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Abstract The Taylor Energy Site is located in the vicinity of the Mississippi Delta region over the Northern
Gulf of Mexico (NGoM). Surface oil patches have been persistently observed within this site since 2004,
when an oil rig was destroyed by Hurricane Ivan. A multiplatform observational experiment was conducted
in April 2017 to investigate, for the first time, the main hydrocarbon pathways from the Taylor Energy Site
toward the NGoM continental shelves, and the Gulf interior, under the influence of local and regional physi-
cal processes. Results indicate that the Mississippi River (MR)-induced fronts over the Taylor Energy Site, in
combination with local circulation, prevailing winds and broader regional dynamics determine the hydro-
carbon transport. The drifters deployed during the field experiment, in tandem with satellite data, drone
imagery, wind measurements, and radar-derived data, efficiently described three major hydrocarbon path-
ways, associated with MR plume dynamics (downstream/upstream coastal currents) and basin-wide circula-
tion (offshore pathway). Two different types of drifters, drogued and undrogued, showed clearly different
pathways, which suggest potential differences in the expected advection of oil, depending on whether it
forms a surface slick or whether it is partially mixed below the surface. The existence of multiple river fronts
influenced the fate of oiled waters, preventing the hydrocarbons from reaching the Delta, like a natural
boom barrier, trapping and directing the oil either westward or eastward. Thermohaline measurements
showed that the MR plume near Taylor was 5-10 m deep, while the clearer ocean was characterized by a
40 m upper ocean homogenous layer.

1. Introduction

The Northern Gulf of Mexico (NGoM) and especially the western and central region, around the Mississippi
River (MR) Delta, is a major reservoir of oil and natural gas in the U.S. According to the U.S. Energy Informa-
tion Administration, over 45% of total U.S. petroleum refining capacity and 51% of total natural gas process-
ing plant capacity are located along the Gulf coast (https://www.eia.gov/special/gulf_of_mexico/). Oil leaks
and accidents in the Gulf of Mexico (GoM), such as the explosion on the Deepwater Horizon (DwH) rig in
2010, have released significant quantities of hydrocarbons (Crone & Tolstoy, 2010; McNutt et al., 2012) in
the sensitive marine environment around the MR Delta, and over the LouisianA TEXas (LATEX) and Missis-
sippi Alabama FLoridA (MAFLA) shelves (Kourafalou & Androulidakis, 2013).

The aim of the current study is to investigate the main hydrocarbon pathways under the influence of the
river plume dynamics, taking into account the broader mechanisms (both local and regional) forcing the
NGoM circulation. We use multiplatform observations to detect and study the river-induced fronts, circula-
tion patterns, water column characteristics, and surface oil patch distribution observed around the Taylor
Energy Site, which is located very close to the MR Delta (Figure 1), approximately 17 km distance and at a
depth of about 150 m. The study site is a natural laboratory of oil slicks interacting with riverine fronts. The
Taylor Energy Site contains the now destroyed Taylor Energy oil rig. This rig was damaged in 2004 during
the passage of Hurricane Ivan (Stewart, 2005) and since then surface oil slicks and sheens have been
observed on the surface. Warren et al. (2014) showed that the surface oil patches over the Taylor Energy
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Figure 1. Ocean color image collected by MODIS (chl a; mg/m?3) on 20 April 2017 shows the river plume (high chl a content) spreading around the Mississippi River
(MR) Delta indicating the inner (F;) and outer (F,) river fronts between the MR Delta and the Taylor Energy Site. The Southern (S), Southwestern (SW), and South-
eastern (SE) Passes that release MR waters into the Gulf are shown. Images of the (low left) F; (from R/V St. Anthony) and (low right) F, (from Unmanned Aerial Sys-
tem, UAS) fronts, taken on 20 April 2017 are also presented. The river fronts are marked in both cases, separating heavily from lightly brackish waters (F;) and the
outer river plume boundary from clear sea waters (F,). In the ocean color image, black represents land, dark grey represents clouds or other image artifacts, while
light grey, dark red, and orange represent high chl a concentrations.

Site are frequently detected in satellite images (>130 oil reports between 2010 and 2014) and they are eas-
ier to be observed from April to October, due to the advantage of having sun-glint that peaks in detection
in May and August-September (Hu et al., 2009). Our study area is unique, due to the long-term (~14 years)
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existence of hydrocarbons in the vicinity of the strongest U.S. river discharge and over an ecologically sensi-
tive region, especially after the disastrous DwH accident of 2010.

We concentrate on the fronts induced by the MR, one of the largest rivers in the world and the largest in
North America, with an approximately historical average flow volume of 425 km*/yr (Hu et al., 2005; Milli-
man & Meade, 1983). The riverine waters exit through several passes into NGoM (Figure 1), the largest ones
being the Southwest Pass, South Pass, and Southeast Pass. The strong outflow discharge rates of freshwater
via various passes around the Delta form an extensive plume of brackish waters with several successive
density fronts between the high salinity open sea and the Delta (multiple fronts), as usually observed
around large outflow rivers (Garvine & Monk, 1974). These frontal formations and the overall river plume
evolution are controlled by changes in winds and discharge rates, especially during spring and early sum-
mer when the discharge rates usually increase (Androulidakis & Kourafalou, 2013; Walker et al., 1994). The
topography and continental shelf morphology over the NGoM also attribute unique characteristics to the
MR river plume patterns (Androulidakis et al., 2015; Schiller et al., 2011). During the observational campaign
presented herein, a distinct front (Fy; Figure 1), separating waters with high chlorophyll a (chl a) concentra-
tions and rich in sediments (heavily brackish) from waters with lower chl a concentrations (lightly brackish)
within the plume, is formed near the South Pass on 20 April 2017. An outer strong front was also detected
by both in situ measurements and ocean color images very close to the Taylor Energy Site (F,; Figure 1).
Large quantities of sargassum were observed along this front highlighting the distinct separation between
two different water masses. These fronts are expected to play an important role on the transport of MR
waters, as well as the transport of hydrocarbons over or near the NGoM shelf areas. We will examine trans-
port pathways under the influence of rirverine fronts, broader shelf processes, and exchanges with offshore
flows.

The major NGoM circulation patterns, especially over the central region, are determined by the MR dis-
charge and the respective buoyancy-driven currents in tandem with wind conditions (Schiller et al., 2011;
Walker et al., 1996, 2005). The buoyancy-driven MR plume waters have three distinct pathways that are
common for large-scale rivers where the Coriolis effect is important (Garvine, 1995; Kourafalou et al., 1996):
an anticyclonic bulge, around the MR Delta, a “downstream” coastal current in the direction of Kelvin wave
propagation toward the LATEX shelf and an “upstream” current toward the MAFLA shelf (Androulidakis &
Kourafalou 2013; Kourafalou & Androulidakis, 2013; Schiller et al., 2011; Schiller & Kourafalou, 2014; Walker,
1996; Walker et al. 1996). Morey et al. (2003), based on numerical simulations, showed that the westward
and eastward propagation of the river plume waters reveal a clear seasonality: eastward in the spring/sum-
mer and westward in the fall/winter. The river discharge rates, the wind state, the local dynamics, and the
regional circulation features may alter the typical buoyancy-driven patterns and moreover affect the plume
spreading, its vertical structure, and front location (Androulidakis et al., 2015; Androulidakis & Kourafalou,
2013; Schiller et al.,, 2011; Schiller & Kourafalou, 2014; Walker et al,, 2005). Downstream westward and
upstream northeastward currents of the river plume are enhanced by easterly (downwelling-favorable) and
westerly (upwelling-favorable) winds, respectively (Androulidakis et al.,, 2015; Schiller et al., 2011; Walker
et al., 1994, 2005).

The exchanges of NGoM shelf waters with regional offshore flows are governed by the Loop Current (LC; a
branch of the Gulf Stream) and its associated eddy field. The LC system may facilitate the offshore removal
of riverine waters toward remote Gulf areas (Androulidakis & Kourafalou, 2013; Le Hénaff & Kourafalou,
2016; Schiller et al., 2011; Schiller & Kourafalou, 2014), as well as the offshore transport of surface oil toward
the Gulf interior (Hamilton et al., 2011; Le Hénaff et al., 2012a; Walker et al.,, 2011). The offshore removal of
brackish waters under the LC system influence has been observed to reach the southern GoM areas and
even the Atlantic Ocean (Hu et al., 2005; Ortner et al., 1995). The LC extension toward the NGoM, especially
north of 28°N, the changes associated with the shedding of an anticyclonic ring (LC Eddy, LCE), and the
cyclonic LC Frontal Eddies (LCFEs) that also play a role in the LCE shedding process (Le Hénaff et al., 2012b),
contribute to the circulation over our study area.

We seek to investigate whether oil is trapped along the riverine fronts, what processes control the frontal
alignment of oil pathways and how such entrapment may influence the overall transport and fate of the
hydrocarbons. The MR-induced circulation modified by shelf and slope flows, was found to substantially
influence the near-surface transport of oil during the DwH period (Falcini et al., 2012; Kourafalou & Androuli-
dakis, 2013). Based on hydrodynamic simulations and observations, Kourafalou and Androulidakis (2013)
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showed that the MR plume buoyancy-driven effects on the DwH oil transport had different aspects for east
and west of the MR Delta. Although several other atmospheric and oceanic conditions mainly determined
the oil spill fate (Le Hénaff et al., 2012a; Walker et al., 2011), the river plume buoyancy-driven contribution
was vital to the spreading of the DwH hydrocarbons over the central NGoM. These modeling studies sug-
gested that the river-induced fronts could be an important factor in determining the fate of the hydrocar-
bons (our main study hypothesis), motivating an observational approach.

