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Abstract: The Deepwater Horizon oil spill, the second largest marine oil spill in history, contaminated
over a thousand kilometers of coastline in the Louisiana salt marshes and seriously threatened this
valuable ecosystem. Measuring the impacts of the oil spill over the large and complex coast calls
for the application of remote sensing techniques. This study develops a method for post-Deepwater
Horizon oil spill monitoring of the damaged marsh vegetation using Landsat imagery. This study
utilizes 10 years of Landsat data, from 2005 to 2014, to examine the longevity of the oil spill’s impacts
on the marsh vegetation. AVIRIS data collected between 2010 and 2012 are used to validate the
Landsat results. Landsat imagery documents the significant effect of oiling on the Normalized
Difference Vegetation Index (NDVI) of the marsh vegetation in 2010 and 2011 (p < 0.01 in both cases).
These results are corroborated by the AVIRIS data, which recorded the most severe impact in May 2011
followed by progressive recovery in October 2011 and October 2012. The Landsat imagery, combined
with relevant environmental information and appropriate statistical tools, provides a robust and
low-cost method for long-term post-oil spill monitoring of the marshes, revealing that the major
aboveground impacts (at 30 m scale) of the Deepwater Horizon oil spill on Louisiana salt marshes
lasted for two years. The method presented is applicable for other hazardous events whenever
pre-event referencing and long-term post-event monitoring are desired, thereby offering an effective
and economical tool for disaster management.
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1. Introduction

The 2010 Deepwater Horizon oil spill, also known as the Gulf of Mexico oil spill or the Macondo
oil spill, is the second largest marine oil spill in history. The Deepwater Horizon oil rig exploded
on 20 April 2010 and discharged 780,000 m3 oil into the northern Gulf of Mexico over 87 days [1,2].
This oil, transported by ocean circulation and Stokes drift, contaminated many of the coastal and
marine ecosystems in the Gulf [3]. Salt marshes in Louisiana, highly valuable ecosystems that support
commercial activities such as fisheries and perform ecological functions such as storm surge attenuation,
water purification, and biodiversity conservation, are among the most severely impacted ecosystems.
Oil from the Deepwater Horizon drilling rig was found on over a thousand kilometers of coastline in
Louisiana in the months following the oil spill [4], extending up to 10–40 m into the marshes from the
shoreline [5–8] and affecting the marshes’ above- and belowground biomass, soil microbial activity
and nutrient cycling, and shoreline stability [9–12].

Assessing the extent of the oil contamination in terms of space and time over a large and complex
coast is very challenging for field studies due to logistical and financial restrictions, and calls for the
application of remote sensing techniques. Despite the inherent problems in the application of remote
sensing on coastal marshes, the influence of tides and waves on water levels [13–16], remote sensing
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has proven capable of assessing oil contamination. Airborne sensors with high spatial resolution and
spectral sensitivity such as AVIRIS and UAVSAR have successfully determined the spatial extent of
the oil exposure [5,8,17]. However, given the high operational cost and limited data availability of
airborne sensors, their use by a wide range of potential investigators is restricted and their application
in routine post-oil spill monitoring is not economically feasible.

This study presents a low-cost alternative for post-oil spill monitoring for the damaged marsh
vegetation using the Landsat series sensors (i.e., Thematic Mapper, TM; Enhanced Thematic Mapper
Plus, ETM+; and Operational Land Imager, OLI). These sensors provide an archive of the marshes
going back to 1984, allowing the establishment of a pre-event reference and a long-term post-event
monitoring record. The 30 m spatial resolution of the Landsat data provides sufficient resolution
for detecting oil impacts on coastal marsh plants [18]. Moreover, by offering free data, the Landsat
program has developed a substantial base of users applying these data to coastal environments.
This study uses 10 years of Landsat imagery, from 2005 to 2014, to create a continuous record for pre-oil
spill referencing and post-oil spill monitoring to examine the longevity of impacts of the Deepwater
Horizon oil spill on Louisiana salt marshes. AVIRIS data collected between 2010 and 2012 are used to
validate the Landsat results.

2. Methods

2.1. Study Area

The exploded Deepwater Horizon oil rig was located 93 km southeast of the Mississippi River
Delta (Figure 1A; Video S1). This study examined impacts of oiling on the salt marshes along the
coastlines in the Barataria Bay of southeastern Louisiana, one of the areas most severely impacted by
the Deepwater Horizon oil spill. The salt marshes have soil salinity of >10 ppt; are microtidal (≤0.5 m
mean tidal range); and are dominated by Juncus roemerianus and Spartina alterniflora.

