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a b s t r a c t

Oil spills can result in changes in chemical contaminant concentrations along coastlines. When con-
centrations are measured along the Gulf of Mexico over time, this information can be used to evaluate oil
spill shoreline exposure dates. The objective of this research was to identify more accurate oil exposure
dates based on oil spill chemical concentrations changes (CCC) within sediments in coastal zones after oil
spills. The results could be used to help improve oil transport models and to improve estimates of oil
landings within the nearshore. The CCC method was based on separating the target coastal zone into
segments and then documenting the timing of large increases in concentration for specific oil spill
chemicals (OSCs) within each segment. The dataset from the Deepwater Horizon (DWH) oil spill was
used to illustrate the application of the method. Some differences in exposure dates were observed
between the CCC method and between oil spill trajectories. Differences may have been caused by mixing
at the freshwater and sea water interface, nearshore circulation features, and the possible influence of
submerged oil that is unaccounted for by oil spill trajectories. Overall, this research highlights the benefit
of using an integrated approach to confirm the timing of shoreline exposure.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

On April 20, 2010, an explosion on the Deepwater Horizon
(DWH) drilling platform (28.74�N, 88.37�W) led to an 87-day
continuous and uncontrolled leak of the Macondo oil well,
located approximately 65 km southeast from the nearest point on
the Mississippi River Delta (Kujawinski et al., 2011, Freudenburg
and Gramling, 2011; Black et al., 2016). The closest inhabited
coastlines were along the Mississippi-Alabama-Florida and
Louisiana-Texas shelf areas (Michel et al., 2013). The oil was visible
on the sea surface on April 22, 2010 and the leak stopped after a
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capping stack was installed on the well July 15, 2010. The total oil
released from the DWH leak was 4.4*106±20% barrels (about
700,000 m3) (McNutt et al., 2012). The majority of the transport
was towards the coastlines in the general northern direction
coupled with longshore currents (Liu et al., 2013; €Ozg€okmen et al.,
2016). The strongest tendency for southward oil transport was
observed during the third week of May 2010, when oil was rapidly
entrained in a loop current frontal eddy, forming a 325 km “tiger
tail” pattern, shown in Fig. 2b (Smith et al., 2014; Walker et al.,
2011). This southward advection was interrupted by northward
winds (Le H�enaff et al., 2012), further obstructed by loop current
transformations following the formation of an eddy named
Franklin in late May (Hamilton et al., 2011).

Understanding oil exposure dates is important for cleanup ef-
forts (Al-Majed et al., 2012), for mitigating damage to ecologically
sensitive areas (Bae et al., 2018) and for issuing public health ad-
visories (McCready and Williams, 2011). During cleanup efforts to
facilitate rapid response, equipment and personnel are deployed to
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areas where impacts are forecasted. Accurate exposure dates are
needed to deploy measures aimed at protecting sensitive habitats
and minimizing ecosystem losses. Beach areas impacted by oil spill
chemicals are usually closed shortly before oil exposure dates due
to potential concerns of health impacts from contact with oil. This
work is motivated by the need for accurate nearshore forecasts
which play an important role in oil spill response efforts and for
reducing impacts to sensitive habitats and human health.

The current study was facilitated by the extensive data collected
during the DWH oil spill. Oil spill forecast and exposure data
included oil spill trajectories based upon an oil transport model as
run by the National Oceanographic and Atmospheric Administra-
tion (NOAA) Office of Response and Restoration (OR&R) and remote
sensing imagery archived by the Environmental Response Man-
agement Application-Gulf of Mexico (ERMA). Four days after the
DWH explosion NOAAOR&R initiated an oil spill transport model to
guide response operations. The oil spill transport model underlying
these predictions was the General NOAAOil Modeling Environment
(GNOME) model (Beegle-Krause, 1999, 2001). GNOME is an inter-
active environmental simulation system based on following oil
particles called Lagrangian elements. It was designed for the rapid
modeling of pollutant trajectories in the marine environment.

