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Abstract


Prata et al. (2001) state that our analysis (Simpson et al. 2000) “suffers from a fundamental flaw in its methodology and numerous errors in fact and interpretation.” We assert that Prata et al. (2001) are incorrect. Our original analysis, augmented herein, shows that from an aviation safety perspective, their T4-T5 volcanic ash detection algorithm does not meet the requirements of the aviation industry. For arbitrary satellite scenes, their algorithm: 1) underdetects airborne volcanic ash; 2) yields numerous false alarms; and 3) does not satisfy the five minute warning imperative mandated by the aviation industry. Independent evidence and unique in situ validation data from the NASA DC-8 encounter with volcanic products from the recent Hekla eruption further support our original analysis and conclusions. Factors affecting the usefulness of their algorithm within the context of aviation safety, include but are not limited to, ambient atmospheric water vapor, ground and juvenile water in the magma as well as its chemical composition, cloud cover, atmospheric ice crystals, and the general applicability of the theoretical assumptions underlying their T4-T5 volcanic ash detection algorithm. The new analyses presented herein, as well as those of Simpson et al. (2000), show that new approaches are needed to address the complex problem of accurate and rapid detection of airborne volcanic ash.

I. Introduction


Prata et al. (2001) state that our analysis (Simpson et al., 2000) “suffers from a fundamental flaw in its methodology and numerous errors of fact and interpretation”. We assert that Prata et al. (2001) are incorrect in the analysis of our work. Moreover, recent unique in situ data analyzed herein further supports the original analysis and conclusions of Simpson et al. (2000).  

II. Operational User Requirements


Airlines view airborne volcanic ash as a threat as soon as a volcano erupts (Miller and Casadevall, 1999; Alexander, 2000). Ash is a serious hazard to aircraft at high altitudes, and is crucial at low altitudes (i.e., <15KftASL) in approach and departure corridors near volcanoes. The Airline Pilots Association (58,000 members) mandates that commercial pilots must have accurate and immediate notification to meet the ash hazard (Capt. Ed Miller, personal communication). The Alaska Airmen’s Association (1,2000 regional and general aviation pilots) argues that the small plane pilot has the same need (Mr. Tom George, personal communication). The 5 minute post-eruption pilot notification mandated by Salinas (1999) is a real and immediate need. While Prata et al. dismiss the 5 minute warning as unattainable, it puts in stark relief the inability of T4-T5 to address the aviation customer’s most basic need. 


Responsible agencies also have a critical time imperative.  Tools used to detect and track airborne volcanic ash must: 1) maximize accurate ash detection; 2) minimize false alarms; 3) determine the vertical and horizontal extent of the ash; and 4) be as real-time and as automated as possible. Because several kinds of emergencies can occur simultaneously, human interaction must be minimized. The technique must be unambiguous and well understood. In short, it must be “bulletproof”.


This overview is supported by the U.S. National Weather Service’s National Volcanic Ash Strategic Plan (W. Alexander, personal communication). It has been approved at all appropriate NOAA levels and now is in review by the Dept. of Commerce. See Hufford et al. (2000) for operational implications of volcanic ash.

III. Overview of Simpson et al. (2000) Analysis of Volcanic Ash Detection Failures


Prata et al. (2001) frequently refer to “the Simpson et al. method”, implying we developed/used a new method of volcanic ash detection.  Such is not the case.  On p. 192 of Simpson et al. (2000), we state, “This article examines the effects of a variable atmosphere and of wet versus dry eruptions on volcanic plume detection.  Then, results obtained by the current operational T4 – T5 detection method, applied to specific eruptions studied herein, are generalized to the global distribution of active volcanoes.”  The current operational technique is that of Prata (1989a, b). It is used extensively by his co-authors.


Their algorithm evaluates the AVHRR (or equivalent) 11 (m  (T4) and 12 (m (T5) brightness temperature difference (
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).  Meteorological clouds are presumed to have positive (T (Yamanouchi et al., 1987). Volcanic plumes have negative (T (e.g., Prata, 1989a, b; Wen and Rose, 1994; Schneider et al., 1995). A threshold of (T =0 was used by Simpson et al. (2000) to detect volcanic ash in satellite scenes. Our use of their method and their zero threshold is fully consistent with their own published work (Table 1) and its use by Volcanic Ash Advisory Centers (VAAC).  VAACs have global responsibility for the prompt detection of airborne volcanic ash and notification to the aviation community. 

