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1. Introduction


Current volcanic ash detection techniques rely heavily on split window differencing of the thermal longwave infrared bands (11 and 12 (m) on current operational satellites (Prata 1989).  However this technique is not uniformly effective in properly classifying volcanic ash pixels in the satellite scene, often falsely interpreting meteorological cloud as volcanic ash clouds and conversely (Simpson et al 2000).  A recommendation of that study is that new research-grade satellite remote sensing instruments employing multi-spectral observations of volcanic plumes in the thermal infrared be used to better characterize eruptive events and that the information be used to design improved volcanic ash cloud detection sensors.  This will lead eventually to wider operational exploitation of these powerful and increasingly accessible technologies (Oppenheimer 1998).

One of the new satellite research sensors currently available is the Moderate Resolution Imaging Spectroradiometer (MODIS).  MODIS imagery offers a multi-spectral advantage over Geostationary Operational Environmental Satellite (GOES) imagery for viewing volcanic ash plumes.  The advantage is due to the larger number of spectral bands on MODIS (36 bands: 19 bands in the visible and near-infrared, and 17 bands in the longer-wavelength infrared).  In comparison there are five bands in the GOES Imager.  All of the thermal infrared bands of MODIS are available at 1 km spatial resolution (at nadir).  This is a horizontal resolution advantage over 4 km GOES infrared data, but that is not the focus of this study.  In addition, some of the MODIS bands are in portions of the spectrum not sensed by GOES.  This spectral advantage however is offset by the lack of sufficient temporal resolution and continuity to follow rapidly-changing phenomena as is customary from geostationary orbit.

2. Principal Component Imagery


In their study of volcanic plumes, Dean et al (1994) found that satellite images analyzed using principal component techniques clearly distinguished the plume from the surrounding terrain.  Their preferred analysis technique utilized three-color composites of principal component and spectral band images to show the extent of the plume as well as its opaque and transparent properties.  While typically applied to remote sensing of earth resources, principal component analysis has been applied to GOES Imager and Sounder data to create Principal Component Images (PCIs) for the detection of atmospheric and surface features in multi-band imagery (Hillger
 1996, Hillger and Ellrod, 2000).  In addition, the use of principal component analysis becomes increasingly important as the number of spectral bands increases.

Half-hourly GOES imagery is used by the Washington Volcanic Ash Advisory Center (VAAC) to routinely produce analyses of ash plumes.  One of the image products used to generate the ash advisories is PCI analysis of GOES multi-spectral imagery, in use operationally since December 1999.  The basic PCI product is based on the three infrared bands (bands 2, 4, and 5) of the GOES Imager.  Each of the three component images is a linear combination of the input bands with weights applied based on the transformation of the original bands using eigenvector/eigenvalue analysis of the original imagery.  For the GOES Imager, PCI-2 and PCI-3 have proven to be the most useful for volcanic hot spot and ash plume detection respectively.  This is because the common or correlated information in the three GOES infrared bands is relegated to PCI-1.  PCIs 2 and 3 contain band difference information that highlights features not seen in single-band imagery.  PCI-2 is primarily a band 2/4 (shortwave/longwave difference) image, and PCI-3 is primarily a band 4/5 (longwave split window difference) image, with small contributions from the remaining band in each case.

3. Analysis of Volcanic Ash

The case analyzed for this study was a large eruption of ash from the Popocatepetl volcano (hereafter abbreviated Popo, 19.02°N, 98.62°W) at 5426 m elevation near Mexico City.  One of the days with widespread ash was 20 December 2000.  Figure 1 shows an analysis issued by the Washington VAAC (Operations 1999) giving the extent of the ash plume based on GOES multi-spectral imagery for 1715 UTC.  This analysis time matches the time of the MODIS imagery that was analyzed using PCIs.  The ash extends mainly south and east of the volcanic source, to as far away as the Yucatan Peninsula.  In the ash analysis the plume is given in two parts, at different flight levels (FL250 [7600 m] and FL320 [9800 m]).  These levels were estimated by effectively matching the derived vector motion of the ash as seen in GOES imagery to the appropriate height levels from the Mexico City upper-air sounding and a model sounding.
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Figure 1: Volcanic ash analysis at 1715 UTC on 20 December 2000 for Popocatepetl volcano near Mexico City.  Analysis based on GOES multi-spectral imagery by the Satellite Analysis Branch (SAB) Washington VAAC.
PCI-3 in Figure 2 is one of the GOES products used to generate the ash analysis in Figure 1.  This product shows the ash cloud with good contrast to the image background, but with somewhat limited contrast to some of the other image features. The ash is mainly concentrated to the east and southeast of Popo.  Ash extends east to a secondary maximum over Yucatan.  The extent of the ash in both the ash analysis and PCI-3 serve as guides for the MODIS analysis to follow.
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Figure 2: PCI-3 of 3 PCIs that were generated from the three thermal infrared bands (2, 4, and 5) of GOES for 1715 UTC on 20 December 2000.  PCI-3 is one of the products used to generate the ash analysis in Figure 1.  This product shows the ash cloud with significant contrast to the image background.  This PCI is inverted black-to-white to make the ash plume white.

