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An oil platform in the Mississippi Canyon 20 (MC-20) site was damaged by Hurricane Ivan in September 2004. In
this study, we use medium- to high-resolution (10-30 m) optical remote sensing imagery to systematically assess
oil spills near this site for the period between 2004 and 2016. Image analysis detects no surface oil in 2004, but
~40% of the cloud-free images in 2005 show oil slicks, and this number increases to ~70% in 2006-2011,
and > 80% since 2012. For all cloud-free images from 2005 through 2016 (including those without oil slicks),
delineated oil slicks show an average oil coverage of 14.9 km?/image, with an estimated oil discharge rate of 48

to ~1700 barrels/day, and a cumulative oil-contaminated area of 1900 km? around the MC-20 site. Additional
analysis suggests that the detected oil slick distribution can be largely explained by surface currents, winds, and

density fronts.

1. Introduction

During Hurricane Ivan in September 2004, the oil platform and 25
of the 28 connected wells at the Taylor Energy's Mississippi Canyon 20
(MC-20) site, located in the northern Gulf of Mexico (GoM), were da-
maged and impacted. Subsequently, oil was found leaking, which was
reported as the Taylor Energy oil spill or MC-20 oil spill (Herbst et al.,
2016; Warren et al., 2014). Although mitigation efforts have taken
place (including removal of the platform deck and subsea debris, de-
commissioning of the oil pipeline, and plugging 9 of the 25 impacted
wells), there has been a continuous oil discharge from the platform site.
Beginning in September 2014, over 7 months of near-daily aircraft
overflights reported oil sheen observations, with an oil slick generally
about 1.6 km wide and 9 km long, and an average oil coverage area of
20 km? (BSEE, 2017). The United States Bureau of Safety and En-
vironmental Enforcement (BSEE) estimated that the oil discharge could
continue for 100 years or more if left uncontrolled (BSEE, 2017). This
crude oil spill from the MC-20 site is also documented in the National
Response Center (NRC) reports (NRC, 2018), containing information
like spill locations, spill materials, spill size, etc., with involved material
documented as crude oil (NRC, 2018; NOAA, 2013). The NRC reports,
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however, depend largely on unverified reporting from responsible
parties (polluters) and third parties, and therefore its reported slick size
information was found to be significantly underestimated (Daneshgar
Asl et al., 2016). Moreover, those traditional airborne and shipborne
surveys are often too limited spatially and temporally to construct
statistics about the discharged oil, as they often result in data gaps.
Satellite remote sensing, which serves as a vital tool in response to oil
spills (Leifer et al., 2012), provides frequently synoptic observations of
the MC-20 oil locations over the entire spill period (since 2004) and
may fill these data gaps in objectively assessing the oil spill near the
MC-20 site.

The proximity of the MC-20 site to the Mississippi River Delta
suggests that the oil slick extensions and fate are under the direct effect
of the river plume dynamics, which play a significant role in the cir-
culation around the Delta and over the broader Northern Gulf circula-
tion (Walker et al., 2005; Schiller et al., 2011; Androulidakis and
Kourafalou, 2013; Androulidakis et al., 2015). The brackish plume may
either extend over the MC-20 site, forming a near-surface vertical
barrier layer, or determine the oil transport pathways along the river-
induced fronts. Based on satellite (remote sensing imagery) and field
(drifters, ship-borne measurements) observations, Androulidakis et al.
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(2018) showed that the locations of the river's multiple fronts (outer
and inner density fronts) are vital for the evolution and fate of the
material at the sea surface that originates from the MC-20 site. The
buoyancy-driven Mississippi plume waters generally reveal three major
pathways where the Coriolis effect is important (Garvine and Monk,
1974; Kourafalou et al., 1996): an anticyclonic bulge around the Delta,
a “downstream” coastal current toward the northwestern Gulf shelves,
and an “upstream” current toward the northeastern shelves (Schiller
et al., 2011; Zhang et al., 2012; Androulidakis et al., 2015). Although
several other atmospheric (e.g. winds) and oceanic (e.g. local eddies,
Loop Current) conditions determined the oil spill fate during the
DeepWater Horizon (DWH) accident in 2010 (Walker et al., 2011; Le
Hénaff et al., 2012), the river plume contribution was vital to the
spreading of the hydrocarbons over the Gulf and especially around the
Mississippi River Delta region (Kourafalou and Androulidakis, 2013).
The use of remote sensing imagery benefits both the observation of oil
slick dynamics over short-term (a few hours to a few consecutive days)
and the long-term oil distribution frequency near the Mississippi River
Delta region, enabling the study of river plume impacts on oil slick
spreading in a region under strong influence of the Mississippi River
plume. Despite sporadic field and airborne surveys, no comprehensive
long-term picture currently exists regarding the oil spill near the MC-20
site. Therefore, there are two main goals in this study: first to geo-sta-
tistically analyze oil slicks using medium- to high-resolution (10-30 m)
satellite imagery around the MC-20 site from September 2004 to De-
cember 2016; and to study how atmospheric and ocean conditions af-
fect the oil slick distributions observed in remote sensing imagery in
this region under strong river plume influence.