Simpson et al. (2000) evaluated every pixel in 35 scenes with the above described algorithm. Our study showed large regions of both underdetection and false detection.  The Anchorage VAAC examined all results and interpreted the most likely areas of volcanic ash.  The error rates reported in Figure 14 of Simpson et al. (2000) are not for the entire scenes but only for the underdetection in the plumes as specified by VAAC forecasters.  The results show gross underdetection, especially during the early stages of the eruption most critical to aviation safety. Moreover, they do not highlight any of the false detection that occurs simultaneously. False detection is another major problem for the forecaster. 


The aviation safety criteria in II translate into maximizing the true detection rate of volcanic ash pixels and minimizing the false detection rate. The proximity of global air routes to active volcanoes (Simpson et al., 2000 Figure 17) demands minimum post-processing to resolve ambiguities.

IV. Response to General Issues Raised in the Introduction of Prata et al. (2001).
a. The “Truth” Issue

Prata et al. (2001) state “they (Simpson et al.) must show that, against some independent ‘truth’…the existence or non-existence of volcanic ash in a plume…” We are surprised by their comment. Two Prata et al. co-authors published papers using their T4 – T5 volcanic ash detection algorithm in which either no validation (4 studies) was given, a visual validation was made (2 studies) or radiosonde data (1 study) were used to validate plume height (Table 1).  Radiosondes do not validate areal extent of volcanic ash.

Likewise, an inference of volcanic aerosol loading from ground fall of ash about four years after the event isn’t relevant to the number density and size frequency distribution of the ultra fine (0.1 to 10 (m) ash aerosols common during an airborne ash hazard. Such estimates are strongly model dependent and thus don’t constitute an independent validation.

b. The “Arbitrary Threshold” Issue

For most of the scenes studied, the volcanic ash plume was visually distinguishable. The blue boxes in Simpson et al. (2000) are used simply to draw the reader’s eye to the plume contained therein. A competent Anchorage VAAC analyst reviewed all images to ensure that the regions of plume selected for testing met the criteria used operationally to identify them.

c. The “All Points in Plume Are Volcanic Ash” issue

Simpson et al. (2000, p.191) state, “Complete avoidance is the only procedure that ensures flight safety (Campbell, 1994).”  Captain Campbell represents the commercial airplane group at the Boeing Aircraft Company.  Clearly, the recommendation of a major aircraft manufacturer must be followed.  Moreover, Hinds and Salinas (1998) developed the volcanic eruption alert/advisory/avoidance procedure for United Airlines, the focal point for the U.S. domestic airlines’ policies regarding volcanic ash. It incorporates both the immediate warning requirement cited in II and the avoidance criterion of Captain Campbell. Thus, the forecaster must ensure that all suspect areas are avoided. Hence, the prescribed avoidance areas are very large relative to actual plume size. We consider the Prata et al. criticism irrelevant to the real operational issue of accurate and timely airborne volcanic ash detection.

We used the operationally mandated 100% avoidance criterion (e.g., pixels in the plume are very likely to contain some volcanic ash; it must be detected and avoided) but restricted test regions to clearly discernable volcanic plumes as described earlier.  Our visual procedure is consistent with that used by Prata et al. co-authors Schneider and Rose (1994, p. 407) for the Redoubt eruption.

d. The “Plume vs. Cloud” Issue

Prata et al. (2001) state that we “deal exclusively with ‘plumes’…, as opposed to ‘clouds’…” This is a minor semantic distinction that has no bearing on our results. A canonical reference (Sparks et al., 1997) uses the term plume at all spatial scales. We followed this conventional terminology. Moreover, Prata et al. (2001), in their discussion of the Klyuchevskoi 1994 eruption, refer to “a more or less continuous plume for more than 1000 km.”

e. The “T4 – T5  Information Is Only One Piece Of Information” Issue

Prata et al. (2001) assert that we unfairly burden their T4-T5 technique with the entire responsibility for plume detection and tracking, because forecasters have other real-time techniques (e.g., Miller and Casadevall, 1999). Such tools are often not available. In Alaska, only about 50% of dangerous volcanoes have seismometers—worldwide, only about 20%. Eruption seismic signals are often ambiguous, and are astonishingly uncorrelated with plume height. TOMS, another oft-cited indicator of plume position, may not help operationally: 1) TOMS is daytime only; 2) only the Anchorage VAAC has a direct TOMS downlink; 3) TOMS only observes the stratosphere; and 4) SO2 and ash plumes can diverge (e.g., Schneider et al., 2000 document 8 such cases). T4-T5 is often the only available tool for ash plume discrimination and it can fail catastrophically (see also VIII.a).

f. The “Responsibility of the User” issue

Prata et al. (2001) state “the user … is responsible for … application and … interpret(ation) …” If ash detection were sequestered in pure science, we might agree--the disastrous consequences of a misstep argue otherwise. A forecaster typically responds simultaneously to several time-critical events, and needs “bulletproof” tools-- T4-T5 cannot qualify because of its many failure paths.

