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MTSAT Window Channels' (IR1 and IR2) Potential for

Distinguishing Volcanic Ash Clouds

Masami Tokuno*

Abstract

GMS-5 infrared window channels [IR1 (10.5 - 11.5 urn) and IR2 (11.5 - 12.5 fim) ] have

been successfully used to distinguish volcanic ash clouds from water/ice clouds. Results for

the Brightness Temperature Difference (BTD) of the two channels become negative for

volcanic ash clouds and positive forice/water clouds. The response functions of IRl (10.3 -

11.5 ptm) and IR2 (11.5 - 12.5 urn) for the Multi-functional Transport Satellite (MTSAT),

a successor to GMS-5, have been significantly improved. Therefore, this research has

documented the improvement in discrimination of volcanic ash clouds and meteorological

clouds using two-channel data in the thermal infrared spectrum based on results derived

from a radiative transfer model. Radiative transfer calculations have been made with a

semitransparent cloud model based on assumptions of a spherical particle shape, a

homogeneous underlying surface, and a simple thin cloud parallel to the surface. To evaluate

the temperature difference between two window channels caused by the differencein the two

response functions, the BTD value was determined between two infrared window channels

using MTSAT, GMS-5, and NOAA-14/AVHRR to observe quartz (volcanic ash cloud) and ice

(meteorological high level cloud). Calculations were made with assumptions that: (1) the

vertical profile of the atmosphere is the tropical, the midlatitude summer, and the

midlatitude winter atmospheric model, (2) the cloud base height is 10 km for the midlatitude

summer and winter atmospheric models, and 14 km for the tropical model over the surface

while geometrical cloud thickness is 1 km, (3) a modified- y size distribution is used and the

satelliteoptical cloud thickness is varied from 0 to 9 by changing the totalnumber of particles

per unit of volume. The results indicate that the BTD value is greatest for MTSAT, lesser for

NOAA-14/AVHRR, and lowest with GMS-5 for every case in the study. For example, given a

mode particle radius of 2 /im and satellite cloud optical depth of 3.0 in the tropical

atmospheric model, the BTD value is -25K for MTSAT, -22K for NOAA-14/AVHRR, and -16K

for GMS-5. Thus, results confirm that MTSAT data can further improve the detection of

volcanic ash clouds in relation toimages from GMS-5.

*Meteorological SatelliteCenter, System Engineering Division

(Received August 6, 1999 : Revised November 24, 1999)
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1. Introduction same as described by Tokuno (1997). In chapters

NOAA AVHRR window channels [channels 4 2 and 3, this radiative transfer model and Mie

(10.5 - 11.5/im) and 5 (11.5 - 12.5p.rn)] have calculation have been reviewed,

been successfully used to distinguish volcanic The silica content of volcanic ash clouds is

ash clouds from water/ice clouds in work by often high (over 50 % SiO2), as shown by Newell

Prata (1989) and Potts (1993) based on the fact and Deepak (1982), and is not present in normal

that the Brightness Temperature Difference water/ice clouds. Therefore, quartz has been

(BTD) of two channels becomes negative for used for volcanic ash clouds and ice for

volcanic ash clouds and positive for ice/water meteorological high level clouds to calculate

clouds. Also, GMS-5 window channels IRl and radiance in an ideal case.

IR2 have been used to detect and monitor

volcanic ash clouds, as proven by Tokuno (1997). 2. The Radiative Transfer Model

However, GMS-5 infrared data is digitized only If there are no ice/water clouds between the

to eight bits and some overlap occurs in spectral surface and overlying clouds, e.g.,volcanic ash

response functions for GMS-5 infrared sensors cloud, the monochromatic upwelling thermal

IRl and IR2, which produced a reduced BTD for radiance observed by the satellite sensor is

