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ABSTRACT 

An iterative method of estimating total atmospheric 0 3 and 302 is developed for 

currently available satellite measurements of backscattered ultraviolet (uv) radia

tion. This method utilizes a direct inversion of the equation of radiative transfer 

by using a first order Taylor expansion of this equation with respect to a guessed 

combination of total 0 3 and total 302 • A new guess is made so as to minimize 

the difference between the measurements and theoretically calculated values. This 

method is able to model an atmosphere with molecular scattering or one with scat

tering by both molecules and particulates. 

A sensitivity analysis is presented and, in the case of a molecular atmosphere, 

the errors in retrieved total 0 3 are on the order of 20% and for total 302 are 25%. 

Estimates can be performed for an atmosphere containing both molecular scatters 

and particulate scatters for scattering angles of 1100 
- 1500

• In the case of volcanic 

ash and 302 mixed within the stratospheric eruption cloud, retrieval errors for these 

angles are within the same range as those of the molecular only atmosphere if: the 

index of refraction of the ash is known to within a factor of 1.5 and the mean radius 

is also known to within a factor of 2. 

Application of this method to total ozone measuring spectrometer (TOMS) Nim

bus 7 data for scans of a volcanic cloud show the total 0 3 amount within the cloud 

to be noticeably lower than those of positions out of the cloud. This is consistent 

with the results of others. 
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Chapter 1 

INTRODUCTION 

1.1 Overview of the Problem 

With all the complex processes and interactions occurring within the atmosphere, 

it is truly unfair to single out anyone constituent as being the most important in 

the field of atmospheric science. The case could be made that a certain component 

of the atmosphere plays a major role in atmospheric processes, but take away one 

constituent and the whole atmosphere is changed; it would be a different world. 

For instance, it is widely agreed that H20, with its relatively large latent heat and 

radiative properties, plays very key roles in many atmospheric processes. However, if 

0 3 did not exist, then the stratosphere would not exist. Or, if the trace constituents 

HOx, NOr and CIOx are neglected in the stratosphere, then the vertical distribution 

of 0 3 is calculated to be quite different than it really is (Wayne, 1991). 

The inability to focus upon just one or a handful of constituents in order to 

understand the atmosphere in great detail places a large burden upon the field of 

remote sensing. One must be able to consistently measure a multitude of compo

nents of the atmosphere. This could be accomplished by designing one instrument 

to measure each constituent, but this would truly be financially unrealistic. In addi

tion, often times, as we will later see, measurements designed to contain information 
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concerning one component actually contain information from several different com

ponents also, and one must unravel the information about each component from 

the measurements to obtain the originally desired information. It is this unraveling 

and extracting of the desired information that lies at the heart of the inversion of 

remotely sensed data. The estimation of total atmospheric 0 3 and 802 from satel

lite measurements of reflected ultraviolet (uv) light is one such problem where both 

unknowns must be solved simultaneously. 

While the general characteristics of stratospheric 0 3 are well known, due to over 

60 years of study, abnormal conditions are not as well understood. Such examples 

seen in the past decade are the famous Antarctic Ozone Hole and the most recent 

changes in global 0 3 possibly due to large volcanic eruptions. These changes in 

the later case are thought to be connected to stratospheric aerosols, which were 

created by the the oxidation of 802 that was injected into the stratosphere by the 

1991 eruption of Mt. Pinatubo (Granier & Brasseur, 1992; Hofmann et aI., 1994). 

In addition to perturbing the chemistry of the str!lt.osphere, stratospheric aerosols 

have the potential to change the radiative properties of the atmosphere (Pollack & 

Ackerman, 1983). 

Until now the problem of remotely sensing both total 0 3 and 802 using mea

surements of the backscattered uv radiation has not been addressed properly and 

ad hoc and empirical methods have been used. In the remainder of this chapter 

we will review the background history involved in this problem. This will involve 

a short explanation of the ad hoc methods now in use. In connection with that, a 

condensed explanation of the currently used 0 3 only algorithm will be presented. 

Chapter 2 will look at the forward problem, e.g. given the amount of total 

0 3 and 802 in the atmosphere, what would be the intensity of backscattered uv 

radiation measured by a satellite at the top of the atmosphere. This presentation of 
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the dependency of backscattered uv radiation upon the total 0 3 and total 802 will 

focus on the wavelengths used by the total ozone mapping spectrometer (TOMS) 

Nimbus 7. The other independent variables will be: reflecting surface pressure, 

surface reflectance, solar zenith angle, viewing angles, and the height of the 802 

cloud. 

In Chapter 3 we will explore the inverse problem - given a set of satellite mea

surements, what is the total 0 3 and 802 in the atmosphere. A direct inversion 

algorithm will be developed to estimate both total 0 3 and 802• This will include 

manipulating the radiative transfer equation so as to provide a linear relationship 

between measurements of intensity and total absorber amounts. Two ad-hoc meth

ods will also be discussed, one of which is the modified Kerr algorithm now in use 

by the TOMS 802 processing team. 

The direct inversion algorithm developed in Chapter 3 will be general enough in 

character that it can be applied to either a molecular scattering atmosphere or one 

with both molecular scattering and particulate scattering. Chapter 4 addresses the 

problems involved in retrieving total 0 3 and 802 in the presence of sulfate aerosols 

and volcanic ash. 

The algorithm developed In Chapters 3 & 4 will be applied in Chapter 5 to 

TOMS scan lines obtained from the TOMS 802 team to estimate total 0 3 and 

802 , These data contain an eruption cloud from the September 17, 1992 eruption 

of Mt. Spurr, Alaska. 

1.2 Background History 

With all the recent attention upon the phenomenon of the Antarctic Ozone Hole and 

the issue of global stratospheric 0 3 depletion, one can easily forget that atmospheric 
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0 3 has been studied since 1840 (Wayne, 1991). In the first part of this century it 

was suggested that the total amount of 0 3 was about 300 DU (1 DU = 1 Dobson 

Unit = 0.1 atm-cm = 2.69 x 1016 molecules/cm2
) and was situated at a height of 

40 km. Earlier measurements had shown that there was little 0 3 in the lower part 

of the atmosphere. It was through observations of meteors to obtain calculations of 

the vertical variation of air density that it was realized that air above 50 km was 

warmer than that below, contrary to the then current ideas. It was suggested by 

Lindermann and Dobson in 1922 that this warmer air was due to 0 3 absorption of 

solar radiation. It was not long after this that Dobson and others began a campaign 

to make daily ground based measurements of total 0 3 using a spectrograph (Dobson, 

1968). The method first pioneered by Dobson, which bears his name, has been in 

use around the globe since the 1920s. 

In the Dobson method, sunlight is measured at the surface of the earth at a 

wavelength where 0 3 is strongly absorbing and a wavelength which is significantly 

less absorbing (Komhyr et al., 1989). Beer's Law is used to model the propagation 

of the direct solar beam through the atmosphere to the ground. Using this model, 

the ratio of the spectral intensity at the surface, I>., to the exoatmospheric spectral 

solar flux, Fo>., is equal to 

InU>./ Fo>.) = -{3mp - 8 sec eo - ax/ J.L (1.1 ) 

where {3>. is the molecular scattering coefficient per atmosphere, m is the air mass 

(including the earth's curvature and refraction), p is the surface pressure in atmo

spheres, 8 is the particulate extinction optical depth, eo is the solar zenith angle, 

a is the 0 3 absorption coefficient, 1/ J.L is the ratio of actual to vertical path lengths 

through the 0 3 layer, and x is the total 0 3 amount. Taking measurements at two 
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different wavelengths and solving for x we have 

To deal with the particulate extinction in (1.2), measurements are made at two more 

wavelengths, >'3 and >'4' It is assumed that the difference in particulate extinctions 

is the same at the two pairs of wavelengths, so that (81 - 82) - (83 - 84 ) ~ o. 
Thus, by making observations at four different wavelengths, one is left with a linear 

relationship between the In of the measurements and the unknown x in an expression 

that only involves molecular scattering, geometrical factors, and 0 3 absorption. For 

this, measurements are typically taken in the Huggins absorption bands, 3100 A to 

3400 A. 
The basis of this method was applied to the space age when in 1970 the backscat

ter ultraviolet (BUV) instrument was launched on board Nimbus 4. BUV was 

designed to measure both the total columnar amount of 0 3 and its vertical distri

bution and thus allowing truly global monitoring of 0 3 , This instrument was later 

replaced in 1978 by the total ozone mapping spectrometer/solar backscatter ultravi

olet (TOMS/SBUV) instruments on Nimbus 7. It is the TOMS instrument that has 

played a large role in the investigation of the Antarctic Ozone Hole and the global 

monitoring of total 0 3 amounts (Herman et al., 1991). 

Due mainly to the relatively small amount normally present (:::; 0.5 DU), strato

spheric S02 has not enjoyed the rich history of 0 3 nor that of S02 within the lowest 

5 km of the atmosphere, where the emphasis upon the later has been the remote 

sensing of plumes from industrial cites and volcanos. As recent as the early 1980s 

very little was know about S02 concentrations near the tropopause and the lower 

stratosphere. This lack of knowledge occurred even though S02 was known to be 

important in the formation of the stratospheric sulfate layer by the possible oxida-
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tion of 802 gas (Junge et al., 1961). The formation of stratospheric sulfate particles 

after a major volcanic eruption was later shown to be caused by the large excesses of 

H2804 vapor (Hofmann & Rosen, 1984) resulting from oxidation of the 802 within 

the eruption cloud (McKeen et al., 1984). 

Early measurements of the background stratospheric 802 concentrations were 

done using in situ methods such as chemiluminescence (Georgii & Meixner, 1980) 

and mass spectrometry (Sagawa & Itoh, 1977). Ground based and airborne meth

ods have also been used to measure atmospheric 802, but do not currently provide 

the capability to monitor the 0 3 and 802 on a global basis. Although, recently mi

crowave measurements by the Microwave Limb Sounder experiment on the Upper 

Atmosphere Research Satellite have been used to estimate stratospheric 802 from 

Mt. Pinatubo volcano (Reed et al., 1993). The ground based remote sensing meth

ods include the Brewer instrument (Evans & Kerr, 1984), the uv correlation spec

trometer (Hoff, 1992), ground based observations of 802 absorbed infrared radiation 

in the region 1150 to 1190 em-I (Goldman et al., 1992) and aircraft measurements 

near 1360 em-I (Mankin et al., 1992). 

In an effort to produce a data base that could show changes as small as 1 % 

III 10 years, Komhyr & Evans (1980) analyzed the errors in ground based Dobson 

measurements due to solar absorption by tropospheric 802 • As it so happens 802 

has absorption cross sections comparable to that of 0 3 in the 3000 A to 3200 A range, 

but usually occurs in concentrations small enough so as to not cause noticeable 

absorption in the transmitted solar radiation. While under normal conditions errors 

due to 802 could be neglected, errors of up to 25% can happen in extremely polluted 

atmospheres by incorrectly assuming that all the solar radiation absorbed is due 

solely to 0 3 , They also showed that two pairs of measurements could be used to 

estimate both the total 0 3 and 802 in the atmosphere. 
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Not long after, April of 1982, these sorts of errors were seen from space by 

both TOMS and SBUV observations. They were manifested as anomalously large 

0 3 values in scans of the EI Chichon volcano, southern Mexico (17.3 N, 95.2 W), 

eruption cloud, which had erupted from 28 March to 4 April. It was proposed by 

Krueger (1983) that this was due to 302 within the cloud. This was later confirmed 

by McPeters et al. (1984) with the correlation of SBUV spectral albedo scans and 

the absorption spectra of 302 , The original algorithm used to estimate total 0 3 

from TOMS and SBUV data had only included 0 3 absorption and thus assumed 

that the light absorbed by the 302 was due to additional 0 3 , 

Krueger estimated the total columnar 302 seen by TOMS by estimating back

ground radiance values from scan positions that were believed to be outside the 

cloud, and thus assumed the 0 3 amount within the cloud was nearly equal to that 

outside the loud. Deviations from the background radiances were then computed 

at scan positions within the cloud. The total 302 amount was then assumed to 

be directly proportional to the log of the ratio of the background radiance and the 

measured radiance divided by the spectral 302 absorption coefficient times the slant 

path length through the cloud. 

Later, Krueger used a method suggested by Kerr, which is used in ground based 

Brewer spectrometer measurements of total 0 3 and 302 • As we will see in Chapter 

3, application of this method to satellite measurements causes over-estimates of 

802 and under-estimates of 0 3 , sometimes negative amounts. This so called Kerr 

method was later modified by Dr. P.K. Bhartia of NASA-GSFC who attempted to 

correlate the 302 error with 0 3 estimates from the original TOMS 0 3 only algorithm 

(Krueger, 1985). Both the Kerr and modified Kerr methods will be analyzed with 

greater detail in Chapter 3. 