V. Analysis
a. Soufriere Hills (Montserrat)

Prata et al. (2001) state “it is very important to realize that these Montserrat eruptions are all very small in scale. … The Montserrat example used by Simpson et al. is poorly selected as representative of a tropical event...(and) the location of the plume is anything but clear.” Forecasters at the Anchorage VAAC found the plume clearly expressed. From a pilot’s perspective, size is irrelevant—small plumes are just as dangerous. All Montserrat eruption plumes are exceedingly well-posed events from the standpoint of air traffic danger. Their small-size and weak silicate signal clearly challenge their T4-T5 technique—our point exactly.

Prata et al., (2001) cite the “...September 18 event studied by Simpson et al....(as being) too weak to overcome the effects of water vapor...” (with their T4-T5 technique). Three of the four references cited to support their position are unpublished manuscripts and therefore unavailable. Nevertheless, between 17 September 1996 and 19 January 1997, NOAA/NESDIS issued several Volcanic Hazards Alerts for Monsterrat, the Guadeloupe Airport was closed, and four commercial jets encountered ash. One resulted in serious damage and loss of service. Though termed “small” by Prata et al. (2001), these eruptions clearly had a major impact on regional and international aviation. This eruption illustrates two critical failure paths: a) the failure to detect ash plumes with low silicate content; and b) contamination by high atmospheric water vapor in the tropics. The latter exacerbates the former.

b. Mt. Spurr/Crater Peak

This example provides optimal conditions for detection of volcanic ash by their T4 – T5 algorithm.  Meteorological clouds ranged from minimal to non-existent and total atmospheric column water vapor was very low (0.25-0.6 in). Figure 5f of Simpson et al. (2000), however, shows that their algorithm failed to clearly identify the overwhelming number of pixels in the eruptive plume. Moreover, Schneider et al. (1995, pg. 29) state that “the band 4 minus band 5 brightness temperature difference does not work well in this (same) image”. Their algorithm also fails to detect the core signature of the plume for another four hours.  Two reasons account for this failure.  The largest particles generally are aloft during the earliest stages of eruption.  Particles, if > 2-3 (m, will interfere with detection (Prata, 1989b).  Moreover, particle concentration is also largest during the earliest stages of an eruption. High concentrations of particles also make the plume opaque to thermal radiation. Thus, in general, their T4 – T5 algorithm is likely to fail during early stages of an eruption.  Prata et al. (2001) concede this point when they state “the fundamental incapability of the algorithm to detect early ash hazard events, while possibly true, …” Their algorithm does partially detect the translucent edges of the plume starting about 6 hours after the eruption, but only 12 hours after the eruption does it show an unambiguous signal.  Unfortunately, the false detection rate also increases with time (see Simpson et al. 2000, Figure 5i). It is unlikely that their technique would have produced any discernable plume signature in the early hours of this eruption (0-6 hours) if the usual cloud cover, haze and atmospheric moisture had been present to contaminate the AVHRR imagery.  This illustrates a different failure mode. Their T4-T5 algorithm is unable to detect plumes with large particles (as noted by Prata (1989b)) or high particle concentration. This failure mode compromises the prompt detection/notification demand of aviation.

c. Mt. St. Augustine

Prata et al. (2001) state “The crucial image frame is shown as (Simpson et al.) Figure 7b.  Simpson et al. fail to detect a plume, while the T4 – T5 method identifies a small plume over the volcano vent.”  Figure 7b in Simpson et al. (2000) is a T4 image only; no attempt was made to classify volcanic ash pixels in this frame.  Figure 7f is the corresponding T4 – T5 image and it clearly shows the plume as well as false alarms. We do not understand their point.

We also don’t understand how Prata et al. (2001) could misconstrue our estimate of a low juvenile and surface water component for the March 1986 Mt. Augustine eruption. Prata et al. state that “...(Simpson et al.) are arguing that there was sufficient water available from other sources...to provide a volcanic source of water to the atmosphere.” Actually, we argue that “...relative low amounts of juvenile water and surface and ground water compared to the other eruptions studied...” account for somewhat lower “...percentages of plume pixels falsely classified as meteorological cloud... ...(Simpson et al., 2000, page 201).” Thus, our Mt. Augustine example clearly indicates how meteorological clouds alone can effectively generate numerous false negative Ts.

