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• Natural oil seepage in Gulf of Mexico occurs more often than thought
• Freak waves in moderate Japanese waters may have caused fishing boat sinking

• Fate of climate feedbacks as temperatures warm • Atmosphere driven by
cascades, an aid to numerical weather prediction
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[1] We demonstrate the unique capability of the MODIS
instruments in detecting oil slicks in an open ocean
environment. On 13 May 2006, in the NW Gulf of
Mexico where water depth ranges from 50 to 2500 m,
one 250-m resolution MODIS image showed at least 164
surface slicks under sun glint (glint reflectance, Lg, ranged
between 0.0001 and 0.06 sr�1). After discounting other
possible causes, we believe these are the result of natural
seeps. Our analysis showed total coverage of �1900 km2,
with individual slicks varying in surface area (11.7 ±
14.8 km2) and length (19.2 ± 12.4 km). Concurrent SAR
imagery showed similar area estimates to within 30%. This
estimate, based on a single image, is higher than earlier
estimates from a database of multi-date SAR images for the
same region. Inspection of >200 images for the month of
May between 2000 and 2008 revealed similar slicks on at
least 50 images. On 2 June 2005, slicks were detected under
sun glint with both negative contrast (Lg < 0.05 sr�1) and
positive contrast (Lg > 0.05 sr�1). These slicks could not be
detected in glint-free MODIS images collected on the
same day. Because of the near-daily revisit and wide sun
glint coverage (e.g., >800 km E-W between March and
October at 25�N), systematic and global application of
the MODIS 250-m imagery can help locate natural seeps
and improve estimates of seepage rates in the world’s ocean.
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1. Introduction

[2] Crude oil from natural seeps on the ocean’s floor
represents an important source of oil to the sea [National
Research Council, 2003]. Natural seepage accounts for
�47% of the crude oil entering the marine environment,
but these numbers have large uncertainties [Kvenvolden and
Cooper, 2003]. Timely and accurate detection of surface
slicks can improve estimates of seepage rate and help
monitor oil spills and manage coastal resources.
[3] Assessment of the distribution and fate of oil slicks on

the ocean’s surface is often accomplished with use of
remote sensing techniques. Satellite remote sensing may

be ‘‘the best approach to more accurate estimates’’ of
natural oil seepage rates [Kvenvolden and Cooper, 2003].
These techniques typically include visible, infrared, micro-
wave, and radar sensors (see reviews by Fingas and Brown
[2000] and Brekke and Solberg [2005]). However, most of
these estimates, as well as detection of spills from other
sources, have relied on Synthetic Aperture Radar (SAR)
data [e.g., MacDonald et al., 1996; Liu et al., 2000], which
are limited by coverage, revisit frequency, and cost. High-
resolution visible images from airborne photographs or
from Landsat TM/ETM+ sensors have been used as proof
of concept [MacDonald et al., 1993], but these also have
similar limitations.
[4] Hu et al. [2003] first used operational satellite data

from MODIS (Moderate Resolution Imaging Spectroradi-
ometer) [Esaias et al., 1998] to detect and monitor oil spills
in a turbid estuary, where MODIS demonstrated the advan-
tages of several images per week at no cost. However,
similar applications in the open ocean environment could
not be found in the peer-reviewed literature. Here we show
that MODIS is capable of detecting oil slicks even in the
clearest ocean water, based not on the optical properties of
oil slicks but on the same backscattering principles of SAR.
We use MODIS imagery to estimate the surface area of
natural oil slicks in the NW Gulf of Mexico (GOM), and
argue that oil seepage rates in this region need to be
revisited.

2. Methods

[5] MODIS Level-0 data were obtained from NASA/
GSFC and processed to Level-1b (calibrated total radi-
ance) using the SeaWiFS Data Analysis System (SeaDAS
version 5.1). They were then corrected for Rayleigh scatter-
ing and registered to a cylindrical equidistant projection.
Digital data were stored in HDF files, and 250-m resolu-
tion Red-Green-Blue images were generated using data from
the 645-, 555-, and 469-nm bands, respectively. The 500-m
resolution data at 555- and 469-nm were interpolated to
250-m resolution using a sharpening scheme similar to that
used for Landsat. Because of the compromise between
dynamic range and sensitivity in composing the RGB
images, the software ENVI (Environment for Visualizing
Images, version 4.2) was used to enhance image contrast to
facilitate visualization and analysis. The same analysis can
also be performed with other software packages (e.g.,
ArcInfo).
[6] Sun glint reflectance, Lg (sr�1), was estimated using

the Cox and Munk [1954] model and wind data from the
National Centers for Environmental Prediction (NCEP) and
solar/viewing geometry from MODIS [Wang and Bailey,
2001].
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[7] SAR data from RADARSAT-1 (a C-band radar with
horizontal polarization and 100-km swath width) were
obtained during the Alaska SAR Demonstration
(AKDEMO) project. These 25-m resolution images were
standard beam mode scenes, processed at the Alaska Satel-
lite Facility (ASF) at the University of Alaska, Fairbanks.
The images were navigated and analyzed using ENVI.