McPeters et al. (1984) used spectral scan data obtained by SBUV between 3000 
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A and 3150 A to estimate the total EI Chichon produced 802 • This was done 

by assuming the total 0 3 amount within the cloud to be equal to that obtained 

from SBUV measurements about two weeks prior to the eruption. This provided a 

reference measurement scan of backscattered uv radiation versus wavelength. The 

deviations from this reference scan were then used to calculate relative deviations 

that occurred between maxima and minima points in the scan which corresponded 

to minima and maxima in the 802 absorption spectra. Theoretical deviations were 

computed for a molecular scattering atmosphere using a multiple scattering program 

with differing amounts of total 802 , but a specific total 0 3 amount. 

This same approach was also used with NOAA/SBUV2 data by McPeters (1993) 

to estimate the total 802 produced by Mt. Pinatubo. From measurements two 

weeks after the eruption the global 802 budget was estimated to be about 50% 

less than that estimated by TOMS using the modified Kerr algorithm (Bluth et 

al., 1992). In addition, McPeters used measurements from two different days and 

assumed that the conversion of 802 gas to aerosol follows as an exponential function 

of time to estimate an initial injection mass of 12-15 million metric tons (MMT). 

This is less than the TOMS estimate of nearly 20 MMT. While the 802 sensitivity 

of the spectral data from the SBUV instruments is greater than that of TOMS, the 

spatial resolution is significantly less since SBUV is a nadir viewing only instrument 

and TOMS scans ±51 o. In addition, the algorithm used by McPeters does not 

explicitly solve for the total 0 3 amount within the cloud and which maybe different 

from the area surrounding the cloud. 

None of the above methods truly estimates both 0 3 and 802 • In Chapter 3 

we will develop a physically based algorithm for estimating both 0 3 and 802 from 

TOMS data which can include a molecular only atmosphere or one with aerosols 

also. Before doing so we will review the 0 3 only algorithm now used for determining 
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total 0 3 using TOMS measurements. 

1.3 Review of Current TOMS Algorithm 

In the mid 1960s, after Singer (1956) and Twomey (1961) had proposed algorithms 

for measuring the 0 3 vertical distribution from space, Dave and Mateer (1967) 

outlined a procedure to measure the total columnar 0 3 amount. In the vertical 

distribution algorithms the total 0 3 was assumed already known, even though no 

idea was explicitly put forward as to how this would be accomplished. 

Dave and Mateer (1967) showed that the basic idea of ground based Dobson 

measurements could be applied to the satellite problem. To accomplish this from 

space, wavelengths must be chosen to enable light to reach the top of the atmosphere 

from the entire depth of the atmosphere. In other words, the absorption coefficients 

cannot be too large. Dave and Mateer (1967) showed that by taking ratios of 

measurements, accurate to within 1%, in the neighborhood of 3125 A and 3300 A, 

coupled with knowing the surface reflectance to within 0.05, and surface pressure 

within 50 mb, total 0 3 could be estimated to 5%. This method has been refined 

several times, but the basis of the algorithm remains the same. 

The TOMS instrument on board Nimbus 7 has a spectrometer which makes 

measurements of the ratio of backscattered intensity from the Earth-atmosphere 

system to the incoming solar flux in six 11.2 A bands (3125, 3175, 3312, 3398, 3600 

& 3800 A) using a single monochrometer and a scanning mirror. The scanning mirror 

enables 35 measurements to be made at 30 intervals along a line perpendicular to 

the orbital track. The incoming solar flux is measured using an aluminum diffuser 

plate that is periodically deployed. The ratio of the backscattered intensity to the 

solar flux is defined as the albedo. 
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Measurements made at 3800 A and 3600 A are used to estimate an average, spec

trally constant, Lambertian effective reflectivity (LER) of the under-lying surface in 

a molecular atmosphere given an estimated pressure of the reflecting surface. The 

LER is not the true reflectivity of the surface, but that which would be needed in a 

molecular only atmosphere to result in a calculated albedo value equal to that actu

ally measured. The pressure of the reflecting surface is the weighted average of the 

cloud top pressure and the actual ground pressure. In turn, the cloud top pressure 

is determined either by measurements made by the Temperature-Humidity Infrared 

Radiometer (THIR), when available, or from a climatology of THIR measurements. 

The actual ground pressure is computed from an average of terrain heights, in terms 

of pressure, from the National Oceanic and Atmospheric Administration National 

Meteorological Center (NOAA/NMC). This effective surface reflectivity is then used 

with a set of precomputed albedo look-up tables to estimate the total 0 3 using the 

ratio of the albedo at a longer wavelength to that at a shorter wavelength. This 

ratio of two albedo values is called a pair value. 

The 0 3 determining wavelengths are 3125, 3175, 3312 and 3398 A with the first 

two wavelengths having 0 3 absorption coefficients an order of magnitude larger than 

the last two. Allowances have been made for the temperature dependence of the 0 3 

absorption coefficient by using an assumed vertical temperature distribution based 

upon latitude. The precomputed look-up tables are a function of: solar zenith angle, 

viewing angle, reflecting surface pressure, surface reflectance, 0 3 profile based upon 

the latitude region and total 0 3 • The best 0 3 is determined from the weighted 

average of the total 0 3 from several different pairs. This is done so as to emphasis 

the results from a pair that has a small wavelength separation, but a large difference 

in absorption coefficients and is still very sensitive to changes in total 0 3 • 

The look-up tables contain no allowances for aerosols or clouds in the atmosphere. 
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By computing an effective surface reflectance, whatever lies below the defined re

flecting surface is lumped into this effective reflectance, so that when used with a 

pure molecular atmosphere above the assumed Lambertian surface the same mea

sured albedos would result. This approach, coupled with the method of ratioing the 

albedos was analyzed by Dave (1978), who noted errors of 2% in the estimated 0 3 

could occur under normal aerosol situations and errors of 10% and even higher in 

cases of large amounts of stratospheric aerosols. 

The overall accuracy of total 0 3 has been estimated to be 1 % over a period of 

10 years. Over the last 11 years of operation, TOMS results when compared to 

Dobson measurements are within 3%. More detailed information can be found in 

the Nimbus-7 Total Ozone Mapping Spectrometer (TOMS) Data Product User's 

Guide and references therein (McPeters et al. 1993). 

In summary, the data available from TOMS are just the albedo values at the 

six different wavelengths, local solar zenith angle of the instantaneous field of view 

(IFOV) and the instrument viewing angles relative to the IFOV. The reflecting 

surface pressure needed to estimate the LER is either obtained from another source 

or climatological data. 

As with most look-up table approaches, the results are assumed to be covered 

by the tables. Such was not the case for sensing the Antarctic Ozone Hole, which 

was first noticed by ground based measurements (Farman, 1985). It was after these 

ground based results were released that TOMS data were reviewed using extended 

tables. These reprocessed TOMS results also showed the anomalously low 0 3 values 

in the early Southern Hemisphere spring. 
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Chapter 2 

FORWARD PROBLEM 

In this section we wish to examine how satellite measurements of ultraviolet (uv) 

light will vary for a molecular atmosphere containing both 0 3 and S02, as functions 

of the major variables: surface pressure, surface reflectivity, solar zenith angle, view

ing angle, and absorber profiles. The wavelengths of computation will be the four 

shortest of TOMS-Nimbus 7, 3125, 3175, 3312 and 3398 A. Dave and Mateer (1967) 

have presented a similar study for an atmosphere containing 0 3 , so the emphasis 

will be upon the effect of S02 in the upper troposphere and lower stratosphere. 

2.1 Atmospheric Model 

For the purposes of this study the atmosphere is taken to be plane parallel and 

horizontally homogeneous. The sphericity of the atmosphere could be modeled 

using the Gauss-Seidel method as done by Herman et al. (1994), but it is felt that 

the major characteristics of the problem at hand could be modeled using a flat 

atmosphere. The vertical distribution of each constituent (air, 0 3 , S02 and, when 

present, particulates) is specified with respect to 11 pressure layers. The pressure 

interval of each layer is approximately equal to the total pressure above the layer 

with first layer at the top of the atmosphere running from 0 - 10-3 atm and the last 

layer from 0.5-1.0 atm. The 0 3 profiles are the same profiles used for the creation of 
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the TOMS 0 3 only look-up tables (Bhartia et al., 1985), and the gaseous absorber 

in each layer is specified in terms of Dobson Units. Several of the 0 3 profiles are 

shown in Fig. 2.1 for both low latitude profiles and mid latitude profiles. The 

particulate distribution is explicitly input in terms of a relative distribution and 

then normalized to give a specified total columnar number density. 

For computational purposes (Herman & Browning, 1965), the atmosphere is 

further divide into sublayers in terms of the optical depth, such that the vertical 

optical depth in each sublayer is on the order of 0.02. To convert from pressure 

coordinates to kilometers, a temperature profile, originally specified with respect to 

pressure, is used along with the hypsometric equation. The temperature profiles are 

also the same as those used in the creation of the TOMS 0 3 only look-up tables. 

2.2 Absorption & Scattering Coefficients 

The 0 3 absorption coefficients used are those of Paur and Bass (1985), which include 

a quadratic temperature dependence. The molecular extinction values are taken 

from Bates (1984), and Penndorf's (1957) depolarization factor of 0.035 is used to 

account for molecular anisotropy. In order to cover the entire spectral region of 

interest, the 302 extinction values are taken from a combination of sources. For 

the range 3000 A to 3200 A the published data of McGee and Burris (1987) is 

used, and the unpublished data of Wu and Judge (1981) was obtained from Dr. R. 

McPeters of NASA-GSFC to cover the range 3205 A to 3366 A. The value for the 

fourth TOMS channel, 3398 A, was obtained from the TOMS team. The McGee and 

Burris (1987) data exhibits a temperature dependence, especially at the absorption 

maxima of shorter wavelengths, and thus the values at 215 K are used to more closely 

match the conditions of the stratosphere. The values of Wu and Judge (1981) are 
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Figure 2.1: 0 3 vertical profiles for low latitude conditions and mid latitude con
ditions. Each curve is labeled by the latitude, L for low and M for mid, and the 
total columnar amount in terms of Dobson Units, i.e. L325 is a low latitude profile 
normalized to 325 DU. 
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only for room temperature and are used as is. Figure 2.2 shows the 0 3 and 802 

absorption spectrum for the TOMS wavelength region, smoothed by a 10 A full 

width at half maximum (FWHM) triangular filter. 

To reduce the number of computations, a gray atmosphere approximation is 

used for each channel, and thus the scattering and absorption values used in the 

computations are effective average values for each channel. The molecular scattering 

coefficient is computed by averaging over the response function of the instrument, 

assumed to be an triangular slit function with a FWHM of 11.2 A. In the manner of 

Klenk (1980), the 0 3 and 802 absorption values for a particular channel are obtained 

by matching the single scattered intensity computed in a line-by-line fashion (LBL), 

with that for a gray atmosphere. This procedure requires an initial guess of the 

absorption coefficients, which is obtained by using the slit averaged values. The solar 

spectrum is assumed to be constant with wavelength within each 11.2 A channel. 

For correction of the 0 3 absorption coefficient, the correction was applied to the 

temperature independent cross-section. As noted by Klenk (1980), the effective 

values for 0 3 differ from the slit averaged values on the order of 1 % and less. The 

effective 802 absorption coefficient, however, must be changed by as much as 10% 

for the 3125 channel in some cases and is larger than the uncertainty of the measured 

absorption values. 

For the 3125 channel, the errors for intensity calculations using the slit aver

aged absorption coefficients when compared to intensities from the LBL method are 

shown in Fig. 2.3. Figure 2.4 shows the errors using the single scattered corrected 

coefficients. Though the errors shown in Fig. 2.4 can still be as large as 0.5% for 

large 802 values, the error is below 0.2% for 802 amounts less than 200 DU. 

The absorption and scattering values used for an 0 3 amount of 275 DU and an 

802 amount of 100 DU are listed in the Table 2.1. In this table (3 is the molecular 
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Figure 2.2: The absorption coefficients for 0 3 and 802 in the wavelength region of 
TOMS measurements averaged over a triangle weighting with a FWHM=lOA. The 
positions of the four TOMS bands have also been plotted at the value of the 0 3 

coefficient at 0° C. 
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Figure 2.3: Contours of the percent difference in total intensity values determined 
from point by point calculations and intensity values computed with a gray atmo
sphere approximation for the channel, using an effective 802 absorption coefficient 
averaged over the slit function. The wavelength band ranges from 3115.14 A to 
3135.14 A. Computations are for a surface pressure of 1.0 atm, 0.00 solar zenith an
gle, surface reflectance of 0.0, 0.00 view angle, and sulfur dioxide in a layer ranging 
from about 20 to 25 km. 
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Figure 2.4: Contours of the percent difference in total intensity values determined 
from point by point calculations and intensity values computed with a gray atmo
sphere approximation for the channel, using an effective S02 absorption coefficient 
adjusted for the correct total single scatter from the atmosphere. The parameters 
of computation are the same as in fig. 2.3 
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Table 2.1: Scattering and absorption coefficients 

Wavelength (3 ao at x 103 
a2 X 105 

"I 
A atm- t atm-cm- t atm-cm- t c- t atm-cm- t C-2 atm-cm- t 

3125.14 1.0200 1.8390 5.4367 2.8526 4.1199 
3175.12 0.9529 0.9800 3.0777 1.8083 2.1810 
3312.53 0.7953 0.16652 0.7220 0.39112 2.318x10-2 

3398.61 0.7133 0.036165 0.3759 0.27212 1.75 X 10-2 

3599.62 0.5597 0.0 0.0 0.0 0.0 
3800.14 0.4456 0.0 0.0 0.0 0.0 

scattering, ao is the 0 3 absorption coefficient at 00 C, at and a2 are the temperature 

dependent 0 3 absorption coefficients such that a = ao + atT + a2T2 when T is the 

temperature in degrees C, and "I is the 302 absorption coefficient. 