Prata et al. (2001) again state we used our own method for T4 – T5. This is not the case (see III herein). Our results are consistent with those of Holasek and Rose (1991).

Prata et al. (2001) criticize our identification of all negative T4 – T5 pixels as one color class. Our analysis is consistent with their own work (Table 1, and Section III).  Their very recent use of different negative and positive thresholds to classify pixels within a scene is questionable.  Such an exercise has little academic value; static thresholds (e.g., “canonical numbers”) are inconsistent with modern theories of scene classification (Haralick and Shapiro, 1992; 1993). In fact, the uncertainty in T can be large for many reasons (e.g., calibration error, water vapor attenuation; temperature inversions). Thus, use of numerous static thresholds, as they now advocate, would be scene specific if it worked at all. This is the case in Alaska.  The Anchorage VAAC attempted to automatically find ash in daily scenes.  The effort proved impracticable due to differing volcanic environments in Alaska (e.g., typical values of T4 – T5 near –1K for Mt. Bogoslof but as negative as –11K for Mt. Spurr). Moreover, a given volcano’s T can change from eruption to eruption or between events in an eruption. Negative Ts also can lead to false identification of cold meteorological cloud as volcanic (Potts and Ebert (1996); Ebert and Holland (1992)). Simpson et al. (2000 p. 212) note this occurred for the Mt. Augustine eruption. 

d. Ruapehu

GMS-5 is the only available geostationary satellite for the Western Pacific.  Ash was not detected well at the initial stage of the eruption.  About 4 hours later a good plume is detected (see Simpson et al., 2000, Figure 9). Meteorological clouds give false alarms very far from the plume. Independent analysis of the 19-20 July, 1996 Ruapehu eruption supports our results (Potts and Tokuno 1999).

Lack of a strong ash signal in the GMS-5 data for over four hours is consistent with a large amount of water vapor in the plume. We estimated several times 106 m3 of water vapor released during the eruption, with about 30-40% of that amount coming from phreatic water. Prata et al. (2001) assert that “…earlier eruptions had emptied Crater Lake, changing the style of eruption from phreatomagmatic to magmatic in style…”. This is clearly an error on their part. On-site field reports (November 1995) show that the summit lake was refilling and lahars were reported as a significant geologic hazard at that time (INGS, 1995). The lake continued to fill during the following March and April (INGS, 1996 a, b), eventually submerging the intra-crater lava dome that had formed. In addition, fumarolic activity was noted as “water rich” and fumaroles were most likely cooled by “near-surface quenching by shallow groundwater.” (GVNB, 1996). These field reports suggest an intensely phreatic local environment, as expected. April 1996 observations of the Ruapehu summit lake show that it had refilled to cover about 30% of the surface area of the pre-eruption lake (GVNB, 1996). Thus even a somewhat diminished Crater Lake could contribute a significant phreatic component (along with magmatic water) to the eruption, consistent with the poor initial detection during the first four hours.

Prata et al. (2001) discuss the presence of very thin ash layers.  Ash fall only provides retrospective information. It indicates what has rained out from the atmosphere, not what is left in it or was in it at the beginning of the eruption. In situ observations are needed (see VIII.a). 

e. Popocatepetl (Popo)

Prata et al. (2001) again advocate the use of static thresholds (canonical numbers) to classify the image scene with their algorithm and minimize false detections. They suggest that the T for land in the scene is about –1K and that misclassifications in the scene should be of no great surprise. However, a 1K error is the same size as the AVHRR calibration error. If their thresholds for Popocatepetl are used for a relatively wet atmosphere or even in another region (i.e., the polar regions), there would be either an increase in the false alarm rate or missed events (e.g., the Alaskan volcano Bogoslof, cited above).  Scene variable thresholds are fundamentally useless in an operational environment.

Seasonal changes in water vapor concentrations can compromise ash plume detection. Probabilities (AEPs) estimate the likelihood of an ash encounter based on the climatology and seasonal variation of the area winds. For Popo the highest AEPs for the winter increase toward the Gulf of Mexico and the Atlantic, versus increased AEPs for the summer over the tropical Pacific (Figure 6 of Hufford et al. (2000)). Likewise, the land-sea moisture contrast changes with season. Thus, a shift (e.g., wet vs. dry season; a plume predominately over land vs. over water) may yield dramatically different results for a given T4-T5 threshold. Seasonally variable, eruption/event specific thresholds would be needed for plume detection (as opposed to retrospective validation), causing operational havoc.   

