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ABSTRACT: Hurricane Katrina (category S with maximum wind of 280 km/h 3™ SIS S P S
when the eye is in the central Gulf of Mexico) made landfall near New Orleans 08/30/2005 — 09/19/2005

on August 29, 2005, causing millions of cubic meters of disaster debris, severe
flooding, and US$12S billion in damage. Yet, despite numerous reports on its
environmental and economic impacts, little is known about how much debris
has entered the marine environment. Here, using satellite images (MODIS,
MERIS, and Landsat), airborne photographs, and imaging spectroscopy, we
show the distribution, possible types, and amount of Katrina-induced debris in
the northern Gulf of Mexico. Satellite images collected between August 30 and

29°N -

28°N

September 19 show elongated image features around the Mississippi River Delta .
in a region bounded by 92.5°W—87.5°W and 27.8°N-30.25°N. Image I 0n=5%) o

spectroscopy and color appearance of these image features indicate that they 277y,
are likely dominated by driftwood (including construction lumber) and dead
plants (e.g,, uprooted marsh) and possibly mixed with plastics and other materials. The image sequence shows that if aggregated
together to completely cover the water surface, the maximal debris area reached 21.7 km” on August 31 to the east of the delta,
which drifted to the west following the ocean currents. When measured by area in satellite images, this perhaps represents a historical
record of all previously reported floating debris due to natural disasters such as hurricanes, floodings, and tsunamis.

KEYWORDS: Hurricane Katrina, marine debris, marine litter, driftwood, marshes, plastics, remote sensing, MODIS, MERIS, Landsat,
VIIRS, OLCI, Gulf of Mexico
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1. INTRODUCTION inundated for weeks, leading to substantial changes in land
cover.”® The total disaster debris was estimated to be 72
million cubic meters,” with a substantial amount piled on
beaches and residential areas, as shown in the numerous
photographs from the Google keyword search of “debris” and
“Katrina”.

As of December 2022, a title search of “Hurricane Katrina”
from the Web of Science resulted in 1848 books, reports, and
refereed publications. Of these, two had “debris” in the title”*
and 46 had “debris” as a keyword, yet they all referred to debris
on land as a result of hurricane damage. Likewise, some of the
digital photographs collected by the post-Katrina aircraft
surveys showed large amounts of debris on beaches and in
nearshore waters (Figures S1—S3), yet all photographs were
collected along shorelines with little information from offshore
waters. This is despite the importance of marine debris (e.g,
plastics, driftwood, dead plants, fishing gears, clothes, and

Every year, an unknown amount of solid materials enters the
marine environment from natural disasters (e.g., hurricanes,
floodings, and tsunamis). The Gulf of Mexico (GoM) is
particularly vulnerable as many Atlantic hurricanes between
June and November can make landfall around the GoM,'
causing tremendous damage and large amounts of debris
released to the ocean through hurricane winds and floodings.
However, despite the enormous amount of efforts in damage
assessment on land (including estimating the total amount of
disaster debris), little is known on the amount of debris that
entered the ocean.

The case of Hurricane Katrina® provides an example on the
lack of information on marine debris. Katrina originated from
the Atlantic Ocean, strengthened into a Category S hurricane
in the GoM, and made landfall as a Category 4 hurricane near
New Orleans (Louisiana, USA) on August 29, 2005 (6:10 am
local time) (Figure 1a). At that time, Katrina was the costliest
hurricane in the U.S. history and the fourth-most intense Received: March 2, 2023
hurricane that made landfall in the contiguous U.S. Oil spills, Revised:  June 2, 2023
as a result of destroyed or damaged oil platforms and pipelines, Accepted:  June 5, 2023
have been reported.”’ Unprecedented flooding also occurred Published: June 22, 2023
as a result of both precipitation and failure of the intracoastal
levees,* which made New Orleans and surrounding areas