2. Data and methods

The MC-20 site is located approximately 17 km offshore from the
Mississippi Delta in the GoM (Fig. 1). The location is in the frontal re-
gion of the Mississippi river plume, with associated wells at a water
depth of 145 m. This MC-20 site is ~60 km away from the DWH (Ma-
condo) blowout location (Fig. 1). The catastrophic explosion and
sinking of the DWH oil platform on 20 April 2010 caused the second
largest marine oil spill in history (McNutt et al., 2012; Murphy et al.,
2016). The Macondo well emitted 3.19 million barrels of crude oil into
the northern GoM (McNutt et al., 2012; U.S. v. BP et al., 2015) until the
wellhead was finally capped on 15 July 2010.
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In optical remote sensing imagery, the contrast between surface oil
and non-oil water comes from two sources. The first is the sun glint
effect, which enhances the contrast of the otherwise non-observable oil
due to the wave-damping effect (Adamo et al., 2009; Hu et al., 2009;
Macdonald et al., 1993; Sun and Hu, 2016). The same mechanism af-
fects the Synthetic Aperture Radar (SAR) detection of oil at the ocean
surface (Brekke and Solberg, 2005). Depending on the viewing geo-
metry and wind, the oil-water contrast can be either positive or nega-
tive in the optical imagery (Hu et al., 2009; Jackson and Alpers, 2010;
Lu et al., 2016). The second is the difference between optical properties
of oil and water. Crude oil is characterized by high absorption in blue
wavelengths (Byfield, 1998) where the increased thickness of oil cor-
relates to decreased reflectance in blue waves (Lu et al., 2013a; Wettle
et al., 2009) until oil is too thick for light penetration (Lu et al., 2013b).
When oil is emulsified, the water-in-oil emulsion causes strong scat-
tering in the red, near infrared (NIR), and shortwave infrared (SWIR)
wavelengths (Bulgarelli and Djavidnia, 2012; Clark et al., 2010;
Svejkovsky et al., 2012). A combination of sun glint and optical prop-
erties of the oil-water contrast has been used to efficiently characterize
oil spills in a marine environment (Bulgarelli and Djavidnia, 2012;
Clark et al., 2010; Hu et al., 2009; Leifer et al., 2012; Lu et al., 2013b;
Sun et al., 2015).

In this study, for oil slick delineation we mainly used optical remote
sensing imagery from Landsat-5 Thematic Mapper (TM), Landsat-7
Enhanced Thematic Mapper Plus (ETM + ), Landsat-8 Operational Land
Imager (OLI), and Sentinel-2 MultiSpectral Instrument (MSI). Landsat
sensors have a nominal resolution of 30 m while MSI has a nominal
resolution of 10 m. Oil slicks from the DHW oil spill between April and
July 2010 have been shown to reach the MC-20 region (Hu et al., 2011;
MacDonald et al., 2015). To avoid confusion from the DWH oil spill,
images collected in 2010 around the MC-20 site were not included in
this study. Landsat imagery has a revisit time of 16 days alone (Table 1),
and 8 days combined (TM with ETM + in 2004-2011, and ETM + with
OLI in 2013-2016). A total of 513 medium- to high-resolution images
(10-30m) were explored, with 294 cloud-free images found in this
region. A summary of the medium- to high-resolution optical imagery
used in this study is shown in Tables 1 and 2. The average cloud-free
images per year are 26 (excluding year 2004 since the oil spill started in
September of that year), 15 of which were taken during favorable sun
glint season in the GoM (April-September, from Hu et al., 2009; Sun
and Hu, 2016). Thin oil sheens may not be efficiently detected under

Fig. 1. The MC-20 site (black droplet top: latitude 28.94,
longitude —88.97, which also applies to the following fig-
ures) is 17 km offshore of the Mississippi River Delta in the
Gulf of Mexico (GoM) at a water depth of 145 m. The 2010
DeepWater Horizon (DWH) oil spill in the Macondo site
(green droplet top: latitude 28.74, longitude —88.37) is
~60 km southeast of the MC-20 site with a water depth of
~1500m. The background color in the GoM denotes the
water depth, and major bathymetry contours (in units of
meters) have been noted on the map.
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Table 1
Characteristics of optical satellite sensors used for the oil spill assessment in the
study.

Sensor Data available Spatial Spectral Revisit time
(year) resolution (m)  bands (days)
VIS-SWIR
Landsat-5/TM 2004-2011 30 6 16
Landsat-7/ETM+  2004-2016 30 (Pan-15) 7 16
Landsat-8/0LI 2013-2016 30 (Pan-15) 9 16
Sentinel-2/MSI 2015-2016 10, 20, 60 13 10

weak glint conditions (Sun and Hu, 2016). Thick/emulsified oil may
still be detected because of their different optical properties with re-
spect to seawater (Wettle et al., 2009; Clark et al., 2010). These sam-
pling frequencies (15 and 26 per year for sun glint images and cloud-
free images) are comparable to and higher than the global average
frequency of chlorophyll at a typical 1-km pixel from the Moderate
Resolution Imaging Spectroradiometer (MODIS, every 20 days or 5%,
see Feng and Hu, 2016). Therefore, we believe that the sampling fre-
quency of oil slicks by those medium- to high-resolution imagery is
statistical meaningful for assessing the oil spills near the MC-20 site.