In addition to trajectories from the GNOME model, satellite
remote sensing, which is another key technology used for detecting
and quantifying oil spills (Ganta et al., 2012; Garcia-Pineda et al.,
2009, 2013; Leifer et al., 2012), was used during the DWH oil spill to
track the location of the oil. As part of this effort, three days after
the DWH explosion CSTARS at University of Miami started to
Fig. 1. Oil trajectory and beached oil simulated by the GNOME o
acquire Synthetic Aperture Radar (SAR) passes for the GoM. During
the active oil spill (from April to August), an extensive array of
space-borne and aerial sensors was utilized in assessing the daily
evolution of the spill.

In earlier studies, oil spill models and remote sensing images
were the most commonmethod used to study oil spill impact areas
(Price et al., 2006; €Ozg€okmen et al., 2014; Berta et al., 2015; Xu et al.,
2016). However, this current study provides an additional method
based on the chemical concentration change in sediment samples.
The objective of the current research was to use changes in oil spill
chemical concentrations in coastal zones to estimate the timing of
oil exposure, including the earliest exposure date along the coast-
line. Results were compared with the output from the NOAA OR&R
GNOME oil spill model and with remote sensing imagery available
through ERMA. Other readily available oceanographic information
including drifter data and ocean color maps were used to explain
differences between the different methods.
2. Methods

This research focused on evaluating a newmethod based on the
timing of OSC concentration changes in sediment samples collected
along the coast during an active oil spill. We refer to this method as
the computation of changes in concentration (CCC) method. The
focus was on evaluating nearshore sediment data because chemical
concentrations are not as transient as in water and concentrations
tend to remain at detectable levels once impacted for longer pe-
riods after landfall. The CCC method requires comparison of
il transport model for 24 April, 16 May, 6 June and 10 July.
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chemical concentrations over periods of many days and so the
continuity of the landfall signal was important for this method. The
CCC method was then compared to oil spill trajectories as depicted
by shoreline beaching and the oil impact zones generated through
the GNOME model and as depicted by remote sensing imagery
using SAR (Cheng et al., 2011).

To compare these methods, the focus area must be defined first.
The area is to include the locations where the samples were
collected, and the extent of the oil spill trajectories, as depicted
from the GNOME oil transport model and from the SAR remote
sensing images. Among the sample locations and trajectories, the
sample locations had the widest range and so this range was used
to define the spatial extent of the analysis, which corresponded to a
latitude range of 1.5� (166.5 km) and a longitude sampling range of
about 17.1� (1700.76 km). The longitude sampling range was one
order of magnitude larger compared with the latitude range.
Because of the large horizontal expanse of the sampling area, we
chose to convert the 2-dimensional problem into a 1-dimensional
problem by neglecting the latitude change. Thus, the longitude was
used to assign a sampling point to a particular segment. Consid-
ering the density of the sampling points, the area where the largest
density of data points was taken, from longitude �97 to �83, was
split into 20 segments, where each segment length was 49.6 km
(0.5�).

2.1. Trajectories and beached oil data from an oil transport model

The trajectories from the GNOME model provided two pieces of
information, oil exposure zones and beached oil locations. The
GNOME oil exposure zones (Fig. 1) include a dark blue region
indicating heavy oil, a regular blue region indicating medium oil, a
Fig. 2. Oil footprint interpreted from SAR remote sensin
light blue region indicating light oil, and thewhite region indicating
the uncertainty area. The uncertainty zone produced during
response efforts corresponded to a combined output. This com-
bined output was generated by applying GNOME using the results
from several different hydrodynamic models, each utilizing wind
and current data available from multiple sources. Each day during
the spill, oil exposure zones were predicted using prior day’s sat-
ellite imagery and daily predictions from the several available hy-
drodynamic models (Beegle-Krause, 2003). The intersection of the
uncertainty zone with land was considered in the current study to
represent the best estimate of the date of landfall from the oil
exposure zones. The GNOME beaching algorithm checked whether
the Lagranian elements between the prior simulated point location
and the new point location encountered land. The exposure for a
particular simulation date was then set (and shown by a red cross,
see Fig. 1) if land was encountered. Oil trajectories showing expo-
sure zones and beached oil from GNOME were available daily be-
tween 24 April to 31 July. The GNOME results for initial exposure
dates were then compared to the results from the CCC method.