The 302 absorption coefficients obtained from the TOMS team for the 3125, 

3175 and 3312 channels differ from the slit averaged values for a 11.2 A FWHM 

triangular weighting function. On the other hand, the TOMS team values for the 

0 3 absorption coefficients and molecular scattering coefficients for all 6 channels 

compare quite well with the slit averaged values. Weighting involving the spectral 

solar flux using the data of Furukawa (1967) produced less than a 1% change in 

either the slit averaged or single scatter adjusted absorption values. 

Deviations of the actual channel bandpass from that of the ideal bandpass used 

could account for the above mentioned differences in the 302 absorption coefficients, 

since the 302 absorption spectrum changes by a factor of 2 within the 3125 & 3175 

channels. These possible deviations might not be apparent in the calculation of the 

0 3 absorption and molecular scattering values since these respective spectrums are 

much smoother than that of 302 • This discrepancy could not be resolved, but does 

not change any of the theoretical simulations; it just adds to the possible errors for 
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0 3 and 802 estimates using real TOMS-Nimbus 7 data. 

The 3312 channel, with its relatively low 802 absorption, is well represented by 

the slit averaged gray atmosphere. However, the 802 absorption value from the 

TOMS team is about twice as large as the slit averaged value as well as any other 

absorption value in the 3302 - 3322 A range using the data of Wu and Judge (1981). 

In view of the above differences between the LBL values and the gray atmosphere 

absorption values from the TOMS 802 team, the computations for the investigation 

of the forward problem are done using the LBL values so as to accurately model 

the variation of intensity with changes in total absorber amount. Since this LBL 

calculation approach is not very attractive when performing an inversion to obtain 

estimates of the total absorber, the single scattering adjustment of the 802 absorp

tion coefficient is employed in the inversion developed in Chapter 3, unless otherwise 

stated. For comparison with TOMS 0 3 only estimates, the TOMS team values are 

used in the 0 3 and 802 inversions. 

2.3 Radiative Transfer Equation Solution Methods 

The transfer of radiation within the atmosphere is described by the general radiative 

transfer equation (RTE). The development of this equation is discussed by several 

authors (Chandrasekhar, 1960; Sobolev, 1963) and the reader is referred to one of 

these texts for more on this subject. We are, however, interested in methods of solv

ing the RTE for the reflected intensities at the top of the atmosphere. In performing 

this work we will use two different methods to solve the RTE depending upon the 

type of scattering within the model atmosphere. When the model atmosphere con

tains only molecular scattering the auxiliary equation (Sekera, 1963; Dave, 1964; 

Herman & Yarger, 1969) is used due to its relatively short computation time. The 
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Gauss-Seidel procedure (Herman & Browning, 1965), a more robust method, is used 

to handle the more complicated scattering functions associated with the scattering 

by particulates which will be modeled as ideal spheres (often referred to as Mie 

scattering). This method is also capable of solving cases where the scattering phase 

function varies with altitude, but the larger computation time, about 30 times that 

of the auxiliary equation method, makes the auxiliary equation a more attractive 

choice for a molecular atmosphere even though speed of computations is not the 

goal of this research. 

As Chandrasekhar notes, (Chandrasekhar, 1960, pg. 265), to correctly compute 

the intensity distribution scattering must be treated 'as a linear transformation of 

the Stokes (polarization) parameters of the incident light.' Figure 2.5 illustrates 

the errors in the reflected intensity, calculated using the Gauss-Seidel code, as seen 

in the solar plane for a molecular optical depth of 1.0 with various other species 

added to it. We see that for the case of conservative molecular scattering (curve 

1) the polarized solution has greater intensity in the backscattered directions than 

does the un polarized by about 9%, with the two being equal at about 450 from the 

backscattered direction. Curve 2 of Fig. 2.5 shows that the addition of 325 DU of 

0 3 (optical depth ~ 0.5) slightly decreases the error in the backscattered direction 

to 8.5%. 

Hoviener (1971) has shown that, for an atmosphere composed of haze particles, 

neglecting polarization results in errors of only less than a few parts in a thousand. 

However, curve 3 of Fig. 2.5 shows that an atmosphere with both molecular and 

Mie scattering still requires the use of polarization to calculate the reflected inten

sity to less than 0.5%. While molecular scattering of natural light only includes the 

first 3 Stokes parameters, Mie scattering involves all 4 parameters (van de Hulst, 

1957). Multiple scattering computations for an atmosphere containing both molec-



32 

ular scatters and Mie-type scatters, again using the Gauss-Seidel code for conditions 

relevant to TOMS, show that differences significantly less than 0.5% occur between 

solutions using all 4 Stokes parameters and those using the first 3 parameters. Thus, 

the first 3 polarization parameters will be used in both the auxiliary equation and 

Gauss-Seidel methods for this study. 

2.4 Variation of Measurements with 802 

Using one of the RTE solution methods mentioned in section 2.3, simulated mea

surements for the four shortest TOMS channels can be computed for a molecular 

atmosphere with a low latitude 0 3 profile normalized to 325 DU and a 802 layer 

between 20 and 25 km normalized to values from 0 to 800 DU. For the 3125 channel, 

the N values, N = -100 log (I / Fo), in the nadir direction are plotted in Fig. 2.6 

as a function of total 802 for various solar zenith angles and surface reflectance 

values. As the 802 amount is increased the N value increases, reflected intensity 

decreases, until a point where no light is transmitted from the atmosphere below 

the 802 layer and the N value does not change with increasing 502• This point of 

saturation is dependent upon the solar angle and the surface reflectance. Increases 

in surface reflectance move the saturation point to larger 502 values (but do not 

change the saturated N value), while increases in solar zenith angle moves the point 

to smaller 802 values and do change the saturated N value. 

Figure 2.7 shows the sensitivity of N(3125) to 502 as a function of 502 for 

the zero surface reflectance curves of Fig. 2.6. Each curve is just the slope of the 

corresponding curve in Fig. 2.6. At low 502 values the sensitivity is greater for 

long large solar zenith angles than for small solar zenith angles, while at high 502 

values it is greater for small solar zenith angles. Using a value of 0.04 DU-l as a 
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Figure 2.5: The percent difference in the reflected intensities obtained from the 
unpolarized RTE solution and polarized RTE solution as a function of view angle in 
the solar plane. The first four curves are for a surface reflectance of 0 and 80 = 0°. 
The atmospheric compositions are: 1) molecular only with an optical depth of 1.0; 
2) molecular and 325 DU of 0 3 ; 3) molecular and stratospheric aerosols (Ta = 0.2; 
index ofrefraction = 1.45+iO.00l); and 4) molecular, 0 3 , and stratospheric aerosols. 
The last two curves are for 80 = 45° with: 5) molecular and 0 3 ; 6) molecular, 0 3 , 

and aerosols. 
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Figure 2.6: The N value, at a wavelength of 3125 A, as a function of total S02' The 
various curves are denoted by their solar zenith angle 8 0 and surface reflectance p, 
i.e. S40A 7 is for 8 0 = 40° and p = 0.7. 



.55 r--,---,---,--,---,--,---,--,---,---,--.---,--,---,---,--, 

.5" 

.45 

.15 , 
\ 
'"', 

"-
...... 

TOTAL SULFUR DIOXIDE (DU) 

8 
P 

= 
= 

= 

0° 
1.0 atm 
325 DU 

35 

Figure 2.7: The N value sensitivity to 802 , at a wavelength of 3125 A, as a function 
of total 802 , The various curves are denoted by their solar zenith angle 8 0 and 
surface reflectance, i.e. S40AO is for 8 0 = 40° and p = 0.0. 
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minimum sensitivity level (corresponding to about a 10 DU 802 change for a 1% 

intensity change) we see that for ()o = 0° the sensitivity is above this level for 802 

values less than 600 DU. For ()o = 60°, the 802 value at the minimum sensitivity is 

380 DU. 

Figures 2.8 & 2.9 are the same Figs. 2.6 & 2.7, but for the 3175 channel. With a 

lower 802 absorption coefficient than that of the 3125 channel by a factor of about 

2, the 3175 channel does not display the saturation effects to the degree that the 

3125 channel does. At low 802 values the curves in Fig. 2.8 look almost linear with 

802 • 

The low 802 absorption coefficients for the 3312 and 3398 channels cause their 

N values to vary only slightly with 802 , and so have not been plotted here. Instead, 

we will now look at the effect that the reflecting surface pressure, PR, and the value 

of the Lambertian surface reflectance, p, have upon the N values and the sensitivity. 

One can think of the reflected radiation seen at the top of the atmosphere as coming 

from two sources. One source is produced by scattering within the atmosphere itself, 

but does not include any radiation that has been reflected from the surface. The 

other source is due to that radiation which has at one time been reflected from 

the surface and is either directly transmitted to the top of the atmosphere or is 

scattered within the atmosphere and has finally made it's way to the top of the 

atmosphere. So, in general, decreasing PR, or in effect moving the reflecting surface 

closer to the top of the atmosphere, will decrease the first source of radiation, the 

solely atmospheric scattered portion, and increase the second source, the reflecting 

surface portion. Thus, there are two competing effects occurring when the surface 

pressure is changed. 

Figure 2.10 shows the variation of N(3125) as a function of total 802 for various 

values of PR and p at a solar zenith angle of 60°. We note that for a low value of p, 
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Figure 2.8: The N value, at a wavelength of 3175 A, as a function of total S02' The 
various curves are denoted by their solar zenith angle 8 0 and surface reflectance p, 
i.e. S40A 7 is for 8 0 = 40° and p = 0.7. 
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Figure 2.9: The N value sensitivity to 802 , at a wavelength of 3175 A, as a function 
of total 802 , The various curves are denoted by their solar zenith angle 8 0 and 
surface reflectance, i.e. S40AO is for 8 0 = 40° and p = 0.0. 
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curves AlPlO & AlP2, the first source dominates and a decrease in PR increases the 

N value (decreases reflected intensity). For an intermediate value of p, curves A5PlO 

& A5P2 which happen to lie almost on top of each other, a change in PR has little 

influence upon the N value. Now the decrease in the first source is directly offset 

by the increase in the second source, and the result is little change in the radiation 

at the top of the atmosphere for a factor of five decrease in PR. At high values of p 

decreasing PR, curves A9PlO & A9P2, produces a decrease in the first source which 

is less than the increase in the second source. This results in an increase in the 

reflected radiation seen at the top of the atmosphere. Figure 2.10 also demonstrates 

that the reflected radiation at top of the atmosphere is effected more by changes in 

surface pressure for cases of low surface albedo than at a high albedo. 

The sensitivity is effected in the same way as the reflected radiation. For a 

low value of p, decreasing the surface pressure also decreases the sensitivity. At an 

intermediate p value the sensitivity is unchanged by the surface pressure. Opposite 

of the low p value case, Fig. 2.11 shows that for a high value of p the sensitivity 

is increased by decreasing the surface pressure. The increase in sensitivity can be 

attributed to the increased amount of radiation that passes through the 802 layer. 

The behavior at the other wavelengths is the same as that at 3125 A. 

The figures presented in the discussion above are for a 802 layer between 20 and 

25 km. When the altitude of the layer is changed, the form of the figures remains 

the same, but the points of saturation change. For low total 802 amounts, less than 

50 DU for the 3125 channel, there is little change in the N values, but the sensitivity 

decreases when the altitude of the layer decreases. This is caused by the 802 layer 

acting as a mildly absorbing layer that still transmits the majority of the radiation 

incident upon it, either from below or above. The N value at the saturation point 

is very dependent upon the altitude of the layer, and is independent of the surface 
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Figure 2.10: The N value as a function of total 802 for various values of the reflecting 
surface pressure and reflectance. Each curve is denoted by the value of the reflectance 
p and the pressure (in tenths of atmospheres) of the reflecting surface, i.e. A9P10 
is for p = 0.9 and p = 1.0 atm. 



