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Multispectral Remote Sensing and Truth
Data from the Tenyo Maru Oil Spill*

Abstract

On 22 July 1991, the Tenyo Maru sank in 87 fathoms of
water off Cape Flattery, Washington following a collision
with the grain ship Tou Hai. The initial spill included ap-
proximately 100,000 gallons of the bunker oil and diesel fuel
carried by the Tenyo Maru. Oil continued to be released at a
rate of approximately 500 gallons per day during the subse-
quent weeks. Sea-truth and remote sensing data were col-
lected in the vicinity of the wreck site during the period 5-
10 August 1991. Oil content in samples representing 150 cm?
of ocean surface typically ranged from undetectable to 180
mg. Most samples contained 5 mg of oil or less, indicating
an oil film less than 0.5 micrometres thick at these locations.
Chemical analysis of samples identified two unique oils in
the slick, one containing enhanced concentrations of toxic
PAH. The remote sensing data revealed variability in oil
thickness, particularly through the ultraviolet and long-wave
infrared bands and, secondarily, in other visible and near-
infrared bands. Processing is described to remove atmos-
pheric effects from the remote sensing data and combine ul-
traviolet and infrared band data into a single intuitive
display. A mid-wave infrared band showed no useful signa-
ture for the oils present at Neah Bay. No microwave signa-
ture was observed due to the small oil amounts.

Introduction
During the period 5~10 August 1991, multispectral data
(Smith, 1991; Rogne and Smith, 1992) were collected over an
oil slick in the open ocean and verified with oceanographic
and chemical collections (MacDonald, 1991; Texas A&M,
1992). This paper summarizes analysis of the multispectral
data and comparison of remote sensing with sea-truth obser-
vations.

The goals of this experiment were to use the Neah Bay
as a case study to examine
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e the utility of two readily available multispectral sensors for
oil detection;

e the relative utility of spectral bands (in addition to commonly
used ultraviolet and infrared bands) to detect and character-
ize spilled oil; and

e the image processing and image understanding requirements
for reliable detection and characterization of spilled oil.

In support of these goals, the following data were collected
and analyzed;
e multispectral imagery, including up to 16 spectral bands in
the ultraviolet through thermal infrared:
e C- and Ka-band microwave radiometer measurements; and
® sea-truth measuring surface oil amounts and composition.

Special features of this case study include broad spectral
coverage in the remote sensing data, the uncontrolled nature
of the spill, and the coordination with oceanographic collec-
tions.

Sea-Truth Sampling

Sea-truth sample data were collected from chartered sport
fishing boats on 5, 6, and 10 August 1991. Two types of sam-
ples were collected: wipe samples of surface oil, and water
samples taken 0.5 m beneath the surface. Wipes were col-
lected at, minimally, 0.1-nm intervals along remote sensing
flight-lines—more frequently if a variety of slick forms (e.g.,
mousse and floating tar balls) were present. Collections were
also made at points where no visible oil was present. During
collection, a 5- by 30-cm strip of Nytex mesh was secured to
the end of a 2.5-m aluminum pole. Both clamp and strip
were thoroughly rinsed with methylene chloride prior to col-
lection. The strip was then gently placed on the water sur-
face so that the floating slick would adhere to it, carefully
retrieved to avoid contamination, and stored chilled in a
clean (to EPA standards) 60-ml jar. Brief descriptions of the
slick were recorded in a log for all collections. During the 10
August cruise, collection of each wipe sample was recorded
on video tape annotated with both oral descriptions and time
overprint. Care was taken to sample from the up-wind side
of the hoat and to extend the pole well beyond the boat’s
hull before placing the strip on the water.

Flagged drogue bouys to which were attached 4-foot
square pieces of foil-covered hard foam were used as markers
to establish remote sensing flight lines correlated with sea-
truth sampling lines, The flags were effective in allowing the
boat crews to relocate the buoys. The foil squares were in-
tended to increase buoy visibility {rom the air and provide a
marker in the remote sensing data. In practice, visibility from
the air was marginal at best, and no marker was unambigu-
ously identified in the remote sensing data.

