






(NOx), which remote sensing can detect, providing important early
warnings. For the Kuwaiti oil fires, CO2 emissions were large, with
airborne measurements indicating 4.9×105tonnes CO2/day (Hobbs
& Radke, 1992), an amount that would be detectable by current satel-
lite instruments such as GOSAT. Because crude oil often contains sul-
fur, combustion can produce significant sulfur dioxide, SO2. For the
Kuwait oil fires, daily SO2 emissions were estimated at 20,000 to
22,500 t (Husain & Amin, 1995). Current spaceborne instruments
can observe some trace gases, for example; SCIAMACHY can detect
CO2 and SO2 (Burrows et al., 2011). Nevertheless, spill-related

pollution can be difficult to discriminate from other anthropogenic
pollution sources, particularly where the instrument footprint is
large (30×240 km footprint for SCIAMACHY).

Airborne remote sensing can play a role in disaster response by
detection of dangerous of toxic gas concentrations. A wide range
of gases can be identified from both MIR and TIR spectral signa-
tures using a spectral library matching approach (Kroutil et al.,
2011), although high spectral resolution data such as from Fourier
Transform InfraRed (FTIR) spectrometers are critical (Kroutil et al.,
2011).

Fig. 15. A. Mid infrared, 4-� m brightness temperature for a daytime MODIS Terra image acquired at ~1700 UTC 9 July 2010 (~100 km field of view). Flaring from the DWH well site
resulted in the elevated brightness temperatures in the center of the image. B. AVIRIS false color composite (RGB=2277, 1682, 724 nm) of DWH well site, acquired ~1510 UTC, 9
July 2010. Flaring is from two ships in the image center. C. Radiance spectra from AVIRIS images in B for an extremely saturated pixel from the center of the smaller flare, and in D for
a less saturated spectrum from an in situ fire. D. AVIRIS false color composite (same RGB bands as B) showing in situ burning acquired ~2235 UTC, 9 July 2010. E. Band ratio image
showing fire detection over water. F. AVIRIS radiance spectra from pixels in D.

Fig. 14. A. NOAA AVHRR satellite image of 1991 Kuwait oil fires (Husain and Amin 1995). B. Multispectral, false color image (RGB=3.74, 0.86, 0.63 � m), of 1991 Kuwait oil fires and
smoke on 12 Feb. 1991 (NOAA 1991). C. True color, Landsat 5 TM image of 1991 Kuwait oil fires and smoke on 23 Feb. 1991 (NASA 1991). D. MODIS image of pipeline rupture and
ignition and smoke plume (NASA 2004). E. MODIS false color image (RGB=3.96, 0.86, 0.645 � m) of 2003 S. Iraq oil fires and smoke on 12 Mar. 1991, (NOAA 2003). Red pixels show
positive fire detection. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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4.2. Oil slick ecosystem impact remote sensing of the DWH

4.2.1. In situ burning and well flaring
In situ burning was used widely (411 burns) during the DWH spill,

consuming 4–5×107L of oil (Lehr et al., 2010). Elevated brightness
temperatures were evident in multiple MODIS scenes during the spill
(Fig. 15A). Warmer areas corresponded with MODIS visible indication
of thick oil where in situ burning would be more likely. However,
increased brightness temperatures stayed close to background bright-
ness temperatures and did not exceed the 37 °C threshold used for
MODIS daytime fire detection (Giglio et al., 2003). Only the pixel con-
taining flaring at the DWHwell site resulted in an obvious fire detection
based on elevated brightness temperature (Fig. 15A), in part because in
situ burning covered a very small fraction of a MODIS pixel.

The finer spatial resolution of airborne remote sensing provides
significant advantages for monitoring in situ burns, although sensor
saturation is much more likely. An extreme example of saturation is
in the 3.4-m AVIRIS data acquired over the DWH well site (Fig. 15B).

Flares cause saturation through much of AVIRIS's spectral range, in
some cases, saturating a majority of AVIRIS NIR bands (Fig. 15C).
Blackbody emission curves were fit to the unsaturated bands of flare
spectra, indicating temperatures potentially in excess of 1700 °C.
Smoke cover was a dominant feature in AVIRIS images acquired over
in situ fires. Smoke absorption greatly reduced emitted fire radiance
at wavelengths shorter than 1200 nm, butminimally attenuated emit-
ted radiance at longer wavelengths. Due to the low reflectance of solar
irradiance by water and smoke, fires were easily detectable using a
ratio of the 2280 and 450 nm bands (Fig. 15E). Fire increases the
2280-nm band radiance (Dennison & Roberts, 2009), thereby
increasing the band ratio above 0.2. A fire temperature retrieval algo-
rithm (Dennison & Matheson, 2011) fit to AVIRIS spectra acquired
over an in situ burn found effective temperatures of up to 1025 °C.

Fires from in situ DWH burns produced smoke plumes (Fig. 16D)
that were characterized by the CALIOP lidar on 10 July 2010. Records
show in situ burning on both 9 and 10 July (Lehr et al., 2010). On 10
July CALIOP recorded an aerosol layer rapidly rising to ~2 km altitude

Fig. 16. A–C. CALIPSO LIDAR, Radarsat 1 SAR, and AVIRIS data for (1854 UTC) 10 July; (2341 UTC) 9 July, 23:41; and (1530 UTC) 9 July, respectively. Size scale on B and C. B. Slick
outlines from SAR image for (0343 UTC) and (1158 UTC) 11 July from ASAR, and CosmoSkyMed2, respectively. D. Wind speed, u, and direction for three meteorology stations, 42040
and 42364 (on B), and Burl1. Time of CALIPSO, and Radarsat1 overpasses and AVIRIS flights indicated (C, S, and A, respectively). E. Normalized, mean SAR return for 18-pixel wide
swath along CALIPSO track, and second order polynomial fit (red) to non-slick pixels (red). F. CALIPSO LIDAR backscatter for 532 nm and 1064 nm, subsurface return, and modeled
sea surface backscatter for the Gulf of Mexico. Data key on panel.
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