MODIS imagery, although providing more frequent coverage (i.e.,
daily images), has a spatial resolution of 250 to 1000 m, which is too
coarse to assess this moderate oil spill, for which the typical slick size
ranges from O (100 m) to a few tens of kilometers. A statistical analysis
during the DWH oil spill demonstrated that on average > 50% of 300-m
pixels contain thick oil of < 6.6% of a 300-m pixel (Sun et al., 2016).
For 1-km pixels, the sub-pixel percent cover is much lower than 1.0%.
Thus, assessing the oil spill near the MC-20 region using MODIS ima-
gery may fail to detect small slicks in oil presence/absence frequency
analysis and add uncertainties in statistical analysis of oil slick area.
However, occasionally large slicks (tens of kilometers in length and a
few kilometers wide) under sun glint conditions can still be detected in
MODIS imagery. Therefore, MODIS imagery was used in this study to
detect the presence of oil slicks during the initial leaking stage of the
spill when Landsat imagery failed to detect slicks in September—De-
cember 2004. Moreover, MODIS imagery was used in the analysis of
short-term oil slick dynamics to enable more observations of the oil
slicks in a few consecutive days. In addition, MODIS and Visible In-
frared Imaging Radiometer Suite (VIIRS, 375 to 750m in spatial re-
solution) chlorophyll concentration maps were also used to identify the
river plume spreading in tandem with the detected oil slicks.

Finally, same day SAR imagery was used to cross-check with results
from optical imagery analysis. SAR/optical imagery groups within two
days were used with a numerical model and ocean color data to un-
derstand short-term dynamics of oil slicks near the MC-20 site.

TM, ETM +, OLI, and MSI Level-1 data were obtained from USGS/
EarthExplorer, and then processed to Rayleigh-corrected Reflectance
(Rc(\), dimensionless) using the ACOLITE software (version
V20161207.0). Red-Green-Blue composites were generated for visual
inspection for all four sensors: OLI (R: 655, G: 561, B: 483 nm), ETM +
(R: 661, G: 561, B: 479 nm), TM (R: 660, G: 571, B: 486 nm) and MSI (R:
664, G: 560, B: 497 nm). Sun glint strength of the Landsat imagery was
evaluated using sun glint coefficient (Lgy, in units of st~ 1), estimated
with the Cox and Munk (1954) model, wind speed, and solar and sa-
tellite geometry. Wind speed was retrieved from the Reanalysis-2 wind
speed product of the National Centers for Environmental Prediction
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(NCEP). Solar and satellite geometry of Landsat was calculated using
the “Landsat Angles Creation Tools” from USGS (https://landsat.usgs.
gov/solar-illumination-and-sensor-viewing-angle-coefficient-file).

MODIS (on both Terra and Aqua) Level-O data from September to
December 2004 and 7-9 May 2015 were obtained from NASA Goddard
Space Flight Center (GSFC) and processed to R,.(\) using the SeaWiFS
Data Analysis System (SeaDAS, version 7.3), and then resampled to
250 m spatial resolution using a sharpening scheme and mapped to an
equidistant cylindrical projection. RGB composites were generated
using the R,. bands(R: 645, G: 555, B: 459 nm). Chlorophyll-a con-
centration Level-2 data from MODIS Aqua and VIIRS in 5-10 May 2015
were obtained from NASA/GSFC, and mapped to an equidistant cy-
lindrical projection at 1 km spatial resolution.

SAR images used in this study were processed and analyzed as fol-
lows: First, a preliminarily inspection of the SAR imagery was used to
determine the overall ocean features. The texture of the image was
evaluated to determine the wind conditions (Garcia-Pineda et al.,
2008). When regions of very low wind speeds are present, ripple-free
water and biogenic films create irregular, radar-dark regions that are
difficult to distinguish from actual oil slicks. The SAR images used for
this study were acquired under optimal wind conditions and the oil
slick detected from the MC-20 site was clearly distinguishable. After
initial inspection, a Textural Classifier Neural Network Algorithm
(TCNNA) was applied to identify floating oil layers in a semi-supervised
operation (Garcia-Pineda et al., 2008). The TCNNA is conditioned on a
training set of SAR features of interest (i.e., floating oil) that previously
have been identified by an operator over the natural hydrocarbon seep
locations in the GoM (Garcia-Pineda et al., 2008, 2009). The final
output of the TCNNA algorithm is a polygon that delineates the area of
the slick. More details of the SAR processing can be found in Garcia-
Pineda et al. (2008, 2009, 2010).

As mentioned above, oil slicks show spatial contrast from nearby
water in optical remote sensing imagery because 1) oil has different
optical properties from water and 2) oil can change the surface
roughness, thus leading to redistribution of reflected light under sun
glint conditions. In this study, oil slicks were identified as follows: 1)
color stretched RGB images were visually inspected to detect spatial
anomalies; 2) R,. spectra from the anomalies were then diagnosed to
rule out oil look-alikes (Hu et al., 2015). More details on the oil iden-
tification can be found in Sun et al. (2015). Then, for statistical analysis,
the identified oil slicks were all counted for presence/absence in order
to estimate oil appearance frequency. In this analysis, only slicks that
follow the following rules were delineated and used in the areal sta-
tistical analysis: 1) slicks that originated from the MC-20 site and not
blocked by clouds, which were treated as major slicks here; 2) smaller
slicks near the major slicks. For example, in most cases, the major oil
slicks originated from the MC-20 site and extended to one direction of
the site (Fig. 2). In Fig. 2d, although the slicks indicated by the arrows
can be inferred to be parts of major slicks originated from the MC-20
site, those slicks were only counted for the analysis of presence/absence
frequency statistics; they were not delineated because an incomplete
slick would not fit the purpose of areal statistical analysis. As a result,
major slicks under cloud-free conditions (Fig. 2a and b), partially
blocked by small clouds (Fig. 2c), and small slicks detached from major
slick (Fig. 2b), were delineated manually using ArcMAP (version 10.3)
software. ETM + imagery suffers from scan line correction failure since
2003 (https://landsat.usgs.gov/landsat-7), causing line gaps (evenly