Water-column samples were liquid-liquid extracted with
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methylene chloride using Geochemical Environmental Re-
search Group (GERG) standard operating procedures. Extracts
were concentrated and weighed with an electrobalance.
Water extracts were screened by gas chromatograph with
flame ionized detection (GCFID) and polynuclear aromatic
hydrocarbons (PAH) were quantified by gas chromatography/
mass spectrometry/selected ion monitoring (GC/MS/SIM). Wipe
samples and beach tar samples were extracted with methyl-
ene chloride, concentrated, and weighed by electrobalance,
Samples were screened by GCFID, and selected samples were
analyzed for PAH content by GC/MS/SIM. Other slick extracts
were analyzed for quantitative biological markers.

Remote Sensing Data Collection

Remote sensing data were acquired with two sensor/platform
combinations: A Modular Multi-Band Scanner (M#s) mounted
on a Volpar Beech BE-8T aircraft, and a de Havilland Caribou
aircraft mounting the M7 multispectral scanner and two mi-
crowave radiometers (Smith, 1991). Only the M7 multispec-
tral scanner data are considered in this paper.

The M7 (Figure 1) is a line scanning sensor imaging a 90-
degree field-of-view beneath the aircraft at 2.5 milliradian
resolution in 16 spectral bands. At Neah Bay, the aircraft was
flown at 1000- and 3900-foot altitudes, providing nadir pixel
footprints measuring 0.8 and 3 metres, respectively. The sen-
sor is not stabilized; an Inertial Navigation System (INS) pro-
vides data to correct for aircraft motion in post-processing. A
LORAN receiver provided position reference for the remote
sensing data.

As part of standard processing, multispectral scanner
data were transferred to CCT, screened for data corrupted
during the recording and playback process, registered, cor-
rected for aircraft roll and pitch, and resampled to a uniform
spatial grid on the ocean. The experiment-specific processing
included normalization for atmospheric effects, comparison
of signatures with truth observations, and preparation of
composite images to highlight oil features.

Normalization proved necessary for the ultraviolet and
visible band data where signature variations caused by path

radiance and directional reflectance effects often exceeded
the oil/water contrast. Clear water data, chosen to be rela-
tively free of sun glint, were used to estimate systematic var-
iations in the local mean signature that were uncorrelated
with ocean surface characteristics. The LOWTRAN 7 model
(Kneizys, 1988) was used to estimate atmospheric transmis-
sion loss between the sensor platform and the ocean in each
spectral band as a function of scan angle. Appendix A pro-
vides a prescription for the normalization procedure, The
procedure is designed to provide accurate contrast signatures
(e.g., the signature difference between sheen and water)
within and between scenes, but does not attempt to preserve
absolute signal levels.

Comparison of signatures with truth observations was
complicated by difficulties in spatially correlating the sam-
ples. Marker buoys and reflective panels were ineffective.
The LORAN data accuracy was insufficient to mark sample
and remote sensing pixel locations within the scale of slick
variations (on the order of tens of metres). In practice, we
used the observed sea-truth boat location (using aerial pho-
tography to provide boat identification) in the remote sensing
imagery to provide a reference point in space and time, and
the boat's wake scar to constrain its path. The boat track de-
rived from LORAN data was forced to fit the observed scar;
sample locations were assigned to the path based on the
sample time and the constrained track. In all, data from three
aircraft passes could be correlated with ten sample locations.
Of these, six sample positions could be localed along a wake
scar, while four had to be extrapolated from the boat track
observed at the time the imagery was collected.

Three procedures were used to form image composites
from the normalized multispectral data: a phenomenologi-
cally motivated technique based on the expected behavior of
UV (ultraviolet) and IR (infrared) oil/ocean signatures, RGB-
mapped display of selected bands forming “natural color”
images, and composites formed from linear transformations
of the spectral data.

The utility of UV and IR signatures in oil remote sensing
is well known (e.g., Horvath, 1971; Horvath, 1974; Fingas,
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Figure 1. Optical diagram of the m7 scanner.
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Figure 2. Distribution of sample weights from slick samples
collected during three days of sea-truth operations.