We conducted a multiplatform field experiment in April 2017 to examine, for the first time, major pathways
of oiled waters originating from areas around the Taylor Energy Site under local and regional physical pro-
cesses, such as the formation of density fronts, wind-driven circulation and regional dynamics (LC and
eddies). Different types of drifters were deployed in order to capture various effects (e.g., winds, currents,
and buoyancy) on the hydrocarbon pathways. This study extends drifter experiments in relation to oil spills
that were conducted in the GoM in the past (Liu et al., 2011; Price et al., 2006; Smith et al., 2014). More than
300 satellite-tracked near-surface drifting buoys were deployed in the NGoM as part of the Grand Lagrang-
ian Deployment (GLAD) expedition (Berta et al., 2015; Mariano et al., 2016; Olascoaga et al., 2013; Poje et al.,
2014). Our study was unique, as it combined drifter launches with multisensor high-resolution satellite
imagery covering the period of field operations, drone flights, marine radar observations, and in situ ther-
mohaline measurements collected around the Taylor Energy Site. In addition to the overarching objective
to explore the pathways of oiled waters and to document how they were influenced by the river-induced
fronts (in the context of other circulation characteristics), we sought to examine how the spreading of oil
slicks is influenced by the variability in oil thickness.

More information about the observational platforms, methods, and data is given in section 2. Section 3
presents the major surface transport pathways revealed from the drifter data (section 3.1). This section also
discusses the local dynamics, especially the variability of river fronts (section 3.2.1) and the surface circula-
tion (section 3.2.2). Section 4 contains the regional circulation effects on hydrocarbon pathways (section
4.1), the vertical upper ocean structure in the study area (section 4.2), and the observed patterns of the oiled
waters spreading (section 4.3). Finally, a summary of concluding remarks is presented in section 5.

2. Data and Methods

The multiplatform observations include several drifter deployments, shipboard radar sea-surface roughness
imagery, thermohaline measurements from R/V Walton Smith, drone imagery, and satellite data. The field
experiment took place on 18, 20, and 25 April 2017, while the drifters continued to report their positions
through May and early June.

2.1. Drifter Measurements

A total of 14 GPS-Tracked drifters were deployed from research vessels within the Taylor Energy Site study
area (approximately at 88.97°W, 28.93°N). Each drifter’s original name (drifter ID) and the respective number
(drifter #) assigned for the purposes of the study are presented in Table 1. The drifter trajectories served the
main goal of the study to describe pathways of hydrocarbons pathways released at the Taylor Energy Site.
They were also used to follow the flow in both the surface and upper meter (subsurface) in order to distin-
guish between advection of surface slicks and oil mixtures within the upper layer of the water column. We
employed two types of drifters (drogued and undrogued), as we wanted to follow surface material path-
ways (like oil slicks) and distinguish them from possible subsurface (~0.5 m below surface) material path-
ways (like oil droplets suspended in the upper meter). By using these two types of instruments, we could
examine if the presence (absence) of drifter drogue had an impact on following subsurface (surface) trans-
port of oil. We assume that the river plume is deeper than the drogue depth and, therefore, the drogued
drifters are also influenced by the plume and the respective density fronts.

The Norwegian Meteorological Institute (https://www.met.no) provided 2 MetOcean (http://www.metocean.
com) drifters. The Consortium for Advanced Research on Transport of Hydrocarbon in the Environment
(CARTHE; http://carthe.org) provided 12 drifters that they have designed as a prototype for the GoM studies
(Lumpkin et al.,, 2017; Novelli et al., 2017). Two different types of MetOcean drifters were deployed on 18
April, the undrogued (UN) I-Sphere and the drogued (DR) Code/Davis (from here on referred to as Davis).
The I-Sphere (UNT1; Table 1) has a spherical shape and is specifically designed to track oil spills at the surface.
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Table 1
Drifters Names, Dates, Type, and Trajectory Color Used in Maps

Launch date and time (GMT) End date
Drifter ID Drifter # [distance from front] (coastal landing) Type Color in maps
I-Sphere UN1 18 Apr 16:30 [~6 km, onshore] 21 Apr (90.83°W-29.04°N)  Undrogued  Black
Davis DR1 18 Apr 23:28 10 May Drogued Green
T1_0275 DR2 18 Apr 16:41 [~6 km, onshore] 11 May Drogued Magenta
T1_0088 UN2 18 Apr 16:41 [~6 km, onshore] 21 Apr (90.84°W-29.08°N) Undrogued Blue
T1_0092 DR3 20 Apr 12:48 27 Apr Drogued Magenta
T1_0321 UN3 20 Apr 12:48 29 Apr (90.76°W-29.12°N) Undrogued Green
T1_0109 UN4 20 Apr 14:00 22 Apr (90.18°W-29.11°N)  Undrogued  Black
T1_0107 DR4 20 Apr 14:00 17 May Drogued Green
T1_0083 UN5 20 Apr 16:30 [<1 km, offshore] 27 Apr (90.01°W-29.22°N) Undrogued Blue
T1_0501 DR5 20 Apr16:30 [<1 km, offshore] 20 May Drogued Purple
T1_0513 DR6 25 Apr 20:35 [~25 km, onshore] 09 Jun Drogued Black
T1_0487 DR7 25 Apr 20:38 [~25 km, onshore] 30 Apr (88.65°W-30.56°N) Drogued Green
T1_0112 UN6 25 Apr20:38 [~25 km, onshore] 17 May Undrogued  Purple
T1_0167 DR8 25 Apr20:40 [~25 km, onshore] 29 Apr Drogued Magenta

Note. The coordinates of the drifters that landed on the coast are given (in parentheses). The deployment’s distance
and position (offshore or onshore) from the outer river front (0.25 mg/m3), derived from the ocean color images
(MODIS) if available near the time of the drifter deployment is also presented (in brackets).

It is about 50% submerged and is hence subject to wind drift, Stokes drift and surface currents (Rohrs et al.,
2012). The Davis (DR1; Table 1) drifter is designed to acquire ocean currents near the surface, with a drogue
at about 70 cm below the surface (Rohrs & Christensen, 2015). Only the antenna is above the surface, and
consequently its design promotes a low wind-induced slip and a good representation of the current aver-
aged over the upper 1 m (Davis, 1985). Both types of MetOcean drifters transmit their GPS position every 30
min via the Iridium network. The compact, biodegradable CARTHE drifters (Novelli et al., 2017) are com-
posed of a donut-shaped float at the surface, which contains the GPS and battery unit, and a tethered sub-
merged drogue, made of two perpendicular bio-plastic panels, with a center of mass at ~40 cm below the
surface. This drogue can be removed, in which case the drifter is only composed of the surface donut-
shaped float and thus referred to as undrogued drifter. The GPS transmitter is produced by Globalstar
(SPOT Trace) and powered by D-cell Alkaline batteries, yields an average of 60 days of GPS position fixes at
5 min resolution. Both drogued and undrogued CARTHE drifters were extensively calibrated in the labora-
tory and in the field, to accurately follow the Lagrangian currents across the upper 0.60 and 0.05 m, respec-
tively. Drogued drifters show a reduced wind-induced slip velocity of less than 0.5% of the neutral wind
speed at 10 m. In field experiments, their velocity matched that of nearby Davis drifters to an accuracy of
2 mm/s. The undrogued CARTHE drifters show a higher wind-induced slip velocity 2% or less of the neutral
wind speed at 10 m for wind speeds ranging from 8 to 23 m/s. The difference in drift between the
undrogued CARTHE drifter and the MetOcean I-Sphere has not been investigated yet, but both drifters can
be expected to respond more to wind-induced and wave-induced surface currents, presumably like oils
slicks would, with respect to deeper subsurface currents. Two pairs of drogued and undrogued drifters were
deployed from the R/V Saint Anthony at the Taylor Energy Site during the first day of the experiment (18
April; Table 1). Six more CARTHE drifters (three drogued, three undrogued) were deployed on 20 April; two
drogued-undrogued pairs were deployed inside the range of the marine radar installed on the R/V Walton
Smith (see section 2.2.1), which had joined the experiment early in the morning of 20 April. The last deploy-
ment of four CARTHE drifters (three drogued, one undrogued) took place at the Taylor Energy Site on 25
April under different wind conditions (see section 3.1).