Prata et al. (2001) emphasize animation of geostationary imagery.  Animation can be useful but not under all conditions, especially if a volcanic ash plume is embedded in meteorological cloud (see VIII.a). The time required to prepare the animation loop compromises the needed 5 minute operational response. Moreover, the theory of optical flow (e.g., motion detection in image sequences (Hildreth, 1983)) clearly shows that flow visualization requires the presence of gradient in the scene.  If a volcanic plume with high optical thickness is embedded in meteorological cloud with high optical thickness, then the gradient may be too small for good feature recognition in an animation loop (e.g., try to spot a polar bear on an ice flow). Orographic clouds over any high volcano (e.g., Mageik Volcano) also can be misinterpreted as a volcanic plume through animation.     

f. Rabaul

We do not understand why Prata et al. (2001) question the use of the term  “failure”.  They agree that their method did not show any significant T4 – T5 negative differences for the Rabaul eruption.  Unfortunately, the forecaster looks for negative (T not positive (T.  The reason for “failure” was ice coating of the ash particles (Simpson et al., 2000a, p. 212). Rose et al. (1995) concur.

We do thank Prata et al. (2001) for pointing out an obvious typographical error. The height of the Rabaul plume should have been 11-17 km, not 1.1 to 1.7 km, consistent with the mean value of 15 km given by Prata et al. (2001). Use of GMS-4 data with their T4 – T5 algorithm is irrelevant because GMS-4 has only a single infrared channel. Use of “arch” and “inverted arch” for discriminating meteorological clouds from volcanic ash plumes is problematic.  Prata et al. (2001) refer to our Figure 13a as “exactly” what is expected to show the arch.  We see no evidence for an arch in Figure 13b and c.  Ice flash vaporizes in a jet engine. Ice does not protect the engine from ash induced damage. Rather, it masks the presence of the ash in thermal infrared data. Again, we conclude T4-T5 failed.    

VI. Other Considerations/Discussion


Prata et al. (2001) state “Scattered negative T4 – T5 pixels that are upwind of a known eruption are generally of no concern.”  We disagree.  Such pixels only can be excluded as an aviation hazard if the vertical profile of wind and the distribution of cloud height are known. These data often either aren’t available or are inaccurate.  In fact, their absence played a critical role in a DC-8 encounter with Hekla volcanic products (see VIII.a).


Prata et al. (2001) again cite the usefulness of seismic data. We respond in IV.e. Prata et al. (2001) again state that “image animation is a very powerful interpretive tool”.  We respond in V.e.  


Prata et al. (2001) state that volcanic ash causes a distinct “U” shaped T4 – T5 vs. T4 scatter plot whereas other phenomena cause an “arch” shape. The Montserrat T4 – T5 vs. T4 scatter plots (Simpson et al., 2000 Figure 4) show little or no evidence of either an “arch” or a “U” shape.  Moreover, of the 28 scatter diagrams shown in Simpson et al. (2000) for six different volcanoes, 2 or perhaps 3 at best, exhibit a “U” or “arch”. We infer that Prata et al. (2001) advocate the use of questionable “canonical shapes” in addition to “canonical numbers” to sort out the deficiencies of their ash detection algorithm.  


Prata et al. (2001) state that “the physical basis for the algorithm (not discussed or challenged)…” This is incorrect.  Simpson et al. (2000), starting on p. 210 state “Limitations of the T4 – T5 algorithm in discriminating volcanic and meteorological cloud have been recognized by others.  Prata (1989a, b) found that, for ice-free ash clouds with particles of mean radii less than 3 (m, the T4 – T5 difference will be negative.”  This discussion continues to p. 212.


Simpson et al. (2000, p. 192) and this reply state that TOMS data definitely can be useful for identifying volcanic ash. However, its use is limited (see IV.e).


Prata et al. (2001) acknowledge, without reference, the success of our radiative transfer sensitivity study (Simpson et al., 2000 p. 209-210 Figure 15).  It clearly shows that a wavelength near 8.6 (m is a better discriminator of volcanic ash than either 11 or 12 (m (12 (m is especially sensitive to water vapor). We are pleased that they agree. Moreover, they also agree with our suggested use of MODIS and other anticipated data (see Simpson et al., (2000) p. 214-215). 