Oil footprints obtained from the GNOME oil transport model
illustrate the evolution of the spill on a daily basis (Fig. 1). The first
image (Fig. 1a) corresponds to 24 April, which is 4 days after the oil
spill started. The oil leaked from the wellhead and was transported
to the north. The second image (Fig. 1b) corresponds to 16 May,
which is 26 days after the oil spill started. The oil continued leaking
from the wellhead and covered a wider range. Most of the oil was
transported to the east. Only a small amount of oil was transported
to the west. Also, in this image the sites of landfall as predicted by
the beaching algorithm are seen as bright red “X” symbols. The
third image (Fig. 1c) corresponds to 6 June, which is 47 days after
the oil spill. Most of the oil continued to move towards the east
g images for 24 April, 16 May, 6 June and 10 July.



Fig. 3. Number of days after the oil spill (April 20, 2010) that the segment was exposed to oil based on the CCC method for the time period from April 20, 2010 to July 31, 2010 (panel
a) and from April 20, 2010 to August 31, 2010 (panel b), remote sensing images (panel c) and oil spill transport model (panel d). The yellow bars in each panel indicate that the first
oil exposure date for each segment and the purple rhombus surrounded by a circle shows the location of the wellhead. For panel a and b, the black solid line at the top of the panel
means the end date of that group of data. The dashed lines with different colors indicate the date that tropical cyclones impacted the Gulf of Mexico. The paths of the cyclones are
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Mobile Bay regions, with beaching predicted for the Mississippi
delta and the eastern Alabama barrier islands. The west Mobile Bay
regions were not exposed to the oil, according to the beached oil
algorithm in GNOME. The fourth image (Fig. 1d) corresponds to 10
July, which is 81 days after the oil spill. At this time, the oil had
started movement towards the west of GoM with beaching pre-
dicted in the Mississippi area, the west Mobile Bay regions and
western tip of Florida.
2.2. Trajectories from remote sensing images

The remote sensing images of the oil footprint were down-
loaded from the ERMA (Environmental Response Management
Application-Gulf of Mexico) website. These images were from
Synthetic Aperture Radar (SAR) and interpreted with Textural
Classifier Neural Network Algorithm (TCNNA). Similar to the output
from the GNOME oil transport model, the oil footprints were
evaluated in terms of the possible exposure of oil along the coast.
For satellite data oil footprint data was available for a longer period
of time, daily between 24 April to 10 August. Similar to the GNOME
model results, a segment was regarded as exposed on the date the
oil footprint overlapped the coast for that segment and these dates
were then compared to the dates determined from the GNOME oil
transport model and CCC method.

In Fig. 2, there are four images showing the oil footprint inter-
preted from remote sensing images, the dates of the images coin-
ciding with those of Fig. 1. Similar to the GNOME oil transport
results, the first image corresponding to 24 April (Fig. 2a), shows
that the oil was transported to the north. The second image
(Fig. 2b), corresponding to 16 May, shows the oil covering a wider
range. Most of the oil was transported to the east in a similar
fashion as predicted by GNOME. But in this case, more detail is
available showing that the oil was entrained in the Loop Current
frontal eddy, forming the distinctive “tiger tail” pattern. This
observation was unique to the remote sensing observations. The
third image (Fig. 2c) corresponds to 6 June. This datewas chosen for
illustration because it shows only a small amount of oil (in seg-
ments [-86, �85]), which indicates that the remote sensing image
was not able to interpret the entire region on this day, especially
given the comparative information from Fig. 1c corresponding to
the GNOME results. It is highly likely that more oil was present in
the region, but the remote sensing system was not able to capture
the full extent of the oil spill on this day perhaps due to satellite
paths and wave conditions. The fourth image (Fig. 2d) corresponds
to 10 July, which is 81 days after the oil spill. The oil appears to have
been transported towards the west at that time with significant
detail in terms of the distribution of the oil in small strands and
patches, a pattern that is distinctly different than the output from
the GNOME oil transport model.
2.3. Computation of changes in OSC concentration data (CCC)