2.2. Ship-Borne Observations

2.2.1. Marine Radar Current Mapping

Marine radars have been shown to be very useful for oceanographic remote sensing purposes (Horstmann
et al., 2015). A coherent-on-receive marine X-band (9.5 GHz) radar (Braun et al., 2008), developed at Helm-
holtz Zentrum Geesthacht (HZG), Germany, was installed on the R/V Walton Smith to support this study.
HZG radar data were collected from the ship over the Taylor Energy Site on 20 April 2017. The radar was
operated with a rotating antenna and grazing incidence, where the backscatter of the ocean surface is
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primarily caused by the small-scale surface roughness (~1.5 cm). Ocean waves that are longer than two
times the radar resolution become visible due to tilt and hydrodynamic modulation of the surface rough-
ness and geometrical shadowing, all caused by longer waves. Using a 3-D fast Fourier transform, a radar
images sequence is converted to the wave number-frequency domain where the surface wave energy is
located on an inverted cone (the so-called dispersion shell), which is perfectly circular in the absence of cur-
rents (Young et al., 1985). Any deviation from this circular form is due to the Doppler term in the linear dis-
persion relationship. An iterative least squares fit technique is employed to find the near-surface current
vector that minimizes the distance between the wave signal and the dispersion shell (Senet et al., 2001). For
shipboard installations, care must be given to the ship motion correction, since even slight offsets in the ori-
entation of the radar images may lead to significant cross-track errors in the current estimates (Lund et al.,
2015). To obtain near-surface current maps, the above analysis is performed within circular analysis win-
dows that have a ~475 m radius and are evenly distributed over the radar field of view, resulting in an error
below 0.04 m/s (Lund et al., 2018). The marine radar mapping technique was validated with more than
4,000 radar-drifter pairs in a previous experiment in the GoM. The marine radar near-surface current maps
are presented together with the corresponding 2 min averaged backscatter intensity images. The radar
backscatter intensity images show submesoscale current features that modulate the sea-surface roughness
(e.g., frontal convergence zones). They also show oil slicks as they dampen the sea-surface roughness.
2.2.2. Temperature and Salinity Measurements

On 20 April 2017 (15:10-17:02 GMT) the R/V Walton Smith performed two transects across the MR front and
near the Taylor Energy Site, where a Conductivity-Temperature-Depth (CTD) cast also took place. The loca-
tion of the sections was carefully selected to avoid any accidental clogging of the different water sampling
systems from the oil slick. The first transect was directed onshore on a northwestward direction and the sec-
ond one backtracking offshore along the opposite direction. The vertical CTD cast down to 110 m depth
was completed first. Surface temperature and salinity were measured continuously (1 Hz) during the entire
duration of both transects via a hull-mounted flow-through system 1.5 m below the ship’s waterline using a
ThermoSalinoGraph (TSG) Sea Bird Electronics (SBE) 21 SeaCat. Additionally, an Acrobat undulating towed
vehicle (Sea-science) fitted with a SBE 49 Fast Cat CTD was deployed behind the ship throughout both
transects. The Acrobat was set to undulate from the surface to a maximum depth of approximately 48 m at
a targeted mean speed over ground of 1.5 m/s.

2.3. Satellite Data and Aerial Imagery

Data sets and images from several satellites are also part of the multiplatform observations. The first data
set includes daily and 7 day mean chl a concentration images (in mg/m?>) in the surface ocean layer, derived
from the MoDerate resolution Imaging Spectroradiometer (MODIS) Aqua (Hu et al,, 2012). Images from two
satellite products were used from this data set to detect the river plume evolution and identify the multiple
fronts of the plume and especially the outer front with the clear ocean waters with respect to chl a concen-
trations. The first product covers the MR region with more detail and the second one includes the broader
NGoM region. The second data set is from the Group for High Resolution Sea Surface Temperature
(GHRSST), which includes gridded Sea-Surface Temperature (SST) fields. We use the GHRSST Level 4 SST
fields (produced by GHRSST daily Level 2 data; Donlon et al., 2009), covering the GoM region with horizontal
resolution of 1-2 km. These SST fields are employed to investigate local temperature changes associated
with the MR the waters and the regional circulation patterns (LCFEs, LC, and LCEs; see section 4.1). The third
satellite data set is the Archiving, Validation and Interpretation of Satellite Oceanographic (AVISO) data.
These data include the Sea Level Anomaly (SLA) estimated with altimeters in orbit. Maps of Absolute
Dynamic Topography (MADT) were computed from the respective SLA fields by adding the Mean Dynamic
Topography that is also part of the AVISO database. The satellite MADT fields were used to investigate the
offshore pathways under regional circulation effects in tandem with the drifters, GHRSST and chl a data
(see section 4.1).

In collaboration with National Oceanic and Atmospheric Administration (NOAA) and MacDonald-Dettwiler
and Associates (MDA), a number of satellite images were acquired during our field operations. Microwave
Synthetic Aperture Radar (SAR) imagery were collected by RADARSAT-2 (20 April), TerraSAR-X (26 April), and
Sentinel-1 (28 April). SAR imagery is well known for its capacity to detect oil under a wide range of wind
speeds and regardless of the illumination conditions (Garcia-Pineda et al., 2009, 2013). Floating oil slicks pro-
duce distinctive signatures on SAR images. When the small-scale sea-surface roughness is dampened or
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smoothed by viscoelastic properties of an oil slick or any other surfactant, less incident energy from the SAR
spacecraft is backscattered to the sensor, reducing radar backscatter. The oil-covered areas usually have dis-
tinctly contrasting brightness against the radar backscatter produced by wind-generated ripples. The visual
differences among the SAR data are based on the specific configuration of the SAR sensors including: wave-
lengths, incidence angle, polarization, spatial resolution, noise floor, and instrument noise. While the
RADARSAT-2 image was collected at C-Band in fully polarimetric mode, Sentinel-1 and TerraSAR-X (C-Band
and X-Band respectively) images were collected in single polarization mode. In addition, MODIS Terra Red-
Green-Blue (RGB) image (25 April; see Figure 12a) is used to identify potential oil slicks (Hu et al., 2009). Two
additional images were collected on 25 April by the Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) instrument on NASA's Terra spacecraft (resolution 15 m) and by Worldview-2 multispec-
tral satellite with an approximate spatial resolution of 1.5 m. The ASTER's passive sensor has 14 spectral
bands from the visible to the thermal infrared wavelength region. Thick and thin oil patches are clearly visi-
ble in such images by enhancing the RGB bands. The Worldview-2's high resolution allows to identify not
only features related to thick oil on high detail but also shows the suspended matter contrast of the MR
plume compared to the clear water from the GoM.

An Unmanned Aerial System (UAS) was also used as part of the measurements over the Taylor Energy Site.
The UAS imagery provides an efficient way to navigate the boat to strategic areas over the oil slick. A real-
time video broadcast system is used to observe the conditions of the oil and river front from an aerial per-
spective. The UAS system allowed us to monitor the oil and to position the vessel in a tactical way for the
deployment of the drifters. Figure 1 shows an aerial view from the UAS at 120 m altitude.

2.4. Wind and River Discharge Data

Wind measurements, collected by three National Data Buoy Center (NDBC) buoys were used to describe the
wind conditions over the NGoM during the field experiment. Buoy SPLL1, owned and maintained by Coastal
Studies Institute, Louisiana State University, is located west of the Delta and over the LATEX shelf (28.867°N,
90.483°W). The northeastern region is represented by buoy 42012, located close to the coast over the cen-
tral MAFLA continental shelf (30.064°N, 87.551°W). The wind conditions of the offshore area, south of the
Taylor Energy Site, are described by buoy KIKT, located at Mississippi Canyon 474 (28.521°N, 88.289°W). The
measurements from these three buoys are used to show potential differences/similarities of the wind state
between the downstream (SPLL1), upstream (42012), and offshore (KIKT) regions in respect to the river
plume spreading. In addition, 3-hourly wind data were derived from the Navy Global Environmental Model
(NAVGEM) at the Taylor Energy Site (where drifters were deployed), due to the absence of available obser-
vations. These four time series from different regions also serve to examine if the wind state over the central
NGoM was generally homogenous during our study period. Daily MR discharge rates, measured at Tarbert
Landing by the US Army Corps of Engineers are used to describe the freshwater input during the experi-
ment (April-May); climatological rates are used for comparison.

3. Results

The multiplatform observations are analyzed and combined to offer a synthesized view of the general path-
ways of hydrocarbons originating around the Taylor Energy Site, under the influence of river-induced fronts.
The drifter data are the major tool to determine the transport and fate of oiled waters, while the detection
of the multiple river fronts and their role on spreading the oil, especially during the early hours after the
deployments of the drifters, is supported by the satellite imagery and the measurements (radar and thermo-
haline) by the R/V Walton Smith.

