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During the Deepwater Horizon (DWH) blowout, photooxidation of surface oil led to the formation of persistent photooxidized compounds, still found in shoreline sediments a decade later. Studies demonstrated that photooxidation modified both biodegradation rates of the surface oil and the effectiveness of aerial dispersant applications. Despite the significant consequences of this weathering pathway, the lack of measurements prevented photooxidation to be accounted for in the DWH oil budget calculations and in most predictive models. Here we develop a Lagrangian photooxidation module that estimates the dose of solar radiation individual oil droplets receive while moving in the ocean, quantifies the likelihood of photooxidative changes, and continues to track the transport of these persistent photooxidized compounds. We estimate and track the likelihood of photooxidation of Lagrangian oil droplets in the upper layers of the water column for the DWH case by coupling the net shortwave radiation from NOGAPS to the oil application of the Connectivity Modeling System (oil-CMS). The dose of solar radiation upon a droplet is computed with the intensity of the incoming irradiance at the ocean’s surface, the light attenuation coefficient, and the depth of the oil droplets. Considering a range of DWH empirical irradiance thresholds, we find that photooxidation can happen at short time scales of hours to days, in agreement with the new paradigm of oil photooxidation. Furthermore, the oxidized compounds are likely to form in a 110 km radius around the response site, suggesting that the oil reaching the coastline was already photooxidized. This new dynamic coupling provides a powerful tool to test oil weathering hypotheses, refine the oil budget during the DWH, and ultimately inform rapid response in future oil spills.
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INTRODUCTION

The Deepwater Horizon (DWH) was an unprecedented spill: the deepest and the largest spill in history, it released over 130 million gallons of a mixture of oil and natural gas at 5000 feet under the sea surface for over 87 days (McNutt et al., 2012; Paris et al., 2018). Its unique magnitude, location, and multiphase oil composition proved a challenge for the accurate prediction of oil fate and transport at the time of the accident. In the aftermath of the DWH blowout, numerical models for the forecast of oil spills advanced significantly, and key processes driving oil fate and transport previously absent from predictive numerical tools were incorporated (Le Hénaff et al., 2012; Paris et al., 2013; Zhao et al., 2014, 2015, 2017; Lindo-Atichati et al., 2016; French-McCay et al., 2017; Gros et al., 2017; Dissanayake et al., 2018; Perlin et al., 2020; Boufadel et al., 2020; Bracco et al., 2020; Vaz et al., 2020). Yet the critical weathering pathway of near-surface photooxidation still lacks from oil spill numerical models, particularly the now well-defined effects of varying sunlight on photooxidation (Ward et al., 2018a,b; Ward and Overton, 2020). Here we fill this lacuna by translating recent laboratory and field studies into a photooxidation module for the oil fate and transport application of the Connectivity Modeling System (oil-CMS, Paris et al., 2012, 2013). The novel photooxidation Lagrangian algorithm integrates spatio-temporally explicit solar irradiance from Earth Systems models to estimate the cumulative irradiance received by each droplet as they are transported, along with estimating the likelihood of photo-induced changes on individual Lagrangian droplets.

During an oil spill, physical-chemical composition changes are set forward by a series of weathering processes including biodegradation, dissolution, evaporation, sedimentation and photooxidation once oil enters the oceanic environment (Tarr et al., 2016; Ward and Overton, 2020). It has been long known that solar radiation can change the physicochemical characteristics of oil (Payne and Phillips, 1985; Garrett et al., 1998; Lehr, 2001), and more recently two major mechanisms were described: (1) by direct photolysis of light-absorbing compounds such as PAHs (Shankar et al., 2015; Ward et al., 2020) or by (2) indirect photooxidation, which occurs when direct photolysis creates free oxygen species that can then combine with a number of hydrocarbon compounds; in this case, changes are not limited to light-absorbing ones (Shankar et al., 2015; Hall et al., 2013; Ray et al., 2014; Ray and Tarr, 2014; Ruddy et al., 2014; Ward et al., 2019). Both mechanisms thus form new products, which can be highly soluble in water and be further dispersed, or can lead to the formation of emulsifications (Payne and Phillips, 1985; Garrett et al., 1998; Lehr, 2001; Xie et al., 2007). Emulsification, on its turn, can reduce oil evaporation, change the oil spread characteristics, and enhance aggregations to organic and inorganic matter, thus increasing sedimentation (Payne and Phillips, 1985; Fingas et al., 1999; Hayworth et al., 2015; Ward and Overton, 2020). Additionally, emulsification can also affect the outcome of response alternatives since emulsions are heavier, more difficult to remove with traditional skimmers, and can turn chemical dispersants ineffective (Xie et al., 2007; Tarr et al., 2016; Ward et al., 2020). Emulsions are also the precursors of surface residual balls (SRBs), or tar balls, which can continue to reach and pollute nearshore environments years after a spill (Overton et al., 1980; Aeppli et al., 2012; Warnock et al., 2015; White et al., 2016; Aeppli et al., 2018).