2.3.1. OSC concentration data set
Two large datasets were consolidated for the CCC analysis. These

datasets are referred to as the U.S. Environmental Protection
Agency (EPA) dataset and the Gulf of Mexico Research Initiative
shown in green (Tropical Storm Bonnie) and blue (Tropical Depression Five) in panels a and b. The error bars for each segment show the confidence range of the exposure dates for
each segment. The number above the bar corresponds to the number of chemicals that were used to estimate the exposure date. For reference red lines across the coastline
correspond to beach areas. The yellow bars in panel d indicate the result based on beached oil data and the blue dash lines indicates the result based on exposure zone trajectories
from oil transport model. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
Information and Data Cooperative (GRIIDC) British Petroleum (BP)
dataset. The EPA dataset contained 42,290 different measurements,
with 14,433 measurements for sediment. Of the 14,433 measure-
ments 2,032 were above the detection limits. This dataset mainly
focused on the early exposure stages of the DWH oil spill, with
sediment sampling dates ranging from April 30, 2010 to September
30, 2010. The GRIIDC-BP dataset contained merged data spanning
April 29, 2010 to December 9, 2012 from 18 different named
studies, and additional unnamed studies (See Tables Se1 in the
supplement for details). This data set mainly focused on the late
phases of the DWH oil spill. The total number of measurements in
the GRIIDC-BP dataset was 794,543. The sediment data accounted
for the majority (68%) of the dataset. Of the 540,659 measurements
for sediments, about 65.7% were at or above detection limits,
resulting in 355,213 data points for sediments above detection
limits. In grand total, considering both the EPA and GRIIDC-BP
datasets, a total of 357,245 data points were above detection
limits for sediments.

This study focused on two data periods which showed distinct
oil exposures to the coastline. The first period, April 20, 2010 to July
31, 2010 (period 1), corresponded primarily during the active spill
period which continued through 15 July when the wellhead was
capped. One tropical cyclone impacted the region towards the end
of this period (Crone and Tolstoy, 2010; Curcic et al., 2016). During
the following month, August, there was another major tropical
cyclone after which additional oil exposures to the coastline were
observed. To capture these cyclone-related effects, a second period
of data analysis (period 2) was identified as 20 April to 31 August. In
addition to the analysis periods and the�97 to�83 spatial extent of
the focus area, data points were further constrained by the fact that
specific chemicals were to have been measured multiple times
during the analysis periods. Given these constraints, a total of
42,428 and 46,748 different measurements were available for
analysis for period 1 and for period 2, respectively. The large
decrease in number of measurements was due to the majority of
GRIIDC-BP measurements after the target periods for this study.
Although the EPA and GRIIDC-BP combined dataset included con-
centrations values for 293 different chemicals, this study utilized
data for a subset of the chemicals (164) which met the time, spatial
and multiple measures constraints. A list of the 164 chemicals is
provided in Tables Se3 in the supplemental text.
2.3.2. CCC method description
By comparing the concentrations of one particular chemical

between two consecutive sampling dates, the increase in concen-
tration can be computed. The change in concentration was there-
fore used to indicate whether the coastal regionwas exposed to oil.
A large increase indicated that the chemical impacted the region
between the two sampling dates.