The oiling condition of the marsh shorelines was identified using results from the Shoreline
Cleanup Assessment Technique (SCAT) ground surveys undertaken in 2010 [19]. The SCAT surveys
classified the coastlines into five categories: no oil observed, very light, light, moderate, and heavy oil.
The results of five surveys done on 25 June, 12, 15, and 22 July, and 3 August 2010 were incorporated to
determine the two extreme cases: shorelines that were consistently found to be heavily oiled in all the
five surveys and shorelines that consistently had no field evidence of oil exposure. The two study sites,
heavily oiled and non-oiled (Figure 1B), were selected because they are in close proximity and contain
target coastlines (i.e., shoreline always classified as heavily oiled or non-oiled in the five surveys) of
similar size (approximately 500 Landsat pixels, 15 km each, Figure 2).
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Figure 1. (A) Location of the Deepwater Horizon drilling rig and the study area (magenta arrow). Base 
map is a MODIS TERRA image of southeastern Louisiana taken on 24 May 2010. (B) Enlarged map of 
the study area showing the heavily oiled site (sea blue box), the non-oiled site (magenta box), and the 
footprints of the AVIRIS data sets (purple boxes). Coastlines are classified into five categories based on 
the Shoreline Cleanup Assessment Technique ground surveys done on 22 July 2010: no oil observed 
(blue lines), very light (green lines), light (yellow lines), moderate (orange lines), and heavy (red lines) oil.  

AVIRIS data were downloaded from the Jet Propulsion Laboratory website [22]. The data were 
collected after the Deepwater Horizon oil spill in 2010, 2011, and 2012 (Figure 3). There was one data 
set from 2010, and two each from 2011 and 2012. The flight lines of AVIRIS, as for all airborne sensors, 
seldom exactly follow the same course for reasons as simple as the vagaries of wind direction and 
speed. This study uses data sets whose flight lines transverse at least part of both the heavily oiled 
site and the non-oiled site (Figure 1B). The AVIRIS data have a spatial resolution of around 3 m. The 
error in estimating the mean NDVI, as percentage standard deviation, of the AVIRIS data was 
calculated using the two 2012 October data sets (19 October and 20 October), as they are the only 
replicate measurements collected within a month.  
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Figure 1. (A) Location of the Deepwater Horizon drilling rig and the study area (magenta arrow).
Base map is a MODIS TERRA image of southeastern Louisiana taken on 24 May 2010. (B) Enlarged
map of the study area showing the heavily oiled site (sea blue box), the non-oiled site (magenta box), and
the footprints of the AVIRIS data sets (purple boxes). Coastlines are classified into five categories based
on the Shoreline Cleanup Assessment Technique ground surveys done on 22 July 2010: no oil observed
(blue lines), very light (green lines), light (yellow lines), moderate (orange lines), and heavy (red lines) oil.
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Figure 2. Number of marsh pixels at the target coastlines in the heavily oiled site and the non-oiled
site from all sampling dates. The median values are indicated by the box center lines, the first and third
quartiles by the box outlines, and the maximum and minimum values by the whiskers.

2.2. Landsat and AVIRIS Data Sets

The Landsat Climate Data Record (CDR) was downloaded from the USGS Earth Explorer
website [20]. We acquired 10 years of Landsat data from 2005 to 2014, spanning five years before the
Deepwater Horizon oil spill to four years after (Figure 3). There were 20, 16, 11, 16, 17, 14, 18, 7, 11,
and 14 images used from 2005 to 2014, respectively—a total of 144 images. The imagery came from
Landsat 5 TM, Landsat 7 ETM+, and Landsat 8 OLI (Path 22 Row 40; 30 m spatial resolution).

Because the Landsat 5 was decommissioned in 2011 and the Landsat 8 was not launched until 2013,
the 2012 record is exclusively based on the Scan Line Corrector (SLC)-off Landsat 7 data. The SLC on the
Landsat 7—which was designed to compensate the forward motion of Landsat 7—failed in May 2003.
The line of sight of the SLC-off Landsat 7 then traces a zig-zag pattern, instead of the parallel pattern
of the SLC-on Landsat 7, along the satellite ground track, resulting in duplicated areas and gap areas.
Hence, the “anomalous data” collected by the SLC-off Landsat 7 contain missing data visible as gaps.
However, more than 75% of the image pixels remain in the anomalous data, and retain the radiometric
and geometric precision of the non-anomalous Landsat 7 data [21]. We consider that the SLC-off Landsat 7
data retain their usability in this study, because our analysis doesn’t depend on the complete information
over the study area [21]. This study did not perform any gap-filling, and only used the remaining pixels
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on the SLC-off Landsat 7 data to assess the vegetation conditions of the target coastlines: we average the
information of all the remaining marsh pixels at the target coastlines for each study site in each data set.
To ensure that the data in 2012 were comparable to the data in the other years, we only used SLC-off
Landsat 7 images that have similar numbers of marsh pixels over the target coastlines as the images of the
other sampling years: at least 250 marsh pixels in the target coastlines in each study site after masking out
the data gaps, cloud, cloud shadow, and water pixels (Figure 2).
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Landsat 5 Thematic Mapper (TM; blue squares), Landsat 7 Enhanced Thematic Mapper Plus (ETM+;
red circles), Landsat 8 Operational Land Imager (OLI; green triangles), and AVIRIS (purple diamonds).
The images and their metadata are publicly available through the Gulf of Mexico Research Initiative
Information and Data Cooperative (GRIIDC) at https://data.gulfresearchinitiative.org.