VII. Radiative Transfer Issue


Prata et al. (2001) state we are unfamiliar with the physics (i.e., radiative transfer) underlying their T4 – T5 technique (e.g., Prata, 1989a, b; Wen and Rose, 1994). This is not so.  The general applicability of the Prata (1989a, b) radiative transfer modeling is based on the general validity/applicability of several assumptions: 1) Plane-parallel plume layer with homogeneous physical properties; 2) Assumed chemical composition for the plumes; 3) Assumed particle size distribution; 4) Spherical particle shape; and 5) Assumed meteorological cloud and surface temperatures. The critical question is: How representative are the assumptions made by Prata (1989a, b) for an arbitrary volcanic event?  The data presented by Simpson et al. (2000) and independent evidence (VIII below) indicate that these assumptions greatly restrict the theory’s relevance to the accurate and timely detection of volcanic ash under arbitrary conditions. Ash particles, for example, aren’t spheres (Figure 1).


Wen and Rose (1994) also question these assumptions. They state that equivalent spheres may overestimate the T4 – T5 temperature difference and that until shape effects on the scattering are addressed, exact T4 – T5 temperature differences will elude computation.  Shape also plays an important role in the settling times of particles out of the volcanic plume. This has a significant influence on the time required to get an unambiguous post eruption ash signal from their T4 – T5 algorithm.

Simpson et al. (2000) chose not to criticize the Prata (1989a, b) work because it made a valuable, initial contribution towards solving a very complex problem in spite of its simplifying assumptions.  Many agencies, however, have seized upon this simple formulation as a quick fix; some have even labeled the five-minute warning requirement as unrealistic. This is, however, the aviation community’s expressed operational need.  Unfortunately, accurate detection of volcanic ash within 5 minutes is not likely with their T4 – T5  retrieval due to particle size, shape and plume opacity restrictions (and other assumptions). Unpredictable atmospheric motions may also keep larger particles (( 3 (m) aloft much longer than expected.  Nonetheless, all involved agencies must strive to meet the aviation community’s stated 5 minute warning requirement.  This is a difficult task requiring time, talent, and resource.  

VIII. Independent Evidence

a. Hekla Eruption

1. Nature of the Encounter

A NASA DC-8 research aircraft encountered a plume from Hekla Volcano at about 37kft/11.3kmASL at 0510Z on 28 February 2000. Instruments registered increased SO2 and decreased O3. Solid aerosols, interpreted as volcanic ash, were recovered in-situ (Miller et al., 2000). The aircraft was seriously damaged by ash ingestion and exposure to SO2 gas. About 500ppm elemental sulfur (normal <1ppm) was detected in the oil of all four engines.  Engine borescope analyses indicated the engines were clogged with melted and solidified ash (T. Grindle and W.Burcham, personal communication). NASA spent $3M for repairs (C. Yuhas, personal communication).

This unique encounter provides an unprecedented opportunity to undertake the in-situ validation of their ash detection algorithm called for by Prata et al. (2001). We are, however, presented with a conundrum. Their T4-T5 technique shows a strong positive anomaly for the 28 February Hekla plume, prompting Rose et al. (2000) to suggest that ice, rather than ash, was the dominant IR absorber, and that ash may not even have been present at the DC8 encounter altitude. They further report that no volcanic component was found in debris recovered from the engines. Nevertheless, these engines required extensive overhaul and cleaning after the encounter. In addition, on-board investigators reported detecting volcanic ash. To resolve this contradiction, we conducted an independent investigation to determine if ash was present in the plume and to gauge the efficacy of their T4-T5 technique in detecting ash under the ambient conditions present at the time of the DC8 encounter.

2. In Situ Evidence from the DC8

A section of a Keddeg Company #22010 fiber air-conditioning filter was obtained from the nose inlet vent on the NASA DC8. Three analyses were performed on it. Its hemispherical reflectance between 2.08 and 15(m was measured using a Nicolet FTIR spectrophotometer. A residual visible and infra-red spectra due to a dark contaminant was extracted using a linear mixing differencing model. This analysis is consistent with 10-12% of the filter covered by predominately andesitic basalt particles <75(m in characteristic dimension. Andesitic basalt was distinguished from more basic basalt (e.g., hawaiite and other tholeiites) by a characteristic darkening relative to the spectral response of a clean filter in the 2-5(m spectral range.

Several samples from the filter were examined using electron microscopic imaging and x-ray emission. The 150X electron microscope image of the filter (Figure 1a) is typical of 50 scans. The variety of small particles (~1-10(m) adhering to the larger fibers (10-30(m) is consistent with volcanic ash lofted to high altitude (e.g., ~40Kft/11km ASL) and drifting over 1200km. 