At the time of the DWH spill, photooxidation was expected to occur mainly as direct photolysis, happening at temporal scales of weeks to months and affecting a small portion of the oil (Clark, 2001; National Research Council [NRC], 2003; Ward and Overton, 2020). Thus, there were not enough measurements to be considered in the DWH NOAA Oil Budget Calculator (Lehr et al., 2010) or in DWH’s predictive models. The best representation of this process was limited to a parameterization of PAH photolysis using seasonal coefficients constant for the first 20 m of the water column (French-McCay, 2004; French-McCay et al., 2017). To this day, solar irradiance is still not incorporated as a spatio-temporally explicit parameter in any Lagrangian model of oil transport (Ward and Overton, 2020). However, photooxidation was a significant fate pathway of DWH oil, leading to the formation of persistent partially oxidized compounds, which are still found in shoreline sediment for nearly a decade after the oil spill (Ward et al., 2018a,b; Aeppli et al., 2018). During the DWH spill, photooxidation acted at scales of hours to days (Ward et al., 2018b), and indirect photooxidation was revealed to be a primary pathway of photooxidation (Ray et al., 2014; Ray and Tarr, 2014; Aeppli et al., 2018; Ward et al., 2018b).

Remarkably, the chemical changes induced by photooxidation on the DWH oil affected the effectiveness of surface dispersant applications, lowering its expected dispersive effect (Ward et al., 2018a). Noteworthily, solar irradiance leads to changes not only on the oil but also modified the microbial fauna facilitating biodegradation (Bacosa et al., 2015), and altered the composition of the chemical dispersants used during the response to the DWH, COREXIT 9500A and 9527 (Glover et al., 2014). Taken together, these findings reveal that photooxidation needs to be taken into account not only in predictions of oil transport, but also for the planning of response and mitigation activities (Ward and Overton, 2020). Thus, it seems fundamental for Lagrangian models of oil to consider the effect of varying solar irradiance on the outcome of a spill. Here, we further use the novel module we developed to probabilistically explore the spatial and temporal scales of photooxidized compounds (POCs) generation during the DWH, their transport and fate, and investigate the importance of considering irradiance as an explicit input on oil spill models.



METHODS


Oil-CMS Description

In this study, the far-field modeling of the blowout is done using a deep-sea oil spill application developed during and post DWH based on the Connectivity Modeling System (CMS, Paris et al., 2013), the oil-CMS (Paris et al., 2012; Perlin et al., 2020; Vaz et al., 2020). The oil-CMS is a Lagrangian model that estimates both the transport and continuous changes on the composition and fate of oil droplets. The oil-CMS uses velocity fields and observations to represent the local or regional hydrodynamic and pseudo-components, including a varying composition, to provide a detailed description of the two-phase petroleum mixture. At each time step, both transport and fate processes are calculated, and the output allows the conversion of location and droplet characteristics into four-dimensional grids of oil concentrations. The oil-CMS hindcasts the transport and fate of the surface oil, DWH plume, and deposition over a few months (Paris et al., 2012; Le Hénaff et al., 2012; Lindo-Atichati et al., 2016; Perlin et al., 2020; Berenshtein et al., 2020). It can also generate the most characteristic distributions of initial DSDs, including gaussian and log-normal (Perlin et al., 2020; Faillettaz et al., 2021).