3. Results

[8] A MODIS/Terra image on 13 May 2006 contained
significant sun glint in the GOM, where three SAR images
were collected 4.5 hours earlier (Figure 1). Within 2�
longitude to the east of the SAR scenes, surface slicks were
apparent in the MODIS sun glint area even without contrast
enhancement.
[9] All three SAR images showed surface slicks due to

reduced radar backscattering. Most of these slicks were also
clearly visible in the MODIS image (see Figure 2 for an
example. Note that due to limitations of the printing matter,
the full-resolution MODIS imagery are available online in
the auxiliary material).1 The slight difference in slick shape
and position was effected by winds and ocean currents in
the time elapsed between the two satellite overpasses.
Similar patterns were observed in the other two SAR-
MODIS image pairs outlined in Figure 1.

[10] To determine which MODIS band showed the best
contrast between the surface slick and surrounding clear-
ocean water, we extracted MODIS and SAR data along
several virtual transect lines, one of which is along 92.76�W
(Figure 2). Figure 3 shows three slicks of decreased back-
scattering signal among the highly speckled (noisy) SAR
data. The two 250-m MODIS bands showed excellent
contrast (about �0.2, defined as (Rs � Rc)/Rc where ‘‘s’’
and ‘‘c’’ stand for slick and clear water, respectively),
sufficient to detect the slicks seen in the SAR data. Indeed,
slick #2 in Figure 3 was only about 75 to 100 m wide in the
SAR image, yet it was successfully captured in the MODIS
250-m data. The 500-m resolution blue and green bands
(469- and 555-nm) as well as the short-wave bands between
1240- and 2130-nm showed lower spectral and spatial
contrast, and were not as useful to detect the slicks, often
<1 km in width.
[11] The total surface area covered by the slicks was

estimated semi-objectively by combining visual inspection,
manual delineation, and threshold separation. For the study
region shown in Figure 1, Table 1 shows the statistics of the
slicks identified in the MODIS image.
[12] A natural question is whether the estimates shown in

Table 1, based on the MODIS data, are accurate. We tested
the results against the concurrent SAR images. The ‘‘SAR
2’’ image (Figure 2 (right)) showed surface slicks covering
about 707 km2, while the MODIS data (Figure 2 (left))
showed slicks covering 923 km2. We believe this difference
may be due to the coarser resolution of the MODIS data
(250 m compared to 25 m for SAR), and that some of the
MODIS pixels were actually mixed substrate with oil and
non-oil waters. This resulted in a �30% overestimate.
Hence, the total slick area for the study region shown in
Figure 1 (Table 1) is likely to be smaller and closer to about
1500 km2.
[13] The remarkable similarity between the observed

patterns in MODIS and SAR images results from the same
physical principles: the modulation (damping) of the sea
surface roughness and backscattering/reflectance of electro-
magnetic radiation by the slicks. While this modulation can
almost always be observed by SAR under optimal wind
conditions between 3 and 10 m s�1 [Simecek-Beatty and
Pichel, 2006], in visible imagery it can only be observed
under conditions of sun glint. In the MODIS image collect-
ed on 13 May 2006 (Figure 1), slicks were identified when
the glint reflectance, Lg, varied between 0.0001 sr�1 to the
west and 0.06 sr�1 to the east. This is different from the oil
spill event in a turbid estuary [Hu et al., 2003] where oil
spills affected the optical properties of the water column
[Otremba and Piskozub, 2004, and references therein] and
therefore the oil slicks could be observed without sun glint
in MODIS imagery. It is likely that the slicks we observed
here are very thin, and therefore had no clear effect on the
optics of the water column. Indeed, the MODIS image
collected with the Aqua satellite in the afternoon had no
glint, and showed no contrast changes in the area of the
slicks.

4. Discussion

[14] What could cause the observed slicks? Freshwater
runoff and surfactants from phytoplankton blooms can

Figure 1. MODIS/Terra RGB image of 13 May 2006
(16:45 GMT) covering the Gulf of Mexico (inset), with
bathymetry isobaths from 50 to 3000 m annotated. The
locations of 3 SAR images collected on the same day
(12:15 GMT) are outlined; ‘‘SAR 2’’ and the corresponding
MODIS data (outlined by the dotted box) were analyzed in
detail (Figure 2). Note that the surface slicks under ambient
sun glint (to the east of the image) are clearly visible even
without color stretch. The glint patterns in the eastern GOM
are due to changes in wind speed (which changes surface
roughness) and ocean currents.