For each chemical for each day, the arithmetic mean of the
sampling data within each segment was used as the concentration
for the chemical in that segment. The second step was to calculate
the increase, r, by the following equation: r ¼ C2�C1

C1
*100% where C1

was the concentration for the first date, date1, which can be
considered the background concentration. C2 was the concentra-
tion for the second date, date2, which is considered the concen-
tration after the chemical impacted the region. The oil exposure
date was between the first sampling date and the second sampling
date. In this research, an increase by 100% (or a doubling of the
concentration) was used as the threshold to identify an exposure.
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After trying 50%, 100%, 150%, 200%, 250% and 300%, we found that
the difference between results was relatively small (See supple-
ment Tables Se4). Among the factors taken into consideration,
there were two key factors which were used to decide upon the
threshold value of 100%. The first factor was the number of
chemicals identified as meeting the threshold. The more chemicals
that met the threshold, the more evidence was available to support
that an oil exposure occurred. The biggest difference in exposure
dates when considering different threshold values was observed in
segment [-91.5, �91]. When the threshold was set to 150%, the
exposure date was computed at 21 days. When the threshold was
set to 50% or 100%, the exposure date was computed at 33.3 days.
The number of chemicals meeting the 50% and 100% threshold was
4, but the number of chemicals meeting the 150% threshold was
only 2. The 50% and 100% thresholds were considered to be more
reliable because of the greater number of chemicals meeting the
threshold criteria. The second factor considered when deciding the
threshold value was the background level of the chemicals. Among
the 164 chemicals used in this research, many of them have very
low background concentrations. For example, 13b(H),17a(H)-20S-
Diacholestane, has a mean concentration of 0.02e0.04 mg/kg for
different segments before the oil exposure date. Fluctuations of 50%
may be reasonable (0.01e0.02 mg/kg) due to natural variability
within background levels. When a choice was to be made, there
was a tendency to err towards the larger threshold value as
opposed to the lower threshold value due to natural variations in
background concentrations. So a threshold value of 100% was
chosen for the DWH case study.

For segments with more than two chemicals showing expo-
sures, the distribution of dates (date1 and date2) was fitted ac-
cording to the distribution of a student t-test. The exposure date
was set to the mean of the distribution and the range of exposure
dates (shown by error bars in Fig. 3a and b) was set to the 95%
confidence limits. If the number of doubled chemicals was 2 or 1,
the error bars corresponded to the actual sampling date range. The
mean of the sampling date range was then used as the first expo-
sure date of that segment.

3. Results and discussion

3.1. Results

The oil exposure date calculated from CCC method (Fig. 3a)
based on the period 1 time range from April 20, 2010 to July 31,
2010 shows that the geographic range of the oil exposure was
[-95.5, �87]. Among this range, segments [-94, �92.5] and
[-92, �91.5] were not exposed to oil. Results also show that the
earliest segment exposed to oil was [-89, �88.5]. The date was May
4, 2010,14 days after the DWH explosion. The first exposure date for
each segment increased with the distance to the east and west for
segments [-95.5, �87] except segments [-90.5, �90] and
[-88,�87.5]. In terms of the uncertainty range for the exposure date
predictions, in general, the range of exposure date predictions was
greater when the number of chemicals that doubled in concen-
tration were smaller. This was observed for the first segment
exposed [-89, �88.5] and also for the “gap” for segments between
[-94,�91] where OSC exposures were not as pronounced, with only
four chemicals that doubled for [-91.5,-91], and two for
[-92.5, �92]. The exposure date range (error bar) is wide for these
segments due limited chemical exposures in this region prior to
July 31.