Throughout the far-field, the advection of individual droplets is represented by a deterministic component—solved by a 4th order Runge-Kutta integration scheme of velocity fields over time and space—and an added random displacement, representing sub-grid scale turbulent diffusion (Okubo, 1971; Paris et al., 2013). To account for oil transport due to drift induced by the wind and wind-generated features, we incorporated a wind component in the surface velocities (Le Hénaff et al., 2012; Perlin et al., 2020). The vertical terminal velocities in oil-CMS are given by relationships dependent on the droplet buoyancy, density, size and shape, and the ambient fluid viscosity and density (Clift et al., 1978; Zheng et al., 2003; Paris et al., 2012). The processes affecting oil fate are calculated throughout their advection, including sedimentation, landfall, biodegradation, dissolution, and evaporation (Paris et al., 2012; Le Hénaff et al., 2012; Lindo-Atichati et al., 2016; Perlin et al., 2020).



Solar Irradiance Module Implementation in Oil-CMS

To account for the likelihood of photooxidation in oil-CMS, we calculate the incident solar irradiance, i.e., the sunlight, received by each droplet and time-step, following the method described in Faillettaz et al. (unpublished). In short, at each time-step the solar shortwave irradiance from NOGAPS (Hogan et al., 1991; Rosmond et al., 2002, see section “Input Data and Modeling Scenario”) is interpolated to each droplet’s horizontal position. The shortwave irradiance encompasses the UV and visible irradiance (Gould et al., 2019; Clough et al., 2005) which together drive most of O2 uptake (Ward et al., 2018a,b). The irradiance penetration in the water column is modulated by the Beer-Lambert law, Iz = I0m ∗ exp–K_d*z, where I0m is the surface irradiance, z is the droplet depth and Kd is the light attenuation coefficient, which can be defined explicitly in space and time. The oil-CMS then tracks the cumulative incident solar shortwave on each droplet over time, and these values are used to determine when photooxidation is likely to occur, based on the latest published evidence (Ward et al., 2018a,b). Thus, the cumulative irradiance is calculated over the entire dispersal of the oil droplets, which includes periods of high exposure, e.g., during the day and at surface, and low to no exposure when droplets are in the subsurface and at night. Our approach is modular and can be updated to accommodate new findings of photooxidation processes and oil changes, as they become available, particularly regarding specific changes in oil composition and physicochemical characteristics with exposure to sunlight. Our approach is a significant advancement from present models, by considering the incident solar radiation on each droplet. We are also able to circumvent current empirical data limitations by using an irradiance threshold from laboratory results to calculate the likelihood of photooxidation, which can thus consider the possibility of photooxidation by both direct and indirect processes.



Input Data and Modeling Scenario

Here we focus on the DWH spill scenario. The environmental variables (zonal, meridional, and vertical velocities, temperature, and salinity) were obtained from the Gulf of Mexico HYCOM (GoM-HYCOM) hindcast (0.04° horizontal resolution, and 40 vertical layers). The GoM-HYCOM is forced by the Navy Operational Global Atmospheric Prediction System (NOGAPS) winds and surface fluxes, by large-scale model fields at the Atlantic boundary, and by data assimilation with the Navy Coupled Ocean Data Assimilation (NCODA) system. We used 3-hourly wind velocities on a 0.5° grid resolution from NOGAPS to account for surface wind drift, and the 3-hourly irradiance from the NOGAPS given on a 0.5° grid to estimate the photooxidation. Our initial droplet size distribution (DSD) is defined by a log-normal distribution with a mean of 117 μm and a standard deviation of 0.72 μm, based on published distributions of oil droplet size (Spaulding et al., 2017). Droplets are released at the trap height, which is the depth at which individual droplets and gas bubbles rise out of the initial highly buoyant and coalescent near-field plume, and its represented approximately at 300 m above Macondo wellhead (Socolofsky et al., 2011).