© 2023 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acs.est.3c01689

v ACS Publications 10373 Environ. Sci. Technol. 2023, 57, 10373—10381


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chuanmin+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lin+Qi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Menghua+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Young-Je+Park"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.3c01689&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c01689?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c01689?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c01689?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c01689?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01689/suppl_file/es3c01689_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c01689?fig=abs1&ref=pdf
https://pubs.acs.org/toc/esthag/57/28?ref=pdf
https://pubs.acs.org/toc/esthag/57/28?ref=pdf
https://pubs.acs.org/toc/esthag/57/28?ref=pdf
https://pubs.acs.org/toc/esthag/57/28?ref=pdf
pubs.acs.org/est?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.est.3c01689?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/est?ref=pdf
https://pubs.acs.org/est?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

Environmental Science & Technology

pubs.acs.org/est

Tobile BWy

New Orleans,

30°N| @
28°N
26°N

24°N

96°W 92°W 88°W 84°W 80°W

22°N

Figure 1. (a) Hurricane Katrina’s track between August 26 and 29,
2005, from south Florida to the Mississippi River Delta. The inset
MODIS/Terra image was aquired on August 28, 2005, 17:00 GMT,
when Katrina was a category-S hurricane. Katrina landed near New
Orleans on August 29, 6:10 am local time. (b) MODIS FRGB image
collected on September 3, 2005, south of Biloxi and east of the
Mississippi River Delta (rectangular box in the inset, approximately
29.1364°N—29.9750°N and 87.5455°W—89.3614°W) showing elon-
gated image slicks (several examples are annotated as “1”, “2”, and
“3”). All images and maps were produced by the authors.

other manmade materials) in marine ecology,g_12 for example,
by changing the habitats for animals. Such a data gap is
primarily due to technical challenge in assessing marine debris
in a timely manner before they dissipate and sink to the ocean
floor." In contrast, the impact of Katrina and other hurricanes
on the ocean’s bio-optical Iproperties in the northern GoM has
been well documented'*™"” as the remote sensing technology
in assessing these properties is rather mature.

On the other hand, significant progress has been made in the
past several years in satellite remote sensing techniques to
detect the various forms of floating matters (including plastics
and other debris). Several papers have provided reviews on the
available satellite sensors and possible algorithms to address
the technical challenges,ls’19 where the most used satellite
sensors are the MultiSpectral Instrument (MSI) onboard the
Sentinel-2A and Sentinel-2B satellites because of their
relatively high spatial resolution (10—20 m) and relatively
high revisit frequency (every S days once combined). Several
case studies have used MSI images for the purpose of marine
debris detection (e.g., refs 20—24), while their limitations have
been reviewed.”***

However, the first Sentinel-2 satellite was not launched until
2015, and the Landsat sensors (30 m resolution) had 16 day
revisit frequency, leaving medium-resolution satellite sensors
such as the Moderate Resolution Imaging Spectroradiometer
(MODIS, 1999—present) or the Medium Resolution Imaging
Spectrometer (MERIS, 2002—2012) perhaps the only choices
for Katrina. The question then becomes, can these sensors
detect, discriminate, and quantify possible marine debris after
Hurricane Katrina and, if so, how?

The objectives of this work are two-folds: one, to
demonstrate a technique of imaging spectroscopy applied to
medium-resolution multi-band satellite sensors to detect and
discriminate marine debris; two, to quantify the size,
distribution, and temporal changes of marine debris after
Hurricane Katrina. Because of the availability of these medium-

resolution multi-band data over the global oceans since 2000,
we hope to present a template to facilitate global effort in post-
disaster assessment in the marine environment.

2. MATERIALS AND METHODS

MODIS and MERIS level-1 data (calibrated total radiance)
were downloaded from the NASA OB.DAAC (https://
oceancolor.gsfc.nasa.gov) and processed using SeaDAS soft-
ware (version 8.0) to generate Rayleigh-corrected reflectance
[R,.(4), dimensionless], which were used to compose false-
color RGB (FRGB) images using the 645 nm (665 nm), 859
nm (865 nm), and 469 nm (443 nm) bands as the red, green,
and blue channels, respectively, with the wavelengths in the
parentheses representing those of MERIS. Floating matters in
the FRGB images appear as greenish or yellowish because a
near-infrared (NIR) band is used as the green channel.”” The
technical steps to detect, discriminate, and quantify floating
debris from the FRGB images and spectral R, data are
illustrated in the flowchart of Figure 2. The use of R, instead
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Figure 2. Flowchart of the various steps to detect, discriminate, and
quantify floating debris in the northern GoM after Hurricane Katrina.
Details of the individual steps can be found in the text.