AVIRIS data were downloaded from the Jet Propulsion Laboratory website [22]. The data were
collected after the Deepwater Horizon oil spill in 2010, 2011, and 2012 (Figure 3). There was one
data set from 2010, and two each from 2011 and 2012. The flight lines of AVIRIS, as for all airborne
sensors, seldom exactly follow the same course for reasons as simple as the vagaries of wind direction
and speed. This study uses data sets whose flight lines transverse at least part of both the heavily
oiled site and the non-oiled site (Figure 1B). The AVIRIS data have a spatial resolution of around 3 m.
The error in estimating the mean NDVI, as percentage standard deviation, of the AVIRIS data was
calculated using the two 2012 October data sets (19 October and 20 October), as they are the only
replicate measurements collected within a month.

We processed the remote sensing data sets using ENVI 4.8 and IDL 8.2 software (Exelis, McLean,
VA, USA). Normalized Difference Vegetation Index (NDVI) of salt marshes strongly correlates with
their aboveground biomass (R2 0.7–0.8) [23–25], hence it is used to assess the conditions of the marsh
vegetation. NDVI values were calculated from surface reflectance, and those of the interested area
were extracted (Figure 4). NDVI was calculated from the surface reflectance (ρ) of the red and near
infrared (NIR) bands: NDVI = (ρNIR band − ρred band)/(ρNIR band + ρred band). The red and NIR bands
for Landsat 5 TM and Landsat 7 ETM+ data were Band 3 (626–693 and 631–692 nm, respectively) and
Band 4 (776–904 and 772–898 nm, respectively), for Landsat 8 OLI data were Band 4 (630–680 nm) and
Band 5 (845–885 nm), and for AVIRIS data were ρ648nm and ρ860nm.

For the Landsat data sets, only information from the marsh pixels at the target coastlines (one pixel,
30 m width) was extracted. The pixels of clouds, cloud shadows, water, and the SLC-off Landsat 7
data gaps were masked out using the C version of the Function of Mask (CFMask) provided with the
Landsat CDR. The CFMask is customized for each Landsat image, accounting for the specific cloud
and water level conditions at the time of data collection. The number of marsh pixels in each data set
varied due to the different cloud and water level conditions, and we only use images have at least
250 marsh pixels at the target coastlines in each study site after masking out the SLC-off Landsat 7
data gap, cloud, cloud shadow, and water pixels. An average of about 500 pixels per image per site
was analyzed across the suite of 144 images in this study, with the number of marsh pixels for each
site in each image fluctuating from 250 to 800 (Figure 2). For the AVIRIS data sets, zones of different
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widths (i.e., 3, 10, and 30 m) next to the shoreline were created, and NDVI values were extracted from
each zone. Information from the 30 m zone was most comparable to the Landsat data, and information
from the 3 and 10 m zones was used to examine the oil impacts at finer scales. The water pixels in the
AVIRIS data were masked out using NDVI thresholds.Remote Sens. 2017, 9, 547  5 of 13 

 

 

Figure 4. Flowchart of the processing of the Landsat and AVIRIS data in this study (Normalized 
Different Vegetation Index; NDVI).  

2.3. Climatic (Drought and Tropical Storms) and Water Levels Information 

During the period from 2005 to 2014, the study area experienced different climatic events such 
as hurricane, i.e., the Category 1 Hurricane Cindy, the Category 3 Hurricane Katrina, and the 
Category 3 Hurricane Rita in 2005, the Category 2 Hurricane Gustav in 2008, the Tropical Storm 
Bonnie in 2010, and the Category 1 Hurricane Isaac in 2012; and drought, i.e., severe drought based 
on the Palmer Drought Severity Index (PDSI) in 2006 and 2011 [26,27]. The negative impacts of 
hurricane and drought on Louisiana coastal wetlands and their NDVI are well documented [28–30]. 
Fluctuation in water levels due to tides and winds in coastal marshes can alter the NDVI values of 
the marshes [13–15]. We addressed this possible source of error by including water level information 
at the time of satellite data collection into our analysis using the Grand Isle tide gauge (#8761724) 
record [31]. The Grand Isle tidal gauge station is approximately 26 km away from the study area. As 
it has the only continuous tidal archive over the past few decades for this area in the Louisiana coast, 
it provides the best information on the water levels. 