41 

.55 

.50 ~ 

.45 

~~ .40 ~\\ 0 = 0° 
\ \\ 0 0 = 60° 

(\J .35 \ \~\ 0 3 = 325 DU 
0 
U'l 

\ ~" "0 
""- .30 % '\ \~~ .....-.-

\ '\ '\ ID 
(\J \ ~0:\ ...-j .25 \ .., , 
C") 

\ ~" 
........... 
Z 
"0 .20 ~ \ \~\ 

'\ \\ 
\ '-

.15 
\ ~~ '-\ 

\ -0,9. \ 

.10 
~-:. ~.o./'l> 
'\ ",~~ " ", " " " .05 '.t'P.., "'P'e ~" 

-- """'&.:::.~ - ' --A1P2_ 

0 
0 100 200 300 400 500 600 700 800 

TOTAL SULFUR DIOXIDE (DU) 

Figure 2.11: The N value sensitivity to 802 as a function of total 802 for various 
surface pressure and reflectance values. The each curve is denoted by the value 
of the reflectance p and the pressure (in tenths of atmospheres) of the reflecting 
surface, i.e. A9PlO is for p = 0.9 and p = 1.0 atm. 
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pressure and reflectance. Figure 2.12 compares the nadir N values for the 3125 

channel when the 802 layer is moved from the region 20-25 km to 15-20 km. The 

difference in the N values at the point of saturation for these two layer altitudes 

differs by about 15 to 20 N units. This difference is about the same for the 3175 

channel under the same conditions. Figure 2.13 compares the sensitivity of the N 

values in Fig. 2.12, and shows that as the cloud altitude decreases the sensitivity of 

the N values to 802 also decreases. 

In all of the cases examined thus far the total 0 3 amount has been fixed at 325 

DU. However, the reflected radiation is dependent upon both the totai 0 3 and 802 

amounts. This dependence upon both 0 3 and 802 is illustrated for the 3125 channel 

in Fig. 2.14. Here the surface pressure is set to 1 atm, the surface reflectance is 

0.7, the solar zenith angle is 60°, the 0 3 profiles are for low latitude conditions 

and the 802 layer is between 20 and 25 km. For any certain N value, there are 

a family of 0 3 - 802 combinations that have that same N value. The slope of a 

constant N value line in the 0 3 - 802 space of Fig. 2.14 is approximately equal 

to the ratio of the 802 absorption coefficient to the 0 3 absorption coefficient. The 

lines of constant N value appear to be fairly straight over the range of 0 3 and 802 

covered in Fig. 2.14, but become curved as the 802 layer is moved to lower heights 

in the atmosphere and the path length increases. 



43 

280 
~1r1 

~0\.1 , , _ ~1\. - - -

270 //--
A'IIIL&--

260 Ii'/ -'~oo---=---'~_~ 
" -~"/ /' 

250 ,~'O /' 
~~ 8 = 00 

" / 8 0 600 
240 " .! / = //U 0 3 = 325 DU 

'I> '/ 
230 /" P = 1.0 atm 

....--., 

f:! to 
C\2 ;1 .-4 220 
C"J / ~ 

~ ,1 Z 
210 

I 200 

190 J 
~ 

190 i 
/ 

/ 
170 

160 
0 100 200 300 400 500 600 700 900 

TOTAL SULFUR DIOXIDE (DU) 

Figure 2.12: The nadir N values as a function of total 802 for two different 802 

cloud heights. The two cloud heights are 15 - 20 km (layer 8), and 20 - 25 km (layer 
7). The various curves are denoted by their surface reflectance p and atmospheric 
model layer n umber, i.e. AIL 7 is for p = 0.1 and the cloud in layer 7. 
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Figure 2.13: The N value sensitivity to 802 as a function of total 802 for two 
different 802 cloud heights. The two cloud heights are 15 - 20 km (layer 8), and 20 
- 25 km (layer 7). The various curves are denoted by their surface reflectance p and 
atmospheric model layer number, i.e. Al L 7 is for p = 0.1 and the cloud in layer 7. 
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Chapter 3 

INVERSE PROBLEM 

In the previous chapter it was shown how measured intensities are altered by var

ious total amounts of 0 3 and 802 for given viewing conditions. The information 

contained in those plots could be used to create look-up tables in 0 3 - 802 space. 

This would be an extension of the 0 3 only look-up tables currently used. For the 

anomalous case of a volcanic eruption, however, it would be advantageous to have 

a method of estimating what range of 0 3 and 802 values the tables must span. In 

addition, the conditions of each eruption may be different, e.g. the vertical struc

ture of the eruption cloud or the amount of and type of ash and aerosols within 

the cloud. These parameters would need to be quantified before construction of the 

tables could be done. 

While the Kerr method provides a quick means of estimating total 0 3 and 802, 

its errors can be quite large (McPeters, 1993). By use of information in the 0 3 

only look-up tables, the Kerr method can be improved, as has been done with the 

modified Kerr algorithm, but aerosols are not included in this method. Though it 

may be possible to improve the physics of the Kerr method, an algorithm utilizing 

the full physics of the problem seems a better choice for improved accuracy. This 

invariably will involve the radiative transfer equation. In this chapter we will develop 

an algorithm for estimating 0 3 and 802 which uses a direct inversion of the RTE. 
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3.1 Direct Inversion Method 

Our inversion problem is much like that of solving for the roots of an equation, in that 

we wish to find the total 0 3 and 802 amounts such that the calculated intensities 

match those measured. One method of solving for the roots of a non-linear equation 

is Newton's method where an initial guess is made and a new guess is extrapolated 

from the initial guess using a first order Taylor expansion of the equation to be 

solved (Hildebrand, 1956). This new guess is used to repeat the above process to 

produce another guess. This process is iterated until the calculated values match 

the desired values to within some specified amount. The Taylor expansion converts 

the non-linear equation into a linear equation which can be solved quite easily. 

In our case the Taylor expansion can be accomplished by solving the RTE for 

an initially guessed total 0 3 amount and a total 802 amount, and then computing 

the partial derivatives of the RTE with respect to total 0 3 and total 802 , with the 

assumption that the partials are constant through out all 0 3 - 802 space. This is 

not strictly true, so in general the derivatives must be computed for each iteration. 

This approach of using the RTE and its derivatives has been used for the solu

tion of constituent profiles by several authors (e.g. Auer & Mihalas, 1969; DeLuisi 

& Mateer, 1971; Aruga & Igarshi, 1976; Rogers, 1976; Barkstrom, 1977). It is also 

the current approach used for 0 3 profiles from the SBVV instrument (Fleig et al., 

1990), but only photons that had been scattered once are handled explicitly; multi

ple scattering is included by using correlation statistics relating multiple scattered 

radiation and total 0 3 amount. For the TOMS channels, multiple scattering can 

contribute as much as 60% to the total reflected intensity, so multiple scatter must 

be included explicitly in the inversion by way of the RTE. 

To judge the validity of a particular 0 3 and 802 combination, one must choose 
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some figure of merit. One such figure of merit might be the root mean squared, rms, 

difference between the measured intensities, 1m , and the calculated intensities, Ic. 

Then, the most accurate 0 3 and 302 solution would be that which minimizes this 

rms value. Using this method, to find minimum rms percent difference between 1m 

and I c , for all four TOMS wavelengths, the quantity to be minimized with respect 

to the total 0 3 , n, and the total 302 , E, would be 

cpl{n,E) = E{1- Icj {n,E))2. 
j=1 Imj 

(3.1) 

Here the calculated intensities are given by 

and no is the guessed total 0 3 amount and Eo is the guessed total 302 amount. 

Computation of the partial derivatives of the intensity is explained in section 3.3.1. 

To minimize any wavelength independent errors in either the measurements or 

the model, ratios of intensities, also called pair values could be used, as is done in 

the TOMS 0 3 only algorithm. A pair value is defined as the difference between the 

N values of two channels. For example, the pair value for Al and A2 would be 

(3.3) 

Using pair values, the solution is found by minimizing the quantity 
n 

cpp{n, E) = E{Pmj - Pcj)2, (3.4) 
j=1 

where Pmj is the measured j pair for wavelengths j1 and j2, Pcj is the calculated 

j pair and n is the number of pairs used. The calculated j pair is given by the 

expressions 
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and 

8Pei (no, ~o) = -100 log(e) [8leil (no, ~o) _ 8lei2 (no, ~o) ] (3.6) 
8~ leil8~ lej2(no , ~0)8~ 

One should note that no additional information is gained by using ratios instead of 

intensities. We will use q,p as the figure of merit so that results can be compared to 

those of the TOMS 0 3 only algorithm. 

Values of q,p(n,~) are shown in Fig. 3.1 for a simulated case using the two pairs 

3125A/3398A and 3175A/3312A. The contours are calculated by first computing the 

pair values for the specific case of 0. = 300 DU and ~ = 40 DU using the forward 

model to compute the reflected intensities. These two pair values are taken to be the 

simulated measurements, Pm. Pair values are also calculated with the forward model 

at 0. values ranging from 225 to 375 DU and ~ values ranging from 0 to 100 DU. 

Then (3.4) is evaluated at each point within the above mentioned n~-space. Before 

the contours are drawn, the values are divided by the number of pairs (2) and the 

square of the pair value standard deviation. For normally distributed measurement 

errors of 1 % in the reflected intensities, this standard deviation is 0.614. With this 

scaling, the 2 contour line of Fig. 3.1 encloses all the (n,~) combinations that 

would produce pair values that are within 2 standard deviations of the simulated 

measurements produced by the combination 0. = 300 DU and ~ = 40 DU. While 

the spacing between contours is somewhat small, the slanting of the contours with 

respect to the coordinate axes allows quite a range of possible (n,~) values that 

would produce pair values that are within a specified amount of the measured pair 

values. 

The slanting of the minimum valley with respect to the axes also demonstrates 

the degree to which information about 0. and ~ is mixed together in the available 

intensity measurements. If, for instance, the 3125A/3312A pair had no 0 3 absorp-
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tion, then this pair would be sensitive only to 802 • This in turn would cause the 

contours of Fig. 3.1 to be more circular in shape. 

Since the partial derivatives are functions of both 0 and E, but we have assumed 

they are constant, for initial guesses that are very far from the solution, the least 

squares (LS) solution to minimizing cI> p predicts corrections to the total amounts 

that move the iteration process in the wrong direction in OE-space. So, for cases 

where the LS solution suggests a large correction to the totals (greater than 100 

DU), another method of minimizing cI>p is used. In this case the method of steepest 

descent, MSD, is used (Hildebrand, 1956). This method causes the step to be in 

the direction down the gradient of cI>. When the inversion finds itself in the valley 

of solutions, the gradient is very small, and as a result, causes the MSD to predict 

very small steps. Here, the least squares solution moves much quicker and more 

accurately towards the solution point. 

For a set of pair values, vector notation can be used to represent the calculated 

pair values as 

(3.7) 

where the vector f has elements equal to the correction of the initial guess, i.e. 

fT = (0 - 0 0 , E - Eo). Here the superscript T denotes the transpose of the vector f. 

The matrix A relates the changes in the correction to the initial guess - the elements 

f- to changes in the calculated pair values, and is composed of the partial derivatives 

of the pair values, i.e. 

BPc1 (Oo,Eo) ) 
BE 

: . 
BPcn(Oo.Eo) 

BE 

(3.8) 

In a similar manner, if the set of corresponding measured pair values is represented 
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by Pm, then (3.4) can be written as 

Equating the difference between the measured pair values, Pm, and the calculated 

pair values evaluated for the guessed amounts (no, Eo), pc(no, Eo), with the vector 

g, ie. 9i = Pmj - pcj(no , Eo), enables the above equation to be written in the form 

familiar to linear inversion theory as 

(3.10) 

The LS solution to (3.10) for the correction to the guessed amounts, written in 

vector notation, is 

(3.11) 

3.1.1 Derivative of RTE 

In order to compute the partial derivatives in (3.8), we must see how a change in 

the reflected total intensity at a wavelength is related to a change in the amount 

of a certain constituent of the atmosphere. To do this let us look first at the RTE 

(neglecting emission) for polarized radiation at an altitude z in the atmosphere 

traveling in the upward direction (Chandrasekhar, 1960), 

(3.12) 

and for radiation traveling in the downward direction 

(3.13) 

The vector I is the Stokes vector (/1,12 ,13 ,14 ) (Chandrasekhar, 1960), where the 

total intensity measured by the satellite is I = 11 + 12 • In the above equations 
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repeated subscripts are used to denote summation over the different atmospheric 

species in the model atmosphere. The vector 19 is the upward intensity due to 

reflection by the assumed Lambert reflecting surface. The number density of the ith 

specie at altitude z is ni(z), O'ei(Z) is the total extinction cross-section of that specie 

at altitude z which is the sum of the scattering cross-section, O'~i(Z), of that specie 

at altitude z and the absorption cross-section, O'ai(Z), of that specie at altitude z 

and JL = cos(O). In addition, the vertical optical depth r(z) is defined as 

Z, 

r(z) = j[O'ei(z')ni(z')]dz', 
Z 

and the total vertical optical depth is 

Z, 

ro = j[O'ei(zl)ni(zl)]dzl, 
o 

(3.14) 

(3.15) 

where Zt is the altitude of the top of the atmosphere. We also have the definition 

that the total columnar number density of the ith specie is 

Z, 
Ni = j ni(zl)dzl. 

o 
(3.16) 

J(z,JL,rP) is the source function at z in the direction (JL,rP) and is defined for 

plane parallel incident solar flux, with a flux density vector Fo and incident an-

gles (-po, rPo), as 

2". 1 

J (z, p, rP) = P( z, p, rPi JLo, rPo)F oe-r(z)//Jo + j j P(z, p, rPi J.t', rP')I(z, JL' , rP')dJl' drP'. 
o -1 

(3.17) 

Here P( z, p, rPi p', rP/) is the effective scattering phase matrix due to scattering by all 

the constituents at z, i.e. 