of the fully atmospherically corrected R, (remote sensing
reflectance, st™") is because the presence of floating debris will
invalidate the pixel-wise atmospheric correction, which is based
on the “black pixel” assumption (i.e., negligible reflectance in
the NIR) or the assumed R, spectral shapes in the red and
NIR wavelengths. The use of R, does not rely on these
assumptions. Although R still contains contributions from
aerosols, such contributions are removed through the pixel
differencing technique (i.e., AR,) when examining spectral
shapes or quantifying debris amount, as shown below.

Once suspicious image features were visually identified, the
spectral shapes of these features were examined from randomly
selected image features using the methods outlined in
refs.26—27 For MODIS, because the 500 m bands were
resampled to 250 m in order to improve image sharpness, a 5
X 5 pixel averaging was used to reduce the mixed-resolution
effect, followed by the subtraction of nearby water pixels to
reduce the mixed-pixel effect (eq 1). For MERIS, because all
spectral bands have the same 300 m resolutions, a 3 X 3 pixel
averaging was used to reduce the band-to-band mis-registration
effect, followed by the same water pixel subtraction. The band-
to-band registration errors in MODIS and MERIS data have
been documented,”*” and such errors appear to be universal
as both Sentinel-2 and Sentinel-3 sensors have shown similar
errors’® (also see https://sentinels.copernicus.eu/web/
sentinel/technical-guides/sentinel-2-msi/performance). These
errors are typically small (in the order of 0.1 pixel), thus having

https://doi.org/10.1021/acs.est.3c01689
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Figure 3. Spectral discrimination of marine debris from MODIS AR, spectra of three randomly selected image slicks of Figure 1b, plotted in the
log scale (a) and linear scale (b), respectively. Vertical bars represent standard deviations of 5 X S pixels to account for the different resolutions in
the four spectral bands (469 and 555 nm at S00 m resolution; 645 and 859 nm at 250 m resolution). For this reason, data from the 1 km bands are
not shown here. (c,d) MERIS AR, spectra (red curves) of randomly selected image slicks from the image collected on September 15, 2005 (Figure
SS), plotted in both the log scale (c) and linear scale (d), respectively. Vertical bars represent standard deviations of 3 X 3 pixels to account for
band-to-band registration errors. For comparison, MSI spectra of driftwood around Seto Islands (Japan)** and in coastal waters south of Calabria

(Ttaly)™

respectively.

are overlaid also in both the log scale (c) and linear scale (d). The latter spectra are adapted from Figures 6b and 7b of Hu (2022),%°

negligible impacts on applications over relatively homogeneous
surfaces (either land or ocean). However, for applications over
heterogeneous land targets”' or floating debris in the
ocean,” the impacts can be much larger. For example, for a
pixel size of 250 m, most debris patches are much smaller
(<5% of a pixel, see below). Then, for the same pixel, if a small
debris patch is captured in one band but missed in another, the
spectral shape between the two bands is distorted. For the
same reason, the mixed band resolutions over the same pixel
can also cause spectral distortions. Such effects have been
detailed in Hu (2022)*° because the MSI sensors suffer from
both effects. The solution is to use 5 X S or 3 X 3 pixel
averaging, depending on whether all bands have the same
spatial resolutions. Furthermore, to reduce the impacts of the
variable background water on the pixel’s spectral shape, a
spectral differencing technique can be used. The combined
technique of averaging and differencing can retain the spectral
shapes of floating matters regardless of their subpixel
fraction**”** (i, 0—100%):

AR (1) = y(R™M(2) — RV (4)) ~ yR™(2)

[assuming R" (1) < R™(2)]. (1)
Here, AR (4) is the difference between the target pixel from
an image feature (after S X S or 3 X 3 averaging) and nearby
water pixel outside the image feature (in practice, also 5 X S or
3 X 3 averaging), R™(4) is the floating matter endmember,
and R"(1) is the water endmember. With y being wavelength
independent (after pixel averaging), the spectral shapes in
AR, (A) and R™(A) are the same. Therefore, the shape of
AR (1) can be compared against the known shapes of various
floating matters to make inference on the floating matter type.
Such a spectroscopy-based discrimination technique was not

10375

applied to every image pixel but only to randomly selected
image features from the automatic delineation below.