For the longer time range (period 2), from April 20, 2010 to
August 31, 2010, the oil exposure date calculated from the CCC
method (Fig. 3b) showed a wider range of exposures. For this case,
exposures are now observed at all segments between [-94, �91.5].
Additionally, exposures are observed farther east at segments
[-85, �84], with no exposure at segments [-87, �85]. Results also
showed that the earliest segment exposed to oil was [-88.5, �88],
corresponding to May 10, 2010, 20 days after the explosion. Similar
to Fig. 3a, the first exposure date for each segment increased with
the distance away from segment [-88.5, �88] except segments
[-89, �88.5] and [-88, �87.5]. For segments [-91.5, �90.5], they
have an earlier first exposure date. (The reason will be discussed in
the discussion section). The green dash line corresponds to the
track of Tropical Storm Bonnie which occurred 22e24 July 2010 and
influenced the Mississippi Delta. The blue dash line corresponds to
the track of Tropical Depression Five which occurred 10e11 August
2010 and influenced the middle and east GoM (Fig. 3a and b). Most
of the new segments now show exposures (inclusive of dates
indicated by error bars) near the dates of Tropical Depression Five.
Similarly, for the CCC method for period 1, the number of chemicals
(n) that doubled by the inclusion of the additional month of data
during period 2 was relatively few. The new bars that “fill in the
gap” on the west end of the target area either coincided with the
date of Tropical Depression Five ([-92, �91.5] with n ¼ 7, and
[-93.5, �93] with n ¼ 2) resulting in tight error bars or showed a
more gradual increase in chemical concentrations for a few
chemicals ([-92.5,-92] with n ¼ 6, [-92.5,-93] with n ¼ 1, and
[-93.5,-93] with n ¼ 2) resulting in a wider range in the error bars.
The new exposure dates to the east [-85, �84] are consistent with
one another although only a few chemicals showed a doubling of
concentration as per CCC method (n of 3 and 2, respectively).

The oil exposure date interpreted from remote sensing images
(Fig. 3c) shows exposures within segments [-93, �85.5]. The
segment exposed the earliest was [-89,�88.5], corresponding to 28
April, 8 days after the explosion. In a similar fashion as for Fig. 3a
and b, the first exposure date for each segment increased with the
distance away from segments [-89, �88.5] except segment
[-90.5, �90] and [-88, �87.5].

Therewere two results shown in Fig. 3d, which are shown by the
yellow bar and the blue dash lines. The yellow bar corresponds to
the beached oil data and the blue dash lines corresponds to the oil
trajectories’ exposure zones. The oil exposure date interpreted from
beached oil (Fig. 3d) showed that the exposure range was
[-94, �86]. The earliest impacted segment was [-89.5, �89], cor-
responding to 29 April, 9 days after the oil spill happened. For
segment [-89, �88.5], its exposure date was 30 April. The coinci-
dence in timing for these two segments was because of their close
proximity to the wellhead, located near �89. The first segment
exposed to oiling as predicted by the various methods could
correspond to either segment depending upon assumptions due to
the close proximity to the wellhead.

For predictions from the oil spill exposure zones (Fig. 3d), the
results were different from the beached oil even though both were
based upon the GNOME oil transport model. For the oil spill
exposure zones, the areawaswider [-95,�85] than predicted based
on beached oil [-94, �86]. Additionally, the majority of the expo-
sures were earlier in time.

3.2. Discussion

The earliest segment exposed to oil differed depending upon the
method used. The result based on CCC method using period 1
indicated that segment [-89, �88.5] was the earliest exposed (May
4, 2010) segment (Fig. 3a). This result came from 3 chemicals (3
chemical concentrations doubled in the time range) and the error
was relatively large, whichmeans the result was reasonable but not
conclusive. The result based on CCC method using period 2 indi-
cated that the adjacent segment [-88.5,-88] was the earliest
exposed (May 10, 2010) segment. It was six days later than the



Fig. 4. Drifter trajectories. The data is from four undrogued CARTHE drifters. The drifters were launched offshore in segment [-89, �88.5] on April 20th, 2017.
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earliest date calculated using period 1 for the adjacent segment.
Interestingly, for this segment [-88.5,-88] the period 1 and period 2
analysis resulted in the same exposure date of May 10, 2010. The
consistency in the date is influenced by the large number of
chemicals that doubled for the period 1 analysis (n ¼ 81) and
period 2 analysis (n ¼ 82). In essence the change in first exposure
date was a result from segment [-89,-88.5] which during period 1
was characterized by 3 chemicals doubling in concentration and
during period 2 with 7 chemicals doubling in concentration. This
significant increase in the number of chemicals that doubled in
concentration, from 3 to 7, drove the range of the first exposure
date towards later times thereby delaying the estimated exposure
date from May 4, 2010 to June 4, 2010.
4. Conclusion