P( "'. I "") = [O'si(zl)ni(zl)Pi(p, rPi p', rP')] 
z, p, ,/" p ,,/, [ .( ') .( I)] , O'e. Z n. z 

(3.18) 
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and the scattering phase matrix of each constituent, Pi, is normalized to unity, 

211" 1 

J J Pi(p.,4>jp.',ql)dp.'d4>' = 1. (3.19) 
o -1 

To obtain the partial of I( z, p., 4» with respect to the total columnar amount of 

the ph specie, the operator %Nj is applied to both sides of (3.12), i.e. 

= olg -(ro-r)/I-' _ I o( To - T( z)) -(ro-r(z»/I-' 
oN. e g 1l0N. e 

) ,... ) 

+ o~. j J(z', p., 4»e-(r(z')-r(z»/I-'[O"ei(z')ni(z,)]dz'. 
)0 p. 

(3.20) 

Likewise, the partial of radiation traveling in the downward direction, I(z, -p., 4», 

with respect oNj is 

ol(z,-p.,4» _~JZTJ(' _ "') -(r(z)-r(z'»/I-' [ .(') .( ,)]dZ' aN. - oN. Z, p.,,/, e O"e, Z n, z . 
) ) z p. 

(3.21 ) 

Leibniz's rule (Boas 1983) is used to help evaluate the second term and obtain the 

expression 

= olg e-(ro-r(z»//-I _ I O(To - T(Z)) e-(ro-r(z»/I-' 
oN· g 1l0N· ) ,... ) 

_ j J (z', p., 4> )e-(r(z')-r(z»/I-' o( T( z'~~ .T( z)) [O"ei( z')ni( z')]dz' / p. 
o p. ) 

+ j J(z', p., 4> )e-(r(z')-r(z»/I-'[O"ei(Z') O~~~') ]dz' / p. 
o ) 

+ j oJ (~':.' 4» e-(-r(z')--r(z»/I-'[O"ei ( z')ni( z')]dz' / p.. 
o J 

(3.22) 

With a solution of the RTE, (3.12) & (3.13), all of the terms in (3.22), except for 

the first and last terms, can be calculated. For a wavelength with high absorption, 

the contribution from the first two terms is relatively small. 

The source function J can be viewed as having two parts, one due to single 

scattering, J ss (the first term on the right hand side of (3.17)), and another due 
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to multiple scattering, J ms (the second term on the right hand side of (3.17)). 

The partial of the single scattering portion of J, aJss/aNj, can be calculated with 

relative ease. It is the partial of the multiple scattering component, aJms/aNj, that 

produces a set of coupled non-linear equations for aI/ aNj in the same manner that 

the multiple scattering portion of J causes (3.12) & (3.13) to be a set of coupled 

non-linear equations. 

This coupling can be seen explicitly when a/aNj is applied to (3.17) and then 

substituted into (3.22). The partial of (3.17) with respect to N j is 

aJ(Z, jl, cp) 
aNj 

+/2"/1 P( "'.' ",,)8I(Z,jl',CP')d 'd"" Z,jl,,/,,jl,'/' aN. jl '/'. 
o -1 J 

(3.23) 

Before completing the substitutions of J and :t into (3.22), we will use the 
J 

simplified notation r' = r(z'), r = r(z), CTei = CTei(Z'), CTsi = CTsi(Z') and ni = ni(z'). 

The substitutions lead to the result for upward radiation, 

8I 
aNj 
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z 2. 1 a ' 
+ j j j [Pi(p" 4>i P,', 4>')O"si a;. JI(z', P,', 4>')dp,'d4>'e-(T-T)!IJ dz 

o 0 -1 J p, 
8I +_9_e-(To -T)!IJ 
aNj 

z 2. 1 81(' , -J.') d ' 
+ j j jP(Z',P,,4>iP,',4>') za;.''I' dp,'d4>'e-(TI-T)!IJ[O"ein;J~ (3.24) 

o 0 -1 J P, 

A similar equation is found for downward traveling radiation when substitutions are 

made into (3.21). 

In (3.24) the terms have been arranged into the three means of affecting the 

total reflected intensity. The first four terms grouped together are changes in the 

atmospheric transmittance which in turn change Ii the intensity changes caused by 

changes in scattering within the atmosphere are given by the next two termsi the 

last two terms are changes in I(z, P" 4» due to changes in the intensity distribution 

at altitudes other than z within the atmosphere, these two terms are the feedback 

coupling terms. 

A computer program was written to simultaneously solve (3.24) and the sim

ilar set of equations for downward radiation using the Gauss-Seidel technique for 

solving sets of equations (Hildebrand, 1956). This program utilized an already ex

isting program that employs the Gauss-Seidel method to solve the RTE (Herman 

& Browning, 1965). The solution to the RTE is also used in evaluating the first six 

terms of (3.24). 

If Nj is a specie that is only absorbing, there is no change in the scattering terms 

and the second group of terms is equal to zero. For the case of a molecular only 

atmosphere at a wavelength of 3125 A, a surface albedo of 0.0, a total 0 3 value 

of 275 DU and a total S02 amount of 10 DU, changing the total 0 3 produces a 

1.12% decrease in the reflected total intensity at the top of the atmosphere for a 1 % 

increase in the total 0 3 . Of this 64% is due to a change in the transmittance of the 
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atmosphere (the first group of terms), and 36% is due to a change in the multiple 

scattering source function (the third group of terms). If the atmosphere in this 

example has a layer of stratospheric aerosols of optical depth 0.8 added to it, the 

proportion of change in the reflected intensity is 44% from transmittance changes 

and 56% from changes in the multiple scattering source function. The increase in the 

multiple scattering contribution to the intensity change in the later case is due to the 

increased multiple scattering caused by the addition of the aerosols. It is interesting 

to note that if only the change in the ratio [usind/[uein;J is used to calculate the 

change in the reflected intensity (Herman & Yarger, 1969), the change in reflected 

intensity would be underestimated by a factor of 4 to 5 for these two examples. 

Using this method in the estimation of the partials for (3.8) does require a very 

large number of iterations for the 0 3 -S02 inversion problem presented here, even 

though relatively few iterations are needed for the 0 3 profiling problem (Herman & 

Yarger, 1969). 

If the absorber concentration changes by the same percentage at all levels in 

the atmosphere, there would be one set of coupled equations for aI/aNi' The 0 3 

profiles used in this study, however, change shape when going from one total 0 3 

amount to another. In this case, one could think of there being 11 sets of coupled 

equations, each set describing how the intensity changes due to a change in the 0 3 

amount in one of the 11 model atmosphere layers. The change in the total intensity 

due to changing the 0 3 amount from one total amount, one profile, to another total 

amount, with another profile, would then be the sum of the intensity change due to 

an 0 3 change in each layer times the change in 0 3 for that corresponding layer, ie. 

a1 #oflayers a1 dn· 
-= L __ J, 

aNi 1=1 anil dNi 
(3.25) 

where nil is the total amount of specie j in the lth layer. In a sense, one would have 



58 

all the information to perform a profile inversion, but use the constraint that the 

profile must be of a specified form. For this study, however, there is not enough 

information in the current TOMS channels to do a profile inversion since it was 

designed to be more sensitive to total amount rather than profile shape. 

Since the above mentioned program for solving (3.24) takes a significant amount 

of time to run and a profile constraint must be used for our specific cases, com-

putational time is saved by computing the partial derivatives with just one set of 

coupled equations. This is done by using a finite difference approximation to the 

partial derivative as was done by Aruga and Igarashi (1976), 

(3.26) 

where 8Nj is a small change in the total amount of specie j. Thus, the RTE is 

solved once for the guess, and then second time for a perturbation to the total jlh 

specie, accounting for the change in the profile shape. 

To speed the process of solving the partial, the perturbed solution could be 

further approximated by assuming that the ratio of the total intensity to that due 

to single scattering is the same in the case of the guessed amount and the case of 

the perturbed amount. Then the intensity of single scattered light for the perturbed 

amount would be solved and used to estimate the total intensity in the perturbed 

case, i.e. 

(3.27) 

where Iss is the single scattered intensity and I is the total intensity. This approach 

was used by Aruga and Heath (1980) in a limb scan inversion method. The assump-

tion of the ratio of single scattering to multiple scattering remaining constant for a 

small change in Nj is also similar to an assumption used in the Gauss-Seidel spher-

ical code (Herman et al., 1994), but there for small changes in position within the 
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atmosphere. This is a good approximation for estimating the total intensity with 

errors of less than 0.5%. Estimates of the partials, on the other hand, are very poor, 

with errors greater than 20% in some cases. This is due in part to the fact that the 

partial is the difference of two numbers that are very close in magnitude. Errors for 

molecular scattering are small and do not cause the inversion process to converge 

incorrectly, but for an aerosol layer the increased multiple scattering produces errors 

that are much larger and unacceptable for our inversion algorithm. 

A much more accurate method, but one that requires slightly more computations, 

is to take the RTE solution for the guessed atmosphere and use this as the initial 

guess for the total intensities in the Gauss-Seidel iteration scheme when solving 

for the intensities of the perturbed atmosphere. It was found that decreasing the 

absorber amount for the perturbed solution allowed for more rapid convergence for 

the perturbed solution to the RTE. Thus, the derivatives were calculated from the 

expression 

(3.28) 

3.2 Selection of Pairs 

As to the choice of, and number of pairs to be used in minimizing <Pp, at least two 

pairs must be used since there are two unknowns. The best choice would be a pair 

with a high sensitivity to 0 3 and no sensitivity to 802, and another pair with the 

opposite characteristics. In a graphical sense in 0 3 - 802 space, this would be one 

pair with closely spaced pair value contours parallel to the ordinate and one pair 

with closely space contours parallel to the abscissa. 

The six possible unique pairs for the four shortest wavelengths of TOMS are 

defined in Table 3.1 along with the ratio of the pair 802 sensitivity to 0 3 sensitivity, 



Table 3.1: Wavelengths for pair values and their sensitivity 

Pair Wavelengths 
A 3125/3312 
B 3175/3312 
C 3312/3398 
D 3125/3175 
E 3125/3398 
F 3175/3398 

.l!.=JL. 
0'1-0'2 

2.7 
2.9 
0.05 
2.5 
2.5 
2.5 
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which is given approximately by the ratio of the difference in absorption values. The 

0 3 absorption coefficient is a and '"Y is the 802 absorption coefficient. The slope 

in 0 3 - 802 space is given approximately by the ratio of the difference of the 0 3 

absorption coefficients to the difference of the 802 absorption coefficients. From 

this table we see that the Band C pairs are the most perpendicular to each other 

in 0 3 - 802 space, with the C pair being mainly sensitive to 0 3 and the B pair 

being nearly three times more sensitive to 802 than 0 3 , However, the small 0 3 

absorption coefficients for the 3122 and 3398 channels result in the C pair having 

a low sensitivity to 0 3 • As to be expected, the sensitivity changes with absorber 

amount and viewing geometry. For low 802 amounts and small airmass values, the 

BE pairs provide slightly greater sensitivity, and the C pair in combination with the 

B pair is better at larger 802 amounts and long path lengths. 

3.3 Summary of Direct 0 3 & 802 Inversion For a Molecular Atmosphere 

The procedure for estimating both 0 3 and 802 in a molecular atmosphere for a 

given solar zenith angle, viewing angles and reflecting surface pressure is as follows: 

1. Compute the average surface reflectance using 3600 A and 3800 A for a molec-

ular only atmosphere. 
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2. Assume an initial total 0 3 amount n and a vertical profile from the Bhartia 

et al. (1985) profiles based upon the guessed total amount. 

3. Assume an initial total S02 amount E and vertical profile. 

4. For the guessed values of nand E, compute the measured intensities for 3125-

3398 A. 

5. For the guessed values of nand E, compute the partial derivatives of the 

reflected intensity with respect to nand E for 3125-3398 A as described in 

3.1.1 using (3.28). 

6. Using a first order Taylor expansion of the calculated intensities, make a cor

rection to nand E so as to minimize the rms error of the B (3175 A/3122 A) 

pair and the E (3125 A/3398 A) pair for E < 200 DU and the B pair and the 

C (3312 A/3398 A) pair for E > 200 DU. The minimization is done using the 

least squares solution if the rms error of the pair values at the old point is less 

than 4 or using the method of steepest descent if the rms error is greater than 

4. 