For the estimation of photooxidation, we used a conservative attenuation coefficient Kd = 5 m–1, which attenuates sunlight to 0.7% of the surface irradiance at 1 m depth. This choice of a conservative Kd is higher than typical Kd values for offshore waters in the northern GoM (mean Kd = 0.06 ± 0.02 m–1, Bridges et al., 2018) to account for the oil reducing the light penetration. We have taken a probabilistic approach, whereby individual oil droplets are likely to become oxidized once solar irradiance accumulated over their trajectory (i.e., during each integration time step) reach a determined threshold. Further modeling of physicochemical changes (e.g., density, viscosity, IFT, oxidation state) of individual droplet is limited by the lack of data for specific hydrocarbon pseudo-components. Our model thus assumes that a droplet is likely to be oxidized by photooxidation once it accumulates solar irradiance up to a determined threshold. In this experiment, our thresholds were derived from the study by Ward et al. (2018a) who measured physical and chemical changes of oil under simulated sun radiation. The authors observed photooxidated oil after 24 h under a solar simulator (Suntest XLS+) generating 250 Wm–2 to 765 Wm–2 (Atlas Material Testing Solutions, 2016, Ward et al., 2018a). From the sunlight simulator’s lower and higher irradiance ranges, we estimate a lower and a higher thresholds of cumulative irradiance necessary for photooxidation to occur. Here, the photooxidative thresholds are given by TI = Solar_lamp_output ∗ time_exposure, which result in 1.16∗107 J m–2 for the lower limit of the sunlamp, and 6.60∗107 J m–2 for the higher limit. The spectrum of UV and visible light from the sun simulator used to estimate the doses in laboratory from Ward et al. (2018a) is comparable to the shortwave radiation provided in NOGAPS based on results from Gould et al. (2019), which revealed that the photosynthetically active radiation (PAR) estimated from NOGAPS shortwave solar irradiance is a good representation of PAR measured in situ in the region of the Gulf adjacent to the DWH response site.



Data Analysis

Hereafter a droplet is considered ‘photooxidized’ once its cumulative irradiance reaches the phootoxidation thresholds defined above. To analyze the distribution and time of the likelihood of solar radiation-driven changes, for each release and photooxidized droplet we estimate: (i) the distance from the DWH response site (i.e., above the Macondo well) at which photooxidation took place, (ii) the distance traveled by a droplet from its surfacing location to where it likely photooxidized, and finally (iii) the time from surfacing to probable photooxidation (Figure 3). Since droplets are released in the model at the trap height (1222 m depth), it is necessary to distinguish the different temporal ranges between the time/distance from release to reaching the photooxidation threshold (i.e., the droplets’ ascension and drift until photooxidation) and the time/distance traveled from droplet surfacing (i.e., when droplets reach depths of shallower than 2 m and start to accumulate incoming solar irradiance); the latter is automatically shorter than the former. We also calculated the probabilistic distribution functions (PDF) of initial distributions of POCs along the spill for both the low and high irradiance thresholds and quantified the distances from the DWH response site which encompasses 25, 50, 75, and 100% of the likelihood of photooxidized compounds formation.

Moreover, since oil-CMS simulates several processes of oil fate, we can identify the probable distributions of photooxidized droplets which were beached and/or deposited along the spill. We constructed a grid covering the northern Gulf (from 26°N to 31°N, from −98°W to −82°W), with a 0.25° resolution, using the coordinates (latitude and longitude) of each photooxidized droplet deposited on the seafloor or coastline. We then distributed the droplets along the grid, calculating the probability of landfall in each bin and plotting these as PDF maps of coastline oiling. To account for the variability of these processes, we also plotted the PDF maps at daily intervals and the overall probabilities for both scenarios (low and high irradiance thresholds).



RESULTS

The median and the median absolute deviance (mad) of the solar irradiance are shown in Figure 1. Solar irradiance is taken from the NOGAPS irradiance forecasts during daylight hours (ca. 7am to 7pm CST) over the Gulf region adjacent to the DWH response site, encompassing most of the spilled oil (from 27°N to 30°N and from 90°W to 86°W). The solar irradiance median ranges from 177 Wm–2 to 716 Wm–2 over this period, with substantial daily and weekly changes, for example between June 1st and June 4th when the median solar irradiance varies from 695.9 Wm–2 on June 1st to 356 Wm–2 on June 2nd, back to 677.7 Wm–2 on June 4th. The passage of Hurricane Alex through the Gulf also drives low irradiance values and high variability, with 265.1 Wm–2 on July 1st, 373.4 W m–2 on July 3rd, and a sunnier day on July 2nd that triggered a marked increase in the median irradiance (546 Wm–2). The ranges of the median absolute deviance show that the solar irradiance over this region also varies over short (hourly) time scales and spatially based on the cloud coverage (Figure 1).
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FIGURE 1. Median (line) and median absolute deviation (mad, blue shaded area) of solar irradiance (Wm–2) at the sea surface during daylight hours (7am to 7pm CST) over the area adjacent to the Macondo well and DWH response site (27°N to 30°N; 90°W to 86°W) in the Gulf of Mexico. Three-hourly shortwave solar irradiance values for the region were obtained from the 2010 NOGAPS model. Dates show significant events for response to the DWH oil spill, including the onset of SSDI (April 30th), top hat (May 13th), riser cut followed by the Lower Marine Riser Package (June 4th), and the period Hurricane Alex was present in the Gulf of Mexico (June 24th to July 2nd).