Table 2

Number of cloud-free (CF) images each year and the number of CF images in sun glint favorable period (April-September) in each year.
Year 2004 2005 2006 2007 2008 2009 2011 2012 2013 2014 2015 2016
# CF images 8 27 26 25 24 28 26 14 22 24 25 45
# CF images 2 12 15 17 12 16 14 10 14 16 14 26

APR-SEPT
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Fig. 2. Oil slicks captured by different sensors: a) OLI; b) ETM +; ¢) TM; d) MSIL. They all appear to have originated from the MC-20 site, with different orientations.
Delineated oil slick areas are annotated in (a)-(c). Oil slicks partially blocked by clouds, as shown in the example in (d), were not used for area estimates in this study.

distributed black lines in the left part of Fig. 2b) in all ETM+ scenes
since then. Fortunately, the MC-20 location is in the center of the image
(Fig. 2b), where the image is least affected by this scan line correction
off issue. When oil slicks extend long enough to reach these line gap
regions, delineated oil slick polygons on both sides of the missing data
line were manually re-connected if oil slicks were present on both sides,
as shown in Fig. 2b. The swaths of Landsat imagery and Sentinel-2 MSI
imagery are large enough to cover the slicks near the MC-20 site. Be-
cause only oil slicks originated from the MC-20 site were considered,
the impact of natural oil seeps was minimized in this study.
Simulated fields of surface currents were used to describe the ocean
circulation over the study region and compare it with the oil spreading
detected by the satellites. The simulation was based on the HYbrid
Coordinate Ocean Model (HYCOM; (https://hycom.org/), implemented
at a 1/50° (~1.8 km) resolution and 32 vertical levels over the GoM
(GoM-HYCOM 1/50; Le Hénaff and Kourafalou, 2016). Based on a
combination of various vertical coordinates (hybrid model), the
HYCOM model is particularly suitable for regional domains with com-
plex topography of wide shelves, steep slopes, and deep oceanic areas
such as the GoM (Bleck, 2002; Chassignet et al., 2006; Kourafalou et al.,
2009; Halliwell et al., 2009). The GoM-HYCOM 1/50 simulation em-
ployed here was forced at the surface by the NAVy Global Environ-
mental Model (NAVGEM, 1/2° resolution at 3 hourly frequency), and
benefited from realistic river representation. The simulated fields used
in this study are part of a long-term simulation that assimilates

144

observations (based on an Ensemble Optimal Interpolation scheme) and
provides publicly available daily forecast ocean fields of the GoM in a
weekly basis operated by the Coastal and Shelf Modeling Group (Uni-
versity of Miami/RSMAS; http://coastalmodeling.rsmas.miami.edu/).
GoM-HYCOM 1/50 uses daily river forcing for the 15 larger rivers in the
U.S. part of the domain, including around the Mississippi Delta, while
other rivers are represented with their monthly climatology. The river
discharge data were obtained through the U.S. Geological Survey
(https://www.usgs.gov/) and the Army Corps of Engineers. The high-
resolution (~1.8 km) of the model in combination with the use of the
updated river parameterization by Schiller and Kourafalou (2010), is
adequate to efficiently resolve mesoscale and coastal processes around
the Mississippi Delta (Le Hénaff and Kourafalou, 2016), where the oil
source is located. The river plume dynamics and the formation of the
accompanying strong density fronts, dominant over the region around
the Mississippi, have been found relevant to the evolution of the shape
and orientation of the oil patches during both short-term (a few hours
after their formation) and long-term (pathways over a few days and
fate) periods (Kourafalou and Androulidakis, 2013; Androulidakis
et al., 2018).
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Fig. 3. a) Same day SAR (COSMO-SkyMed-4 collected on 9/9/2011, UTC 11:46, with spatial resolution of 30 m; Dark grey area indicates the River Plume and light
grey area the clear sea water; Part of the slick tale was missing in the SAR image because of the image footprint limit) and ETM + (9/9/2011, UTC 16:20, left part of
the image and the entire slick captured by ETM + was displayed in(c) with delineated oil slick). Four images of oil slicks captured by optical and SAR imagery in two
consecutive days: b) SAR acquired by RADARSAT-2 (spatial resolution: 6 m) on 5/8/2015 UTC 23:53, with colored slicks representing those delineated from images
in (d)—(f) (legend shown in the bottom right corner); d) OLI on 5/7/2015 UTC 16:25; e) MODIS/Aqua on 5/7/2015 UTC 19:05; and f) MODIS/Terra on 5/8/2015
UTC 16:35. The arrows in (a) and (b) indicate simulated surface current fields, where the current velocity scale in (b) applies to both (a) and (b). The thick blue
arrows represent the mean wind direction, estimated between both images on panel a and between the last two images (16:35-23:53, 5/8/2015) in panel b. Wind
direction does not change much between 5/7/2015 and 5/8/2015, with a standard deviation of 12.6° over the two days.