7. If the resulting nand/or E values are negative, then move to the point closest 

to nand E that has non-negative values and use these non-negative values to 

repeat steps 5-6 once more for a final estimate. Otherwise, if the new values 

of nand E are both non-negative, then compute the measured intensities for 

3125-3398 for this new point in n - E space. 

8. If the values of the newly computed pair values used in step 6 are greater than 

the measured values by some specified amount repeat steps 5-7, otherwise stop 

the iteration procedure. 
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3.4 Algorithm Uncertainty 

The sources of errors for this inverse problem are many in number and varied in 

affect. As with many non-linear problems, the propagation of the errors is depen

dent upon the particular situation, ie. viewing angles, solar zenith angle, surface 

reflectance, etc. In this section an overview of the major sources of uncertainty in 

the estimated amounts of 0 3 and 802 will be presented. The causes of the uncer

tainties lie in the measurements made, the input physics of the algorithm, and the 

assumptions used both explicitly and implicitly in the algorithm. A similar study 

has been presented for the 0 3 only case by Klenk et al. (1982). For reference, the 

errors are presented here for the nadir position and are summarized in Table 3.2. 

3.4.1 Absorption Coefficients 

For some time there has been debate over the accuracy of the 0 3 absorption coeffi

cients, but measurements in the past decade have proven to be much more consistent. 

Analysis by Komhyr et al. (1993) show the measurements of Bass & Paur (1985) 

and Barnes & Mauerberger (1987) lie within 1-2% of each other. In the 0 3 only 

case this translates to about the same size uncertainty in the estimated 0 3 , For the 

retrieval of both 0 3 and 802 , the uncertain is worse due to the interdependence 

of the measurements. The error in the estimated 0 3 amount is at least 10% and 

that of the 802 is about 15%. Again, both of these values depend upon the specific 

situation. 

3.4.2 Measurement Errors 

For TOMS Nimbus 7 the accuracy of each N value is estimated to be on the order 

of ±3%, and the error in precision is less than 0.8% (McPeters et al. 1993). Using 
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the linearized model for the relationship between the measured pair values, g, and 

the unknowns, f, we can see how random errors, f in the pair value translate into 

errors, 8, in the estimated 0 3 and S02 amounts, i.e. 

g + f = A(f + 8). (3.29) 

Solving the above equation for 8, we can compute the covariance matrix due to 

measurement errors (Menke, 1989), i.e. 

(3.30) 

where COVf is the covariance matrix for the measured pair value errors. 

Using the above equation, the uncertainty in both 0 3 and S02 varies slightly 

with both with total S02 and solar zenith angle. The 0 3 uncertainty is in the 

neighborhood of 30 DU for an overhead sun and 15 DU with the sun at 70° for S02 

amounts less than 200 DU. For S02 amounts above this, the BE pairs (3175/3312 & 

3125/3398) have a greater uncertainty than the BC pairs (3175/3312 & 3312/3398). 

In this case the BC pairs are used and the 0 3 uncertainty is still about 30 DU for 

an overhead sun and 15 DU for a 70° solar zenith angle. The S02 uncertainty is 

near 10 DU for an overhead sun and decreases to about 6 DU for a 70° solar zenith 

angle. 

3.4.3 Absorber Profiles 

The retrieval errors due to an incorrect assumption concerning the altitude of the 

S02 layer is mainly a function of total S02 amount and weakly dependent upon 

the solar zenith angle. If the altitude of the cloud is underestimated, such that 

it is assumed to lie between 15-20 km and it actually lies between 20-25 km, the 

retrieved S02 is also underestimated while the 0 3 is over estimated. The resulting 
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errors are shown in Fig. 3.2 for the above case using the BE pairs. For 802 amounts 

less than 100 DU the error in the estimated total 802 amount is about 10% of the 

total, and increases to 25% for total amounts in the range of 200-400 DU. The 

0 3 is overestimated when the cloud height is underestimated and the size of the 

overestimate can be quite large. For example, the error in the estimated total 0 3 

amount is only 17 DU for a total 802 amount of 50 DU, but increases to 280 DU 

for 300 DU of 802 and is 450 DU for 400 DU of 802 , 

Dependence upon the type of 0 3 profile used is relatively weak if, say, the wrong 

latitude type is used, i.e. low latitude profile shape instead of mid latitude. This 

produces an error of only 2% in either 0 3 or 802 , If, however, the actual profile 

is drastically different than those covered by the Bhartia et al. (1985) library, then 

the errors can be quite substantial and dependent upon the specific situation. 

3.4.4 Input Surface Pressure 

In the inversion procedure, the surface reflectance is estimated using the measure

ments from the two non-absorbing channels 3600 and 3800 A. An error in the as

sumed pressure of the reflecting surface will in turn produce an error in the effective 

surface reflectance. Errors in these quantities, however, are correlated in a negative 

manner, so the resulting error in the 0 3 and 802 retrieval is only on the order of 

2% for 0 3 and ~ 5% for 802 with a reflecting surface pressure uncertainty of ±0.1 

atm. 
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Figure 3.2: Error in retrieved 0 3 & S02 due to an error in the height of the S02 
cloud. The actual height of the cloud is between 20-25 km and the retrieval assumes 
the cloud altitude to be 15-20 km. 



Table 3.2: Total 0 3 and 802 error summary for TOMS Nimbus7 

Source 
Effective Absorption Coefficients 
Measurement Precision (0.8 %) 

Reflecting Surface pressure 
0 3 profile 

802 cloud height (802 < 100 DU) 
(802 > 200 DU) 

3.5 Ad Hoc Methods 

3.5.1 Kerr Algorithm 

0 3 Error 
10% 

:::::; 10% 
2% 
2% 

5-15% 
40-200% 

802 Error 
15% 

:::::; 20% 
:::::; 5% 

2% 
10% 

15-25% 
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The Kerr algorithm (Krueger 1983) assumes that the reflected intensity has the 

functional form of 

(3.31 ) 

In (3.31) Fo>. is spectral solar flux, s is the airmass, sec()o + sec(), and -In(f>.) is as

sumed to be of the form a+b.>. with a and b being unknown constants. This equation 

has four unknows, so with measurements at the four shortest TOMS wavelengths 

one can obtain a set of four equations which can be solved for the four unknows a, 

b, nand E. 

This model was applied to a set of simulated measurements, calculated using the 

radiative transfer equation, for the case of 275 DU of 0 3 , 10 DU of 802 , ()o = 45.0, 

o = 12 and a surface reflectance of 0.2. No errors were added to the measurements; 

they were taken to be exact measurements. Using these simulated measurements at 

the four shortest TOMS wavelengths, 3125-3398, the Kerr algorithm underestimates 

0 3 by 50 DU and overestimated 802 by 10 DU. 

To see what form -In(!>.) should truly have for eq. (3.31) to be correct, eq. 
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(3.31) was solved for -In(h) at each>' using the simulated data. These resulting 

-In(f,\) vs. >. points constituted the true -lnU\) curve and appeared to have 

negative curvature. Another true curve was computed for another set of simulated 

measurements with a slightly greater 802 amount. The -In (h) values of this 

second true curve differed little from the first true curve for>. = 3312 A & 3398 A, 

but was noticeably different at 3125 A and 3175 A due to the increased absorber 

amount. Thus the curvature of -In(h) increases with increasing absorber amount 

and so implying that -In(h) is a function of nand E as well as >.. 

3.5.2 Modified Kerr Algorithm 

Looking at Figs. 2.7 and 2.9 we see that the derivatives of N(3125) and N(3175) 

are approximately linear with respect to total 802 for portions of the graphs. This 

leads one to believe that the N values or the negative log of the intensities could 

be modeled by a quadratic function of total 802 • The same sort of relationship 

holds for intensities and total 0 3 and thus N would be related to the total absorber 

amount. 

To illustrate the dependence of -In(f,\) upon total atmospheric absorption, the 

difference between 802 amount estimated by the Kerr algorithm and the actual 

amount has been plotted for a range of total 0 3 and 802 values in Fig. 3.3 as 

a function of airmass, s, times total atmospheric gaseous absorption in terms of 

equivalent B pair 0 3 for normal mid-latitude conditions. The equivalent B pair 0 3 

amount is the 0 3 amount that would be estimated using the TOMS 0 3 only look-up 

tables for the B pair. 

A parametric fit to this curve could be done using a quadratic in the product 

s X n, and thus correct the Kerr 802 value. It is believed that this is how the SOl 



value, 

SOl = [33.0N3398 - 62.55N3312 + 52.28N3175 - 23.03N3125 

-11.6 + 66.1s0 - 78.5(sO)2J/s, 
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(3.32) 

was determined (Fleig et al., 1990), but it is not clear from the current literature. 

The same sort of correction procedure could be applied to the Kerr 0 3 value, since 

it too is correlated with s x O. This modified Kerr algorithm would be dependent 

upon the method of extrapolation to obtain equivalent 0 3 , but if the same method 

was used in deriving the parametric correction factor then this sensitivity would 

cancel out. 

Notice in Fig. 3.3 that the curve departs from a quadratic for values of sO greater 

than 4.0 atm-cm. This is a result of saturation in the 3125 channel that the Kerr 

algorithm does not know about. In addition, the correction factor is for a molecular 

atmosphere and would produce erroneous results for an atmosphere containing both 

particulates and molecular species since it was correlated with the scattering of a 

molecular atmosphere. 
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Chapter 4 

NON-MOLECULAR SCATTERING ATMOSPHERES 

In Chapters 2 & 3 scattering in the atmosphere is modeled using molecular scatter

ing, however, the majority of volcanic eruptions expel ash along with S02 and many 

other compounds (Hobbs et al., 1981). While the volcanic debris can be as large as 

several meters, that which is injected into the stratosphere is on the order of tens 

of micrometers and smaller. This volcanic ash can remain in the stratosphere for 

several months (Mossop, 1964). In addition to the ash, the S02 is converted into 

sulfate particles with a process half life of ~ 1 month, adding to the small ambient 

stratospheric sulfate layer. 

Neglecting these particulates in a retrieval of 0 3 and S02 within the eruption 

cloud can lead to errors as is shown in Figs. 4.1 and 4.2. The errors plotted in this 

figure were calculated by first computing simulated measurements for an atmosphere 

containing volcanic ash particles and then inverting these simulated measurements 

assuming that there is no ash in the atmosphere. These errors are dependent upon 

the particulate loading, the optical characteristics of the particulates, and the total 

S02 amount. 

In this chapter the complexities added to the 0 3 - S02 retrieval by particulates 

III the stratosphere will be addressed. First, the uv optical characteristics of a 

volcanic particulate cloud will be reviewed. Then the influence of the particulate 
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characteristics upon the reflected intensities will be shown. Finally, a procedure for 

incorporating the particulates into the direct inversion algorithm of Chapter 3 will 

be presented. 

4.1 UV Optical Characteristics of Stratospheric Particulates 

Particulates in the atmosphere can affect both the scattering and absorption of light 

propagating within the atmosphere. Even if the particulates are non-absorbing, 

they can enhance the absorption of light by an absorbing gas due to increasing 

the multiple scattering within the atmosphere. The effect of aerosols upon the 

propagation of light is controlled by the scattering cross section, absorption cross 

section and the scattering phase function of the particulates, which in turn are 

determined by the size distribution and the refractive index of the particulates. We 

will call those particulates produced by the conversion of S02 to sulfate particles 

as aerosols and those particulates directly injected into the lower stratosphere and 

upper troposphere by the volcano as ash. 

The characteristics of volcanic ash injected into the stratosphere may vary sig

nificantly from eruption to eruption (Farlow et al., 1981), however, the composition 

of the material is typically 50% or greater Si02 by volume (Pollack et al., 1973). 

Based upon measurements and experiments, a log normal distribution, i.e. 

N _(In..!:..)2 /2(12 - = e ro 
dT v"i/iO'T 

dN 
( 4.1) 

where N is the concentration, To is the mean radius and 0' is the standard deviation of 

the distribution, has been suggested for representing the size distribution of volcanic 

ash (Prata, 1989; Farlow et al., 1981). Measurements of Mt. St. Helens ash from 

altitudes of 12-18 km, and a period of 1-16 days after eruption showed a median 

radius of 0.48-0.94 J1. and a standard deviation of 0.42-0.55 (Farlow et al., 1981). 
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Hobbs et al. (1991) showed the 1990 volcanic clouds of Mt. Redoubt to have a 

standard deviation of 0.74 and a mean radius of 0.8 /L. 