The image features were delineated using a simple median
filter applied to the NIR band (859 nm for MODIS, 250 m
resolution), where each image pixel is referenced against the
median value of the surrounding 11 X 11 pixels (i.e., spatial
anomaly, as shown in the flowchart of Figure 2), with the
difference being expressed as AR, .(NIR). This process actually
removes all atmospheric effects (including aerosols) because
these effects within 11 X 11 pixels are assumed to be the same.
The delineated image features were examined for their spectral
shapes and compared with those determined from MERIS
spectroscopy because the latter had more spectral bands. In
this process, airborne photographs were also used as a partial
validation (Figure 2). Likewise, a limited number of Landsat
images, obtained from Google Earth Engine, were used to
visually inspect the color appearance of the identified image
features to partially validate the results from MERIS spectros-
copy. Assuming R"™(NIR) is 0.3 for most floating matters,”>*°
x in each pixel of the delineated image features can be
estimated using the following pixel unmixing equation applied
to the 859 nm band (250 m resolution, Figure 2):

¥ = AR_(NIR)/0.3 (2)

Because the lower detection limit of floating matters was
estimated to be 1% for sensors with signal-to-noise ratios of
200, a threshold of 1% was used to delineate pixels
containing floating matters. Integration of y from all such
pixels of an image and multiplied by the pixel size led to the
total aggregated floating matter area in km® To facilitate
presentation, the 250 m pixels were binned to 2 km grids, with
the mean y estimated for each grid. Because of the pixel
unmixing, although y decreases with increased pixel or grid
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size, such estimated areas are independent of the pixel or grid
size.

In the above process, MERIS was used only for
spectroscopic analysis to infer the type of floating debris, but
the time series analysis of floating debris distributions and their
changes over time were assessed using MODIS. This is because
MODIS swath (2330 km) doubles that of MERIS (1150 km),
and the two MODIS sensors (on Terra and Aqua) provided
four times more data than MERIS.

To explain the movement patterns of the detected floating
matters, daily 1/12° global Hybrid Coordinate Ocean Model
(HYCOM) reanalysis data were downloaded from https://
www.hycom.org/dataserver/gofs-3pt1/reanalysis, which pro-
vided surface current speeds and directions.

3. RESULTS

3.1. Floating Debris Detected in the Satellite
Imagery: What are They? A Google search of keywords
“debris” and “Katrina” resulted in numerous digital photo-
graphs taken after Katrina’s passage. In these photographs,
various types of debris were found on the Biloxi and other Gulf
Coast beaches 4—5 days after Katrina’s landfall, including
driftwood, lumber debris, dead plants, plastics, clothes, metals,
PVC pipes, fishing gears, among others. Furthermore, the post-
Katrina aircraft surveys also showed large amounts of debris on
beaches and in nearshore waters, with most of them appearing
brownish (Figures S1—S3). One may speculate whether similar
debris entered the marine environment.

MODIS image sequence confirmed the speculation. Starting
from August 30 (1 day after Katrina’s landfall), elongated
image features appeared in MODIS FRGB images. While
several images are presented in the Supporting Information
Figure S4 and the entire time series is available at https://
optics.marine.usf.edu/cgi-bin/optics_data?roi=
MRIVER&current=1, Figure 1b shows an example, where
greenish, elongated image features were found to the east of
the Mississippi River Delta and south of Biloxi. The greenish
color appearance is due to the enhanced NIR reflectance,
indicating solid materials on the water surface because the only
other possible reason, due to algae scums, can be ruled out
from the spectral analysis below.

