REMOTE SENSING OF MT. REDOUBT VOLCANIC ERUPTIONS
Mt. Redoubt Volcano in Southeast Alaska erupted violently on the evening of 22 March 2009, sending clouds of ash and gases billowing up to 50,000 ft or more.  The volcano continued its unrest for the next several weeks, with a total of 19 eruptions ending with the 4 April event, the most explosive in the series. Remote sensing played a major role in tracking the ash and sulfur clouds, which caused major disruptions in air traffic in Alaska and Western Canada. There were hundreds of flight cancellations at Anchorage’s Ted Stevens International Airport. Significant ash fall was also reported in many communities in Southeast Alaska resulting in respiratory problems and a major cleanup effort.
Extensive cloud cover and the eclipse period for GOES-11 (loss of images due to the satellite being in the Earth’s shadow) prevented optimum coverage of the initial eruption.  However, color-enhanced GOES-11 Infrared imagery at 0730 UTC (11:30 PM ADT 22 March 2009) just before eclipse clearly showed the first eruption cloud as it overshot the meteorological clouds (Figure 1), reaching well into the stratosphere. Later eruptions were observed by GOES-11 as seen by cold cloud tops in animated IR images from 0600 to 1330 UTC 23 March 2009.
There were three subsequent eruptions through the day on 23 March.  All were seen by the WSR-88D radar in Anchorage. Figure 2 shows a high reflectivity cloud (>40 dBZ) over the mountain at 1001 UTC (2:01 AM ADT) following one of the explosions. The radar loop shows the eruption cloud containing ash drifting to the north.  An Advanced Very High Resolution Radiometer (AVHRR) visible image from NOAA-17 on the morning of 23 March 2009 (Figure 3) clearly shows a coating of ash over the snow-covered ground north of the volcano.
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Figure 1: GOES-11 IR color-enhanced image at 0730 UTC 23 March 2009 shows the cloud (circled) from the first eruption of Mt. Redoubt Volcano drifting just to the west of Anchorage. (Source: UW-CIMSS)
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Figure 2: WSR-88D radar image from Anchorage at 1001 UTC 23 March 2009.  The high reflectivity (>40 dBZ) over Mt. Redoubt identifies the fourth eruption on this night. (Source: NWS Anchorage)
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Figure 3. NOAA-17 AVHRR visible image at 2016 UTC 24 March 2009 showing ashfall extending to the north of Mt. Redoubt (Source: NOAA).
This series of Mt. Redoubt eruptions also emitted copious quantities of sulfur dioxide (SO2) gas into the upper Troposphere and lower Stratosphere. These gaseous clouds mixed with ash drifted east and then southeast into Western Canada and the Continental United States.  There are several instruments on polar-orbiting spacecraft that are capable of tracking and measuring the concentration of these SO2 clouds using either backscattered solar reflectance or absorbed infrared energy.
The Ozone Monitoring Instrument (OMI) on the NASA Aura spacecraft is one such instrument. An OMI image obtained at 1807 UTC 24 March 2009 (Figure 4) shows the extent of the SO2 plumes along with their concentrations, measured in Dobson Units (DU). One DU is equivalent to a depth of .01 mm of a gas throughout the atmospheric column.  OMI can detect SO2, as well as ozone, because SO2 also backscatters solar energy strongly in portions of the Ultraviolet (UV) and visible parts of the spectrum observed by this instrument (.280-.500m). In large concentrations, SO2 can contribute to cooling of the earth’s atmosphere such as that which occurred after the eruption of Mt. Pinatubo in the Philippines in 1991. Other instruments that employ solar backscattering to observe SO2 or volcanic aerosols include the Global Ozone Monitoring Experiment (GOME), and the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite (CALIPSO).
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Figure 4: OMI image from the Aura spacecraft at 1807 UTC 24 March 2009 showing the extent and concentration of SO2 plumes from Mt. Redoubt eruptions (Dobson Unit scale at bottom indicates SO2 concentration for a 15-20 km altitude range) (Source: Simon Carn, Michigan Tech University)
The arrows in the OMI image show the direction of movement of the SO2 plumes. The presence of SO2 in satellite data was occasionally confirmed by reports from pilots in commercial jet aircraft when they encountered brown haze and the smell of sulfur in the cockpit. SO2 combines with moisture in clouds to form sulfuric acid (H2SO4), which is corrosive to aircraft, and contributes to acid rain.

Certain infrared (IR) channels are also sensitive to the presence of ash or SO2. Instruments such as the Advanced Very High Resolution Radiometer (AVHRR), the Atmospheric Infrared Sounder (AIRS), and even the GOES Sounder can be used in volcano monitoring.

As of 11 April 2009, the growth of the lava dome within Mt. Redoubt continued according to the Alaska Volcano Observatory (AVO).  Thus it is anticipated that further explosive eruptions could occur for several months. Satellite IR observations will be monitored for any thermal anomalies within the crater that may be precursors for future eruptions.
The following is a sample list of Internet resources for image products, advisories, webcams, photos, and additional information:

http://www.avo.alaska.edu/activity/Redoubt.php  (AVO (USGS))

http://www.volcano.si.edu/%22 (Smithsonian Global Volcanism)
http://www.ssd.noaa.gov/VAAC/  (Volcanic Ash Advisory Centers (NESDIS/SSD))
http://www.star.nesdis.noaa.gov/smcd/opdb/aviation/volc.html (NOAA/NESDIS CStAR)
http://www.swisseduc.ch/stromboli/perm/alaska/index-en.html  (photos from Swiss Educational site)
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