To explore how this varying solar irradiance can affect the probability of POCs formation, we investigate the locations where photooxidation likely took place along the spill duration, considering the higher, and thus most conservative, threshold for photooxidative changes (Ward et al., 2018a). As expected from the dynamic and turbulent nature of surface currents, the oil concentrations vary along the evolution of the spill (Figure 2). Interestingly, the locations where most photooxidation occurs are also highly variable and not necessarily in close proximity to the response site (Figure 2). For example, POCs accumulate in the region around the DWH response site on June 10th (Figure 2c), while on other days, POCs spread around a larger region: on April 20th, POCs are formed mainly along the southern branch of the surface oil slick (Figure 2a), and on July 10th, our model predicts that photooxidation likely occurs to the north, east and southeast of the DWH response site along coastal regions, over the DeSoto Canyon, and towards the Gulf interior where POCs are likely distributed in a semi-circular pattern, seemly along a mesoscale eddy, which is not observed for the oil surface concentrations (Figure 2b).
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FIGURE 2. Photooxidized components (POCs, red dots) probable formation locations, for four release days along the DWH oil spill timeline: (a) April 20th, 2010, (b) May 10th, 2010, (c) June 10th, 2010 and (d) July 10th, 2010. The background colors illustrate the oil concentration (log ppb) at the surface layer (0 to 1 m depth) 20 days after each release date. POCs are considered to form when droplets received a cumulative irradiance dose of at least 6.60*107 J m–2 (Ward et al., 2018a).



[image: image]

FIGURE 3. Probability (PDF) of photooxidized components (POCs) formation during the DWH blowout (a,b). Solid lines represent areas containing percentiles of POCs formation (Q25: quantile 0.25, Q50: quantile 0.5, Q75: quantile 0.75 and Q100: quantile 1), which radii are computed from the vertical axis of the Macondo well. Onset of the photooxidation process occurs as soon as the oil droplet reaches the surface, but here the likelihood of photooxidative changes is based on the observed thresholds of cumulative solar irradiance after Ward et al. (2018a). Upper panel are for the photooxidized compounds considering a lower solar irradiance threshold (1.16*107 J m–2), and lower panels considering a higher solar irradiance threshold (6.60*107 J m–2, Ward et al., 2018a). Boxplots (right panels, c,d) provide the distribution of the distance and time traveled to the likelihood of photooxidation, once the droplet reached the surface (0–1 m depth).


We then examine the spatio-temporal scales of photooxidation by computing PDFs of the locations where POCs likely formed throughout the duration of the DWH oil spill (Figures 3a,b). These areas are widely distributed, with the higher probabilities close to the response site above the Macondo well, for both the lower (Figure 3a) and the higher irradiance thresholds (Figure 3b). Under the lower threshold scenario, probabilities of POCs formation are restricted to the open ocean, in regions closer to the DWH response site, seldom occurring in depths less than 50 m near coastal zones. Under the higher threshold of irradiance, POCs form over a broader region, reaching both areas of open ocean south of the spill location and shallower areas (< 50 m) near the coast. These differences are reflected in the distance from the response site where photooxidation is likely to occur in our model. For the lower threshold (Figure 3a), 25% of photooxidative changes happen in an area of 34 km around the DWH response site, 50% at 56 km, 75% at 83 km, with a maximum distance reached by a POC of 927 km. For the higher threshold, 25% of changes are likely to occur within 56 km, 50% within 78 km and 75% within 111 km, while the maximum distance traveled before reaching the oxidation threshold remained similar (928 km, Figure 3b). On average, the distance to photooxidation from the DWH response site varies from ca. 60 km for the lower threshold to 80 km for the higher threshold. When considering the sea surface area where Corexit has been applied (Figure 4, Office of Response and Restoration, 2020; Houma ICP Aerial Dispersant Group, 2010), 93.9% of the applications (ca. 973,000 Gallons) took place where 75% of the POC formation is predicted to have occurred. This value rises to 99.3% of total dispersant applications by using the lower threshold.