GMS-5 when compared to that for NOAA expressed as

AVHRR. rr v
Bev(p) = Bs,vexp(-r,//i)+J exp(-T7/i)S(r')dT'/Ai

The Multi-functional Transport Satellite o

(MTSAT) is a successor to GMS-5 that will be where v is the wavenumber, Be,v is observed

launched in 2002 - 2003. This satellitewill have radiance, Bsv is radiance reached the cloud base,

one visible sensor (0.55 -0.8 Aim) and four rv is the cloud optical depth at wavenumber v,

infrared sensors (IRl: 10.3 - 11.3 jum; IR2: 11.5 - and p is the cosine of the viewing angle. The

12.5 Aim; IR3: 6.5 - 7.0 pm; IR4: 3.5 - 4.0 pm). source function S(tV) is at the optical depthT1 in

Infrared data will be digitized to 10 bits, the cloud. In addition, the attenuation of the

significantly improving the thermal resolution. upwelling thermal radiance due to the atmos-

In addition, MTSAT's IRl and IR2 do not have phere between the satellite and the cloud is

any overlap for spectral response functions like disregarded.

the GMS-5's IRl and IR2 infrared sensors. This Based on assumptions that S(r') is approxi-

improvement will lead MTSAT to more effec- mated by a two-stream source function and the

tively distinguish volcanic ash clouds than GMS- cloud is isothermal, the equation for thermal

5. radiance is changed by applying a technique

The potential of MTSAT window channels to from Ackerman et al.(1988):

distinguish volcanic ash clouds involves an

improvement of spectral response functions for Be.v(£i)=Bs,vexp(-r vlp) + Bc,,(l―exp(-r Jpi))

IR1 and IR2 that will occur based on results

from a radiative transfer model. The radiative

+ Bs,v dB(u, t v) ― Bc.vdc (p., r v)

transfer model and the Mie calculation are the where Bc v is the radiance of a black body at a

― 2 ―
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cloud temperature with wavenumber v. The

coefficientsof the last two terms are written as

<*.= (/ -T2/+)/2D

dc = (l-rexp(-A Tv) ･(r+exp(A r v)･ T/+)/2D

where

A = 2 (1 - y) 1/2

y- cu, (1 -g.J

D=exp(A Tv)- T2exp(-A r v)

T=(2-A)/(2+A)

/-= ((2-A) /(1- m A))-(l-exp(-(l- ju A) r v/ju)

/+=((2+A)/(l+/iA))-(l-exp(-(l+JaA)r./iu)

Here, ujv is the single-scattering albedo and gv

the asymmetry factor of the cloud layer.

Space satellite sensors are designed to

measure radiance with a wavenumber range

v i < v < v 2 but not monochromatic radiance.

The observed response-weighted radiance as

detected by the sensor of the satellite is

therefore expressed as

Ie.,(/i) =
f 2
^(v)Be.v(jtx)dv

where^^ v) is the normalized spectral response

function for channel i. The normalized response

function for MTSAT thermal channels 1 and 2,

GMS-5 thermal channels 1 and 2, and NOAA-14

AVHRR thermal channels 4 and 5, are shown in

Fig. 1.

3. Mie Calculation

To obtain the theoretical radiance defined in

the altered thermal radiance equation, optical

cloud properties must be entered. In this study,

cloud particles are assumed to be spherical, so

the Mie theory can be used to calculate the

efficiency factor for extinction, scattering, or

absorption; asymmetric parameters; and the

single-scattering albedo for known refractive

indices. These optical properties are calculated

in the following equations:

Efficiency factors:

A
Of

0

r2Qf(2 7tr/A , m)(dn(r) / dr) dr)

r2(dn( r ) / dr ) dr

0

where Qf is the Mie efficiency factor for

extinction, scattering, or absorption; n(r) is the

size distribution of particles with radius r for

the number of particles per unit volume; m

values are the refractive indices; and A is

wavelength.

Extinction, absorption, and scattering efficien-

cies are related by

Qext

A A
― Qabs + Qsca

The single scattering albedo is

A A
£ = Qsca/ Qext

The asymmetry parameter is

A
g /.CO( J zrr2 Qsca g(2 ktIX , m) dn( r ) / (dr) dr

o

/

7tr2Qscadn(r)/(dr)dr
0

where g is the asymmetric parameter for a

single particle and QSCa is the Mie efficiency

factor for scattering.