3.1. Hydrocarbon Pathways Revealed From Drifter Data

Drifter names and characteristics are given in Table 1. The overall drifter trajectories after the three deploy-
ment dates of April 2017 and selected ocean color snapshots during the propagation of the drifters are pre-
sented in Figure 2. The respective MR discharge and wind conditions over NGoM are presented in Figure 3.
They reveal effects of the wind evolution, the river plume spreading, and the local circulation patterns on
the drifter trajectories, which represent the potential hydrocarbon pathways over the broader Delta region.
3.1.1. Deployments on 18 April

The drifters were deployed inside the river plume, approximately 6 km north of the outer front, during the
first day of the field experiment (18 April, Table 1). The initial pathway of all four drifters was westward, over
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Figure 2. Overall drifter trajectories and ocean color (chl a concentration; MODIS) snapshots from the (a) 18 April, (b) 20 April, and (c) 25 April deployments. Trajec-
tory colors correspond to the drifter names (details in Table 1). (left) The full drifter trajectories (periods in Table 1) and (middle and right) the trajectories up to the
date of each MODIS image (dates at the top of each figure). Different types of drifters (drogued and undrogued; Table 1) were used to describe the evolution of oil
patches with various thicknesses originated from around the Taylor Energy Site (indicated with cross symbol). Dashed lines indicate the 20, 100, 500, 1,500, and
2,500 isobaths. The Louisiana Bight (LB), the Mississippi River (MR) Delta, the Louisiana-Texas (LATEX), and the Mississippi-Alabama-Florida (MAFLA) shelves are
marked in Figure 2a. In the ocean color images, black represents land, dark grey represents clouds or other image artifacts, while light grey, dark red, and orange
represent high chl a concentrations.

the Louisiana Bight (LB, Figure 2a). Both undrogued drifters (UN1 and UN2) followed a nearly identical
pathway, passed the LB by 20 April and landed on the coast west of the Delta at ~91°W around 21 April
(Table 1). The drogued DR2 drifter followed a similar path with lower speed (see section 3.2) over the LB but
remained active for a longer period, without landing on the coast. Both drogued and undrogued drifters fol-
lowed the MR downstream current (waters of high chl a concentrations) along the front between the brack-
ish river waters and the ocean masses clearly visible in Figure 2a (Columns 2 and 3).
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Figure 3. (a) Evolution of Mississippi River (MR) daily discharge (m°/s) during April-May 2017 (black line) and the respective climatological monthly rates (red line).
Evolution of wind vectors from the simulation of (b) Navy Global Environmental Model (NAVGEM) at Taylor Energy Site, and National Data Buoy Center (NDBC)
measurements at (c) Station SPLL1, (d) Station 42012, and (e) Station KIKT during April-May 2017. The dates of drifter deployments at the Taylor Energy Site are
indicated with dashed lines. The locations of the Taylor Energy Site and NDBC buoys are marked in the insert of Figure 3a.

The downstream current usually forms an anticyclonic circulation pattern over the LB that may drag surface
waters toward the coast in the west part of the Bight in agreement with an older study by Wiseman et al.
(1975) and more recent findings by Androulidakis et al. (2015; their Figure 3). This pattern, in combination
with the southeasterly winds observed over the LATEX shelf (SPLL1; Figure 3c), narrowed the downstream
plume west of the LB and allowed the faster undrogued drifters to approach the coast by 20 April and
finally land on the beach one day later. All three meteorological buoys recorded persistent southeasterly
winds, confirming that the wind field was homogenous over the entire study region, in agreement with pre-
vious studies in this area (i.e., Schiller et al., 2011; Walker et al., 2005). Although buoys SPLL1 and 42012 are
significantly distant from one another, located in the western (LATEX) and eastern (MAFLA) NGoM continen-
tal shelves, respectively, the variability of the wind speed and direction is almost identical (Figure 3). The
wind evolution derived from the NAVGEM model at the Taylor Energy Site shows a similar variation, with
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strong southeasterly winds (~10 m/s; Figure 3b) during the first two deployment dates (18 and 20 April
2017). The large quantities of brackish waters along the downstream current are due to a combination of
an increasing trend of the river discharge from below climatology to close to 20,000 m>/s after mid-April
(Figure 3a) and the prevailing strong easterly winds over the area. Both environmental conditions
strengthen the westward downstream current (Androulidakis et al., 2015; Walker et al., 1994), carrying large
quantities of low salinity waters across the LB and along the LATEX shelf.

The slower drogued drifter DR2 reached the same region of LB and moved toward the coast on 21 April.
The drifter was then carried offshore, over the outer river front, as presented on 6 May (Figure 2a). This off-
shore displacement followed the widening of the downstream current region, which is clearly shown
between the two ocean color images on 20 April and 6 May, when the plume is significantly wider along
the western coasts (Figure 2a). This change from a narrow, buoyancy-driven westward coastal current to an
offshore advection of brackish waters is generally due to upwelling-favorable (westerly) winds, in agree-
ment with Androulidakis et al. (2015). Indeed, a period of westerly winds was observed between 23 and 26
April. This effect was short lived, as the last two weeks of April were mainly dominated by easterly and
southeasterly winds. The first drogued drifter (DR1) that started emitting on 23 April, although it was
launched on 18 April, was also located at the outer river plume front on 6 May. The southward turn of this
drifter took place on 4 May, when the winds again began to change from easterlies to southwesterlies (Fig-
ure 3¢). Its southward offshore propagation is similar to the DR2 drifter, also related to the offshore shift of
the front at the end of April and in the beginning of May during the second period with strong westerly
winds (>10 m/s). Both drogued drifters showed a similar southward turn, in tandem with the change in the
wind direction around 5 May, but in different locations of the river plume: the DR2 approached 91.25°W
over the 20 m isobath and the outer plume front, while the DR1 was closer to the coasts at 92°W.

3.1.2. Deployments on 20 April

Six drifter deployments took place at the Taylor Energy Site on 20 April (Figure 2b and Table 1). The three
undrogued drifters (UN3, UN4, and UN5), influenced by easterly wind-induced surface currents (Figure 3b),
had trajectories along the MR front by the downstream current toward the west. They were trapped into
the anticyclonic bulge over the LB and finally were washed out at 90°W on 22 April, before the wind direc-
tion change on 23 April. The prevailing southeasterly winds between 20 and 22 April (Figure 3c) determined
this pathway, driving the surface waters along the outer plume front and finally toward the coast, west of
the LB. It is noted that all undrogued drifters deployed on 18 and 20 April propagated westward along the
front and their fate was largely determined by the extension of the plume and thus the front's location
under the effect of strong easterly winds.

The drogued drifters DR3 and DR4, deployed in the morning of 20 April (Table 1), initially moved northward
toward the river plume and then westward along the plume front. However, because of their slower speed,
they stayed longer in that area. The change in the wind direction after 23 April (Figure 3b) affected their
propagation which turned toward the south in contrast to the undrogued drifters that rapidly moved west-
ward before the wind change from easterly to southwesterly. The wind started changing direction on 23
April and became westerly by 25 April. The outer plume front was north of the Taylor Energy Site at a close
distance (<1 km; Table 1) in the morning of 20 April (Figure 4b), in contrast to its position two days earlier
(18 April), when the deployment area (Taylor) was totally inside the plume (Figure 4a). Similarly, the
drogued drifter DR5 that was deployed on 20 April (Table 1) followed the same offshore pathway as the
other two drifters. The main pathway described by the three drogued drifters deployed on 20 April was
toward the central Gulf, following a narrow offshore branch of low salinity waters observed in the ocean
color image on 6 May (~0.20 mg/m?>; Figure 2b). Measurements at the offshore KIKT buoy (Figure 3e)
showed that winds changed direction again (from eastward to northward) during the period from 27 April
to 4 May, without affecting the major southward track of the drogued drifters, which were mainly influ-
enced by the ocean currents related to mesoscale eddy circulation (see section 4.1).

3.1.3. Deployments on 25 April

The final deployment of drifters at the Taylor Energy Site took place in the afternoon of 25 April, when the
river plume was extended over the area (Figure 2c and Table 1). Westerly upwelling-favorable winds pre-
vailed during the deployments (Figure 3b), while the MR outflow rates were slightly lower than the climatol-
ogy levels of April. All drifters propagated northeastward, following the enhanced upstream coastal current,
carrying significant quantities of brackish waters toward northeast of the Delta and over the MAFLA
continental shelf (Figure 2c). A significant trend of the MR discharge increase was observed during May
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Figure 4. Distribution of MODIS chl a concentrations (mg/m?) on (a) 18 April 2017 04:35 GMT, (b) 20 April 2017 16:30 GMT, (c) 20 April 2017 18:36 GMT, and (d) 20
April 2017 19:40 GMT around the Mississippi River (MR) Delta. The dashed lines indicate several contours (0.25, 1.00, 2.50, 10.00, and 15.00 mg/m3) of chl a concen-
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eastern (SE) Passes of MR are shown. Three successive radar imagery snapshots (e-g) contain the related surface currents (red vectors) measured over an area

(~3 km radius) around the R/V Walton Smith with respect to the three chl a maps (b-d) from the second day of the field experiment (20 April 2017; no radar meas-
urements are available on 18 April 2017). The dark grey areas in background are characterized by oiled waters and the dashed line indicates the 0.25 mg/m>
derived from the MODIS chl a concentrations. The direction (head) of the ship in each case is marked as “Head” (black arrow). In the ocean color image, black rep-
resents land, dark grey represents clouds or other image artifacts, while light grey, dark red, and orange represent high chl a concentrations.
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(Figure 3a), leading to a strong peak by the end of May (~35,000 m?/s), much higher than the climatological
mean values of May (~21,000 m?3/s). The undrogued UN6 and the two drogued drifters (DR6 and DR8) fol-
lowed the river plume front along the 100 m isobath until 88°W and finally revealed a similar northeastward
pathway across the shelf until 2 May. The trajectory of the drogued DR7 drifter was more to the north,
resulting in a coastal landing at the western MAFLA (~88.5°W) on 30 April (Table 1). The difference between
these two pathways is related to a difference in the initial propagation of the drifters during the first day
after their deployment (26 April) and the position of the successive fronts within the river plume (see
section 3.2). The second peak of northwesterly winds after 4 May contributed to the enhancement of the
upstream coastal current in combination with the MR outflow increase. This northeastward flow advected
large quantities of brackish waters over the entire MAFLA shelf. This major pathway was efficiently traced
by both DR6 and UN6 drifters, which reached the eastern part of the shelf by the end of May. The
undrogued UN6 was already located over the eastern NGoM by 13 May, when southwesterly winds were
still dominant along the MAFLA shelf (Figure 3d). This pathway showed that the surface waters, which can
be contaminated with hydrocarbons in the case of large-scale oil spills (e.g., DwH accident), might spread
along the eastern NGoM continental shelf and even reach the northwestern coasts of Florida.