To spectrally discriminate the floating matter type, AR..(4)
spectra were analyzed from randomly selected pixels, with
examples shown in Figure 3a,b for the three features annotated
as “17,“2”, and “3” in Figure 1b. To reduce the effects of mixed
band resolutions, only MODIS land bands are presented in
both log scale (Figure 3a) and linear scale (Figure 3b). The use
of the log scale is to help visualize spectral shapes, while the
use of the linear scale is to compare with those published in the
literature. These spectra show sharply increased reflectance
from the blue to the NIR wavelengths, with near-parallel
spectral shapes between 555 and 859 nm in the log scale,
indicating the same floating matter type (or same mixed
types). Yet due to the lack of spectral bands, it is difficult to
spectrally discriminate the floating matter type.

The use of MERIS data helped overcome this difficulty as
MERIS was equipped with more spectral bands, all at 300 m
resolution. MERIS images collected on September 15, 2005
(Figure SS) and several other days showed similar elongated
image features, with sample AR, (1) spectra shown in Figure
3c,d. Similar to the MODIS AR, (1) spectra, the MERIS
AR, (4) spectra also show monotonic increases from the blue
to the NIR wavelengths, with spectral shapes between 510 and

869 nm nearly parallel to each other (Figure 3c). More
importantly, these spectral shapes resemble those of driftwood,
as shown in Figure 3¢,d by the gray-colored spectra.

The driftwood spectra in Figure 3c,d were derived from the
Sentinel-2 MSI data*® collected over coastal waters around
Seto Islands of Japan® and south of Calabria of Italy,”*
respectively, after severe flooding events. These spectra were
inferred to be mainly from driftwood because they are nearly
identical to the driftwood spectra measured in the field,** and
they also appear similar to the spectral shapes of other types of
wood.*>*® In contrast, although plastics also have monotonic
increasing reflectance from the blue to the NIR wave-
lengthszs" 37 the reflectance increases of plastics from 560
to 705 nm are much slower (e.g., ~20%) than the increases of
driftwood (2—3-folds).

The same inference can be made to the MERIS spectra
collected after Katrina. Their spectral shapes indicate that the
image features were not caused by living plants or algae scums
because living plants and algae scums both have a spectral
trough around 670 nm due to chlorophyll-a pigment
absorption. Their spectral shapes do not mimic those of
plastics either but resemble those of driftwood reported early.
Therefore, from the image spectroscopy alone, the elongated
features in the post-Katrina MODIS and MERIS imagery can
be inferred to be caused mainly by driftwood or any other
materials that show similar spectral shapes (e.g, possibly
construction lumber or dead plants such as uprooted marsh®®).
This inference is reinforced by the digital photographs taken
over beaches and land as lumber wood and dead plants are
found in the debris. This inference is also reinforced by the
post-Katrina airborne photographs, where nearly all image
features have a brownish color appearance (Figure S1—S3).
Likewise, the colors of the identified image features from either
MODIS, MERIS, or Landsat true color images (as opposed to
FRGB images) all appear brownish (e.g., Figure S6),
resembling those of driftwood and dead plants. Indeed,
uprooted marshes can also drift offshore and may possibly
be detected by satellites." The lack of a local reflectance peak
around 560 nm and the lack of a local reflectance trough
around 670 nm, however, suggest that these plants, if any, must
be dead. This is possible given the extensive loss of coastal
marshes after Katrina.”®

The inference of driftwood and dead plants does not rule
out the possibility of small amounts of plastics and other solid
materials as those captured in digital photographs taken on the
GulfCoast beaches. In the airborne photographs (Figures S1—
S3), there are small whitish pieces among the driftwood
features, and such pieces are likely plastics. However, such
small amounts of plastics and other non-wood non-plant
materials may not alter the spectral shapes in most wavelengths
to a degree that is differentiable from driftwood or dead plants,
therefore cannot be inferred from spectroscopy alone. One
difference is the slight reflectance decrease from 754 to 865 nm
(red lines in Figure 3c,d), contrasting the slight increase in the
same wavelength range from earlier reported driftwood (gray
lines, as shown in Figure 3c,d). This is possibly because that
after days of being soaked in water, some debris dissipated or
sunk to the ocean floor, while the remaining debris were dense
enough to be submerged just below the surface, causing slight
reflectance decreases from 754 to 865 nm due to selective
water absorption. This is confirmed by the MERIS spectra
from the image features of September 2 (3 days after Katrina’s
landfall), which showed slight reflectance increases from 754 to
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Figure 4. Distribution of floating debris density (% cover in each 2 km grid) in the northern GoM derived from the MODIS imagery between
August 30 and September 19, 2005 [panels (a—g)]. The last panel in (h) represents cumulative distributions from the first day (08/30/2005) and
last day (09/19/2005) when floating debris could be observed from the MODIS imagery. Brown: land; white: shoreline; and light gray: water.