3. Results
3.1. Short-term dynamics

Taking advantage of occasions when distinct remote sensing ob-
servations of the oil slicks are available a few hours apart or over a few
consecutive days, here we analyze the short-term dynamics of oil slicks,
together with the wind conditions and the simulated current fields over
the MC-20 region. Fig. 3a shows two images of the same slick, captured
~4.5h apart by SAR and ETM+ on September 9, 2011. The slick on
both images generally followed the modeled current directions. On
Fig. 3a, the darker area represents the river plume area, while the
lightest grey area is characterized by clear ocean waters; the simulated
currents inside the plume follow the direction of the downstream river
current (southwestward), while the currents over the open ocean were
northwestward. The oil pathway in both satellite images is aligned with
the river front, in agreement with observational findings by
Androulidakis et al. (2018). The southern part of the slick (indicated by
the yellow arrow in Fig. 3a) was observed to move ~5km to the
southwest during this time period. The modeled average current field
(~0.1-0.3 m/s in a southwestward direction, Fig. 3a) alone cannot fully
explain the movement. The wind, which had almost the same direction
as the current, must have also contributed to the southwestward
movement of the slick. With wind and current in different directions,
the group of images during 7-8 May 2015 in Fig. 3b displayed the
dominance of current and wind on slick movement at different periods.
The oil slick was first captured by OLI to the southwest (7 May 2017
16:25; Fig. 3d). Over time it wandered north and south, as observed by

MODIS Aqua (7 May 2017 19:05; Fig. 3e), and Terra (8 May 2017
16:35; Fig. 3f), before heading northwest (8 May 2017 23:53; Fig. 3b
blue highlighted). The modeled currents were mostly westward in May
7, with current direction agreeing well with the westward slicks. Cur-
rent directions near the MC-20 site shows little change between May 7
and May 9, while the simulated currents field does indicate drastic
decrease of magnitude in the site region (0.89 m/s at 18:00 May 7 to
0.39m/s at 0:00 May 9). Both wind speed and direction showed little
changes over the two days. However, the wind direction agreed well
with the northward slick observed at 23:53 on May 8 (Fig. 3b), in-
dicating apparent wind shift affecting the slick. Obviously, there is a
shift, from surface currents to winds, of the driver of the displacement
of the oil slicks between May 7 and May 9.

This shift of dominant forces is further revealed in sequential
chlorophyll-a concentration from VIIRS and MODIS between 7-10 May
2015 (Fig. 4), which indicates an onshore shift of the river plume. On
May 7 and 8, the river plume encompassed the MC-20 site (Fig. 4a and
b). On May 9, the MC-20 site was on the outer edge south of the major
plume region (Fig. 4c). This plume shift was further confirmed by the
chlorophyll-a image on May 10 (Fig. 4d). The northward shift of the
river front allowed the onshore propagation of the oil toward the Delta,
visible on May 9 (Fig. 4c¢), in contrast to the previous days, when the
front was over the oil source, leading the oil directly westward. How-
ever, even when shifted northward, the oil eventually reached a strong
river-induced front and was directed westward along the downstream
current in agreement with the observational study at the MC-20 site by
Androulidakis et al. (2018). The evolution of the river plume de-
termined the hydrocarbon pathways and can keep the oil away from the
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Fig. 4. Chlorophyll-a concentration in the Mississippi River Delta indicates river plume between 5/7/2015 and 5/10/2015. Oil slicks detected on 19:05 5/7/2015,
16:35 5/8/2015 and 23:53 5/8/2015 are added to (a), (b) and (c), respectively.

Delta, especially in cases where the outer river front is located north of
the MC-20 site (Androulidakis et al., 2018); similar interactions were
discussed for hydrocarbons released at the Macondo well during the
DWH incident (Kourafalou and Androulidakis, 2013). Downwelling-
favorable (i.e., southeasterly) winds may determine the location of the
river front and then push the surface oil toward the front, where it can
be trapped and then follow the prevailing upstream (northeastward) or
downstream (westward) river current, as demonstrated in Fig. 4c.

3.2. Statistical analysis from 2004 to 2016

Observations from ETM+ in September-December 2004 (Fig. 5a)
did not reveal any oil slicks, while < 50% of the cloud-free images in
2015 showed slicks. This percentage increased through 2007 (79%) and
fluctuated from 2008 to 2011 (ranging from 57% to 93%). Since 2012,
however, the percentage was relatively stable between 71 and 100%.
Similar results were found from TM, OLI and MSI observations in the

same period: 0% in 2004, < 50% in 2005, 89% in 2006 and relatively
stable since 2012 (> 90%) (Fig. 5b). Differences between ETM + and
other sensors also exist: 53% of the cloud-free ETM + images in 2006
showed oil slicks while this percentage was as 89% for TM images in the
same year; in 2008, 2009, 2011, the ratio of oil-presence to cloud-free
images was 75%, 93% and 57% for ETM +, respectively, and was 67%,
64% and 83% for TM, respectively. Combining all sensors together, the
ratio of oil-presence images to cloud-free images was 0% in 2004,
~40% in 2005, ~70% in 2006-2011 and > 80% since 2012 (most of
the years showed > 90%, Table 3). Fig. 5¢ shows delineated slick areas
from individual images from all sensors. For oil-presence images, the
slick area ranged from 0.06 to 394 km?, with an average oil coverage
area of 19.0km? and a median area of 7.6 km? after excluding those
extremely large oil slicks (> mean + 2« standard-deviation). For all
cloud-free images combined, the average oil coverage area was esti-
mated to be 14.9 km?/image between 2005 and 2016 (with 2010 ex-
cluded). From the size of delineated oil slicks, no clear trend has been
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Fig. 5. Number of cloud-free images (vertical bars) and number of oil-presence images (lines) around the MC-20 site between 2004 and 2016 captured by a) ETM +
and b) TM, OLI, and MSL. ¢) Oil slick area from individual images of all sensors; The average and median area of slicks presented in the graph are for oil-presence
images only, after excluding those extremely large oil slicks (> mean + 2 « standard-deviation).
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Table 3
Percentage ratio of oil presence images to all cloud-free images (including those without sun glint) combining observations from all four sensors.
Year 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
% 0 44 65 76 71 79 - 69 93 82 96 100 91
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Fig. 6. Oil appearance frequency from all cloud-free images (including those without sun glint) in 2005-2016, which shows a cumulative area of 1888 km? near the
MC-20 site. The appearance frequency ranges from 0.5% to 27% in this cumulative footprint map.

observed from 2005 to 2016. However, there is an obvious seasonal
cycle: most of the large slicks (> 19 km?) were detected between April
and September each year (Fig. 5¢).