The modified- y distribution is commonly

― 4 ―
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used to model normal cloud particle distribu-

tions and has also been used to compare ash

particle distributions based on the results of size

spectral data from Whitten (Ed.)(1982) recorded

by Mt. St. Helens for clouds at various times

after three eruptions. Therefore, it is assumed

that particle size distribution, n( r ), is the

modified- y size distribution used by Prata and

Barton (1994). That is, size distribution is given

by

dn(r)/dr = (Nb7 / 6 ! ) r6 exp(-br)

where b = 6/r0, r0 is the mode particle radius,

and N is the total number of particles per unit

volume.

Optical cloud thickness is calculated from the

size distribution, extinction efficiency, and

geometrical thickness of the cloud. These factors

are related by

A
T
c
= Qext L

J CO
(7t r2 dn( r ) / dr) dr

0

where L is the geometrical thickness.

The scattering parameters required for

radiative transfer calculations are obtained

using subroutines for computing parameters of

the electromagnetic radiation scattered by a

sphere as developed by J.V. Dave (1968).

Figure 2 shows the refractiveindices of quartz

and ice in the wavelength region (10 - 13 jum)

obtained from Takashima and Masuda (1987)

based on data from Spitzer and Kleinman (1961)

and Warren (1984).

The value for the real part of the quartz

gradually increases in a wavelength of 10 - 11.5

fim and then becomes a constant value in a

wavelength greater than 11.5 (im.

The modified- y size distribution is used for

calculations with a mode of the particle radius of

2, 3, or 5 p.m. Figure 3 shows results of

calculations when r0 = 3 p.m and N = 100 cm3,

indicating that volcanic substances (quartz)

have an extinction larger than ice and that the

3
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region. In contrast, the value for the real part of 13 ^ from Takashima and Masuda (1987)

ice gradually increases in a wavelength of 11 based on data by Spitzer and Kleinman (1961)

Urn and the value for the imaginary part and Warren (1984) [from Tokuno (1997)].
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Fig. 3 The extinction efficiency factor Qext,

asymmetry parameter g, and single scattering

albedo co for quartz (#) and ice (A) as a function

of wavelength. The modified- y size distribution

is used with r0 = 3 urn, as described in Tokuno

(1997).

extinction decreases with at wavelengths of 11.5

jLtm and 12 urn. For ice, the extinction increases

with the wavelength in this region.

4. Model Calculations

Calculation of radiance observed by the

satellitein the model is performed with a few

assumptions: (1) the vertical profile of the

atmosphere is the tropical, the midlatitude

summer, and the midlatitude winter atmos-

pheric model from Knelzys (1983), (2) the cloud

base height is 10 km for the midlatitude

summer and winter atmospheric models, and 14

km for the tropical model over the surface with a

geometrical cloud thickness of 1 km, (3) the

satelliteview angle is zero degrees, and (4) the

lowest layer of the atmospheric model is used

instead of the earth's surface.

1) The values of scattering parameters with

MTSAT, GMS-5, and NOAA-14 at wavenum-

ber are given by interpolating the values of

scattering parameters calculated in Chapter 3.

2) The optical cloud thickness at an interval of 5

cm * for the MTSAT, GMS-5 and NOAA-14

wavenumber is calculated for the specifictotal

number of particles per unit of volume using

the equation relating the factors for optical

cloud thickness.

3) Satellite-observed monochromatic radiance

is calculated at an interval of 5 cm1 for the

MTSAT, GMS-5 and NOAA-14 wavenumber

using the altered equation for thermal

radiance with the values obtained through

steps (1) and (2).

4) Satellite-observed radiance for each channel

is derived by combining the response (Fig. 1)

with satellite-observed monochromatic radi-

ance calculated in step (3), using the equation

― 6 ―
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for the sensor's observed response-weighted

radiance.

5) Satellite-observed radiance is converted to

brightness temperature using both the spec-

tral response characteristics of the radiometer

and the Plank function. The BTD between

infrared window channels is then calculated.

6) Satellite optical cloud thickness for each

channel is calculated by combining the

response with the optical cloud thickness

obtained through step (2).