2.4. ANCOVA Analysis  

The effects of oiling, annual growth cycle, and water level on the NDVI values of the marshes 
were analyzed and differentiated using analysis of covariance (ANCOVA) in SAS 9.4 software (SAS 
Institute, Cary, NC, USA). The heavily oiled site and the non-oiled site were considered as two 
observational units. One average value was calculated from NDVI values of all pixels in each 
observational unit for each data set (date). As this study used images year-round, the annual growth 
cycle of the marshes also affects their seasonal NDVI characteristics. The effects of the annual growth 
cycle were approximately represented by a second-degree parabola, i.e., effects of Julian Day of Year 
(DOY) and DOY × DOY, and tested. It should be noted that the patterns of annual growth cycles of 
the marshes also reflect impact of major climatic events, which means the effect of annual growth 
cycle was commingled with the impacts of the effect of the climatic events. The AVIRIS data were 
interpreted mainly through graphing due to limited sampling dates.  

3. Results 

3.1. Landsat  

3.1.1. Oiling Effects 

NDVI values of the target coastlines in the heavily oiled site and the non-oiled site from 2005 to 
2014 were extracted (Table A1). Not surprisingly, no oiling effect was detected in years 2005–2009, 
the reference years before the oil spill (Table 1). In 2010, the year of the Deepwater Horizon oil spill, 
the NDVI values of marshes in the heavily oiled site were significantly lower than those in the non-
oiled site (p < 0.01), and this phenomenon continued through the drought year of 2011 (p < 0.01, Figure 
5). Since 2012, the oiling effect was no longer significant. These results suggest that the oiling had a 
coast-wide impact on the marsh vegetation at the Landsat 30 m scale for two years. However, it is 

Figure 4. Flowchart of the processing of the Landsat and AVIRIS data in this study (Normalized
Different Vegetation Index; NDVI).

2.3. Climatic (Drought and Tropical Storms) and Water Levels Information

During the period from 2005 to 2014, the study area experienced different climatic events such as
hurricane, i.e., the Category 1 Hurricane Cindy, the Category 3 Hurricane Katrina, and the Category
3 Hurricane Rita in 2005, the Category 2 Hurricane Gustav in 2008, the Tropical Storm Bonnie in 2010,
and the Category 1 Hurricane Isaac in 2012; and drought, i.e., severe drought based on the Palmer
Drought Severity Index (PDSI) in 2006 and 2011 [26,27]. The negative impacts of hurricane and drought
on Louisiana coastal wetlands and their NDVI are well documented [28–30]. Fluctuation in water levels
due to tides and winds in coastal marshes can alter the NDVI values of the marshes [13–15]. We addressed
this possible source of error by including water level information at the time of satellite data collection
into our analysis using the Grand Isle tide gauge (#8761724) record [31]. The Grand Isle tidal gauge station
is approximately 26 km away from the study area. As it has the only continuous tidal archive over the
past few decades for this area in the Louisiana coast, it provides the best information on the water levels.

2.4. ANCOVA Analysis

The effects of oiling, annual growth cycle, and water level on the NDVI values of the marshes were
analyzed and differentiated using analysis of covariance (ANCOVA) in SAS 9.4 software (SAS Institute,
Cary, NC, USA). The heavily oiled site and the non-oiled site were considered as two observational
units. One average value was calculated from NDVI values of all pixels in each observational unit for
each data set (date). As this study used images year-round, the annual growth cycle of the marshes also
affects their seasonal NDVI characteristics. The effects of the annual growth cycle were approximately
represented by a second-degree parabola, i.e., effects of Julian Day of Year (DOY) and DOY × DOY,
and tested. It should be noted that the patterns of annual growth cycles of the marshes also reflect
impact of major climatic events, which means the effect of annual growth cycle was commingled with
the impacts of the effect of the climatic events. The AVIRIS data were interpreted mainly through
graphing due to limited sampling dates.

3. Results

3.1. Landsat

3.1.1. Oiling Effects

NDVI values of the target coastlines in the heavily oiled site and the non-oiled site from 2005 to
2014 were extracted (Table A1). Not surprisingly, no oiling effect was detected in years 2005–2009,
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the reference years before the oil spill (Table 1). In 2010, the year of the Deepwater Horizon oil
spill, the NDVI values of marshes in the heavily oiled site were significantly lower than those in the
non-oiled site (p < 0.01), and this phenomenon continued through the drought year of 2011 (p < 0.01,
Figure 5). Since 2012, the oiling effect was no longer significant. These results suggest that the oiling
had a coast-wide impact on the marsh vegetation at the Landsat 30 m scale for two years. However,
it is possible that the oiling was still affecting the marsh vegetation at a finer scale after two years, or in
ways that were not reflected by NDVI such as toxic residues in the soil.
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generally peaks from July to August at about 0.45 [29,32]; and the NDVI patterns in 2007, 2009, and 
2010 fit with this trend. The annual growth cycle of the marshes may be suppressed by hurricanes 
such as Cindy, Katrina, and Rita in 2005, Gustav in 2008, and Isaac in 2012, and the severe drought 

Figure 5. Landsat-derived NDVI of marshes along the target shorelines (30 m width) in the heavily
oiled site (red triangles) and the non-oiled site (blue circles) from 2005 to 2014. The years showing
significant oiling impact are highlighted with red frames. The oil spill, hurricane, and drought events
during the period are indicated in red.