MODIS data for this volcanic ash case were available at 1715 UTC.  None of the MODIS bands showed the relatively diffuse ash for this case when viewed alone.  This is expected when the ash signal is subtle, appearing in contrast to the image background much more readily in multiple-image combinations.  Ash that is associated with meteorological cloud can more easily be seen, but the ash content may be unknown.  PCI analysis of the 17 MODIS thermal infrared bands provided several views of the ash plume.  Table 1 shows the bandwidths and primary uses of MODIS thermal infrared bands used in the analysis.


The PCI analysis of the 17 thermal infrared bands of MODIS resulted in 17 PCIs.  This paper will discuss only those PCIs that qualitatively show significant evidence of ash in contrast to the image background and other image features.  This will lead into an analysis of the MODIS bands that contributed to those PCIs.  The PCIs for this case are remapped from the MODIS polar-orbit projection into the GOES projection, to be more easily compared and contrasted with the ash analysis in Figure 1 and the GOES image in Figure 2.

Figure 3, showing the first PCI (PCI-1), which contains the majority (76%) of the information content (explained variance) in the 17 MODIS bands that went into the 17 PCIs, information common to all the thermal infrared bands.  As such it gives an idea of the overall cloud conditions at the time of the event, the main features available in most of the thermal infrared bands.  The whitest areas are the highest clouds, low clouds are medium gray, and land surfaces are dark.  Land surfaces vary in temperature from the blackest (hottest) to lighter gray (cooler).  The area around but mainly to the north of Popo (which is marked by a label and an arrow pointing to the location of the volcano) contains some middle to higher-level clouds.  Some of the white cloud mass nearest the volcano, appearing in PCI-1 as a result of appearing in most of the infrared bands, must be meteorological cloud.  No ash plume is apparent in this image.  Rather, the ash appears in higher-ordered PCIs where it becomes detectable by combining images from various portions of the spectrum.

Table 1: MODIS thermal infrared bands and bandwidths

	Primary Use
	MODIS Band
	Bandwidth (m)

	Surface/Cloud Temperature

(shortwave CO2)
	20
	3.66-3.84

	
	21
	3.929-3.989

	
	22
	3.929-3.989

	
	23
	4.02-4.08

	Atmospheric Temperature

(shortwave CO2)
	24
	4.433-4.498

	
	25
	4.482-4.549

	Cirrus Clouds
	26
	1.36-1.39

	Water Vapor
	27
	6.535-6.895

	
	28
	7.175-7.475

	
	29
	8.4-8.7

	Ozone (O3)
	30
	9.58-9.88

	Surface/Cloud Temperature

(split window)
	31
	10.78-11.28

	
	32
	11.77-12.27

	Cloud Top Altitude

(longwave CO2)
	33
	13.185-13.485

	
	34
	13.485-13.785

	
	35
	13.785-14.085

	
	36
	14.085-14.385


[image: image3.png]- — R
D002 G-2 IMG 01 20 DEC D03ISS 171500 0SS0S 10857 04,00





Figure 3: PCI-1 of 17 PCIs that were generated from the 17 thermal infrared bands of MODIS for 1715 UTC on 20 December 2000.  PCI-1 shows the main cloud features common to all of the MODIS infrared bands.

3.1 Analysis of the PCIs That Show Ash


Of the remaining higher-ordered PCIs, only those in which the ash was detected with significant contrast to the image background and other image features will be discussed.  The discussion will focus on where the ash was detected in each PCI, some of the relative qualities of those images for ash detection, and on the MODIS bands that contributed to those PCIs.

Table 2 summarizes details of the nine (of seventeen) PCIs that contained identifiable ash signal.  The PCIs are listed in order of decreasing ash signal or contrast to the background and other features of the image.  In the first three PCIs listed in the table the ash has much more contrast to surrounding regions than in the next three, and even more contrast than in the last three PCIs, which are of limited value for ash detection.  The relative qualities of each PCI are given in the second column of Table 2.  Detection problems, such as low contrast, noise, and confusion between ash cloud and non-ash features, are noted.  Because of the decreasing ability to detect ash compared to the image background and other image features, it is increasingly hard to use more than the first six of these PCIs to determine the presence of ash for this case.  Of those six PCIs, only the first three will be shown.