Steps (2) to (6) are repeated until the value of

the satellite optical cloud thickness reaches nine

by increasing the specific total number of

particles per unit of volume at an appropriate

rate.

Temperature pairs and BTD values were

simulated for MTSAT, GMS-5 and NOAA-14

along with the IR-1 temperatures for MTSAT

and GMS-5 and ch. 4 temperature for NOAA-14

as a function of the mode of the particle radius

(2, 3, or 5 urn) and the satellite cloud optical

depth (0 - 9) for quartz and ice in the tropical

atmospheric model (Figs. 4 and 5).

As expected, for quartz the negative BTD

value is greatest with a mode of the particle

radius of 2 p.m, followed by 3 /im, and 5 jum.

For increased or reduced optical depth, BTD

decreases. As the mode particle radius grows

larger, the negative BTD gradually decreases

and becomes a positive value.

For quartz, the negative BTD value is greatest

with MTSAT, followed by NOAA-14/AVHRR,

and then GMS-5. For example, when the mode

particle radius is 2 /im and satellite cloud

optical depth is 3.0 in the tropical atmospheric

model, the BTD value is -25 K for MTSAT, -22K

for NOAA-14/AVHRR, and -16K for GMS-5.
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Fig. 4 Simulated temperature pairs and BTD

values for MTSAT, GMS-5, and NOAA-14 AVHRR,
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5 and channel 4 temperature for NOAA-14 AVHRR

as a function of the mode of the particle radius (2,
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particle radiuses, and the near vertical curves the

dependence of optical depth at IR-1 or channel 4
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280 300

Thus, the BTD value for MTSAT is about 1.5

times as large as that for GMS-5. When the

satellitecloud optical depth is zero, BTD value

is positive, which is caused by different

attenuation of the upwelling thermal radiance

due to water vapor between the cloud and the

earth's surface.

As shown with ice (Chapter 3),the tendency of

forward extinction is opposite that in quartz, so

the BTD tendency is opposite that of quartz, i.e.,

the positive BTD value is greatest with a mode

of the particle radius of 2 p.m, followed by 3 p.m

and 5 /im. Like quartz, the positive BTD value

is greatest for MTSAT, followed by NOAA-

14/AVHRR and GMS-5. For example, when the

mode of the particle radius is 2 p.m and optical

depth is 1.5 in the tropical atmospheric model,

the BTD value is 26 K for MTSAT, 25 K for

N0AA-14/AVHRR, and 18 K for GMS-5. Thus,

the BTD value for MTSAT is about 1.5 times as

large as that for GMS-5.

To investigate the effect of the vertical profile

of the atmosphere on BTD values, the same

calculation has been performed in the midlati-

tude summer and winter atmospheric models

for quartz (Figs. 6 and 7). The BTD value is

greatest in the tropical model, followed by the

midlatitude summer model, and the midlati-

tude winter model. The negative BTD value is

greatest for MTSAT, followed by NOAA-

14/AVHRR, and GMS-5 for the three atmos-

pheric models. This result suggests that the

BTD value for MTSAT among those of the three

satellitesis the most effectivefor discriminating

between volcanic ash clouds and meteorological

clouds, although the absolute BTD value is

affected by cloud temperature and the earth's

surface temperature.
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These results indicate that the use of MTSAT Newell, R. E. and A. Deepak (Eds.), 1982: Mount

window channels for distinguishing volcanic ash

clouds that include SiO2 from ice/water clouds is

more effective than using GMS-5 due to

improvements in the response functions of

MTSAT's IR1 and IR2.

5. Conclusion

MTSAT has no overlap in spectralresponse

functions for infrared sensors IR1 and IR2,

which produces an increased BTD for MTSAT

compared to that for GMS-5 and NOAA-

14/AVHRR, based on results of a radiative

transfer model. Therefore, MTSAT window

channels IR1 and IR2 are more effectivethan

GMS-5 and NOAA-14/AVHRR channels for

distinguishing volcanic ash clouds due to the

spectral response functions.MTSAT data has
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