mixture of multiple types. In the case of Katrina, any disaster
debris (including plastics) that is lighter than water can float
on the water surface and drift along ocean currents (Figures

865 nm because the debris patches were not soaked in water
long enough to make them submersed in water. Indeed,
floating debris in the marine environment can often be a
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Figure S. (a) Floating debris area in the northern GoM estimated from the MODIS imagery (see panels in Figure 4). The area in each day
represents the area when all debris are aggregated together to completely cover the surface. (b,c) Histogram distributions of all debris-containing
pixels (or grids) at the original 250 m (ie., quarter kilometer or QKM) resolution and aggregated 2 km resolution, respectively.

S1—S3). Based on the analysis of imaging spectroscopy, digital
photographs collected from the beaches, and airborne
photographs collected from the post-Katrina aircraft surveys,
we believe that although plastics and other solid materials may
coexist, the image features are likely caused mainly by
driftwood and dead plants such as uprooted marshes.

3.2. Floating Debris after Katrina: How Much and
Where? The MODIS image sequence showed the first
appearance of floating debris on August 30 (Figure 4a), only
1 day after Katrina’s landfall. The debris was located to the east
of the Mississippi River Delta and to the south of Mobile Bay,
with an estimated surface area of 5.6 km? if all debris were
aggregated together to completely cover the water surface
(Figure 5a). The debris area reached a maximum of 21.7 km?
in the following day (Figure 4b) and decreased to 11.6 km* by
September 3 (Figure 4c), all being restricted in the same
region (zone 1 in Figure 4h, which represents the aggregation
zone).

Starting September 3, some debris was transported by ocean
currents and winds to the west along the river front (Figure
4d) in zone 2 (representing a transition zone), with the debris
area decreased to 2.9 km® by September S. After that, most
debris in zone 1 disappeared, but the transported debris
continued drifting to the Louisiana shelf in zone 3
(representing a drifting zone) until no elongated image
features can be observed after September 25. Such changes
in the distributions and debris areal density (i.e, % cover) are
presented in Figure 4a—g, while the cumulative distribution is
shown in Figure 4h with the three zones outlined.
Corresponding to these distributions, the total debris area
peaked on August 31 and quickly decreased in the first week
and then decreased slowly in the following weeks (Figure Sa).

4. DISCUSSIONS

The maximum aggregated debris area of 21.7 km* on August
31, 2005 does not appear very high in the total water area of
~180,000 km® of the study region (Figure 4). When being
measured by MODIS pixel size, this is equivalent to 21 X 21
pixels with each pixel being 0.0625 km? fully covered by debris.
Yet it perhaps represents a historical record for floating debris
from any reported disasters when the debris areas are
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estimated using satellites. For example, following a heavy
flooding disaster in July 2008 in the western Japan, the
maximum reported debris area was 0.26 km%>* about 83 times
lower than the post-Katrina maximum debris area. Even the
Great East Japan Earthquake and tsunami on March 11, 2011
did not appear to result in similar areal coverage of floating
debris as reported here. Following the tsunami, in the high-
resolution RapidEye satellite images captured on March 12, the
floating debris was restricted to a region of about 30 km in the
scale,”” as compared with the ~200 km scale after Katrina
(Figure 4b—d). Although no areal estimates were provided in a
study by’ Matthews et al. (2017), the image features appeared
much smaller than those reported here. When being evaluated
using MODIS, the maximum area of floating debris off
northeast Japan after the tsunami event was ~7.6 km? much
lower than the post-Katrina maximum debris area of ~21.7
km?.