Table 1. Results of the analysis of covariance (ANCOVA) from 2005 to 2014 (* p ≤ 0.05). (Day of
Year; DOY).

Effect
Pr > F

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

Oiling 0.36 0.77 0.48 0.06 0.48 <0.01 * <0.01 * 0.72 0.39 0.41

Annual Growth
DOY 0.14 0.03 * <0.01 * 0.04 * <0.01 * <0.01 * 0.11 0.28 0.87 0.12

DOY × DOY 0.08 0.14 0.05 * 0.06 0.01 * <0.01 * 0.28 0.26 0.73 0.24

Water level 0.95 0.99 0.71 0.21 0.11 0.21 0.18 0.45 0.10 0.66
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3.1.2. Effect of Annual Growth and Water Level

The effect of the annual growth cycle of the marshes were significant in 2007, 2009 and 2010, but
not in 2005, 2006, 2008, and 2011–2014 (Table 1). The NDVI of salt marshes in southeast Louisiana
generally peaks from July to August at about 0.45 [29,32]; and the NDVI patterns in 2007, 2009, and 2010
fit with this trend. The annual growth cycle of the marshes may be suppressed by hurricanes such as
Cindy, Katrina, and Rita in 2005, Gustav in 2008, and Isaac in 2012, and the severe drought in 2006
and 2011 (Figure 5). These results show that there are multiple factors impacting the annual growth of
the marshes, and thus the NDVI of the marshes. The marshes showed noticeable growth in 2013 and
2014, especially over the second half of the years, yet the effect of annual growth was not significant in
these two years. This may occur because the quadratic function used to represent the annual growth
of the marshes was not applicable in these years. Effect from water level was not significant in all the
years, suggesting that this was not an important factor impacting the NDVI values of the marshes at
the target coastlines in images used in this study.

3.2. AVIRIS

Clear differences exist in NDVI values for the heavily oiled site and the non-oiled site in all AVIRIS
data sets collected after the Deepwater Horizon Oil Spill from 2010 to 2012 (Figure 6). The greatest
impact was found in the data collected in May 2011, followed by ongoing recovery shown in data
collected in October 2011 and October 2012. Although the difference between the mean NDVI values
of the heavily oiled site and the non-oiled site in the 2012 October data set are still apparent, its error
bars are quite close, indicating a substantial recovery. The AVIRIS data also reveal various levels of
oiling impacts at different spatial scales: the NDVI difference was most pronounced in the narrowest
zone (3 m width) adjacent to the shoreline, and smallest in the broadest zone (30 m width). This result
is expected as the shorelines were the areas exposed to greatest oiling [7].
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4. Discussion

4.1. Impact of Oil Exposure on the Marsh Vegetation

Oil contamination in the littoral environment in Louisiana, including Barataria Bay, has been
ongoing for many years from a variety of sources (e.g., leaking abandoned wells and pipelines) [33].
Small-scale and local oiling of the marshes in the study area is likely to have occurred prior to the
Deepwater Horizon spill. However, the lack of a distinct oil signal in 2005–2009 shows that the marshes’
conditions in the heavily oiled and non-oiled sites were comparable before the Deepwater Horizon oil
spill (at least at the Landsat 30 m scale).

The Landsat data show significant oiling effects on the mashes in 2010 and 2011, the year of and
the year after the Deepwater Horizon oil spill, which is consistent with results from the AVIRIS data,
the PolSAR data [34,35], and field observations [9]. The comparison between the heavily oiled site
and the non-oiled site performed in this study is based on the greatest contrast in oiling conditions,
and thus, represents the worst scenario of oiling damage on the marshes. We conclude that the marsh
vegetation sustained substantial damage from the oil exposure at the scale resolvable by Landsat for
two years. It should be noted that the longevity of the damage on the marshes subjected to less severe
oiling, i.e., moderate, light, and very light, is still unknown. However, we expect the longevity of the
damage on the marshes subjected to moderate, light, and very light oiling to be shorter than two years,
because the damage on these marshes should be less severe than the damage on the marshes subjected
to heavy oiling. In addition, this study focused on the damaged vegetation adjacent to the shoreline
that was not substantially eroded since 2010. Marsh vegetation along shoreline that substantially
retreated due to the oiling and 2012 Hurricane Isaac [36,37] were excluded from the results.