Despite the overall variability in both the locations and the transport time in which photooxidation may have taken place, we are able to delineate spatio-temporal scales to probable photooxidation (Figures 3c,d). The average distance traveled by droplets from their surfacing location to their photooxidation is 22.6 km for the low threshold scenario, with the 25th and 75th percentiles varying from 11.9 to 30.2 km (Figure 3c). For the high solar irradiance scenario, the average distance is 62 km, with the 25th and 75th percentiles varying from 41.4 to 79.3 km (Figure 3d). The average time from surfacing to photooxidation for the low threshold scenario is 0.91 days (21.9 hours), with the 25th and 75th percentiles ranging from 0.58 to 1 day (Figure 3c). For the high solar irradiance threshold case, the average time is 2.8 days (68.9 h), with the 25th and 75th percentiles varying from 2.4 to 3 days (Figure 3d).

The variability of incoming solar irradiance is not only reflected in the areas where photooxidation likely occur, it is also evident in the probability of POCs fate, as shown by the probability of deposition of POCs in the northern GoM (Figure 5). The variable nature of solar irradiance reaching the ocean surface and consequently, of light-driven processes such as photooxidation, is also evident (Figure 5). The oil released at the beginning of the DWH spill, on April 20th 2010, not only accumulated enough irradiance within hours of surfacing to photooxidize, as defined in our model, but it could also reach the shoreline within the first 10 days of transport (Figure 5a). Nonetheless, the areas most likely to receive POCs change along the duration of the spill. Oil released on April 20th and photooxidized under the higher solar irradiance threshold is most likely to reach the coast of Louisiana along the Mississippi River Delta, specifically in the Lafourche Parish and Chandeleur Sound (south and east of New Orleans, respectively), and in Dauphin Islands on the Alabama coast (Figure 5a). Probabilities of coastline oiling are mostly distributed from Pensacola (Florida) to Marsh Island (Louisiana), yet with small probabilities of reaching as far as San Jose Islands near Corpus Christi, Texas, and Clearwater in Florida (Figure 5a). Conversely, the probabilities of POCs reaching the shoreline from oil spilled on May 10th are mostly distributed along the region from Marsh Island (Louisiana) to Apalachicola (Florida), with the farthest likelihoods of reaching the shore around Galveston (Texas) (Figure 5b). POCs from oil released on June 10th deposit in the coastline from Galveston (Texas) to Apalachicola (Florida), with higher probabilities toward the northwest of the DWH response site, around the Mississippi Delta (Figure 5c). For oil spewed on July 10th, shoreline POCs are mostly distributed to the Eastern Gulf, from Louisiana to Florida, with probabilities more evenly distributed along the coastline (Figure 5).

Despite the variable patterns of coastal oiling probabilities, we also characterize the overall probabilities along the entire duration of the oil spill, for the lower and higher solar irradiance thresholds (higher threshold results shown in Figure 5e). The overall probabilities of coastline deposition are similar for both scenarios, although differences are observed for the initial photooxidation locations. Low probabilities of sedimentation of POCs are spread throughout the northern Gulf, from southern Texas to Cayo Costa in southwest Florida (Figure 5e). The highest probabilities are confined to the northwest of the DWH response site, mostly around the banks and lobes of the Mississippi Delta. Oiling is less likely to occur around Mobile (AL) and Pensacola (FL). The time for POCs to reach the coastline is also similar for the two threshold cases, averaging 20 days and varying from 10 to 21 days (25th and 75th percentiles, respectively).



DISCUSSION

Photooxidation is, remarkably, the only major weathering process largely absent from models of oil transport (Ward and Overton, 2020), particularly due to a lack of detailed understanding of this process. The opportunity afforded by the DWH spill to contrast laboratory experiment with field measurements, has renewed the understanding of photooxidation, demonstrating that photooxidation of the DWH oil: (1) likely occurred on short timescales of hours to weeks, (2) was a relevant fate process when compared to evaporation, dissolution and biodegradation, and (3) could lower the effectiveness the application of surface dispersants (Hall et al., 2013; Ray et al., 2014; Ruddy et al., 2014; Aeppli et al., 2018; Ward et al., 2018a,b, 2019). Given this scenario, the inclusion of 4D photooxidation on oil spill models is fundamental for the accurate prediction of oil transport, fate, and the evaluation of response alternatives (Ward and Overton, 2020). The module described on this paper, developed for oil-CMS (Paris et al., 2012), is the first representation of spatio-temporally explicit photooxidation processes in a Lagrangian model of oil transport. Our framework thus fulfills the previous lacuna and contributes to advance the field of oil modeling.