This observation does not necessarily mean that when
measured by mass, the post-Katrina floating debris could also
set a record. This is mainly because of the difficulty in
estimating debris mass from satellites due to lack of in situ
measurements to convert debris area to mass. However, to put
Katrina in the context of historical events, some estimates can
still be approximated. For the Katrina case, assuming an
average debris thickness of 10 cm (note: it is difficult or
impossible to estimate thickness from remote sensing) and the
density of floating debris is half of water, 1 m?® debris is
equivalent to 50 kg. Then, the area of 21.7 km? on August 31,
2005 is equivalent to 1.08 million metric tons. This amount
represents a small portion of the total estimated debris of 72
million m*>” because the latter amount mainly refers to debris
on land and beaches, but the estimated amount here refers to
debris entering the ocean and floating on the surface. This
amount is comparable to the estimated floating debris after the
tsunami near Japan (~1.5 million metric tons*’), although
most of the post-tsunami floating debris was not driftwood but
“houses”.

The actual area of floating debris can only be higher than the
MODIS-based estimates because some of the debris patches
may be missed by the medium-resolution sensors. Statistics
suggest that 99% of all debris-containing pixels (250 m
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resolution) only have their 1—25% of surface area covered by
debris (equivalent to 625—15,625 m*) (Figure Sb), and 99% of
the 2 km grids have their <5% of surface areas covered by
debris (Figure Sc). Because 1% was selected as a lower-bound
threshold to detect debris, any possible debris of <625 m?”
within a pixel was not counted in the statistics here. Although
many studies showed marine debris after coastal flooding or
other events,”® >** those debris features are rather small that
can only be detected by high-resolution (10—30 m) satellite
sensors, thus making the amounts of debris from those events
not comparable to the detected debris here.

Similar to the long-distance transport of the tsunami-
induced debris," some Katrina-induced debris may have
drifted outside the region shown in Figure 4, yet they are too
small to be captured in the satellite imagery. Instead, the
MODIS image sequence showed that the detectable debris was
restricted to coastal waters around the Mississippi River Delta,
with three distinctive zones (Figure 4h) driven by surface
currents and winds (Figure S7): zone 1 is to the northeast of
the Mississippi River Delta, representing the initial aggregation
zone; zone 2 is to the south of Mississippi River Delta,
representing a transition zone; and zone 3 is to the west of the
Mississippi River Delta, representing a drifting zone. This
general east-to-west drifting pattern can be well explained by
winds and currents.”’ Zone 1 is the region to receive the
diverted river flow during the Deepwater Horizon oil spill
disaster when several diversions were opened to change the
water flow directions to reduce the potential impact of the oil
spill.** The three zones also coincide with most of the oil spill
footprints from the Deepwater Horizon disaster*” and from a
hurricane-damaged oil platform.*® Assuming most debris
eventually sunk to the ocean floor, they may have a significant
impact on marine life and ecology, similar to the effect of
drifting debris after the 2011 Japan earthquake and tsunami.*”
For example, because a lot of wood debris may have originated
from the damaged constructions where wood has been arsenic
treated,” these debris may be toxic to marine life.
Unfortunately, there was generally a lack of study of the effect
of post-hurricane debris on the marine environment. Future
research efforts may remedy this situation through targeted
field surveys after hurricanes. For example, field surveys of
Sagami Bay (Japan) after the passage of a typhoon showed
increases of plastic particles by 1300 times.*®

Finally, from a technology perspective, this study may serve
as a template to search, discriminate, and quantify floating
debris using medium-resolution satellite measurements after
natural disasters, especially before 2012 or in offshore
environments when modern high-resolution data from MSI
(10—20 m resolution) and PlanetScope Dove/SuperDove (3—
4 m resolution) are not available. While MERIS is powerful in
imaging spectroscopy, MODIS has daily coverage with the
combined Terra and Aqua satellites. Recent advances in
spectral discrimination of floating algae and other floating
matters using medium resolution data®”*** further add
confidence in the inferred debris type. In the end, the
approach presented here and the global availability of historical
MODIS and MERIS data through NASA and ESA, as well as
near real-time VIIRS data through NOAA,*® warrant revisits of
post-event assessments after major disasters, thus helping to
understand how coastal oceans respond to natural disasters
under a changing climate.
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