The decreases in NDVI values were likely to result from changes in the reflectance characteristics
of the plant surface due to coverage of the green aboveground biomass (leaves and stems) by the
dark crude oil, and from decreased aboveground biomass due to oil contamination [9,10]. Because
Landsat-derived NDVI offers measurements of the aboveground biomass and not of the plant
physiological functions, our results were not able to further the discussion of the mechanism of
the oil impact.

It is possible that the oil of Deepwater Horizon still affects the marshes after two years, but in ways
not detectable by measuring the aboveground biomass using the Landsat imagery. The oil residues
were still found in the marsh substrates after two years and might have degraded or transformed into
different compounds [38,39]. Further study needs to be done to investigate whether the oil residues
will impair the marsh vegetation again in the future. It is also possible that the oiling impacts at smaller
scales (e.g., 3 m width zone from the shoreline) lasted for more than two years, as the AVIRIS data
show that the NDVI difference was more pronounced in the narrow zone (3 m width) than in the
broad zone (30 m width). Unfortunately, statistical tests of the finer-scale impacts using ANCOVA on
the AVIRIS data were not possible due to limited data availability.

4.2. Climatic Impacts on the Marshes Annual Growth

The NDVI patterns in 2007, 2009, and 2010 peaked at about 0.45 in July to August, which follow
the general trend of the annual growth dynamics of salt marshes in southeast Louisiana [29,32]. In 2005,
2008, and 2012, the annual growth of the marshes was likely to be suppressed by hurricanes Cindy,
Katrina, and Rita, Gustav, and Isaac, respectively. In 2008, it is shown that the NDVI of the marshes
quickly drop immediately following Hurricane Gustav. Certainly, marshes along coastlines, just as
those in our target coastlines, are susceptible to the winds and storm surges brought by hurricanes.
Therefore, the insignificance of the annual growth cycle in 2005, 2008, and 2012 is likely to reflect the
impacts of the hurricanes. The low NDVI in 2006 and 2011, especially over the summer months of June
and July, may largely reflect the severe drought conditions in the southeastern Louisiana during these
years [29]. Drought conditions in salt marshes may be manifested as increased stress in water potential
as well as increase in hydrogen sulfide contents, both of which are inimical to maintenance of the vigor
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of the marsh plants [29,40]. Because the experimental design (i.e., site selection) of this study is planned
to examine the impacts of the Deepwater Horizon oil spill, this study is not able to provide statistical
analysis of the impacts of other events such as droughts and hurricanes. The impacts of hurricane and
drought can only be investigated with more confidence in further studies with experimental designs
planned for examining these events.

4.3. Landsat for Post-Event Monitoring

This study demonstrates that Landsat imagery, combined with relevant environmental
information and appropriate statistical tools, can provide reliable data for large-scale monitoring
of the impacts of the Deepwater Horizon oil spill on the damaged marsh vegetation. Landsat data have
several advantages compared to other satellite data. The Landsat data are free, and thus accessible
for a wide range of investigators. The 30 m spatial resolution of the Landsat sensors (i.e., TM, ETM+,
and OLI)—which is much less than the other satellite sensors such as the 250 m for MODIS and
the 1.1 km for AVHRR—is important for researching the highly spatially heterogeneous coastal
environment. Moreover, Landsat’s continuous data archive allows for assessment of pre-oil spill
conditions and routine post-oil spill monitoring. As Landsat has an unrivalled long-term observation
record of the Earth that dates to the 1980s and is expected to continue (Landsat 9 is planned to launch
in 2023), this method is potentially applicable for post-event monitoring of many other disastrous
events, for retrospective studies of extreme events in the past or for real-time monitoring of extreme
events in the future.

Certainly, the Landsat multispectral sensors have their limitations: they are most effective in
measuring aboveground biomass of the marshes, not in delineating the extent of the oil exposure.
Therefore, before applying the Landsat data, this study used the SCAT field data to determine the
oiling condition of the study area. Also, since Landsat-derived NDVI only offers measurements of
the aboveground biomass, and the aboveground biomass of the marshes is influenced by different
environmental conditions, we need to use appropriate statistical tools, such as ANCOVA in this study,
to differentiate the impacts of oiling from impacts of other environmental factors.

Some limitations of Landsat may be addressed by using hyperspectral or radar instruments,
which offer higher spatial resolution and spectral sensitivity to demarcate more precisely the actual
extent of the impacts of the Deepwater Horizon oil spill or other extreme events on the marshes [5,8].
Yet airborne hyperspectral and radar sensors are limited in their use by a wide range of investigators
due to their high operational expense and limited data availability, particularly outside of the North
America. Spaceborne hyperspectral sensors (e.g., EnMAP, scheduled for launch in 2018) and radar
sensors (e.g., TerraSAR-X and TanDem-X, launched in 2007 and 2010, respectively) may be applicable
for routine post-event monitoring. But again, the actual data availability in terms of both spatial and
temporal coverage and cost for data acquisition of these sensors will determine their applicability
for specific events. Nevertheless, the occasional deployment of sensors with high spatial resolution
and spectral sensitivity provides validation for the Landsat results and enhances the assessment of
finer-scale impacts.