Each PCI consists of combinations of all input bands, but only a few of the original bands contribute heavily to the PCIs, as indicated by their much larger weight in the creation of the PCIs.  After a discussion of the first three PCIs, in the order listed in Table 2, details summarizing the MODIS bands contributing to those PCIs will follow.  In the last two columns of the table are the percentage of the explained variance and the signal-to-noise ratio for each PCI.  The signal-to-noise ratios were determined using spatial structure analysis (Hillger and Vonder Haar, 1988).  A signal-to-noise ratio greater than 1.0 represents sufficient signal in the image to view features.  (The top value in the last column, 1.70, means there is 70% more signal than noise in PCI-9).  These two columns show that the information content of the PCIs is a very small fraction of the total signal in the MODIS bands, and that the signal in some of the PCIs is marginally above the noise level of the image.  From these numbers it is clear that the best ash signal does not necessarily come from PCIs with larger explained variances or highest signal-to-noise ratios.
Table 2: PCIs in descending order of qualitative value for ash plume detection

	PCI number

(in descending  qualitative value)
	Qualitative assessment of ash contrast to the image background and features
	PCI Explained Variance (%)
	PCI Signal-to-Noise Ratio

	9
	Good ash concentration and extent
	0.12
	1.70

	8
	Good ash concentration and extent, noisy
	0.18
	1.26

	16
	Good ash concentration and extent, but cloud contamination
	0.002
	3.30

	14
	Densest ash only, low contrast
	0.012
	1.48

	4
	Densest ash only, significant cloud contamination
	2.7
	6.55

	10
	Densest ash only, low contrast, noisy
	0.07
	1.26

	13
	Very weak, low contrast
	0.027
	1.20

	15
	Very weak, contaminated
	0.003
	1.70

	7
	Questionable value
	0.39
	3.71



PCI-9 in Figure 4a shows the volcanic ash as light gray in contrast to the image background.  The ash also appears in PCI-8 in Figure 4b but with more noise than PCI-9.  Table 2 gives a signal-to-noise ratio of 1.70 for PCI-9 and 1.26 for PCI-8.  The signal-to-noise ratio is quite small for both PCIs, but there is sufficient signal above noise and contrast to the image background, so that the extent of the ash in both of these PCIs agrees well with the ash analysis in Figure 1.  However, the increased signal-to-noise for PCI-9 gives the image a smoother-looking background, as opposed to the more apparent noise and line-to-line striping (due to multiple detectors in the MODIS instrument) in PCI-8.  There is also one bad half-line of data near the middle of the MODIS band 30 image that was transferred into most of the PCIs as a dashed line similar to the latitude and longitude lines.
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Figure 4a: PCI-9 of 17 PCIs that were generated from the 17 thermal infrared bands of MODIS for 1715 UTC on 20 December 2000.  PCI-9 shows the ash plume as light gray, with good contrast to the image background and low noise.

In PCI-8 the portion of the ash plume not obscured by the clouds, as identified in PCI-1 in Figure 3, is denser to the east and southeast of the volcano.  The ash also extends quite far east over the Yucatan Peninsula where there is a secondary maximum, due to an earlier exhalation of ash.  The elongated west-east area of ash extending to the Yucatan may be slightly easier to identify in PCI-8, but there is increased chance of confusion between ash and low clouds to the south as seen in PCI-1.  Also, another difference between the two PCIs is that the maximum ash concentration is east of Popo in PCI-8 and more southeast of Popo in PCI-9, probably due to variations in the height of the ash as noted in the analysis.

Figure 4c shows PCI-16, the next PCI in Table 2, with somewhat reduced ability to detect ash.  The extent of the ash in PCI-16 is quite similar to that of GOES PCI-3 in Figure 2.  PCI-16 is interesting because there is more connection between the primary ash maximum near Popo and the secondary ash maximum over Yucatan, highlighting this portion of the ash cloud.  The secondary maximum also appears more intense than in either PCI-9 or PCI-8.  The variations are likely due to changes in the ash particle concentration and height of the ash in various parts of the plume.  PCI-16 also contains more false ash-like signal.  In particular, the thin line of ash-like signal just north of Popo, stretching from the western edge of the image eastward to 95ºW, is identifiable as cirrus in PCI-1.  Otherwise non-ash contamination in the signal can cause misidentification and either over- or under-estimation of the extent of the ash plume.  This non-ash signal is probably the source of the increased signal-to-noise (3.3 from Table 2) for PCI-16, not the ash signal.
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Figure 4b: Same as Figure 4a except PCI-8.  PCI-8 shows the ash as white but contains significant image striping and noise from the MODIS instrument compared to PCI-9.