Figure 1b shows a 20(m poly-phase aggregate of smaller grains. Figure 1c, d are X-ray emission spectra of this grain. Figure 1c shows the spectral characteristic of a silicon-rich glass (strong Si K-alpha emission line) with weaker aluminum, sulfur, and iron peaks. It is characteristic of volcanic ash shards. Figure 1d is a more diverse, micro-crystalline fragment with strong K-alpha signatures for Si, S, Al, and Fe, with subsidiary signatures of Mg, P, K, Ti, and Ni. These signatures, typical of the many grains studied, provide strong evidence that the dark material on the filter is volcanic ash and conclusively corroborate the Nicolet FTIR spectra. Volcanic ash was also identified by Miller et al., (2000) from their heated aerosol sample collection device onboard the DC-8. The SEM and x-ray emission evidence, along with in-situ aerosol data, solve the Rose et al. (2000) conundrum of the apparent absence of volcanic ash. A more detailed geochemical analysis is in preparation.

3. Weather Factors

Given that the DC8 engines ingested ash, it is important to understand how the spectral signature of the ash could have been masked, yielding the observed positive thermal anomaly. Ice is a confounding factor, particularly if it coats the individual grains, altering their spectral character. The stratosphere is normally quite dry, thus the source of such water is problematic, unless magmatic or convectively entrained water vapor is part of the eruption process.

Based on radiosonde data taken over the Norwegian Sea at 00:00UTC 28 February 2000, the DC8 was about 1500m above the tropopause when it encountered the Hekla ash plume. All radiosonde data show very low stratospheric precipitable water vapor, as expected for an Arctic winter profile. Stratospheric ice conditions on 26 and 27 February were consistent with those on the 28 February. Thus, there was no advection of moisture in the lower stratosphere. If there was ice coating on some of the ash particles, the icing probably occurred at much lower altitudes at the time of eruption, or within the eruption plume itself due to interactions with entrained water vapor. The Keflavik radiosonde at 00:00UTC, 27 February showed the tropopause to be at approximately 9480mASL. Clearly, the eruptive plume penetrated the dry stratosphere.

The icing could not have come from the Arctic storm which the ash plume encountered on 27 February. The tropopause near the aircraft encounter was at approximately 9600m on 28 February. From there, it slopes upward toward the southeast, reaching a maximum at approximately 12.5 km over central Sweden. Tropospheric doming was caused by upward motions associated with the low-pressure center of the storm. Thus, the most favorable area for uplift of moisture was far from the encounter. Radiosonde winds show that flow at the tropopause and lower stratosphere near the encounter site were toward the east and towards the storm center. Thus, it is unlikely moisture came from the storm.
4.
London VAAC Analysis


David Smith is head of the EMARC (Environmental Monitoring And Response Centre) at the U.K. Met. Office. EMARC looks at satellite data, initializes and runs the NAME atmospheric pollution dispersion model and provides guidance to the London VAAC. He provided information via Dr. A. Harris of the U.K. Met. Office.  Smith says that an initial plume height of 35,000 feet was input into the trajectory model, based on radar measurements from Iceland. Radar only picks up the large particles and hence only detects part of the plume.  Early satellite passes showed the plume in both T4 – T5  and TOMS data for the SO2, but cloud cover meant that no satellite data (at least AVHRR) were interpretable for the days following the eruption.  After a few days the initial plume model was switched to the continuous emission model. The height of the continuous emission plume was lower (as might be expected) and therefore followed a different trajectory from the initial eruption. It was a couple of days after this that the DC-8 had its encounter with remnants of the initial plume in the lower stratosphere.

Smith identified the root cause of the problem as the error in initial height assignment, with 35,000 feet not quite enough to get the plume into the stratosphere.  After a few days, the decision was made that the modeling should concentrate on continuous emission, based on the erroneous assumption that material would have dropped out of the northerly plume by this time.  The absence of any interpretable satellite data meant that there was little else to guide the forecasters.

5. Relevant Comments

David Smith states “Our only tool was IR imagery which was of little use”.  Andrew Harris states “There is no doubt that improved techniques which permit the reliable detection of volcanic plume above lower-lying cloud from AVHRR would be welcome.”

6. Summary of Hekla event

This report of the Hekla eruption and subsequent DC-8 encounter with volcanic material far from the predicted position is not a criticism of the London VAAC.  These highly competent forecasters did the best they could with the little information available.  Contrary to the assumption of Prata et al. (2001), little information was available. This makes the requirement for a stand alone, more robust volcanic ash retrieval algorithm from satellite data self-evident. On-board observations show the DC-8 encountered volcanic ash. The T4-T5 signature was highly positive (>+10°C), strongly and falsely indicating meteorological cloud. Entrainment of moisture, either from below the tropopause, magmatic water or surface water, explains the formation of ice around the ash particles in the stratosphere. Prata et al. (2001) imply that the presence of ice in a volcanic plume vindicates their model. Rather, the model’s inability to discriminate ice covered ash is especially frightening to pilots. The false negative T4-T5 signature caused by the ice now itself becomes a serious hazard as demonstrated by the DC-8/Hekla plume encounter. The airspace deemed safe is in reality dangerous.