5. Conclusions

This study uses 10 years of Landsat data from 2005 to 2014 and three years of AVIRIS data
from 2010 to 2012 to examine the longevity of impacts of the Deepwater Horizon oil spill on the salt
marshes in the Barataria Bay, LA. We conclude that the major aboveground impacts (at 30 m scale)
of the oil spill on the marsh vegetation lasted for two years, 2010 and 2011 (p < 0.01 in both cases).
The Landsat imagery, combined with relevant environmental information and appropriate statistical
tools, provides a robust and low-cost method for long-term post-oil spill monitoring of the marshes.
The method presented is applicable for other hazardous events whenever pre-event referencing and
routine post-event monitoring is desired, thereby providing an effective and economical tool for
disaster management.
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Appendix A

Table A1. Mean Normalized Difference Vegetation Index (NDVI) values and their standard deviation
(SD) of the heavily oiled site (HO) and non-oiled site (NO) from the sample dates (Day of Year, or DOY)
from 2005 to 2014.

2005

DOY 42 82 98 106 114 122 130 138 154 170 194 202 258 282 290 298 306 314 322 354

HO
NDVI 0.26 0.27 0.31 0.30 0.34 0.24 0.31 0.28 0.33 0.29 0.35 0.30 0.33 0.29 0.31 0.25 0.29 0.24 0.31 0.27
SD 0.08 0.11 0.10 0.12 0.11 0.10 0.10 0.10 0.11 0.11 0.10 0.11 0.09 0.08 0.08 0.09 0.09 0.07 0.10 0.08

NO
NDVI 0.30 0.34 0.36 0.33 0.36 0.29 0.36 0.31 0.39 0.33 0.33 0.31 0.31 0.26 0.25 0.24 0.25 0.23 0.27 0.25
SD 0.11 0.15 0.15 0.15 0.16 0.14 0.16 0.15 0.14 0.15 0.13 0.14 0.10 0.08 0.09 0.09 0.09 0.08 0.10 0.09

2006

DOY 5 61 85 117 133 165 173 181 245 269 285 301 309 317 325 357 - - - -

HO
NDVI 0.23 0.32 0.25 0.28 0.26 0.27 0.31 0.28 0.36 0.40 0.37 0.33 0.31 0.34 0.31 0.32 - - - -
SD 0.07 0.07 0.08 0.09 0.09 0.07 0.09 0.08 0.10 0.12 0.12 0.13 0.11 0.10 0.12 0.10 - - - -

NO
NDVI 0.23 0.29 0.27 0.30 0.30 0.28 0.36 0.30 0.40 0.38 0.35 0.30 0.30 0.35 0.30 0.30 - - - -
SD 0.08 0.09 0.09 0.12 0.12 0.10 0.10 0.09 0.11 0.12 0.12 0.12 0.10 0.10 0.11 0.10 - - - -

2007

DOY 8 48 64 88 96 112 120 192 224 232 312 344 - - - - - - - -

HO
NDVI 0.23 0.26 0.29 0.30 0.31 0.25 0.29 0.29 0.34 0.38 0.32 0.31 - - - - - - - -
SD 0.09 0.09 0.10 0.12 0.11 0.12 0.13 0.13 0.10 0.14 0.10 0.09 - - - - - - - -

NO
NDVI 0.25 0.24 0.28 0.32 0.31 0.27 0.30 0.31 0.35 0.38 0.33 0.32 - - - - - - - -
SD 0.10 0.10 0.12 0.14 0.13 0.12 0.11 0.14 0.11 0.14 0.11 0.11 - - - - - - - -

2008

DOY 59 83 99 115 147 163 179 195 203 227 235 243 275 299 307 315 323 347 - -

HO
NDVI 0.26 0.27 0.25 0.27 0.27 0.29 0.29 0.28 0.28 0.29 0.25 0.33 0.26 0.30 0.29 0.27 0.25 0.24 - -
SD 0.10 0.10 0.11 0.11 0.11 0.11 0.11 0.12 0.11 0.10 0.09 0.10 0.09 0.09 0.09 0.09 0.08 0.09 - -

NO
NDVI 0.28 0.29 0.28 0.27 0.27 0.29 0.30 0.26 0.34 0.31 0.26 0.34 0.24 0.31 0.28 0.29 0.26 0.25 - -
SD 0.13 0.13 0.15 0.11 0.14 0.13 0.14 0.12 0.12 0.12 0.10 0.12 0.09 0.10 0.11 0.10 0.10 0.10 - -