1Auxiliary materials are available in the HTML. doi:10.1029/
2008GL036119.
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dampen sea surface roughness [e.g., Lin et al., 2002;
DiGiacomo et al., 2004]. These phenomena are sometimes
difficult to distinguish from oil spills [Alpers and Espedal,
2004]. The slicks we observed in this study were located far
away from land runoff and over water depths of 50–2000 m.
The glint-free MODIS/Aqua data on the same day showed
clear waters in this region (chlorophyll-a concentration
�<0.1 mg m�3), discounting the possibility of phytoplank-
ton blooms. The Constant False Alarm Rate ship detection
algorithm [Wackerman et al., 2001] showed only a few
ships from the concurrent SAR data, suggesting that the
slicks were not caused by oil spills from such vessels or oils
released as a result of fishing activity. Indeed, the study area
is known to have natural oil seeps [MacDonald et al.,
1996]. Examination of other MODIS imagery showed that
the slicks were recurrent in the same locations. Therefore,
we believe that most, if not all, observed slicks were from
natural seeps in this region.
[15] The capability of SAR for detection of oil slicks is

well known [Liu et al., 2000] and has received wide
applications in spill mapping and monitoring. In contrast,
only a handful of studies using visible imagery have been
reported in the literature, possibly due to the sporadic nature
of high-resolution airborne photography and satellite imag-
ery (e.g., Landsat, IKONOS, AVIRIS) and due to the
difficulty in identifying slicks in visible imagery. With all
these means combined, it has been difficult to provide a
complete, snapshot picture for the 300-km by 300-km area
where oil slicks were identified (Table 1). This is because
the slicks have relatively short half lives (e.g., 6–48 hours
[MacDonald et al., 1993]) due to evaporation and degrada-
tion, while the coverage of the above sensors is limited
and revisit frequency is very low (e.g., 16 days for Landsat,
100-km swath for SAR ‘‘standard mode’’). In contrast, in
subtropical and tropical regions between spring and fall, a
significant portion of the MODIS 2330-km swath is ‘‘con-
taminated’’ by sun glint. For example, assuming 5 m s�1

wind, at 25�N (center of the GOM) >800 km of the MODIS
swath was found to have Lg > 0.0001 sr�1 between March
and October (Figure 4 (inset)), making oil slick detection
possible. The combination of the two MODIS instruments
in the morning (Terra) and afternoon (Aqua) assures repeated
glint coverage every 2–3 days. This wide glint coverage,
combined with the 36.5 ± 15.1% cloud-free chance for the
entire GOM on a daily basis (Figure 4 (inset)), can greatly

Figure 2. (left) MODIS RGB image (after contrast enhancement) and (right) SAR image for the area outlined as ‘‘SAR 2’’
in Figure 1. The area is between 26.58�N–27.68�N and 93.43�W–92.21�W. Data along the virtual transect line were
extracted and analyzed (Figure 3). Our analysis resulted in slick areas of �923 km2 as estimated using the MODIS image
(bounded by the dotted outline) and �707 km2 from the SAR image (see text for details). These surface slicks did not show
on another cloud-free and glint-free MODIS image from the Aqua satellite collected 3 hours later.

Figure 3. SAR and MODIS data along the virtual transect
line in Figure 2. SAR data are presented as relative
numbers, while MODIS data are the Rayleigh-corrected
reflectance (R). Three surface slicks, identified from both
MODIS and SAR images (Figure 2), are annotated here
with the numerals 1, 2, and 3. Note that due to the 4.5-hour
difference, the positions of the slicks shifted under influence
of wind and currents between the two images.
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enhance our capability to detect large slicks at low
latitudes. For instance, the MODIS image in Figure 1
showed at least 1500 km2 surface area covered by the oil
slicks (after adjustment from SAR validation). This figure
is higher than previous estimates (�1000 km2) during an
aggregate survey of the northern GOM using multiple
satellite images [Mitchell et al., 1999], possibly due to
the non-simultaneous measurements from multi-date
images in the earlier study.
[16] The natural oil slicks should be observable in other

MODIS images under optimal conditions (sun glint but
cloud free). Although a systematic analysis is still under-
way, opportunistic examination of >200 MODIS images for
the month of May between 2000 and 2008 revealed similar
slicks in at least 50 images, confirmed by several concurrent
SAR images. Most slicks are recurrent in the same locations
in the western GOM, indicating natural seeps. Due to the
limited information from the published literature, however,
it is unclear if any of the identified seeps in the NW and SW
GOM are ‘‘new’’.