1991). Because positive contrast UV signatures are produced
for very thin sheens while thicker oil is required to support
an IR signature, a composite of these bands is a natural way
to segragate heavier oiled regions from very thin sheen. In
addition, correlating the presence of UV and IR signatures
aided in rejecting signatures not associated with oil (e.g.,
thermal scars from recovery vessel traffic). A presciption for
producing them is provided in Appendix B.

Natural color composites were produced mapping M7
channels 3, 5 or 6, and 8 to blue, green, and red display
colors, respectively. These composites were produced be-
cause correlations between slick characteristics and color are
also well known (e.g., National Research Council, 1985).

The third class of composites was formed from spectral
features. A feature is an algebraic combination of spectral
data that correlates with a scene property of interest. The
goal is to extract desirable information from a high dimen-
sion data space (e.g., the 16 M7 channels) and form a low di-
mension data space composed of a few features that is more
amenable for display and interpretation. Two techniques
were used to define the weights for combining bands into
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Figure 3. Gas chromatograph fingerprints for the two types
of oil detected in the slick.

features: the Gram-Schmidt procedure [Jackson, 1983] for
generating orthogonal features based on spectra measured
from interesting scene components (e.g., sheen, clear water,
thicker oil), and the principal component method.,

TABLE 1. SUMMARY OF SEA-TRUTH SampPLE Data CORRELATING WITH 10 AucuST REMOTE SENSING DATA

Sample # Run # Oil Type Weight (mg) Equivalent Thickness(pm) Description

wa1 (5)* - 0.2 - Few broken slick droplets

waz2 (5)" - 0.1 --- No visible slick

was o - 0.2 No visible slick

was 5 - 0.2 0.01 Sheen

waz 5 2 183.2 12.2 Oil rising to surface,
fresh oil glob

Wa9g 8 2 9.9 0.7 Rainbow sheen, mousse,
fresh oil glob

Wa4q 12 - 0.4 Light mousse

was 12 1 34.6 2.3 Heavy slick with patches of
floating tar and silver sheen

AT 12 1 0.6 0.04 Silver sheen, patches of tar

Wwa7 12 1 18.2 1.2 Floating tarball

was 12 -- 0.3 - No visible oil

Wag 12 - 0.2 - No visible oil

*Exact sample locations cannot be identified
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Wreck Site

Figure 4. Composite of uv band data from Runs 17 and 18
showing an overview of the slick studied.

UV (375 - 381 nm)

LWIR (7.2 - 12.1 pum)
Figure 5. uv and Lwir band data for Run 18.

Sea-Truth Sampling Results
The highest hydrocarbon concentrations observed in the
water column samples were from samples collected directly
beneath the visible slick, where total PAHs reached 2360 ng/l.
Wipe samples of the slick provided a semi-quantitative esti-
mate of the amount of oil on the sea surface. Localized high
values in the areas of high oil volume illustrate the heteroge-
neity of the slick distribution and the consistent pattern of
comparatively light and heavy oil on all three sampling days
(Figure 2). A few of the slick samples (5 August) contained
several grams of oil. The majority of samples contained 5 mg
of oil or less, which corresponds to a very thin (<0.5 um)
film over the sample area.

0Oil “fingerprints” (GCFID) demonstrated that two distinct
oil types were present in the slick emanating from the ship
(Figure 3). One fluid (A) was predominantly normal alkanes
typical of diesel fuel whereas the other fluid (B) was en-
riched in polycyclic aromatic compounds, particularly lower
molecular weight compounds. No known physical, chemical,
or biological process will produce such distinct fingerprints
from a single source, Observations of the two fingerprints
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Figure 6. uwir composites for Runs 17 and 18.

throughout the sampling period suggests that two discrete
sources of leakage were present on the sunken ship.

Six tar samples collected in a very limited beach survey
were analyzed. All samples contained detectable hydrocar-
bons, but only one had high levels of PAH contamination. In-
terestingly, biological marker compositions indicate that the
Tenyo Maru was the source of this sample, while eliminating
the Tenyo Maru as the source of the other samples. In partic-
ular, five of the beach extracts contained oleanane and a
peak tentatively identified as gammacerane. The Tenyo Maru
slicks contain neither of these compounds. Likewise, the
Tenyo Maru slick contained tricyclic triterpanes, which were
absent from the five samples. The beach sample with the
highest level of fresh oil contained tricyclic triterpanes, but
lacked oleanane and gammacerane.

