, when will it affect those areas? Conclusions from this study are:




	
Using 15 years of current and wind fields, the OSRA model is applied to simulate the transport and distribution patterns of oil spilled at the Ixtoc I site. The model results are generally consistent with the observations reported by Galt [59] and Sun et al. [62].



	
The transport of the spill spilled from the Ixtoc I site is most likely westward and then northwestward. The spilled oil affects the Mexican coastal waters first and then travels northward, eventually reaching the Texas coastal regions.



	
The time needed for the oil from the Ixtoc I site to reach Texas waters varies from 40 days to more than 60 days.








The oil distribution patterns also vary seasonally and annually. In the months of January, February, and March, the spilled oil is more likely to move westward and then beach on the Mexican shoreline. In the months of July, August, and September, the spilled oil has a higher possibility of moving in the northeast direction and affecting a much larger area of the GOM.





6. Summary and Future Works


Because oil spills may occur from regulated activities associated with offshore oil and gas activities, BOEM carries out oil spill risk analyses to support NEPA analysis prior to conducting an oil and gas lease sale. This paper summarized some of the progress made in the past decade in the OSRA model and its applications.



A key element of the OSRA is the trajectory model that is driven by current and wind from other ocean models and atmospheric models. Therefore, the transport processes included in the OSRA model are largely determined by the characteristics of these models. To resolve and represent the Stokes shift and the Langmuir circulation, for example, not only the ocean model should be able to simulate these processes well, but also the output from the ocean model should be saved with sufficient spatial and temporal resolutions so that these processes can be represented in the trajectory model. The OSRA applications typically have spatial scales of thousands of kilometers and temporal scales of decades, which presents a challenge to realistically include these processes in the OSRA model. An interesting study would be to downscale the OSRA model to a smaller domain and then test the impacts of these oceanographic processes on the transport of spilled oil.



BOEM’s OSRA experts are studying different possibilities on how to further improve the OSRA model. These possibilities include different weathering effects, oil–beach interaction, three-dimensional modeling, and other improvements. Physical oceanographic processes, such as the Lagrangian coherent structures (e.g., [67]), might also play a key role in affecting the oil transport. The goal is that by including additional effects and modeling the influence of physical, chemical, and biological processes not yet considered, BOEM will continue to improve the OSRA model and therefore better inform decisions. These efforts project BOEM’s OSRA modeling into the next decade and are aligned with BOEM’s Environmental Studies Program’s Decadal Vision document being prepared at the time of this writing. Therefore, BOEM modelers and managers are addressing internal and external alignments, priorities, and goals as the community adapts to the continuous changes.
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Figure 1. Key elements of the oil spill risk analysis (OSRA) model. 
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Figure 2. Return levels (spill volume) under different return periods. The dots are calculated based on the observations, and the curve is from the generalized extreme value (GEV) distribution calculated using the maximum-likelihood method with the R software [24]. 
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Figure 3. A schematic diagram showing the geographic map of the OSRA model domain, Gulf of Mexico (GOM) circulation patterns, and locations of hypothetical oil spills (blue dots) [15]. 






Figure 3. A schematic diagram showing the geographic map of the OSRA model domain, Gulf of Mexico (GOM) circulation patterns, and locations of hypothetical oil spills (blue dots) [15].



[image: Jmse 09 00195 g003]







[image: Jmse 09 00195 g004a 550][image: Jmse 09 00195 g004b 550] 





Figure 4. Annual conditional probability at day 30 in (a) 2000, (b) 2001, (c) 2002, (d) 2003, (e) 2004, (f) 2005, and (g) 2006. The interval on the color bar is 0.001 from 0.001 to 0.025, and the interval is 0.005 for 0.025 and above. Black lines denote isobaths of 20, 50, 200, 1000, and 2000 m [15]. 






Figure 4. Annual conditional probability at day 30 in (a) 2000, (b) 2001, (c) 2002, (d) 2003, (e) 2004, (f) 2005, and (g) 2006. The interval on the color bar is 0.001 from 0.001 to 0.025, and the interval is 0.005 for 0.025 and above. Black lines denote isobaths of 20, 50, 200, 1000, and 2000 m [15].



[image: Jmse 09 00195 g004a][image: Jmse 09 00195 g004b]







[image: Jmse 09 00195 g005 550] 





Figure 5. Model domain used in the oil spill trajectory analysis in Cook Inlet, Alaska [51]. 
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Figure 6. Proposed Lease Sale 244 area with hypothetical launch areas and pipelines. Launch areas and pipelines are used in the oil spill trajectory analysis [51]. 
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Figure 7. A map of the Ixtoc I oil spill. As the map was published in 2010, measurements and affected locations for the Deepwater Horizon oil spill are inaccurate (Source: National Oceanic and Atmospheric Administration (NOAA) and Unified Command, www.noaa.gov (accessed on 23 December 2020)). 
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Figure 8. (a) Probability of contact with oil spilled from the Ixtoc I location (shown with a + sign), averaged over 15 years (1993–2007). (b) Time of contact with oil spilled from the Ixtoc I location (shown with a + sign), averaged over 15 years (1993–2007). 
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Figure 9. (a) Time of contact with oil spilled from the Ixtoc I location (shown with a + sign) in the winter (January–March) of 1994. (b) Time of contact with oil spilled from the Ixtoc I location (shown with a + sign) in the summer (July–September) of 1998. 






Figure 9. (a) Time of contact with oil spilled from the Ixtoc I location (shown with a + sign) in the winter (January–March) of 1994. (b) Time of contact with oil spilled from the Ixtoc I location (shown with a + sign) in the summer (July–September) of 1998.



[image: Jmse 09 00195 g009]







[image: Jmse 09 00195 g010 550] 





Figure 10. (a) The same as Figure 8a, except the half-life time is set to 15 days. (b) The same as Figure 8b, except the half-life time is set to 15 days. 
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Table 1. The effect of weathering on annual conditional probabilities (expressed as percentage chance).






Table 1. The effect of weathering on annual conditional probabilities (expressed as percentage chance).





	ID
	Environmental Resource Area Name
	No Weathering
	th = 15 Days
	th = 3 Days





	11
	Augustine
	41
	34
	18



	12
	South Cook HS 1a
	37
	33
	23



	13
	South Cook HS 1b
	55
	50
	37



	14
	South Cook HS 1c
	44
	38
	22



	15
	South Cook HS 1d
	32
	25
	11



	16
	Inner Kachemak Bay
	6
	5
	3



	17
	Clam Gulch HS
	4
	3
	1



	18
	Tuxedni HS
	2
	1
	0



	19
	Kalgin Island HS
	1
	0
	0



	20
	Redoubt Bay HS
	0
	0
	0



	21
	Trading Bay HS
	0
	0
	0



	23
	Barren Isl. Pinn
	14
	11
	5



	24
	Shelikof MM 2
	17
	12
	4







Note: th = half-life time.
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