3.2. Local Dynamics

The local circulation and thus the initial pathways of the Taylor Energy Site hydrocarbons are strongly
related to the river plume patterns. The extension of the brackish plume and the location of the fronts
between the lower (riverine) and higher (ocean) salinity water masses are strongly related to the prevailing
winds, discharge rates, and the ocean currents. Therefore, the location and characteristics of the river plume
fronts with respect to the Taylor Energy Site may contribute to the fate and pathways of the hydrocarbons.
The major multiple fronts derived from the satellite chl a distribution are marked in Figure 4a.

3.2.1. Variability of River Fronts

The Taylor Energy Site was located inside the river plume between the chl a contours of 10 and
2.50 mg/m?, 6 km north of the outer front (0.25 mg/m?), on 18 April (Figure 4a). A higher chl a contour
(15 mg/m?3) was located close to the tip of the South Pass, indicating another strong river front. The initial
propagation of the drifters, deployed on 18 April under easterly winds, took place inside this high chl a
water mass. They initially moved northeastward over a short distance (barely seen on Figure 2a), then they
were trapped and aligned with the 15 mg/m? front (Figure 2a). The drifters propagated along the front and
toward the west after 19 April.

The outer front of the MR plume (0.25 mg/m?®) was located in the vicinity of the Taylor Energy Site on 20
April. The marine radar image taken at the Taylor Energy Site confirmed that the river-induced front was
located very close and north of the oil-covered area (Figure 4b). This indicates a noticeable onshore shift of
the plume between the first deployment day (18 April) and the second deployment day (20 April) day of
drifter deployments. The location of the river-induced front in the morning of 20 April is also detected by
the TSG (R/V Walton Smith) measurements presented in Figure 5. Salinity changes from 36 to 28 took place
within only 7 km, while the ship moved across the front along both S; and S, sections. The SST also
increased on the river plume side of the front, as the ship encountered the low salinity waters. However,
the surface differences in temperature are relatively small (<0.6°C) compared to the salinity ones that are
very large (~8), indicating that the density front was mainly controlled by salinity changes between the
brackish river plume and the open ocean waters. The persisting easterly winds (downwelling-favorable) dur-
ing these two dates (18 and 20 April) presumably caused the observed northwestward shift of the plume.
The outer river-induced front was located exactly at the Taylor Energy Site one day before, on 19 April (not
shown). Based on idealized numerical experiments, Androulidakis et al. (2015) showed that easterly winds
might reduce the radius of the anticyclonic bulge of the plume and promote the onshore shift of the front
around the Delta, enhancing the advection of brackish waters directly toward the LATEX shelf.

The onshore shifting of the river plume was clearly seen on 20 April (Figures 4c and 4d). The marine radar
image starting at 18:36 GMT (Figure 4f) coincides with the respective ocean color image (Figure 4c), both
showing the outer river front located north of the Taylor Energy Site. Northward weak currents prevailed
outside the plume, while stronger westward downstream currents are apparent north of the 0.25 mg/m?
front. In section 3.1, we showed that the two drogued drifters DR3 and DR4 released on 20 April finally
moved offshore toward the south, although their initial pathway was along the 0.25 mg/m? front, similar to
the undrogued ones. Both drifters initially moved northward, following the weak northward currents, and
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Figure 5. Distribution of Sea-Surface Temperature (SST; °C) and surface salinity measured by the ThermoSalinoGraph (TSG) on board the R/V Walton Smith along the
cruise track over the Taylor Energy Site on 20 April. Contours indicate isobaths every 50 m and arrows show the direction of the ship route along sections S; and S,.

then they were trapped in the plume front, located 2 km north of the Taylor Energy Site, a few hours after
their deployment on 20 April. An oil patch moving from Taylor to the river front was captured by the marine
radar image (Figure 4f), showing a similar northward pathway of hydrocarbons that was not so apparent
earlier that day, when the front was very close to Taylor (Figure 4e). The distance between Taylor and the
plume front increased even more 1 h later, while the oil moved initially northward, trapped at the strong
density front and then spread westward along the front (Figure 4g), in agreement with the pathway of the
drifters (see section 3.2.2). These findings suggest that the pathways derived from the drifters may be used
to determine the hydrocarbon pathways in the topographically complicated and environmentally sensitive
regions around the MR Delta region and even extending over the broader Gulf of Mexico.

All cases presented in this section are related to the northward and westward pathway of hydrocarbons
along different fronts of the downstream river plume current under downwelling-favorable easterly winds.
3.2.2. Surface Currents

The speed of each drifter during characteristic periods is presented in Figure 6. The raw drifter data have
spikes and drop-outs due to positioning errors and sensitivity to the orientation of the GPS antenna in the
drifters, especially the undrogued ones. The spikes were removed by filtering the data with 15 min linear
interpolation. Both UN2 (undrogued) and DR2 (drogued) moved northward during the first hours of their
deployment on 18 April. The undrogued drifter had slightly higher speed, reaching the MR front (15 mg/m?>;
Figure 6a) approximately 2 h earlier than the drogued drifter. A significant difference between the two
drifters occurs during the first 12 h of their westward pathway along the front. Once trapped in the front,
the undrogued drifter turned westward and its speed quickly increased up to 1.3 m/s. After reaching the
front as well, the drogued drifter moved west in the same fashion and its speed increased up to 1.2 m/s 9 h
later, only slightly slower than the undrogued drifter. The undrogued drifter showed higher speeds almost
during the entire westward pathway. Both drifters slowed down on 21 April after they passed over the LB.
Successive low and peak are observed around 20 April, before (~0.5 m/s; Figure 6a) and after (~1.1 m/s; Fig-
ure 6a) the anticyclonic turning of the plume bulge at 89.8°W (Figure 2a). A time lag of 4 h due to the speed
difference between the two drifters is noted over this region.

The westward movement of the drifters, deployed in the morning of 20 April and presented in section 3.1,
is related to the westward currents along the front (radar measurements; Figure 4e). The change in direction
of the surface currents from northward (south of the front) to westward (north of the front) is apparent in
the marine radar-derived current maps. The radar measurements also confirmed a respective magnitude
change with weaker northward currents (~0.3 m/s) outside the plume and stronger westward currents
(~1 m/s) inside the plume, in agreement with the UN2 and DR2 drifter trajectories and speeds (Figure 6a).
The onshore shift of the front and the retreat of the river plume around the MR Delta (Figure 4) is related to
these northward currents due to the southeasterly prevailing winds. It appears that similar dynamics
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Figure 6. Propagation speed (m/s) of (a) UN2 and DR2 (deployed on 18 April), (b) UN3, UN4, and UN5 (deployed on 20 April), (c) DR3 and DR4 (deployed on 20
April), (d) DR6, DR7, DR8, and UN6 (deployed on 25 April) drifters. The colors represent the drifter trajectories presented in Figure 2. The date that a drifter reaches
a plume front (0.25 or 15 mg/m?) is marked with a circle and the major direction of the drifters’ movement is also indicated at the top of each figure.

prevailed around the Taylor Energy Site on 18 April (revealed from drifters) and on 20 April (detected from
radar). Drifters and radars provide complementary pieces of information on the dynamics at and around
the front: the drifters show the transport pathways over several days, while the radar provides details on
the velocity field around the front.

Westward spreading is also observed for the oil around the Taylor Energy Site. The darker areas in the radar
images (Figure 4) show a clear oil alignment along the outer 0.25 mg/m?* front on 20 April. The three
undrogued drifters showed similar alignment during their propagation along the front, reaching a peak in
their speed one day after their deployment (Figure 6b). A small lag is present for the last deployed drifter
UNS5 reaching the highest level of 1.6 m/s speed 7 h after the first deployed UN3 over the same area (west
of 89.8°W, Figure 2b). Lower velocities (<0.4 m/s) occurred very close to the coast and before their coastal
landings (Table 1), at the west part of the LB on 22 April.