As for the refractive index of ash at wavelengths used by TOMS (3125 A.- 3800 

A.), there are few sources. The optical constants of naturally occurring glasses and 

rocks were measured by Pollack et al. (1973) and found to have a real index of 

refraction ranging from 1.5 - 1.6. The imaginary index of refraction varied from 

10-3 - 3 X 10-5 with a slight decrease with decreasing wavelength. Measurements 

of the imaginary index of refraction of samples taken from the stratosphere and 

from the surface from the eruptions of Mt. St. Helens and EI Chichon show a 

distinctive increase with decreasing wavelength for wavelengths shorter than 4000 

A. (Patterson, 1981; Patterson et al., 1983). These results are reproduced in Fig. 

4.3. For the wavelength range of TOMS, the value of the imaginary portion varies 

between 0.003 and 0.07 at 3125 A. and 0.001 to 0.04 at 3800 A., depending upon the 

specific sample. 

Samples of ash from low latitude eruptions have shown some ash particles to be 

coated with sulfuric acid (Mossop, 1964; Gooding, 1983), while samples from higher 

latitude eruptions have shown little acid coated ash particles (Hobbs et al., 1991). 

Hobbs et al. suggest that this may be caused by the relatively little amount of 

S02 emitted that is photochemically oxidized to H2S04 during the cold wintertime 

conditions of Alaska. Samples from Mt. St. Helens collected one day after eruption 

showed no acid coating, but samples from later times were coated. 

The actual mechanism involved in the conversion of S02 to sulfate particles is not 

known (McKeen et al., 1984), however the characteristics of the resultant aerosols 

are reasonably well understood due to experimental studies (Hofmann & Rosen, 

1984). Sulfate aerosol composition has been found by Hofmann & Rosen (1984) to 

be dependent upon altitude. The average composition of the El Chichon cloud was a 
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Figure 4.3: The imaginary refractive index of volcanic ash from a variety of sources: 
1) & 2) stratospheric samples from Mt. St. Helens; 3)-5) surface samples from Mt. 
St. Helens; 6) surface sample from Volcan de Fuego; 7)-9) stratospheric samples from 
El Chichon; and 10) andesite. The values for curves 1-9 are taken from Patterson 
(1981) and Patterson et al. (1983) and for curve 10 from Pollack et al. (1973). 
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solution of 75% H2S04 and 25% H20. The index of refraction of this aerosol, for the 

wavelengths important to TOMS, is m = 1.45 + iO.O (extrapolated from Palmer & 

Williams, 1975). Using a lognormal function to model the size distribution Hofman 

& Rosen (1984) estimate the mean radius to grow from about 0.05 J.L at 50 days 

after the eruption of El Chichon to 0.15-0.30 J.L at 150 days after the eruption. 

So, we can expect a young volcanic eruption cloud (1-2 days old) to be dominated 

by ash which may become coated with sulfuric acid as time passes. As the age of 

the cloud grows, ash will gradually fall-out while sulfate aerosols grow in size and 

finally dominate the cloud after several months. 

For the range of conditions that one can expect of a volcanic cloud, the size 

distribution parameters, u and r o , display the largest influence upon the value of 

the extinction cross section with the mean radius being the major variable. The 

extinction cross section as a function of ro and u is shown in Fig. 4.4 for a wavelength 

of 3125 A. The extinction cross section varies by less than 2% for a change in the 

the real index of refraction from 1.5 to 1.6 and by less than 1 % for the imaginary 

index of refraction range 0.0 to 0.05. For the TOMS Nimbus 7 wavelengths, the 

extinction cross section increases by only 1 % when the wavelength is changed from 

3125 A to 3800 A. 

The single scatter albedo of a particulate (tva), defined as the ratio of the scat

tering cross section of a particulate to its total extinction cross section, is mainly 

dependent upon the imaginary index of refraction. The variations of tva are shown 

in Fig. 4.5 for a variety of particulate parameters. For very low and moderately 

high (> 0.01) values of k, there is little dependence upon the other parameters, 

while there is a significant difference between k = 0.001 and k = 0.01. Of course, 

the value of tva is unity for k = 0 since the scattering cross section equals the total 

extinction cross section. 
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Figure 4.5: Single scatter albedo as a function of the mean radius and standard 
deviation of a lognormal particulate size distribution for a range of imaginary indexes 
of refraction. The real portion of the index of refraction is 1.5 and the wavelength 
is 3125 A. Each curve is labeled by the standard deviation of the distribution. 



79 

The scattering phase function is also sensitive to the parameters of the partic

ulates and Figs. 4.6-4.9 show how the backscattering phase function is effected by 

the assumed properties: width of the size distribution (T (Fig. 4.6); mean radii ro 

of the size distribution (Fig. 4.7); the real index of refraction m (Fig. 4.8); and the 

imaginary index of refraction k (Fig. 4.9). The backscatter portion of the phase 

function is shown since it contributes the most to the scattered light measured by 

the satellite at the top of the atmosphere. In these figures each phase function has 

been normalized to 1/471". 

For scattering angles between 900 and 1500 the real index of refraction has a 

relatively small influence upon the phase function. The effect is somewhat greater 

for k, r 0 and (T which exhibit about the same size influence, but it is still small 

with compared to variations for scattering angles greater than 1600
• At scattering 

angles ~ 1600 changes in either the real or imaginary parts of the index of refraction 

produce greater changes in the phase function than does the size distribution, even 

though the size distribution parameters do have a large effect upon the scattering 

function. 

4.2 Particulates Influence Upon Reflected UV Intensities 

The percent increase in the backscattered uv intensities at the top of the atmosphere 

due to the addition a layer of particulates in the stratosphere are shown for two 

TOMS Nimbus 7 wavelengths in Figs. 4.10 and 4.11. For these two figures the 

0 3 profile is taken to be a low latitude profile with 325 DU, a 50 DU S02 layer is 

situated between 20 km and 25 km and a layer of particulates is also in this same 

altitude region. The aerosol size distribution is a log normal with (T = 0.5 and 

ro = 0.6fL and the index of refraction is 1.5 + iO.OOl. 
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Figure 4.6: Single scattering phase function for various standard deviations of a 
lognormal size distribution. Each curve is labeled by the standard deviation. The 
index of refraction is 1.5 + iO.001, TO = 0.5p; and ..\ = 3125 A. 
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Figure 4.8: Single scattering phase function for various values of the real portion 
of the index of refraction. Each curve is labeled by the real refraction value. The 
size distribution is lognormal with 1'0 = 0.5Jl and (7 = 0.5. The imaginary index of 
refraction is iO.OOl and A = 3125 A. 
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Figure 4.9: Single scattering phase function for various values of the imaginary 
portion of the index of refraction. Each curve is labeled by the imaginary refraction 
value. The size distribution is lognormal with ro = 0.5fL and (F = 0.5. The real 
index of refraction is 1.5 and A = 3125 A. 
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• The modeled size 
distribution is lognormal with ro = 0.6Jl and a = 0.5. The index of refraction is 
1.5 + iO.OO1. 
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Figure 4.11: Same as Fig. 4.10 except for the intensity increase at 3600 A. 
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For small solar zenith angles the intensities are increased by the backscatter peak 

in the particulate scattering phase function. As the solar zenith angle increases the 

intensity in the particulate case decreases as the particulate scattering phase function 

also decreases. This intensity decrease with increasing solar zenith angle is such that 

for solar zenith angles greater than about 20° the intensities are reduced below those 

of the molecular only case. At solar zenith angles larger than 70° the slant path 

optical depth through the particulate layer is of order unity and multiple scattering 

within the layer reduces the light reaching the atmosphere below the layer. At the 

absorbing wavelength of 3125 A, Fig. 4.10, this reduced light transmitted to the 

lower atmosphere may increase the reflected intensity at the top of the atmosphere 

since it is not absorbed by the 0 3 below the layer. At the non-absorbing wavelength 

of 3600 A, Fig. 4.11, however, the reduced light scattered from the atmosphere 

below the layer is not fully compensated by that scattered by the particulate layer. 

In addition, the somewhat small absorption value of the particulates in this case 

also reduces the light for scattering, but the picture is mainly the same for the case 

of non-absorbing particulates. 

4.3 General Inversion Procedure When Particulates Are Present 

The information concerning particulates that is contained in a plot of intensity versus 

scattering angle could be used to determine the parameters of the particulates for a 

horizontally homogeneous aerosol layer as has been done by Bhartia et al. (1993). A 

relatively young volcanic eruption cloud, however, is usually too small in horizontal 

extent to obtain the measurements over the range of angles needed to accurately 

estimate the particulate parameters, especially if the range of scattering angles for 

the measurements covers only the backscattered region, 160° - 180°. 
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However, intensities for scattering angles between 150° and 110° are less sensitive 

to the particulate parameters. So, for measurements with scattering angles within 

this range, values of the particulate size distribution and index of refraction could 

be obtained from other sources such as in situ samples of the cloud or remote 

sensing measurements from other spectral regions such as the infrared portion of 

the spectrum as has been done by Wen and Rose (1994). With this additional 

information the surface reflectance p and the total particulate columnar number 

density Nc could be solved using measurements from the 3600 A and 3800 A channels 

and an iterative solution method like the one in Chapter 3. In this case the calculated 

intensities are expanded in a first order Taylor series about assumed values of p and 

For calculating the partial derivative of the intensity with respect to p, an analyt-

ical equation is used for the relationship between the intensity and surface reflectance 

in a plain-parallel atmosphere with a Lambertian reflecting surface (Chandrasekhar, 

1960, pg. 275), 

p 
I(r = 0, p., r/>,p) = I(r = O,p.,r/>,p = 0) + -1 _ CFo , 

- ap 
(4.2) 

where a is the albedo of the atmosphere for isotropic radiation incident upon it from 

below and C is a matrix describing the transmission of radiation, both the direct 

solar flux and the diffuse light field, within the atmosphere to the reflecting surface. 

From this the needed partial derivative of the Stokes vector can be calculated as 

8I(r = 0, p., r/>, p) 1 
8p = (1 _ ap)2 CFo • 

(4.3) 

The general inversion procedure with both molecular scattering and particulate 

scattering is as follows given the solar zenith angle, viewing angles and pressure of 

the reflecting surface: 
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1. Compute the average surface reflectance using 3600 A and 3800 A for a molec

ular only atmosphere. 

2. Assume a particulate size distribution and refractive index based upon inde

pendent information from samples of the cloud or other remote sensing mea

surements. In the case of no independent information concerning the eruption 

cloud, size distribution and refractive index values are taken from the literature 

based upon the age of the cloud. 

3. Assume a vertical profile for the particulates, a total particulate columnar 

number density, and a surface reflectance equal to the value from step 1. 

4. For the guessed values of p and Ne , compute the measured intensities for 3600 

A and 3800 A. 

5. For the guessed values of p and Ne , compute the partial derivatives of the 

reflected intensity with respect to p and Ne for 3600 A and 3800 A. 

6. Make a correction to p and Ne so as to minimize the rms error of the 3600 

A and 3800 A channels using a first order Taylor expansion of the calculated 

intensities. 

7. For the new values of p and Ne , compute the measured intensities for 3600 A 

and 3800 A. 

8. If the computed intensities are greater than the measured values by some spec

ified amount repeat steps 5-7, otherwise proceed to the 0 3 and 302 retrieval 

of Chapter 3 using the estimated values of p and Ne • If these estimates are 

not physical, i.e. p or Ne less than zero or p greater than unity, a molecular 



89 

only atmosphere is assumed and Nc is set to zero and p is the same as that 

found in step 1. 

This method is found to work reasonably well for surface reflectance values less 

than about 0.3. Cases with a surface reflectance above this are found to not have 

a unique solution in pNc-space. This method also works best for particulate optical 

depths less than or equal to unity. Simulations show the retrieval to be most sensitive 

to the assumed value of the imaginary index of refraction, k, and must be within 

a factor of 1.5 of the actual value for acceptable results. The value of To must be 

within a factor of 2 of the real value. If the assumed values of To and k used in 

the retrieval are within the above limits, then adding particulates to the retrieval 

algorithm improves the error in estimated S02 by a factor of about 2 for total S02 

values less than 100 DU and by a factor of 5 for S02 values greater than 200 DU. 

There is little improvement in estimated 0 3 for low S02 values, but a factor of 5 

decrease is obtained in the error for large S02 amounts. 
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Chapter 5 

ANALYSIS OF A VOLCANIC CLOUD 

5.1 Mt. Spurr, Alaska 

In late June of 1992, Mt. Spurr, Alaska erupted after being dormant for 39 years. 

Eruptions occurred again in August and September (Alaska Volcano Observatory, 

1993). The September 17 eruption produced an ash cloud that rose to a height of 

nearly 14 km and curved eastward across Alaska. This eruption cloud continued 

on over the Northern plains states of the U.S. on the 18 of September and over 

Toronto, Canada on September 19. TOMS Nimbus 7 scans of the eruption cloud on 

September 18 and 19 were obtained from the TOMS 502 team. 

Figure 5.1 shows estimates of the total 0 3 for a scan taken on 9/19/92 at 15:49:22 

GMT using the direct inversion method of Chapter 3, assuming that 0 3 is the only 

absorber in the atmosphere. Here a mid latitude 0 3 vertical profile shape is used. 