Our results are a strong indication that both the 4D movement of oil and spatio-temporally explicit processes driving its fate must be incorporated in oil models to fully represent this process. They further suggest that the use of constants to parameterize photooxidation cannot capture the spatio-temporal modulations of this variable process. This is exemplified in the graphs showing the locations where POCs are mostly likely formed (Figure 3). While the general pattern of probability of POC formation loosely follows the distribution of surface oil on this temporal snapshot, areas with higher probability of POC concentrations are not aligned with the areas with higher concentration of oil at this timeframe - 20 days after the spill - which is the average time to photooxidation from release at depth (Figure 3). Thus, if the likelihood of photooxidation had been estimated by a constant ratio of photooxidation based on oil concentration, it would have incorrectly captured the formation of photooxidation products. In addition, we show that solar irradiance intensity alone cannot represent the patterns of probability of photooxidation. For instance, for the period considered here, the probability of POC formation on July 10th was the one presenting the most spread throughout the surface waters of the Gulf (Figure 5d). Interestingly, the irradiance on July 10th is among the highest observed range over the spill region and period (ca. 715 Wm–2; Figure 1) and it remains high for the next 3 days. In this example, average values of irradiance are not adequate to represent a process which is stochastic and non-linear in nature: a 4D transport (i.e., in space and time) and fate model is necessary to capture the interplay between the varying solar irradiance values, the dynamic local hydrography and the droplet’s evolving physicochemical properties.

Our results support that the likelihood of oil photooxidation during the DWH is spatially and temporally variable, yet mostly constrained to occur during the first 20 days after release and within a 120 km radius from the DWH response site. We show that the regions along the Northern Gulf coast to which POCs are most likely transported, accumulated and sedimented are ever changing along the spill (Figure 5). However, despite the variability observed over short timescales (represented by the daily PDFs of shoreline oiling), the probabilities of POCs reaching coastline are similar over entire spill for both the lower and the higher threshold to trigger photooxidation. Thus, since photooxidative processes occur on timescales of hours to days, while the oil is on the sea surface, the final distribution of POCs on the coastline is driven by circulation patterns underlying their transport and deposition. At the end of the spill, probabilities of POC distributions are spread throughout the surface waters of the Gulf of Mexico, and through the shorelines from Texas to Florida (Figure 5). These results indicate that not only the location where these compounds form is relevant for response and mitigation, but it is also vital to forecast where they accumulate during their transport as well as their final fate. Thus, future studies should explore not only changes in droplet’s physicochemical properties, but also the influence of other physical mechanisms showed to alter oil distribution and droplet size at surface, such as waves (Zhao et al., 2014; Cui et al., 2020), and spatio-temporally explicit turbulence (Nordam et al., 2019; Boufadel et al., 2020).

Our model presents a probabilistic approach to the estimation of areas where photooxidized compounds are more likely to form, accumulate, and sediment. Comparisons of PDFs of POCs with field measurements would not yield any robust analyses given that a range of POCs cannot be captured by traditional analysis and were likely not detected during the DWH (Hall et al., 2013; Aeppli et al., 2014, 2018; Ray et al., 2014; Ruddy et al., 2014; Ward et al., 2018b). Still, our model estimates of time to initial photooxidation matched accurately the revised paradigm of photooxidation presented by Ward et al. (2018b), demonstrating its robustness. Our results show that, even for the most conservative scenario with high irradiance thresholds to photooxidation, this weathering process is likely to happen in the first 3 days after a droplet reaches the surface (Figure 3).