The propagation speed of drifters DR3 and DR4 was below 0.2 m/s before their entrapment in the river front
(Figure 6¢), similar to the drifters released on 18 April (Figure 6a). The drifters moved northward on 20 April,
in agreement with the surface oil (Figure 4), but they started to accelerate after their interaction with the
stronger westward currents on 21 and especially on 22 April, reaching the level of 0.55 m/s. However, their
propagation speed is significantly lower than the respective speed of the undrogued drifters (Figure 6b),
which eventually reached the western coasts during the same period of time, under the effect of the surface
winds (Figure 2b). The removal of the river front away from Taylor, in combination with the smaller speed
of the drogued drifters and the direction change of winds that took place after 23 April, led to a completely
different pathway of the drogued drifters deployed during that day. The drifter speed increased to 0.75 m/s
on 23 April under westerly winds, which dragged the oiled surface waters and drifters toward the Gulf
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interior. The offshore pathway of the drifters continued even when the winds changed again to southeast-
erly at the end of April and in early May. The drifters were dominated by the regional circulation conditions
(see section 4.1). The reappearance of northwesterly winds after 4 May (Figure 3e) also enhanced the south-
ward propagation of the drifters, increasing again their speed (Figure 6c).

The highest speeds of all drifters deployed on 25 April were detected during the first 2 days (Figure 6d) due
to the strong westerly winds, which enhanced the northeastward upstream currents. The MR plume
extended offshore due to the westerly winds covering the Taylor Energy Site; river waters with high chl a
concentrations (>5 mg/m?>) were detected over the deployment area. During the deployments on 25 April,
Taylor Energy Site was located approximately 25 km onshore from the outer river front (Table 1). This plume
extension over Taylor was still apparent in the beginning of May (Figure 2c). The DR7 trajectory was closer
to the MR Delta, along the inner front (~5 mg/m?3) in comparison to other three drifters, which propagated
along the further offshore front (~2 mg/m?). This difference resulted in 20% higher propagation speeds for
DR7; speed values for most of the drifters were higher than 1 m/s on 26 April (Figure 6d). All drifters,
drogued and undrogued, reduced their speed on 27 April (~0.2 m/s) when downwelling winds prevailed
and inhibited the development of the upstream current. However, the drifters, entrapped along the plume
fronts, kept moving toward the north. The fluctuation of the propagation speed was almost the same
among all drifters, due to the similar trajectories they followed along the outer MR front. The identical
behaviour of the undrogued UN6 and drogued DR8 until 2 May (Figure 2¢) is also evident in the speed evo-
lution (Figure 6d), showing that the effect of the winds (mainly affecting surface oil) and the near-surface
currents (mainly affecting oil in suspension near the surface) on the hydrocarbon pathways is the same
over this part of the plume region and under the specific environmental conditions.

The undrogued drifters generally revealed higher velocities and different trajectories compare to the drogued
drifters. This is a strong evidence that material located directly at the surface can be transported at significantly
different speed and along different pathways, from material submerged in the upper layer below the surface.
Thus oil suspended in the water column could be transported quite differently from oil at the surface. The dis-
tributions of the meridian (U,) and zonal (U,) components of the drifter velocities are presented in Figure 7.
The velocity distribution of undrogued drifters is spread over a greater range, indicating the sensitivity of this
drifter type to the wind variability. Both U, and U, components of the undrogued drifters revealed higher val-
ues (>1 m/s; Figure 7b) than the respective drogued ones (<1 m/s; Figure 7a). In particular, the westward com-
ponent of the undrogued drifters reached the levels of 1.5 m/s under strong and frequent easterly winds
(68.4%); Figure 7d). The mean velocity of undrogued drifters U, is negative (—0.015 m/s) indicating prevailing
westward velocities in agreement with the negative zonal wind (W,) component (-0.008; Figure 7c), while the
respective velocity of drogued drifters is positive (0.028 m/s, eastward). The large (UN > 0.5 m/s, Figure 7d)
westward velocities of the undrogued drifters revealed significantly higher occurrence frequency (6.0%), in
comparison with all other directions of both types, although the northward wind component was the highest
(74.3% for all magnitudes and 17.2% for strong winds). The existence of the river front north of and very close
to the drifter deployment site in most cases was able to reduce the northward propagation of the drifters and
enhance the westward transport. Fewer southward velocities (negative values) are observed for the undrogued
drifters due to the low frequency of northerly (25.7%) and westerly (31.6%) winds during the field experiment.
The southward entrainment is stronger in the drogued case (55.9%), due to both wind effect and regional cir-
culation (see section 4.1). The mean drogued U, is negative (-0.015; Figure 7a), indicating prevailing southward
velocities, while the respective undrogued is positive (northward; Figure 7b). The drogued drifters reveal an
equivalent distribution with smaller range of frequencies for the velocities larger than 0.5 m/s (1.5%-2.0%), in
comparison to the respective undrogued drifter range (1.3%-6.0%).

4, Discussion

4.1. Regional Circulation Effects on Oil Pathways

Several major circulation patterns over the NGoM and specifically the MR plume pathways are strongly
determined by regional circulation, such as the formation of local eddies (Androulidakis & Kourafalou, 2013;
Schiller et al., 2011; Walker et al., 2005) and the general evolution of the LC system (Le Hénaff & Kourafalou,
2016; Schiller & Kourafalou, 2014; Walker et al., 2011). The LC evolution and the shedding events of the LCE
may take place very close to the northern continental shelves and the broader MR Delta region (Zavala-
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Figure 7. Scatter diagrams of velocity vector components (U, and Uy; m/s) derived from all (a) drogued (DR) and (b) undrogued (UN) drifters. (c) Scatter diagram
of wind stress vectors (W, and W,; N/m?) derived from the Navy Global Environmental Model (NAVGEM) fields at Taylor Energy Site during the drifter experiment
(April-June 2017). (d) Occurrence frequencies for both types and each propagation direction (Northward: Nya.q, Eastward: Eyaq, Southward: Sy,a.4, and Westward:
Wiyara) for the wind stress vectors are presented in two bar diagrams (for all velocities and wind stresses and for the values that exceed 0.5 m/s and 0.05 N/m?,
respectively). The U,, Uy, W,, and W,, means are also shown.

Hidalgo et al.,, 2006). The offshore propagation of the drogued drifters deployed on 20 April is presented in
Figure 2b, when a narrow offshore patch of high chl a waters is also evident along the southward track of
the drifters. We showed that the initial southward propagation of the drifters between 23 April and 26 April
was related to the domination of northwesterly winds over the region. The second period with strong
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Figure 8. (left) Maps of Absolute Dynamic Topography (MADT; cm) derived from the Archiving, Validation and Interpretation of
Satellite Oceanographic (AVISO) database on (a) 1 April, (b) 20 April, and (c) 6 May. (right) The respective maps of Sea-Surface Tem-
perature (SST; °C) derived from the Group for High Resolution Sea Surface Temperature (GHRSST) database on 06 May are pre-
sented. The Loop Current (LC), LC Eddy (LCE), and the pathways of the three drogued drifters, deployed on 20 April, until 6 May
are also shown. The anticyclonic eddy (A) detached from the main LCE under the effect of a cyclonic eddy (C) is also marked.

westerly winds that may favour the formation of the southward extension of the MR plume is detected
between 4 May and 7 May. Although the period in between (27 April to 3 May) is characterized by south-
easterly winds, which tend to enhance the northward currents and even fully block the southward flows,
both drifters and ocean color data support an opposite southward pathway toward the Gulf interior. This
suggests influence of oceanic flows, which are dominated by the LC system.

The main LC body and the anticyclonic LCE evolved over the central and northern parts of the Gulf (high
MADT levels), respectively, during April (Figure 8a). The LC main body was located over the central Gulf,
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while two cyclonic LCFEs (low MADT levels) were located between the LC and the detached LCE, approxi-
mately at 25°N and 26°N approximately on 1 April (Figure 8a). Higher SSTs were detected over the LC
region, while the NGoM was covered by colder waters (<23.5°C). Seventeen days later, the LCE remained
detached from the LC and more extended over the central Gulf, although it was still away from the NGoM
(<27°N; Figure 8b). A large LCFE kept the LCE and the LC separated, although the LC revealed a clear north-
ward extension north of 26°N. This northward extension and the simultaneous LCFE weakening north of the
LC played a role on the westward shift and enlargement of the LCE on 18 April. Warmer water masses are
observed over the central and northern areas, closer to the MR Delta. The enlargement of the LCE increased
the SST over the entire region below 28°N (~25°C). A clear westward shift and a south to north spreading
of the LCE is presented in the MADT map on 6 May (Figure 8c). A secondary anticyclonic eddy (“A,” Figure
8c) was detached from the main LCE at 87.5°W, around 28°N, under the influence of a small cyclonic eddy
(“C") initially located at 88°W, 28°N on 1 April (patch of low MADT, Figure 8a). The clockwise circulation of
the main LCE, together with the counterclockwise circulation of the small cyclonic eddy C created a dipole
favouring an offshore jet south of the MR Delta. This is a process that has been documented to create
strong and narrow offshore pathways in this region (Schiller et al., 2011; Schiller & Kourafalou, 2014). The
result brought the drifters close to each other and moving offshore (Figure 8c), over the plume waters with
slightly higher chl a presented in Figure 2b. The northern part of the LCE was extended along this pathway,
reaching the shelf west of the MR Delta (south of the LB). This narrow offshore plume is also detected in the
SST spatial distribution, where a tongue of lower surface temperature waters (~23.5°C) is observed along
the merging drifter pathways, reaching an area south of 28°N by 6 May (Figure 8c), while the rest of this
area is covered by warmer waters (~25°C). Higher SSTs were detected at a higher latitude (>28°N) due to
the LCE northern extension. The propagation of the three drogued drifters together with some MR waters
toward the central Gulf prevailed against the dominant winds that were mainly easterlies over this offshore
region, which were favoring the westward and northward pathways. However, wind-driven currents had an
indirect effect by narrowing the offshore MR patch, as they directed currents toward the LCE, where they
were deviated offshore. The narrowness of the patch was marked by an offshore jet that kept the drifters
very close along their southward pathway (Figure 8c).