b.   Washington VAAC 

      
This group evaluated a recent improvement to the T4 – T5  technique developed by Dr. Bill Rose and colleagues. Gary Ellrod concludes, “Bill Rose has come up with a scheme to improve the T4 – T5 in moist conditions, although there are some false detection areas added from clouds.  To me, it doesn’t seem to work much better than current three channel techniques.”  This VAAC has its own technique in addition to T4 – T5. Their operational experience supports our conclusion that “canonical numbers and shapes” in this application are dubious at best.

     c.   Wellington VAAC


The Wellington VAAC monitors White Island eruptions (37-31.1ºS 177-10.5ºE). Volcanic ash is emitted from near sea level to heights of 3-5K feet ASL with gas and steam.  Plumes are 20-50 km long and generally less than 7,000 feet high.  Forecasters report mixed usefulness with the T4 – T5 technique applied to NOAA data.  Problems with the technique are especially serious for low altitude emissions (courtesy of Mr. James Travers, Aviation Services Division, Meteorological Service of New Zealand).
       d.    Anchorage VAAC


Craig Bauer, Lead Techniques Development Forecaster for the Anchorage VAAC, provided an overview of his operational experience with the T4 – T5  algorithm in Alaska at the request of NWS management. “About 3 years ago I tried to look at the AVHRR T4 – T5 imagery for purposes of setting up an automatic scan of each image for volcanic ash. I immediately ran into problems with false indications of ash in the atmosphere. This was especially pronounced in NOAA14 images.  Cumulonimbus clouds and some cirrus features are especially troublesome in false ash indications. I have not looked at GOES imagery for automatic scanning for ash. But about 3 years ago Rene Servranckx of the Canadian Met Center sent me an e-mail that contained T4 – T5 GOES image of the western Bering that had a strong ash signature. I looked at the area with either NOAA12 or 13. It ended up to be a cluster of cumulonimbus clouds with no ash indication. So I suspect that some of the same problems exist with GOES.”

      e.   Other Significant Recent Volcanic Activity


1. Arjuno-Welirang eastern Java, Indonesia 7.73(S, 112.58(E; summit elev. 3,339m

On 14 August 2000 a pilot report to the Darwin VAAC stated that an ash plume from Arjuno-Welirang was observed at an altitude of about 10 km.  The plume appeared to be stationary and was not visible in satellite imagery.  Source: Smithsonian web site.

2.  Miyake-jima Izu Islands, Japan 34.08(N, 139.53(E; summit elev. 815 m;     

At 0659 on 9 August 2000 an ash plume erupted at Miyake-jima.  At 0750 the ash plume was not visible in satellite imagery, but the Tokyo VAAC received a report that the plume was at an altitude of 3.8 km.  By 0802 the plume was visible in GMS 5 imagery and estimated to be at 10.7 km altitude.  This does not meet the mandated 5 minute notification time.  The ashfall from the eruption caused evacuation of about 600 residents from the island.  The eruption forced airport closure. On 15 August an air report sent to the Tokyo VAAC stated that an ash plume was at 5 km altitude.  The ash was not visible in GMS 5 imagery.  Reports indicate that a Boeing 747 aircraft executed a decent through a volcanic plume for about two minutes.  The cabin filled with dust.  Sources: Tokyo, VAAC, Reuters, Associated Press. All times are local (+ 9 hours = GMT)

IX. SUMMARY


The preponderance of evidence supports our prior analysis (Simpson et al. 2000) of the multiple failure modes in the T4 – T5 volcanic ash detection algorithm currently in use. Recent “improvements” to the T4 – T5 algorithm do not correct the deficiencies noted.  We are forced to conclude that Prata et al. (2001) have not carefully evaluated either their own algorithm or protocols.  Moreover, continued insistence that this technique is a sound one creates a false sense of security for agencies charged with maintaining aviation safety. In spite of our justified criticisms of their volcanic ash detection algorithm, we do acknowledge the significant contribution which Prata, Rose, Schneider and colleagues have made over the years. We reassert the position of Simpson et al. (2000) that new approaches are needed to address the complex problem of accurate and rapid detection of airborne volcanic ash.
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Captions
Figure 1: a) Electronic microscope image of the aircraft filter; b) Closeup of grain from a); c and d) Xray emission spectra of particles D and D2 respectively.
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