From all delineated oil slicks from 2005 through 2016, the cumu-
lative oil footprint shown in Fig. 6 indicates that an area of ~1900 km>
over the regions surrounding the Mississippi Delta has been con-
taminated by oil originated near the MC-20 site. Statistical results
shows that 98% of the above polluted areas had oil pollution only oc-
casionally (< 5% of cloud-free observations) while the more frequently
oil polluted regions (> 20% of the cloud free observations) had an area
of 0.17 km? surrounding the MC-20 site. Although the average oil slick
size is 14.9 km?/image, because slicks are mostly narrow, elongated
lines around the MC-20 site, only 0.17 km? around the site was covered
by oil > 20% of the time. Indeed, this oil appearance frequency map
(Fig. 6) is composed largely (> 50%) by oil slick size < 10km? per
image (Fig. 7a), while occasionally (8.6%) by oil slick size > 90 km?
per image (Fig. 7a). This slick size frequency explains the more frequent
coverage near the MC-20 site but lower frequent coverage away from
the site.

The region with high-frequency oil presence (yellow to red in Fig. 6)
displays a northeast-southwest pattern around the MC-20 site, which
agrees well with the circulation patterns of the Mississippi River plume:
an anticyclonic bulge around the Delta (where most oil has con-
centrated), with influence from the downstream westward current,
and/or the northeastward upstream current (Schiller et al., 2011; Zhang
et al., 2012; Androulidakis et al., 2015, 2018). The prevailing wind
corresponding to all oil-presence images in Fig. 6, however, is to the
west and northwest (Fig. 7b). This dominantly northeast-southwest oil
coverage pattern suggests that the most frequent slick spreading

orientation is more likely dominated by the river plume induced cur-
rents (e.g. Fig. 3a, c—f) rather than directed by the winds. However,
slicks derived from sequential images between May 7 and 8 in Fig. 3b
indicate that wind can play a major role in the slick spreading near the
MC-20 site when river front is located north of the MC-20 and the
current is weak. Overall, the distribution of observed northeastward
and westward oil slicks agrees well with the downstream westward
current and northeastward upstream current of the Mississippi River
plume, and the southeast extensions of the oil slicks are likely to be
dominated by wind forces (Le Hénaff et al., 2012) or the offshore river
plume extensions into the GoM which often occur due to regional ocean
dynamics effects, such as the Loop Current and its frontal eddies (Liu
et al., 2013; Androulidakis et al., 2018).

3.3. Imagery cross check

Landsat sensors' (TM with ETM +, ETM + with OLI) image sensing
time is offset in 8 days, thus there are no concurrent (i.e., same-day)
measurements of the same location from these Landsat sensors. MSI,
however, may sometimes sense the same location with OLI/ETM + in
the same day. For example, Fig. 8a and b show oil slicks captured on the
same day by OLI and MSI, with a time difference of 15 min. The derived
shape, location, distribution and area of oil slicks (38.7km? vs
39.1 km?) agree well between each other. Fig. 8c and d show the same
day ETM+ and SAR imagery over the same location with a time dif-
ference of 7.4 h. The detected oil slicks by both sensors, although both
extending to the west, display large differences in location, slick shape
and distribution. The derived slick areas are 5.6 km? from SAR while
8.1 km? from ETM +. Table 4 summarizes all the same-day image pairs
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Fig. 7. (a) Area frequency of all delineated oil slicks per image, which include all slicks here contributing to the cumulative oil footprint map in 2005-2016 shown in
Fig. 6. (b) Statistics of wind speeds and directions near the MC-20 site at the time of the same delineated slicks. Here the angular axis refers to the direction to which

the wind is blowing, and the radial axis refers to the wind speed frequency of particular wind speed range. From the wind rose plot, dominant wind directions are to
the west and northwest, and wind speeds are mostly 2-8 m/s for the delineated slicks.

that captured oil slicks over the MC-20 locations with time difference of There are also slicks for which the area drastically changed after 4.6 h,
8h or less. The SAR/ETM + image pair on 9 Sept. 2011 have slick shape like the SAR/OLI image pair on 18 Jan. 2016. As described in Section
and orientation close to each other, though wider slick close to the MC- 3.1, the short term dynamics of oil slicks can be affected by both wind
20 site has been observed in the ETM+ image after 4.5h (Fig. 3a), and current conditions, and are strongly influenced by the Mississippi
which is reflected in the slick area change (8.6 km? in SAR vs 16.5 km? River plume dynamics. Here we use an Unbiased Mean Relative Error
in ETM +) from the MC-20 site to the yellow arrow location in Fig. 3a. (UMRE) to estimate the relative error the delineated slick area in
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Fig. 8. Examples of oil slick size estimation using same-day image pairs captured by (a) OLI with (b) MSI, and (c) ETM + with (d) SAR from Radarsat-2.
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Table 4

Same-day image pairs between optical sensors and optical/SAR sensors over the
MC-20 area. SAR1 is from COSMO-SkyMed-4 with spatial resolution of 30 m,
SAR2 from Radarsat-2 with spatial resolution of 6 m, and SAR3 from Sentinel-
1A with spatial resolution of 10 m. Note that in the 9/9/2011 image pair, area
of the slick part from the MC-20 site to the yellow arrow location in Fig. 3a that
captured by both the SAR and ETM + images was compared in the table.