Table 3 gives information on the six MODIS bands that contributed the most to PCIs that were best at detecting the ash plume.  Only the nine MODIS bands that contributed significantly to the first six PCIs are listed.  For each of those bands the explained variance and sign are given for their contribution to each of the six PCIs.  The explained variance is a measure of the magnitude of the contribution of each band and the sign is given to indicate whether the band contributed positively or negatively to a particular PCI.  Whether the sign of a particular band is positive or negative is only important relative to the signs of the other bands, otherwise any PCI can be inverted along with the signs of all of the bands that contributed to it.

In Table 3 the two bands, one with the most positive and the other with the most negative explained variance, are bolded for each PCI.  After the third PCI, the following row contains the sums of the explained variances for each band to the first three PCIs, regardless of the sign of the contribution.  The bands that are considered most important for volcanic ash detection, with variances above 30%, are bolded.  In this case the most important bands for overall ash detection are 25 (marginally), 30, 31, and 36.  Likewise, the final row in the table gives the sums of the explained variances for each band to all six PCIs indicated as adequate for ash detection.  This time the most important bands, with total explained variance over 50%, are bands 29 through 32, 34, and 36, leaving out band 25.  The additional bands are important for locating more subtle variations in the ash plume density, such as seen in PCI-14.  Thus these bands should not be excluded from ash analysis.
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Figure 4c: Same as Figure 4a except PCI-16.  PCI-16 shows the ash plume as lighter gray, but suffers from possible false ash signal due to cloud contamination.

The bands determined to be most important are combined in various ways to reveal the ash: PCI-9 is the difference between the ozone and longwave CO2 bands at 9.7 (m and 14.2 (m respectively; PCI-8 is mainly the difference between shortwave and longwave CO2 bands at 4.52 (m and 14.2 (m respectively; PCI-16 is the difference between a longwave window band and a nearby “dirty” window band at 11.0 (m and 12.0 (m respectively; and PCI-14 is primarily the difference between a water vapor band and a “dirty” window band at 8.6 (m and 12.0 (m respectively.

There is an emissivity minimum between 8.0 and 9.7 (m due to silicate rock, which is probably why the combination of bands in PCI-9 is the most important.  Also, the 8.6 (m band is near the peak absorption for sulphate aerosols around 8.4 (m (Prata 1989), which is probably why the combination of bands in PCI-14 is important, in addition to the minimum in emissivity due to silicate in that portion of the spectrum.

Table 3: MODIS bands contributing heavily to the first six PCIs in Table 2 (in descending order of ash plume contrast to the image background and other image features
)

	PCI
	Explained Variance (%) and Sign (negatives in parentheses) of MODIS Band Contributions

	
	20
	25
	29
	30
	31
	32
	33
	34
	36

	
	3.75 (m
	4.52 (m
	8.6 (m
	9.7 (m
	11.0 (m
	12.0 (m
	13.3 (m
	13.6 (m
	14.2 (m

	9
	3
	(11)
	(~0)
	51
	~0
	(~0)
	1
	1
	(16)

	8
	4
	(19)
	2
	9
	1
	~0
	(2)
	(6)
	54

	16
	~0
	~0
	(7)
	(~0)
	63
	(17)
	(~0)
	~0
	~0

	Sum of above
	7
	30
	9
	60
	64
	17
	3
	7
	70

	14
	1
	(2)
	48
	(4)
	(2)
	(36)
	1
	~0
	(~0)

	4
	24
	1
	(17)
	(1)
	(6)
	(6)
	~0
	6
	12

	10
	(1)
	(1)
	1
	~0
	~0
	(1)
	(36)
	43
	(1)

	Sum of all above
	33
	34
	75
	65
	72
	60
	40
	56
	84


4. Summary and Conclusions

The abundance of bands available on MODIS requires sophisticated band-combination techniques such as PCIs to determine the bands that are most suitable for detection of volcanic ash.  Even though the explained variance of most of the PCIs is generally small, several of these image products provided sufficient signal above noise to see the ash plume with good contrast to the image background and other image features.  While many of the MODIS bands contribute to ash detection, various combinations of these bands, in the form of various PCIs, highlight variations in the ash plume height and/or density, where the ash occurs at different levels or has different particle concentrations.  These applications of the PCI technique isolate MODIS band combinations that are the most useful and significant for qualitatively detecting both the extent and the concentration of the ash.

The multitude of MODIS bands gives much more flexibility for ash detection than the limited number of bands on the GOES Imager.  The results of this study indicate that several of the MODIS bands are useful for volcanic ash detection, in particular, bands 29 through 32, in the water vapor and longwave portions of the spectrum.  This includes the 7.0 to 9.7 (m portion of the spectrum known for volcanic ash signature.  However, band 30 at 9.7 (m is neither available on the current GOES Imager nor planned for future GOES Imagers.  Regardless, better ash plume detection will be available with the increased number of bands and good temporal resolution available from the Imagers planned for the GOES series.
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