These results are the same as those produced by the currently used 0 3 only look

up table algorithm. These total 0 3 amounts are reported in terms of the total 0 3 

amount that would be present if the surface pressure was 1.0 atmosphere. The large 

amount of estimated 0 3 for scan positions 4 through 11 is quite different than the 

mean value of 300 DU for the A and B pairs at the other scan positions. 

The picture is quite different when the retrieval method allows both 0 3 and 
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Figure 5.1: For a TOMS Nimbus 7 scan on 9/19/92, 15:49:22 GMT, the estimated 
total 0 3 from the direct inversion method assuming that 0 3 is the only absorber 
present in the atmosphere. The letter of each curve denotes the pair used in the 
estimation of the total 0 3 , Scan position 7 corresponds to Toronto, Canada. 
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S02 to be in the atmosphere. Figure 5.2 shows the estimated 0 3 using the BE 

pairs. Here the S02 layer is assumed to be at an altitude range of 15-20 km. The 

estimates using the single scatter corrected absorption coefficients are also shown 

as curve BEba. The results for both sets of coefficients show quite a bit of noise 

compared to the B pair results. This is a result of forcing the absorber estimates 

from two different pairs to agree. Besides the difference from the 0 3 only case, there 

is also a sizable difference between the estimates using the TOMS coefficients and 

those using the band average values. 

Figure 5.3 shows the estimated S02 values for the case in Fig. 5.2. Here too, 

there is quite a bit of noise in the results, with a variation of about ± 10 DU for 

scan positions assumed out of the S02 cloud (11 through 35). The single scatter 

correction to the S02 absorption coefficients tends to lower the value of the absorp

tion coefficient for increasing S02 amount, and thus for the same estimated optical 

depth, the S02 is estimated to be higher than when the TOMS S02 team values 

are used. The difference between the two is about 15 DU at the middle of the cloud, 

scan position 7. 

The S02 results using the TOMS S02 team coefficients compares very close to 

the values of the SOl also supplied by the TOMS S02 team, and a comparison is 

shown in Fig. 5.4. The difference between the estimates from the derivative method 

and the SOl differ by less than 5 DU for most of the scan and are equal at the 

middle of the cloud. 

To judge the validity of the solution for the scan line, the BE 0 3 and S02 

solution for each scan position is used to calculate the theoretical albedo, 1/ Fo, 

at the satellite for each of the absorbing wavelengths 3125, 3175, 3312 & 3398 A. 

These calculated albedos are then compared to the measured values and shown in 

Fig. 5.5. The measured albedos are generaly larger than the calculated values by 
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Figure 5.2: For the same scan as in Fig. 5.1, the estimated total 0 3 when both 
0 3 and 302 are assumed to be in the atmosphere, and the pairs 3175/3312 and 
3125/3398 are used. The curve labeled BE is for results using the TOMS team 
absorption coefficients, and the curve BEba is for results using the single scatter 
corrected band average absorption coefficients. The curve labeled B is the same as 
in Fig. 5.1 and has been repeated here for reference. 
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Figure 5.3: The estimated total S02 for the case in Fig. 5.2. Curves BE and BEba 
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Figure 5.4: A comparison of the estimated S02 from the direct inversion method, 
using the pairs 3175/3312 & 3125/3398, and the SOl value. 
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3-5% for scan positions outside of the cloud. Inside the cloud the calculated values 

are too large by 2-5%. Since only non-zero amounts of 0 3 and 802 can be used 

when solving the RTE for the theoretical albedos, a large spread in the errors is seen 

at scan positions for which a negative amount of 802 is estimated. To calculate the 

albedo for a scan position estimated to have a negative amount of 802 , the last set 

of positive values in the retrieval iteration procedure for that scan position are used. 

This systematic difference between the measured albedo values at scan positions 

in and out of the cloud could be caused by both the model used to calculate the 

theoretical ablbedos and the measurements. There has been some uncertainty in 

the reflectivity of the diffuser plate used to measure the incident spectral solar flux 

(Herman et al. 1991). A wavelength independent component of this uncertainty 

would introduce a systematic bias into the albedo values, which would be canceled

out in a ratio of albedo values or a pair value. An error in the estimated surface 

pressure could produce an error in the abledo, but the 8% change in the abledo error 

is too large for this scan line where the Lambertian effective reflectance (LER) is 

about 0.1 for scan positions outside the cloud. The LER value within the cloud is 

about 0.2. This could be due to partial clouds in the IFOV, but the errors at other 

scan positions with LER values greater than 0.2 do not indicate that this is the 

source of the difference. In view of this large difference between the albedo errors 

for positions in the cloud and those out of the cloud, it is suggested that volcanic 

particulates should be included in the model atmosphere to more accurately model 

the actual atmosphere. 

When ash particles are included in the model using the general inversion algo

rithm of Chapter 4, the albedo comparison for positions within the cloud show errors 

that are much more in line with those of the other scan positions. These results are 

shown in Fig. 5.5 by the lines encircled by the bubble labeled 'With Ash'. Since 
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Figure 5.5: The error between the measured and calculated albedo, 1/ Fo, for the 
TOMS wavelengths 3125, 3175, 3312 & 3398 A, using the BE solution for a molecular 
atmosphere, and a molecular and volcanic ash atmosphere. 



Table 5.1: Retrieval results with and without ash 

Scan 
Position 

5 
6 
7 
8 
9 
10 

Molecular Atmo. 
0 3 802 

251 34 
256 46 
263 49 
267 46 
288 25 
279 17 

Volcanic Ash 
0 3 802 

253 30 
262 39 
268 41 
270 39 
287 21 
277 15 

98 

there are no independent observations concerning the size distribution of the ash 

and the index of refraction, assumptions concerning the ash particles are made as 

follows: the particles are homogeneous spheres ranging in radii from 0.01 J.L to 5.0 J.L 

following a lognormal distribution with a mean radius of 0.6 J.L and a standard devi

ation of 0.75. These parameters were adjusted to find the best fit, but certainly do 

not represent a unique solution to the situation. The composition of the particulate 

cloud is assumed to be mainly volcanic ash and have an index of refraction of 

m{A) = 1.5 + i5.0 X 10-4+4.9(0.4-,\), (5.1 ) 

where A is in microns. The ash is assumed to be mixed in the same layer as the 

802 • The retrieval results for scan positions within the cloud are shown in Table 

5.1. Generally, the estimated 0 3 amount is greater in the volcanic ash case by about 

2%, and the 802 is lower by about 10% at the peak concentration. 

Aerosol optical depth values were supplied by Dr. J. Kerr of Toronto, Canada, 

via the TOMS 802 team, for the time of the satellite overpass. These values compare 

well with those determined from the TOMS measurements for scan position 7, where 

the ash optical depth was about 1.2. As a possible ground truth point, Dr. Kerr, 

using a ground based Brewer instrument, also made an estimate of 43 DU of 802 
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at the time of overpass for scan position 7. This value is certainly within the error 

bars of either the TOMS estimate for a molecular atmosphere or a molecular and 

ash atmosphere. 

The same particulate model was applied to the S02 cloud seen in data taken on 

9/18/92 and the results are shown in Figs. 5.6-5.9. In Figs. 5.6 and 5.8 there is a 

sizable difference between the 0 3 amount within the S02 cloud and the 0 3 amount 

outside the cloud. This difference in the total columnar 0 3 amount in and out of 

the volcanic cloud has also been observed in ground based Brewer measurements 

(Dr. A.J. Krueger, private communication, 1993). 

The physical reason for this difference is not clear at the present and more work 

must be done in order to possibly explain this decrease in 0 3 • It could be due to 

dynamical effects associated with the eruption plume entraining 0 3 poor air from 

the troposphere into the stratospheric eruption cloud. It is also conceivable that 

chemical processes involving volcanic ash in the eruption cloud could result in a 

reduction of 0 3 within the cloud. 

5.2 Future Work 

The 10 DU S02 uncertainty due to measurement errors is one limiting factor in the 

minimum level of S02 that can be detected by TOMS Nimbus 7. This uncertainty 

due to measurement errors could be reduced by making measurements at wave

lengths with larger S02 absorption values as will be done with the 3086 channel 

of the TOMS instrument on board the soon to be launched Earth Probe satellite 

(McPeters, 1993). This instrument will make measurements at the wavelengths 

3086, 3125, 3175, 3223, 3312 and 3600 A. The S02 absorption cross section at 3086 

A is nearly twice that of the value at 3125 A (see Fig. 2.2), but the 0 3 absorption 
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Figure 5.6: The estimated total 0 3 : when (curve B) only 0 3 is assumed to be in 
the atmosphere and the B pair is used; and when (curve BE) both 0 3 and S02 are 
assumed to be in the atmosphere and the BE pairs are used. 
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Figure 5.7: For the TOMS Nimbus 7 scan taken on 9/18/92 at 17:16:51 GMT, the 
estimated total 802when both 0 3 and 802 are assumed to be in the atmosphere 
and the BE pairs are used. 
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Figure 5.8: Same as Fig. 5.6 except for scan taken on 9/18/92 at 17:16:58 GMT. 
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Figure 5.9: Same as Fig. 5.7 except for scan taken on 9/18/92 at 17:16:58 GMT. 
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value is also 1.75 that of the 0 3 absorption value at 3125 A. SO, the information 

about the 302 and 0 3 amounts is still mixed together and the result is that the 

uncertainty due to measurement error is cut in half for 302 values ::;100 DU by 

using the 3086A/3223A and 3125A/3312A pairs. This does not, however, eliminate 

the uncertainty caused by the absorber profiles and particulate scattering. 

To better understand the difference between the retrieved 0 3 amount for posi

tions in and out of the 302 cloud as seen in the retrievals of the Mt. Spurr data, 

additional independent information concerning the problem must be obtained from 

other sources. In situ samples of the cloud itself or ground based remote sensing 

measurements would be a great source of information, but can not be counted upon 

to provide global monitoring of 0 3 and 302• A better knowledge of the effective 

absorption coefficients would also aid, but not remove the ambiguities due to other 

assumptions used by the algorithm. Estimates of the particulate size distribution 

could be made using infrared measurements as done by Wen & Rose (1994). 

Another source of information would be measurements of the scattered light from 

the limb of the Earth's atmosphere. Satellite measurements of the Earth's limb have 

been used to infer the vertical profiles of various atmospheric constituents. One 

such instrument is the Stratospheric Aerosol and Gas Experiment (SAGE), which 

measures the solar radiation directly transmitted through the limb while the sun 

is occulted by the atmosphere (McCormick, 1987). The measured transmittance 

profile is then inverted to obtain profiles of aerosols, 0 3 , N20 and H 20. While 

this method provides a very reliable calibration point, it is limited to only one 

sunrise/sunset event per orbit. Instead, if measurements are made of the scattered 

light in the limb, then measurements can be made over the daylight side of the earth, 

and thus greatly increasing the number of measurements. This limb scatter method 

has been used by several instruments on board the Solar Mesosphere Explorer to 
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measure 0 3 , water vapor and temperature in the mesosphere (55-80 km) (Thomas 

et al., 1980). This method has also been suggested by Aruga & Heath (1982) for 

the measuring of 0 3 in the 20-70 km altitude range using uv light, and by Thome 

(1990) for measuring stratospheric 0 3 and aerosols using visible light. 

It is this technique of making measurements of light scattered from the Earth's 

limb that is currently being studied. The wavelengths of study cover both the uv and 

visible ranges. These limb scan measurements could supply additional information 

to the inversion algorithm developed in the previous chapters by retrieving informa

tion about the profile of the volcanic ash or sulfate aerosols in the stratosphere and 

possibly portions of the 0 3 profile. 
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Chapter 6 

CONCLUSIONS 

A direct inversion method has been developed to estimate total atmospheric 0 3 and 

S02 from satellite measurements of backscattered uv radiation. This direct inver

sion uses an iterative technique along with a manipulation of the radiative transfer 

equation to estimate total 0 3 and S02 values that best match the measured values. 

This inversion can be done using either an atmosphere with molecular scattering or 

one with scattering by both molecules and particulates. 

A sensitivity analysis shows that in the case of a molecular atmosphere, the 

errors in retrieved total 0 3 are on the order of 20% and for total S02 are 25% for 

total S02 amounts less than 100 DU. For amounts greater than this the altitude of 

the S02 layer is quite important and causes errors in the estimated 0 3 to be 100% 

and greater, but the errors for total S02 amount are still only about 25%. 

Application of this method to total ozone measuring spectrometer (TOMS) Nim

bus 7 data for scans of a volcanic cloud show the total 0 3 amount within the cloud 

to be noticeably lower than that of positions out of the cloud. 

When particulates are added to the atmosphere the retrieval produces acceptable 

results if one has good knowledge of the mean radius of the size distribution and the 

index of refraction. Application of this particulate model to the TOMS data also 

shows a noticeable difference between 0 3 amount in and out of the cloud. 
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A better knowledge of the effective 802 absorption values for the 3125 and 3175 

channels would aid in reducing the error. In addition, knowledge concerning the 

profiles of the constituents from other sources of independent information would 

also reduce the uncertainty of the retrievals. 
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