The sea-truth information used to correlate with remote
sensing observations were wipe sample weight and composi-

MWIR (3.4 - 5.4 um) LWIR (7.2-12.1 um)

Figure 7. mwir and wwir band data for Run 18.
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Figure 8. Differential radiance of two oiled areas relative to
clear water, (a) sheen, (b) thicker oil.

tion from the 10 August collection. Table 1 summarizes the
relevant data. For reference, the sample weights are trans-
lated into an equivalent slick thickness, assuming a uniform
oil distribution over the 150 cm? sample area. Clearly, a rela-
tively thin slick was observed. Run numbers in Table 1 refer
to remote sensing data sets in which the sample locations are
observed.

Remote Sensing Results
The highest quality remote sensing data correlated with sea-
truth were collected on 10 August; these data were used for
all analyses (Rogne and Smith, 1992). On the afternoon of
the 10 the main slick was observed extending approxi-
mately 2 km north from the wreck site, and then extending
west for approximately 3 km (Figure 4). The turn west corre-
sponds to the presence of a cold water mass observed in the
IR data. The northern cil motion was wind-driven while the
turn west was apparently caused by entrainment in a local
current.

The total slick area, as observed in the UV imagery, cov-
ered approximately 450,000m2, A strong negative contrast in-
frared signature was observed along the east/west portion of
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the slick; presumably the slick thickened in this region due
to containment of wind-driven oil along the thermal bound-
ary, These slick areas covered approximately 100,000m?,

Interestingly, neither the aircraft team or the sea-truth
team were aware of the oceanographic front and its effect on
the oil dispersion during sampling operations. The sea-truth
team followed the wind-driven plume north from the wreck
site and did not sample the (apparently) thicker oil in the
western arm of the slick. The aircraft crew saw the thicker
oil along the east/west slick arm and assumed that the wreck
site was at the western end of this arm (rather than at its true
location at the southern end of the north/south arm).

Normalized (atmosphere-corrected) imagery from UV and
LWIR (Long-Wave Infrared) bands is shown in Figure 5. The
images represent an area measuring approximately 3.5 by 2.2
km showing the wind-driven plume arm and part of the cur-
rent-driven arm; the oil source and wreck site are located
near the bottom of the images. Note the wake scars from re-
covery vessel traffic in the LWIR band image, and the nega-
tive contrast oil signature seen where the plume turns west.
UV/IR composites (Figure 6) show both arms of the slick. This
composite is normally produced in color with red assigned
to the processed IR data and cyan assigned to the processed
UV data. The black-and-white version shown assigns the IR
data to bright tones and the UV data to the dimmer gray lev-
els. The composite processing rejects the wake scars and fo-
cuses attention on the oil features. Severe sun glint which
saturated portions of the data (e.g., Run 17) was not rejected
by the processing. The IR data indicates that the heaviest oil
concentrations are along the northern edge of the east/west
slick section. This correlates with the visual appearance of
the slick.

Figure 7 compares LWIR and MWIR (Mid-Wave Infrared)
band data. While wake scars are clearly evident in both
bands, and a strong oil signature is present in the LWIR band,
no significant oil signature is seen in the MWIR band.

Image composites based on “natural color” band combi-
nations were effective in showing color differences between
what is believed to be thicker oil in the east/west slick arm
and sheen in other slick areas. However, when composites
based on spectral features were prepared, oil [eatures were
dominated by the UV and LWIR band data with only second-
ary contributions from visible wavelength bands. The other
bands were effective in discriminating sun glint and other
scene objects such as recovery vessels.

Figure 8 shows samples of mean spectra (computed from
collections of 50 to 100 pixels) contrasting clear water,
sheen, and “thicker 0il” computed from normalized data
over the north/south slick arm. The signature difference be-
tween oil and clear water areas is plotted. Bounds about the
mean indicate the 2o variation among the individual pixels.
Data are plotted for the UV, visible, near-IR, and shortwave-IR
M7 bands (see Figure 1 for bandpasses). The sheen spectra re-
flect the bright, bluish appearance of this oil compared to the
increased red content of the thicker oil.