2009

DOY 13 21 29 37 61 77 93 149 157 173 181 237 245 285 293 309 317 365 - -

HO
NDVI 0.24 0.22 0.17 0.23 0.22 0.25 0.24 0.26 0.27 0.22 0.28 0.38 0.34 0.41 0.35 0.34 0.37 0.26 - -
SD 0.08 0.07 0.06 0.07 0.08 0.08 0.09 0.10 0.09 0.10 0.10 0.14 0.12 0.12 0.13 0.11 0.12 0.10 - -

NO
NDVI 0.25 0.21 0.21 0.25 0.22 0.29 0.27 0.29 0.30 0.26 0.29 0.41 0.34 0.40 0.35 0.33 0.32 0.25 - -
SD 0.10 0.10 0.08 0.09 0.10 0.11 0.11 0.12 0.13 0.12 0.11 0.14 0.12 0.12 0.14 0.13 0.13 0.11 - -

2010

DOY 48 56 64 88 144 152 168 280 288 296 312 328 336 344 - - - - - -

HO
NDVI 0.21 0.25 0.25 0.26 0.34 0.33 0.35 0.38 0.39 0.33 0.28 0.28 0.31 0.28 - - - - - -
SD 0.08 0.09 0.09 0.10 0.12 0.12 0.11 0.13 0.13 0.12 0.11 0.11 0.10 0.10 - - - - - -

NO
NDVI 0.22 0.25 0.23 0.27 0.37 0.40 0.41 0.39 0.40 0.37 0.37 0.34 0.34 0.33 - - - - - -
SD 0.10 0.10 0.10 0.13 0.12 0.15 0.15 0.14 0.13 0.13 0.13 0.13 0.13 0.12 - - - - - -

2011

DOY 3 43 75 83 91 99 107 131 155 171 211 219 227 235 251 259 299 315 323 -

HO
NDVI 0.25 0.24 0.26 0.22 0.28 0.25 0.23 0.21 0.24 0.25 0.29 0.30 0.33 0.29 0.31 0.31 0.29 0.30 0.30 -
SD 0.08 0.07 0.08 0.07 0.09 0.11 0.10 0.11 0.09 0.10 0.11 0.11 0.10 0.08 0.10 0.10 0.10 0.10 0.10 -

NO
NDVI 0.29 0.25 0.30 0.29 0.34 0.30 0.27 0.26 0.26 0.27 0.31 0.33 0.35 0.32 0.31 0.28 0.33 0.32 0.30 -
SD 0.11 0.10 0.14 0.12 0.15 0.14 0.14 0.13 0.11 0.12 0.12 0.15 0.12 0.11 0.12 0.10 0.13 0.12 0.11 -

2012

DOY 38 86 102 150 182 214 294 310 326 - - - - - - - - - - -

HO
NDVI 0.27 0.33 0.23 0.19 0.33 0.26 0.31 0.29 0.29 - - - - - - - - - - -
SD 0.07 0.10 0.08 0.11 0.10 0.10 0.11 0.10 0.08 - - - - - - - - - - -

NO
NDVI 0.28 0.34 0.26 0.23 0.33 0.28 0.29 0.29 0.30 - - - - - - - - - - -
SD 0.10 0.13 0.12 0.12 0.12 0.12 0.10 0.09 0.01 - - - - - - - - - - -

2013

DOY 24 72 144 176 256 272 280 288 296 312 352 - - - - - - - - -

www.mdpi.com/2072-4292/9/6/547/s1
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Table A1. Cont.

HO
NDVI 0.27 0.23 0.33 0.31 0.49 0.50 0.36 0.48 0.39 0.32 0.41 - - - - - - - - -
SD 0.07 0.08 0.14 0.14 0.15 0.14 0.13 0.14 0.14 0.13 0.12 - - - - - - - - -

NO
NDVI 0.26 0.25 0.31 0.32 0.44 0.46 0.35 0.43 0.36 0.32 0.37 - - - - - - - - -
SD 0.10 0.10 0.16 0.15 0.16 0.15 0.14 0.15 0.13 0.13 0.12 - - - - - - - - -

2014

DOY 19 59 99 115 123 211 227 243 251 275 299 307 323 331 - - - - - -

HO
NDVI 0.33 0.27 0.39 0.40 0.22 0.42 0.42 0.36 0.40 0.49 0.33 0.43 0.42 0.31 - - - - - -
SD 0.10 0.10 0.14 0.13 0.11 0.15 0.15 0.14 0.13 0.14 0.10 0.12 0.13 0.11 - - - - - -

NO
NDVI 0.29 0.22 0.35 0.36 0.26 0.40 0.40 0.33 0.40 0.42 0.36 0.40 0.40 0.34 - - - - - -
SD 0.11 0.09 0.16 0.14 0.14 0.16 0.17 0.16 0.12 0.16 0.11 0.15 0.14 0.12 - - - - - -
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