While oil deposition on beaches is well described by several studies based on the Shoreline Cleanup Assessment Technique surveys (SCAT, Michel et al., 2013; Operational Science Advisory Team III, 2013; Hayworth et al., 2015; Nixon et al., 2016), these studies assess the deposition of oil at any stage of weathering and there are no comprehensive measurements of shoreline oiling by photooxidized compounds. Oil reaching the shoreline can be further weathered by sun radiation (Hayworth et al., 2015), yet most of the photooxidation during the DWH may have occurred at surface, and the oil was transported to shore as POCs (Aeppli et al., 2018; Ward et al., 2018b). Our modeling results suggest the same: photooxidation happened in areas with depths greater than 30 m. Thus, our PDFs of POCs on shoreline can only be broadly contrasted with oil deposition from field surveys. In general, our estimates reproduce the observed extent of oiled shoreline reported by reviews of SCAT assessments (Michel et al., 2013; Operational Science Advisory Team III, 2013; Nixon et al., 2016), with probabilities of POCs reaching the coastline from Florida to Texas (Figure 5). The probabilities of oil reaching the farthest states (TX, FL) are small, but nonetheless there are reports of DWH tar balls reaching these areas (Operational Science Advisory Team III, 2013). Furthermore, the coastal areas most likely to receive POCs in our model are areas where SCAT reviews showed the largest accumulation of oil (Michel et al., 2013; Nixon et al., 2016), and also matched the sampling sites of oil sand patties (or SBRs) over six years following the DWH spill (Aeppli et al., 2012, 2018; White et al., 2016; Bociu et al., 2019), further supporting the representativeness of this weathering process by our model.

During the 87 days of the spill, 1.07 million gallons of Corexit 9500A and Corexit 9527A were applied at the surface by response ships and aerial applications from planes (BP Gulf Science Data, 2016). Most of the applications targeted the region in which we observed at least 75% of the formation of all POC formation in our model (Figure 4, Houma ICP Aerial Dispersant Group, 2010; Office of Response and Restoration, 2020). Considering a range of oil residency times at the Gulf’s surface and irradiance values, Ward et al. (2018b) extrapolated their laboratory experiments and estimated regions where dispersant effectiveness was reduced; the highest distance from the DWH response site the authors estimated dispersant effectiveness would reach 45% was 124 km. In our model, this distance encompasses more than 75% of POC formation on both the higher and the lower irradiance threshold scenarios, strengthening the conclusions that applications of Corexit in this region can presented limited effectiveness to disperse this—likely photooxidized—oil.


[image: image]

FIGURE 4. Surface dispersant application (red tracks) and their envelope (gray polygon) during the Deepwater Horizon oil spill. Dashed and solid circles represent areas containing Q75 percentile of POCs formation, at a radial distance of 83 km and 111 km for the low and high thresholds, respectively; 93.9% and 99.3% of surface dispersant applications (total ca. 973,000 Gallons) occurred in the region where 75% of POC formation occurred, for the lower solar irradiance threshold (1.16*107 J m–2) and higher irradiance threshold (6.60*107 J m–2, Ward et al., 2018a), respectively.
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FIGURE 5. Probability (PDFs) of sedimented photooxidized compounds from oil released on: (a) April 20th, 2010, (b) May 10th, 2010, (c) June 10th, 2010, (d) July 10th, 2010, and (e) during the 87 days of the DWH blowout, considering the high solar irradiance threshold scenario (i.e., photooxidation occurring when the droplet’s cumulative irradiance reaches 6.60*107 Wm–2,Ward et al., 2018a). Probabilities are calculated throughout the region for each 0.5° × 0.5° bins.




CONCLUSION

We developed a new oil-fate module coupling the oil application of the Connectivity Modeling System (oil-CMS) with solar irradiance from Earth Systems Models (ESM) to compute spatially and temporally explicit photooxidation of petroleum fluids. The coupled oil-CMS and ESM model the can successfully capture the effects of solar irradiance variability on photooxidation of the spilled hydrocarbons on a probabilistic framework. The hindcast simulations of the DWH based on observed thresholds of cumulative irradiance (Ward et al., 2018), suggest that the temporal scales to photooxidation vary from hours to days (< 3 days) from the time fresh oil reached the surface, and that photooxidation occurred mostly in a 110 km radius from the DWH response site, agreeing with the revised paradigm of photooxidation proposed by Ward et al. (2018a). By incorporating both the 4D representation of oil droplet movement and the likelihood of weathering with variable solar irradiance, our photooxidation module is a unique tool which can be used in both forecasts and hindcasts of the formation of photooxidation products during and after a marine oil spill. Our results strongly support previous conclusions that photooxidation and the fate of POCs must be taken into account during the choice of response and in the calculation of their trade-offs.
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