Conclusions
The main results from the remote sensing data analyses are
as follows:

e Normalization procedures were successfully applied to re-
move unwanted atmospheric effects from the remote sensing
data.

® Confirming well-known empirical and theoretical results, the
ultraviolet (Uv) spectral channel provided excellent detection
of the slick boundary (including very thin sheen), while the
long-wave infrared (LWIR) channel (7.2 to 12.1 um) provided
selective response to thicker oil films.
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® Due to the thin oil films at Neah Bay, only negative contrast
infrared signatures were observed; signatures magnitudes sug-
gest both evaporative cooling and reduced emissivity contrib-
uted to the oil signature.

® For the oil observed at Neah Bay, the mid-wave infrared
(MwWIR) channel (3.4 to 5.4 um) did not reveal an oil signa-
ture, though thermal scars from vessel traffic were clearly vis-
ible.

® Inspection of complete spectra for different slick components
(sheen, thicker oil, and areas containing oil with the two
composilions observed) showed the well-known color varia-
tions of oil films as a function of thickness; no evidence for
separating the two oil compositions was found.

® Processing based on phenomenological arguments using the
uv and LWIR bands produced good composiles highlighting
oil features and rejecting clutter observed in the individual
channels.

® Composites formed from a selection of UV, visible, near-IR,
and LWIR bands improved discrimination of non-oil image
features (sun glint, vessels, aircraft) but did not add signifi-
cant oil feature information.

® Due to the small size and thinness of the slick, no microwave
oil signature was observed.

Results related to the sea-truth data include

® Sea truth data confirmed oiled versus clear water areas ob-
served in the remote sensing data, but did not sample areas
thought to contain the thickest oil.

® Samples covering 150 cm? typically contained 0 to 180 mg of
oil, but the majority of slick samples contained 5 mg of oil or
less. A few samples contained several grams of oil.

® Chemical analysis revealed two distinct oils.

® Limilalions in georeferencing of sea-truth and remote sensing
data limited the opportunities for comparison,

® Field-expedient markers intended to identify sea-truth sample
locations in the remote sensing data were ineffective.

® Direction of sea-truth sampling from the remote sensing plat-
form was not successful, primarily due to limitations in posi-
tion information.

® The small spatial scale and infrequency of sea-truth samples
compared to remote sensing pixels can make direct compari-
sons difficult (e.g., an isolated tarball can dominate the char-
acter of a sea-truth sample, but be an insignificant component
of a remote sensing pixel).

® Future studies of this type require sea-truth that fully charac-
terizes conditions over the scale of a few remote sensing pix-
els, allows spatial referencing of the data within this scale,
and is directed by characteristics ohserved in the remote
sensing data.

Care must be taken in drawing conclusions from this
study regarding the use of multispectral sensors for oil char-
acterization in an operational setting. Virtually all the oil ob-
served formed a very thin surface film which was measured
during the day. This biased toward the success of UV/LWIR
channels and against the success of the microwave radiome-
ters (or the importance of other multispectral channels). We
did show that

® Image composites allowing straightforward interpretation of
oil characteristics can be formed with relatively simple
processing, readily implemented in real time.

® Preparation of composiles can be performed prior to geomet-
ric resampling and georeferencing; georeferencing a derived
product (e.g., a slick contour) greatly reduces the computa-
tional load,

® Successful remote sensing requires a stable sensor/platform
configuration (e.g., to insure adequate georeferencing, proper
spectral bands, and adequate response time),

® Weather is an important factor to consider when engineering
an operational sensor/platform combination.

Recommendations

These recommendations pertain most directly to a subse-
quent exercise designed to correlate remote sensing and sea-
truth data of an uncontrolled spill:
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® A more dense sea-truth sample grid is required.

® Seca-truth must be representative of slick inhomogeneities
(e.g., mixtures of sheen and tarballs) within scales on the or-
der of remote sensing pixels.

® The remote sensing platform should be able to specify sea-
truth sample locations based on the observed oil distribution.