4.2, Vertical Structure of the Upper Ocean

Our results suggest that the location of the plume’s multiple fronts, which is determined by buoyancy and
wind-driven currents in combination with regional circulation, played a significant role in the formation of
different potential pathways of the hydrocarbons found around the Taylor Energy Site. The location of river
fronts is also related to the vertical structure of the upper ocean over Taylor. We examine the characteristics
of the ocean stratification, as they are very important in regions with thousands of oil rigs like the NGoM,
where the hydrocarbons can be even released from the bottom of the sea (e.g., DwH accident in 2010). The
water column structure, especially the existence of strong pycnoclines, may play a significant role on the oil
rising and, therefore, on the quantity and characteristics of the oil that may finally reach the surface (Fabre-
gat Tomas et al.,, 2016; Socolofsky et al., 2011)

The density distribution along the two sections S1 and S2, collected by the Acrobat instrument aboard the
R/V Walton Smith in the morning of 20 April (Figure 9), agrees with the plume signature derived from the
TSG surface measurements (Figure 5) and ocean color images (Figure 4 and Table 1). The surface density,
mainly controlled by salinity, decreased below 1,024 kg/m? at a short distance (~700 m) to the north of the
Taylor Energy Site. We showed that this strong density front blocked the northward propagation of the
oiled waters toward the Delta. The surface levels (2-3 m) are below 1,020 kg/m>, while the deeper values
down to 7 m depth are between 1,023 and 1,024 kg/m®. The river plume is slightly deeper down to 10 m in
the northern area of the outer river front, while very low values (1,018-1,019 kg/m?) were measured inside
the upper 5 m. Values greater than 1,024 kg/m® were detected in the entire water column below 10 m, with
even denser water masses below 40 m. The density front location is also confirmed by the ocean color chl a
surface concentrations in the morning of 20 April (insert in Figure 9). The clearer ocean waters with very
low chl a concentrations (<0.25 mg/m?) south of the front are characterized by higher density levels along
the entire column of the upper ocean (>1,025 kg/m?). The onshore shift of the front removed the low salin-
ity waters further away from Taylor later that day (section 3.2.1).

Similarly, the CTD measurements (Figure 10a) agree with the Acrobat profile over the Taylor Energy Site.
Surface density derived from the CTD measurements is around 1,024.8 kg/m?, while both Acrobat sections
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Figure 9. Density profiles along sections S; (dashed) and S, (solid) derived from the R/V Walton Smith Acrobat measure-

ments on 20 April 14:00 GMT. Sections S; and S, are marked on the ocean color image (20 April 16:30 GMT) derived from
MODIS (insert). The respective marine radar image over the area is also shown. The vertical solid black line (Acrobat plot)
and the red cross symbol (insert) indicate the location of the Taylor Energy Site. The white dashed line indicates the

0.25 mg/m? contour of chl a concentration. In the ocean color image, black represents land, dark grey represents clouds

or other image artifacts, while light grey, dark red, and orange represent high chl a concentrations.

show values near 1025 kg/m?> around the oil source (solid black line in Figure 9). Moreover, the upper ocean
down to 40 m is well mixed according to the density profiles derived from both CTD and Acrobat observa-
tions. Because the Taylor Energy Site was in the vicinity, but outside (south) the river plume in the morning
of 20 April, the upper ocean at that site was observed to be homogenous with the density distribution
below the mixed layer mainly controlled by temperature (Figure 10), in contrast to the area north of the
front controlled by salinity (Figures 5 and 9). The salinity change in vertical is small (~0.2). Temperature sig-
nificantly decreased from 40 m to 110 m (~3.5°C), leading to a respective density increase (~1.5 kg/m3).
The computed Brunt-Viiséla frequency (N% Figure 10b), a stratification parameter, shows very low values
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Figure 10. (a) Vertical distribution of salinity (red) and temperature (blue; °C) measured by the R/V Walton Smith CTD
over the upper 110 m at the Taylor Energy Site on 20 April 14:00 GMT. (b) Vertical distribution of density (green; kg/m?)
and Brunt-Vaisala frequency (black; N2 s~ ") derived from the CTD measurements.
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over the upper 40 m and a more stratified ocean in deeper layers with significantly higher values around
70 m, where strong temperature decrease occurs. No pycnocline was observed at Taylor on 20 April, while
the upper ocean (down to ~110 m) was generally stratified below 40 m with a homogenous water mass
over the upper layers. This was not the case on 18 April, when the river plume was more offshore and
extended over Taylor, forming a potential barrier with low salinity layer in the upper 10 m, as presented in
Figure 9. This barrier may delay and/or reduce the hydrocarbons from reaching the ocean surface in the
case of a bottom leakage anywhere near NGoM, within river plume influence. Further investigation (out of
the scope of the present study) is needed to determine the effects of ocean structure on the hydrocarbon
propagation from bottom to surface. The depth of the plume (5-10 m) detected in the Acrobat measure-
ments ensures our assumption (section 2.1) that the drogued drifters were generally under the influence of
the brackish plume and its associated dynamics. These drifters, that followed subsurface currents (~1 m),
were trapped and propagated along the river fronts.

4.3. Oil Spreading Patterns During the Field Experiment

The northward short spreading of the oil under southeasterly winds (Figure 3b) on 20 April is evident in
the marine radar images (Figure 4). The onshore shift of the river front during the day removed the brack-
ish plume away from the Taylor Energy Site. The northward currents spread the hydrocarbons toward the
front, where they were trapped and finally propagated westward, along the downstream plume current.
We also employ satellite imagery (section 2.3) to characterize frontal displacements. The oil pattern
observed in the shipborne radar was also captured by the RADARSAT-2 SAR image (dark pixels in Figure
11a). A clear cone-shape oil patch (~3 km at its widest part) spread from Taylor up to the front. The clear
ocean waters cover the area around the cone and south of the river front. The MR plume was located
north of the density front, while a thin strip of oil was aligned along the front and moved westward. No
oil was observed north of the front or inside the plume, in either marine radar or SAR images, in agree-
ment with findings by Kourafalou and Androulidakis (2013), who showed that the river plume was able to
block the DwH oil spill from approaching the Delta in mid-June 2010, when its upstream (northward)
pathway dominated. The UAS aerial image confirms the northward spreading of the surface oil and its
entrapment along the front (Figure 11b). The east-west alignment of the river front and the south-north
strips of oil between the Taylor Energy Site and the river front are both apparent in the drone imagery,
while no oil is observed north of the front.

The offshore pathway derived from the drogued drifters on 25 April is also confirmed with the oil spread-
ing captured by high-resolution imagery from three different satellites (Figure 12). The half-moon shape
of oil around Taylor due to the effect of the westerly winds is similar to the trajectories of drifters DR4
and DR5 that were deployed at 2 h interval on 20 April and started to move offshore on 23 April (Figure
12a), when the wind direction changed from easterly to westerly (Figure 3b). The 15 m resolution Aster
image (Figure 12b) shows both the position of the river plume (light blue) and a distinctive thick oil pat-
tern (white half-moon shape). Thinner patches of oil (pink) are detected in the east side of the thicker oil
due to the prevailing westerly winds that may spread the surface waters, containing thin oil toward the
east. Although patches of thin oil are also detected southwest of the thicker oil, that area is very limited
in comparison to the thin oil observed at the east side of the thicker oil. The drogued drifters, affected
mainly by subsurface currents, moved southeastward along a trajectory similar to the shape of the thick
oil patches. This is an indication that near-surface drifter trajectories can be representative of surface
movement of thick oil slicks under such environmental conditions. The thick oil patches are also evident
in the 1.5 m resolution WorldView-2 image (Figure 12¢) confirming the southward spreading, in agree-
ment with the drogued drifter pathways. It is noted that the WorldView-2 image includes only the north-
ern part of the thick oil patch presented in the other two satellite images. The river plume is located
north of the Taylor Energy Site; the dark grey parts of the plume are characterized by less suspended
material, while the inner (northwestern) part of the plume is covered with large quantities of suspended
matter (light grey). Areas with more suspended material are characterized by higher reflectiveness and
thus lighter color in the satellite image.