[17] Some images showed both negative (as in Figures 1
and 2) and positive slick contrasts. While the full-resolution
MODIS images are available online in the auxiliary material
to show these features in detail, Figure 4 shows an example
of these opposite contrasts. The hook-shaped slicks oc-
curred in the entire 240 km � 120 km region and covered
a much larger area outside this region (not shown here). The
oil slick contrast changed from negative (dark) in the
west to positive (bright) in the east. Similar negative-positive
changes were observed in space shuttle photographs
[MacDonald et al., 1993] and many of the MODIS images
we examined in this region, and reported in satellite
imagery from MODIS [Hu et al., 2003] and the Multi-angle
Imaging SpectroRadiometer in a turbid estuary [Chust and
Sagarminaga, 2007]. The slicks with positive contrast might
be falsely interpreted as floating Sargassum in this region
[Gower et al., 2006], but this possibility could be easily ruled
out with repeated imagery showing slicks with negative
contrast in the same locations.
[18] The negative contrast can be explained as a reduc-

tion in glint due to dampening of the surface roughness,
while the positive contrast results from higher specular
reflection within the oil film patch. By comparing the
contrast patterns and qm (the angle between the viewing
direction and the direction of mirror reflection; see Figure 4
(inset)) for the entire GOM, we estimated that the contrast
changed sign at qm � 12�, where Lg was about 0.05 sr�1.
For the image shown in Figure 1, several slicks with
positive contrast also occurred in the south with qm < 12�
and Lg > 0.05 sr�1. Analysis of other MODIS images
suggested that the contrast changes sign for qm between

Table 1. Statistics of Individual Surface Slicks Identified in the

MODIS Image Shown in Figure 1a

Mean SD Min Max

Length (km) 19.2 12.4 2.3 52.8
Width (km) 0.65 0.63 0.12 4.6
Area (km2) 11.7 14.8 0.06 106.7

aFor the area 25.69�N–28.62�N; 90.14�W–93.58�W. The total number
of slicks counted was 164, with a grand total area of 1,920 km2. The
estimate from the concurrent SAR images was �1500 km2.

Figure 4. MODIS/Terra RGB image on 2 June 2005 (16:55 GMT) for the area delineated by the dotted and dashed boxes
in Figure 2 (26.58�N–27.68�N and 93.43�W–90.98�W.), separated by the dashed line. The satellite track shows the nadir
view, while the dotted line denotes the glint reflectance of 0.05 sr�1 where the slick contrast changes from negative (darker)
to positive (brighter). This is corresponding to qm � 12�, where qm is the angle between the viewing direction and the
direction of mirror reflection (dashed arrow in the inset). cos(qm) = cos(q0)cos(q) � sin(q0)sin(q)cos(f), where q0, q, and f
are the solar zenith, satellite zenith, and relative azimuth angles, respectively. The large dark patches in the west are not due
to oil films but a result of low atmosphere/ocean radiance and color stretching. Note that the figure is only a small subset of
the MODIS image, with the latter available online in the auxiliary material showing much more extensive oil slicks. (inset)
Seasonal glint coverage (glint defined as Lg > 0.0001 sr�1) in the MODIS/Aqua swath at 25�N assuming wind speed = 5 m
s�1. Results for MODIS/Terra are nearly identical. Also shown in the inset figure is the cloud-free possibility for the entire
GOM estimated from 11-year SeaWiFS data (1997–2008).
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12� and 14� and Lg between 0.04 and 0.05 sr�1. However,
whether this observation can be generalized still needs
further research, including a simulation study with bi-
directional optical properties of the oil film [e.g., Otremba
and Piskozub, 2004].

5. Conclusion

[19] The unique capability of the MODIS instruments in
detecting oil slicks in an oligotrophic ocean has been
demonstrated. The image pairs from concurrent MODIS
and SAR measurements prove the ability to examine large
areas for oil slicks using MODIS. MODIS helps by expand-
ing the coverage and revisit frequency. Our results suggest
that annual seepage rates in the northwestern Gulf of
Mexico may have been underestimated in past studies, but
a systematic examination of an extensive MODIS time
series is required to assess annual slick formation rates.
Because of the global availability of the medium-resolution
(250-m and 500-m) MODIS data and their consistent
coverage of sun glint in tropical and subtropical regions,
systematic application may also improve the estimation of
global annual seepage rates and help identify new oil seeps.
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