Sensor 1 Date Time Area Sensor 2 Date Time Area
(km?) (km?)

SAR1 9/9/ 11:46 8.6 ETM + 9/9/ 16:20 16.5
2011 2011

SAR2 3/28/ 23:49 5.6 ETM + 3/28/ 16:25 8.1
2015 2015

MSI 12/25/ 16:41 3.7 ETM+ 12/25/ 16:27 2.2
2015 2015

SAR3 1/18/ 11:49 1.2 OLI 1/18/ 16:26 6.9
2016 2016

MSI 4/23/ 16:41 39.1 OLI 4/23/ 16:26 38.7
2016 2016

MSI 9/30/ 16:46 4.9 OLI 9/30/ 16:26 6.0
2016 2016

Table 4, as either of the areas from the two datasets may contain un-
certainties:

n

UMRE:lZ

n i=1

Xi — Y
0.5x; + 0.5y,

@

where x;, y; are the areas of the delineated oil slicks from the two
images of the image pair, respectively. The calculated area UMRE is
52.3%, which represents the relative difference of oil slick area caused
by oil interpretation uncertainties (i.e., interpretation difference be-
tween different sensors) and slick short-term dynamics by the current/
wind (as shown in Section 3.1). Because the imaging time as well as
observation geometry vary largely among different sensors, these re-
sults from the same-day image pairs represent the best estimates of the
relative error in oil slick area.

4. Discussions
4.1. Uncertainties

The accuracy of slick size detection through optical imagery relies
on sun glint strength. The MSI/OLI pairs on 23 Apr. 2016 and 30 Sept.
2016 agree well in slick distribution and slick areas because all images
contain strong sun glint. On the other hand, the slick area detected by
ETM+ on 25 Dec. 2015 is significantly lower than the slick area de-
tected by MSI on the same day, partly because of the very low sun glint
strength of the two images (< 10 >sr™ ') and partly because of the
lower signal-to-noise ratio of ETM+ compared to MSI. Those oil fea-
tures not captured by the ETM + image are thin oil, which displays little
contrast under very weak sun glint conditions. Therefore, only when
sun glint is strong enough can the detection be regarded as accurate.
The sun glint strength (Lgy) of all cloud-free optical images was esti-
mated and partitioned into two groups for images with and without oil
detected. The median value of Lgy for the first group (1.6 x 10~ 3sr™1)
was found to be about two orders of magnitude higher than for the
second group (2.2 x 10~ °sr~1). The images of the first group were
mainly from April to September where sun glint strength is higher than
in October through March, when most images of the second group were
collected. Similarly, images collected between April and September
contributed to only 15% of the oil-absence images, but they contributed
to 70% of the oil-presence images. Such a seasonality can also be vi-
sualized clearly in the slick area plot in Fig. 5c, with average delineated
slick area per image to be 23.8 km? from April to September (from 107
oil presence images), but 8.4 km? from October to March (from 49 oil
presence images). Since there is no reason, to our knowledge, why the
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oil discharge should change seasonally, we can only assume this is most
likely due to the seasonality of sun glint strength. For this reason, the oil
presence and footprint estimates are likely biased low.

It is interesting to see that none of the 2004 images between
September and December showed oil slicks, possibly due to the same
reason as above: most images collected during this period did not show
significant sun glint. Indeed, a cloud-free MODIS/Terra image on 28
September 2004 did show oil slicks around the MC-20 site because
MODIS could provide much more frequent observations than those
medium- to high-resolution sensors. Nevertheless, the many available
medium- to high-resolution images from multiple sensors since 2005
should lead to statistically meaningful results even though there may
exist systematic biases due to seasonality in oil slick detection, which
suggests that the inter-annual changes and long-term trend should be
realistic.

4.2. Oil discharge volume

Airborne measurements and cruise surveys reported crude oil fea-
tured slicks near the MC-20 site, ranging from oil sheens to oil emul-
sions as thick as 1-2mm (BSEE, 2017; Garcia-Pineda, 2016; Herbst
et al., 2016; Jones and Holt, 2018). In optical remote sensing imagery,
oil emulsions show elevated reflectance in the NIR-SWIR wavelengths
(Clark et al., 2010; Sun et al., 2018). The reflectance contrast (relative
to water) of the delineated oil slick at ~1600 nm (1609 nm for OLI and
1614 nm for MSI) was inspected, yet no oil emulsions were found in any
cloud-free images used in this study (Table 1). This does not suggest
that oil emulsions did not occur; an oil emulsion patch could be too
small to be captured by the relatively large pixels (30 x 30 m? for OLI
and 20 x 20 m? for MSI SWIR bands). On the other hand, even if the
size of the thick emulsion is much smaller than a pixel size, (i.e.,
30 x 30m? for OLI), the oil slick (including both thin oil and thick
emulsion) can still be larger than a pixel. A rule of thumb has been used
in the past, in which thick oil occupies only 10% of the oil slick area,
while 90% of the area is composed of thin oil sheens (NOAA, 2016). A
recent study from the DWH oil spill (Sun et al., 2016) showed that thick
oil (> 200 um) occupied only 5% of the total area covered by thicker
than sheen oil slicks. Statistical analysis of the delineated slicks from
the present study shows that 92% of the slicks have an area > 1 km?
(Fig. 5¢), which corresponds to > 1100 Landsat pixels (30 X 30 m?).
Moreover, same-day image pair of OLI (30 m resolution) and MSI (10 m
resolution) images (time difference of 15min, Fig. 8a and b) do not
show large differences in the delineated oil slick area. Based on the
analysis above, we are confident that the 30-m spatial resolution used
here is sufficient for oil slick detection in the MC-20 region.