® Better (visible) sample markers and/or better georeferencing
(on the order of 10 metres for slick variations observed at
Neah Bay) is required to reliably correlate remote sensing
data with sample locations,

e An operations plan should be developed prior to conducting
further field experiments at a “spill of opportunity.”

e Controlled experiments should be considered to test the oper-
ations plan.
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Appendix A

Normalization Procedure
The normalization algorithm applied to the Neah Bay data is

(1) Identify an area of clear water, homogeneous in appearance,
along the current flight line.

(2) Average a group of scan lines to suppress the impact of iso-
lated glints or anomalies.

(3) Fit the scan angle dependence of the averaged radiance sig-
nal to a low-order polynomial (L') to further suppress the
impact of isolated glints or anomalies.

(4) Run LOWTRAN 7 to estimate atmospheric transmission in
each spectral band (T) as a function of scan angle.

(5) Apply normalization formula with derived path radiance
dependence to the entire scene.

The correction formula in a single spectral band is derived as
follows:
L'(6) = L,16) + L,(6) L(6) = L(O)T(6) + Ly(0)

Solving for L, and substituting for L, we find
L.(6) = L(6)T(6) — [(L'(6) — L.T(6))/T(6)]
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where I, is the normalized measurement, L is the original
measurement, T is the estimated atmospheric transmission
from LOWTRAN, L,, is the (assumed) diffuse radiance of the
ocean observed for the clear water data (fit to L'(0)), L, is the
path radiance, and 0 is the scan angle. As applied to the
Neah Bay data, we equated L, with the nadir measurement
over clear water (L'(0)). Thus, scan angle variations within a
scene have been removed, but a bias signal equal to the nadir
view path radiance remains. Scaling for illumination varia-
tions was not necessary at Neah Bay, but must be accounted
for in the general case.

Appendix B

UV/IR Composite Prescription

In the Neah Bay case, the production and interpretation of
UV/IR composites is simplified by the fact that only negative
contrast thermal signatures were observed. This was most
likely due to the relatively small oil amounts (relatively thin
slick) and the fresh, volatile nature of the material. Thus, a
simple algorithm was followed to automatically produce the
composites, The algorithm is

(1) Measure mean clear water signal and subtract from the uv
image.

(2) Create a UV display image spanning 0 to 0.3 pW/cm?*-sr-nm
(black to white) and apply an erosion operator.

(3) Invert IR image.

(4) Measure clear water mean signal and subtract from IR im-
age.

(5) Measure standard deviation of UV image clear water signal.

(6) Set IR image to zero if corresponding UV image pixel is less
than 3 standard deviations above the mean clear water sig-
nal.

(7) Create an IR display image spanning 0 to 1 Kor 0 to 2 K
(black to white).

(8) Subtract IR image from UV image and assign to blue and
green display channels,

(9) Assign IR image to red display channel,

The first step relies on the fact that thin oil areas we want to
emphasize using the UV channel are always bright, positive
contrast features. For the Neah Bay conditions (clear), the
scaling indicated gave good definition of oil structure while
allowing isolated glints to saturate. The erosion operator
(step 2) did a good job removing most isolated glints, aiding
the cosmetic appearance of the composites without seriously
affecting the identity of oiled areas. A three by three square
erosion operator was used; the erosion operator replaces the
value of the target pixel by the minimum value contained in
the surrounding eight pixels.

The IR image is inverted so that brighter tones in the
composite correspond to a more negative IR contrast; for the
amount of oil at Neah Bay, this is believed to always corre-
spond to thicker oil, Zeroing the IR image based on UV signa-
ture levels (step 6) proved useful in the Neah Bay data to
reduce the impact of thermal scars on the composite. At
Neah Bay, the oil always produced a positive UV signature
contrast relative to the water, so this technique was success-
ful, This will not always be the case, nor will the IR signa-
ture always be negative contrast and monotonically related to
slick thickness (e.g., thicker slicks under sunlit conditions
will tend to provide a positive contrast IR signature). Never-
theless, the UV/IR composite appears to be very effective in
summarizing relevant information contained in the individ-
ual band images.
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