The four drifters deployed on 25 April at the Taylor Energy Site described the northeastward spreading of
the oil, captured by the 18 m resolution TerraSAR-X SAR image on 26 April (Figure 13a). The red area is an
oil delineation obtained by the Textural Classifier Neural Network Algorithm (Garcia-Pineda et al., 2009). The
northeastward movement of the oil is similar to the drifter tracks; on 26 April the drifters were located very
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Figure 11. Images collected from (a) RADARSAT-2 satellite and (b) Unmanned Aerial System (UAS) aerial view on 20 April.
The Mississippi River plume, the Taylor Energy Site, the clear sea water and the surface oil are marked. The R/V St. Anthony
(13 m) is shown in the UAS image. RADARSAT-2 Data and Products © MDA (2017) — All Rights Reserved.

close to the eastern part of the oil patch shown in the satellite image (<1 km). The total length of the oil
patch visible to the satellite was around 6 km with 1 km mean width. The prevailing westerly winds deter-
mined the undrogued UN6 trajectory while the subsurface currents carried drogued DR6, DR7, DR8 drifters
along the front of the upstream current. Therefore, it is possible that both surface oil and subsurface sus-
pended oil might followed this pathway and were carried away by the upstream current, toward the MAFLA
shelf. The DR7 was located closer to the oil (~500 m) and propagated further to the north, in comparison
with the other three drifters, during the first hours after the deployment. The influence of wind change
from northwesterlies to southeasterlies after 27 April was also captured in the oil spreading on 28 April
(Figure 13b). The downwelling-favorable winds blocked the evolution of the upstream current close to
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Figure 12. Images collected from (a) MODIS TERRA (250 m resolution), (b) Aster (15 m resolution) and WorldView-2 (1.5 m
resolution) satellites on 25 April. The trajectories of drifters DR4 (green) and DR5 (purple) from their deployment on 20
April until 25 April are presented in Figure 12a. The Mississippi River plume (blue shade in b and white shade in c), the
clear sea water, the Taylor Energy Site (green cross) and the thick surface oil (white in Figures 12a and 12b and yellow in
Figure 12¢) and the thin surface oil (pink patch in Figure 12b) are also marked.

Taylor and, consequently, the spreading of surface waters and oil toward the MAFLA shelf. The northeast-
ward spreading was limited, destroying the clear and straight cone-shape oil patch, although its size and
length was tripled. However, the initial dominance of westerly winds in early May, in combination with the
increasing MR discharge during May, enhanced the upstream plume evolution along the MAFLA shelf, car-
rying the drifters toward the east (section 3.1). It is noted that the oil patches over the Taylor Energy Site are
strongly influenced by the prevailing wind conditions.
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Figure 13. Images collected from (a) TerraSar-X (18 m resolution) and (b) Sentinel-1 (25 m resolution) satellites on 26 and
28 April, respectively. The trajectories of UN6, DR6, DR7, and DR8 drifters deployed at Taylor Energy Site (indicated with a

green cross marker) on 25 April are also shown on top of the TerraSar-X image. Crosses indicate the location of the drifters
on 26 April 00:00 GMT. TerraSAR-X data © 2017 DLR e.V., Distribution Airbus DS.
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5. Conclusions

Our results demonstrate that oil may be trapped along the fronts induced by the Mississippi River (MR)
plume. The development of fronts due to the strong density differences between the brackish water masses
and the clearer high salinity ocean blocked the onshore propagation of both drifters and oil toward the MR
Delta. It is shown that atmospheric and oceanic processes (specifically wind and regional circulation) played
a significant role in the evolution of the fronts and in the formation of different potential pathways of the
hydrocarbons found around the Taylor Energy Site. We conclude that the location of riverine fronts, the
proximity of oil slicks and the prevailing winds are important inter-dependent factors triggering initial path-
ways that determine the fate of hydrocarbons potentially released near the Mississippi Delta, toward the
NGoM coastlines or over the broader Gulf of Mexico (GoM). We found that the understanding of such path-
ways requires the documentation of MR plume pathways and the understanding of the related dynamics.
We found transport pathways extending to the east and west of the MR Delta, following major current
regimes influenced by this major river plume. Some of the drifters landed either on Louisiana-Texas (LATEX)
or Mississippi-Alabama-Florida (MAFLA) coasts, suggesting that hydrocarbons released around the Taylor
Energy Site and close to the MR Delta have the potential to reach several coastal Northern GoM (NGoM)
locations. It is noted that the magnitude of such potential effects largely depends on the quantity of the oil
and the dimensions of a certain spill, which are vital factors on the final destination and impacts of the
related hydrocarbons. The pathways derived from the drifter trajectories were corroborated by the distribu-
tion of surface currents and the oil spreading at the Taylor Energy Site and along the river fronts, derived
from marine radar and high-resolution satellite data. These results suggest that the drifter observations can
be used to determine surface and near-surface hydrocarbon pathways at topographically complicated and
environmentally sensitive regions such as around the MR Delta and the broader GoM. The different types of
drifters showed a diverse behaviour under specific environmental conditions. It is possible that drogued/
undrogued drifters could be used in future experiments to trace thin/suspended oil patches, assuming that
these are primarily affected by surface/subsurface currents. However, a more careful investigation about the
relation between the oil thickness and the final oil pathways is needed and is part of an ongoing study.

All main pathways derived from our multiplatform observational study are presented in Figure 14. The
drifter trajectories, deployed on 18, 20, and 25 April 2017, described all the major circulation patterns over
the broader NGoM region around the MR Delta (Figure 14a). These patterns are strongly related to the
potential hydrocarbon pathways of the oil found around the Taylor Energy Site (Figure 14b). The first path-
way, westward along the downstream river plume current, is more dominant and is able to transfer hydro-
carbons over the LATEX continental shelf. This pathway was basically formed under the effect of the
downwelling-favorable easterly winds that prevailed during the experiment. Undrogued drifters had higher
speeds (mean velocity: Vyn = 0.63 m/s) along the downstream pathway, indicating the possibility that sur-
face oil can spread faster toward the west in comparison with subsurface oil in suspension (drogued drifters,
Vpr = 0.33 m/s) and generally with hydrocarbons that may be transported either offshore (southward;
Vpr = 0.22 m/s) or over the MAFLA shelf (upstream; Vyn = 0.45 m/s and Vpg = 0.44 m/s). The coastal landing
west of the Louisiana Bight (LB) is strongly related to the onshore shift of the downstream front closer to
the coast over this area that can potentially allow hydrocarbons to reach land under downwelling-favorable
wind conditions. No coastal landing was observed along the LB coast.

The second major pathway is described by the drifters that propagated northeastward along the MAFLA
shelf, along the upstream river plume front. This pathway was formed due to the effect of strong westerly
winds that prevailed during the drifter deployments on 25 April, driving surface waters along the fronts
induced by the upstream MR plume propagation. The initial movement of the drifters along either onshore
or offshore fronts determined their final pathway and the possibility of coastal landing on the MAFLA coast.
The upstream pathway along fronts closer to the shore was faster, probably due to the stronger currents
over the inner parts of the plume along its upstream propagation. The strong river discharge rates of May
2017, in tandem with a second period of westerly winds in early May, contributed to the accumulation of
large quantities of riverine waters over the MAFLA shelf, enhancing the upstream currents and maintaining
the eastward pathway along the northern coasts for both drogued and undrogued drifters.

The third pathway, derived from this multiplatform observational study, is the southward offshore transport
toward the Gulf interior. Both wind and regional circulation effects contribute to the evolution of this
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Figure 14. (a) Overall drifter trajectories derived from the April-June experiment (for trajectory colors see Table 1) and
(b) characteristic periods showing the three potential hydrocarbon pathways (downstream: green; upstream: blue; off-
shore: red), the Mississippi River front and the Loop Current Eddy (LCE) pattern during the April-June 2017 field experi-
ment (indicated by color arrows, dashed line and solid line with a black arrow, respectively). The mean drogued (Vpg) and
undrogued (Vyy) velocities and the prevailing wind directions for each pathway are also marked.

pathway that may transfer oil, originating over NGoM and around the Taylor Energy Site, to remote Gulf
areas. The Loop Current (LC) Eddy (LCE) evolution over the region, in tandem with easterly winds, kept the
slower drogued drifters (that were deployed at the Taylor Energy Site on 20 April) very close to each other
and led them along a narrow branch of low salinity toward the south. This pathway was strongly influenced
by the general LC system and it indicates that a potential future large oil spill in this area may lead hydrocar-
bons to remote southern Gulf regions and through the Straits of Florida toward the Atlantic Ocean, similar
to patterns of MR plume waters that have been documented in several studies.

The evolution of river fronts over the Taylor Energy Site and along the downstream and upstream pathways
affected the drifter trajectories and final destination, trapping both drifters and oil patches along the fronts.
During the field study period, the Taylor Energy Site was located either inside the plume waters (e.g., 18
April) or south of the outer river front (e.g., 20 April). This variability had a profound influence on the advec-
tion of oiled waters. The onshore-offshore shift of the front over the Taylor Energy Site may result to differ-
ent drifter pathways and oil spreading, as they are first trapped along the plume and then propagate under
the influence of the prevailing wind conditions over the area. In situ thermohaline measurements around
the Taylor Energy Site and across the river fronts showed that the MR plume, characterized by low salinity
values, was 5-10 m deep near Taylor, while a homogenous clear ocean layer of 40 m was detected outside
the plume. The existence of strong pycnoclines due to river plumes, besides the effects on the horizontal
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transport of the oil, can play a significant role on the rise of oil toward the surface and the fate of hydrocar-
bons in the case of bottom leaks (as was the case of the 2010 Deepwater Horizon accident). The ocean verti-
cal structure, in combination with the determination of the source of the hydrocarbons that were observed
in the surface of the Taylor Energy Site, is a very important topic and requires further investigation.
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