The question then becomes whether the oil discharge volume can be
estimated from these observations. Here we attempted this challenge
using field measurements and empirical values published in the lit-
erature. Specifically: 1) Various oil thicknesses have been reported from
cruise surveys, ranging from rainbow sheens, to dark fresh oil, and thick
emulsions (Herbst et al., 2016; Garcia-Pineda, 2016). Several oil
thickness-color codes have been developed to visually estimate oil
thicknesses based on oil's color appearance, including the Bonn
Agreement Oil Appearance Code (2017) and American Society of Test
Materials (ASTM F2534-17, 2017) code. The ASTM code is widely used
as a guide in oil spill responses, providing information criteria for es-
timating oil thicknesses using visual clues, but the ASTM guide is only
applicable to thin sheens up to about 3 um (see ASTM F2534-17, 2017).
In this study, we used the oil thickness table from the Bonn Agreement
(2017) and NOAA (2016), which distinguishes thick and thin oil in
appearance and gives thickness ranges for both thick and thin oil. The
Bonn Agreement code has been widely used in recent studies (Leifer
et al., 2012; Jones and Holt, 2018; Svejkovsky et al., 2016) and in in-
dustrial oil spill responses (IPIECA-IOGP, 2015). NOAA (2016) has
adapted the Bonn Agreement (2017) code with slight differences in oil
“Sheens” category, now corresponding to oil thicknesses up to 5 pm. In
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Table 5
Input parameters to Eq. (2) and the calculated daily oil discharge rate.
Area Sheens- Metallic- Residence- Vg4 Vq (US
(km?/  thickness  thickness  time (m®/  barrels/
day) (um) (um) (hours) day)  day)
Lower Bound 7.1 0.04 5 6.4 7.7 48
Upper Bound 22.7 5 50 14.4 2741 1724

this study, we adopt the thickness ranges from NOAA (2016) category
of “Sheens” for thin oil and “Metallic” for thick oil. “Sheens” is in the
range of 0.04-5um with grey/silver to rainbow-appearance while
thicker than sheens “Metallic” oil (reflect the color of the sky but with
some element of oil color) is in the range of 5-50 um (NOAA, 2016). 2)
A ratio of thick to thin oil of 5:95 from a previous study on the DWH oil
spill (Sun et al., 2016) was adopted for thickness estimation in this
study; 3) From a hindcast model based on various wind and current
conditions over the natural hydrocarbon seeps around the Green
Canyon 600 lease block in the northern GoM, average slick surface
residence-time was estimated to be 6.4h while slicks of > 10km in
length had an average surface residence-time of 14.4 h (Daneshgar Asl
et al., 2017). The two residence times here were assumed to be ap-
plicable to oil slicks around the MC-20 site on the lower and upper
bounds of the average oil footprint size per day: 14.9 (1 * 0.523)
km?, where the relative uncertainty term in the parenthesis came from
the same-day cross-check between image pairs. Then, assuming dy-
namic balance and continuous oil release, the daily oil discharge rate
(V) was estimated as:

Vi = Area X (5% X Metallic — Thickness + 95% X Sheen—Thickness)

X 24 h/(Residence—Time — in—hours) 2

The inputs to Eq. (2) are listed in Table 5. After converting to US
barrels, the calculated average V4 is in the range of 48-1724 barrels/
day. Given the factors impacting the oil detection accuracy (due to lack
of strong sun glint half of the year), this range is likely to be biased low.
The same can be said for the cumulative oil footprint and average oil
slick size. Therefore, the average daily oil discharge ranging from 48 to
~1700 US barrels per day represents a conservative estimate if all as-
sumptions used in the calculation are reasonable.

5. Conclusions

Using optical remote sensing imagery from Landsat TM, ETM +, OLI
and Sentinel-2A MSI, oil slicks around the MC-20 well site in the
northern Gulf of Mexico were objectively assessed for the first time after
the hurricane-induced damage of the oil platform and wells in
September 2004. The results show that the percentage of cloud-free
images containing oil slicks around the MC-20 site has increased from
~40% in 2005, ~ 70% in 2006-2011, to > 80% since 2012, suggesting
an increase in oil discharge in recent years. From 2005 to 2016, about
14.9 km? of the area surrounding the MC-20 site is covered by oil on an
average day, with a cumulative oil footprint of ~1900 km? and an es-
timated daily discharge volume ranging from 48 to ~1700 barrels.

Having observations in the same day (or a few consecutive days
from different sensors) improves the understanding of oil slick move-
ment over short temporal periods, especially in this region influenced
by a large river plume. For the most part, oil slick distribution agrees
well with circulation patterns that are largely controlled by the
Mississippi River plume, but can also be affected by direct wind forcing.
The locations of the river induced fronts with respect to the oil source
also contribute to both onshore propagation and longer-term pathways
of the hydrocarbons. Moreover, wind forces may dominate the oil
spreading process when the Mississippi River plume does not en-
compass the MC-20 site.
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