We have developed a new method named chemical concen-
tration change (CCC) method. The method is based upon identi-
fying changes in chemical concentrations in nearshore areas to
identify contaminant exposure dates. The method has several ap-
plications. It can be used to check the predictions of landfall dates
as estimated through fate and transport models. Many fate and
Fig. 5. Ocean Color (chlorophyll-a) map for Gulf of Mexico during June 8, 2010 and June 20, 2
water from sea water. The ocean color maps were downloaded from NOAAwebsite (https://w
in this figure legend, the reader is referred to the Web version of this article.)
transport models are based upon offshore water conditions which
may not be representative of nearshore conditions. The results from
the CCC method can be used to determine whether these types of
model assumptions are accurate. The CCC method can also be used
to evaluate whether remote sensing images concur with mea-
surements on the ground. The actual landfall date predictions from
remote sensing images can be variable due to the fine spatial and
temporal resolutions needed at the coastline to discern oil expo-
sures, assuming they are visible. In addition, the CCC method is
applicable to different types of contaminants, not only oil spill
chemicals. For example, it can be used to evaluate the exposure
dates from sewage spills, harmful algal blooms, floating debris, and
other impacts to shorelines as long as data are available to confirm
levels along the nearshore before and after exposure. Also differ-
ences between the CCC method and other methods can possibly
elucidate oceanic processes which may have not been considered,
such as the river-induced effect and the influence of tropical cy-
clones, which were not taken into consideration in GNOME model
and were not obvious through remote sensing imagery.

Specifically using the data available through DWH, this method
identified the first exposure date of oil within different regions
along the GoM between longitude �97 to �83. For most of the
010. The color indicates the concentration of chlorophyll a. It is used to distinguish fresh
ww.aoml.noaa.gov/phod/dhos/color.php). (For interpretation of the references to color

https://www.aoml.noaa.gov/phod/dhos/color.php
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segments between �91.5 and �87, the exposure date increased
with distance away from the wellhead. There were two abnormal
segments, segment [-90.5, �90] and segment [-88, �87.5], the
dates were late compared with the adjacent segments. We hy-
pothesize that this was due to the circulations caused by the fresh
water from Mississippi River and Alabama River mixing with the
sea water (Fig. 4, see circulation patterns 1 and 2). Segments
[-94, �91] were less impacted by oil, which we hypothesize was
due to the density fronts caused by the mixing of fresh water and
saltwater (also known as the river induced effect) (Androulidakis
et al., 2018; Kourafalou and Androulidakis, 2013) (Fig. 5). For seg-
ments [-94, �91], a great amount of fresh water from Mississippi
River likely protected that region and oil was transported along the
density fronts to the west, passing through and finally impacting
segments [-95.5, �94]. In a similar fashion as for segment
[-88, �87.5], oil transport along the density fronts to the east led to
the late impact, and finally impacting segment [-87.5, �87]. The
large number of chemicals for this segment (106) we believe may
have been due to the convergence zone of freshwater along the
coast allowing oil to hit the coastline in that segment and leaving
areas farther east without oil impacts.

There were two cyclones that occurred immediately after the oil
spill which influenced oil transport. First were segments [-85,�84].
Based on CCC method, these segments were not impacted in July,
but were impacted in August. According to Tropical Depression
Five’s date and trajectories, it is likely that the impact was due to
the cyclone. The second influence was that for segments
[-90, �89.5] and [-89, �88.5], showing that the number of chem-
icals whose concentration doubled was increased. This meant that
there were additional hits in August in those segments. The well-
head was capped at July 15, 2010, which meant that the additional
oil hit those regions was not directly from the wellhead.
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