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ABSTRACT 

It has been noted that for large solar zenith angles {(}O > 75°), there is some 

uncertainty in the retrieval scheme for determining the total column ozone amount 

using the Total Ozone Mapping Spectrometer (TOMS) instruments. This uncer

tainty arises because the current look-up table radiances were calculated by a ra

diative transfer algorithm using an approximate pseudo-spherical atmosphere. The 

pseudo-spherical code calculates the primary scatter using spherical geometry but 

higher order scattering is computed for a plane-parallel atmosphere. To test the ac

curacy of the pseudo-spherical approximation, a new method for numerically solving 

the equation of radiative transfer in a Epherical shell atmosphere including polar

ization has been developed. This technique uses a Gauss-Seidel iteration scheme to 

calculate a steady state solution including all significant orders of scattering. 

For the TOMS instrument which was on Nimbus-7, large solar zenith angles 

corresponded primarily to high latitudes due to its sun-synchronous noon crossing 

orbit. Therefore, the accuracy of the algorithm at large solar zenith angles be

comes a critical issue particularly for the precise measurement of ozone over polar 

regions. Comparisons between the pseudo-spherical and the spherical Gauss-Seidel 

codes show that for solar zenith angles greater than 80° the error introduced by not 

properly accounting for the sphericity can be significant. Large intensity and ozone 

differences (5-10%) are possible in the forward (¢> = 0°) and backscatter (¢> = 180°) 

directions which are caused by the incorrect. attenuation of the solar beam. Because 

of its particular viewing geometry (along ¢> = 90°), the error in the Nimbus-7 jTOMS 

ozone amount is generally less than 1 %. However, when 00 = 88° with a high surface 

reflectivity, ozone amounts reported for Nimbus-7 jTOMS may be overestimated by 
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up Lo 8%. The TOMS instrument currently on Meteor-3, because of its less inclined 

orbit, has a much wider range of viewing geometries. Under extreme conditions, it 

appears that errors on the order of 10 to 30% may be possible. 
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Chapter 1 

INTRODUCTION 

Remote sensing of atmospheric constituents from ground-based systems and satellite 

observations has been carried out for a number of years. Ozone in particular has 

been the subject of intense interest since its discovery as a constituent of the upper 

atmosphere. The first spectroscopic evidence of ozone in the atmosphere was noted 

by Chappuis (1880) while looking at the visible spectrum of the sun. Around the 

same time, Hartley (1881) detected the strong ozone absorption below 300 nm and 

stated that it was the cause of the ultraviolet limit of solar radiation at the bottom 

of the atmosphere. He also was the first to demonstrate that ozone is a. normal 

constituent of the upper atmosphere. Fowler and Strutt (1917) proved that the 

Huggins bands in the ultraviolet were also due to ozone absorption. 

The importance of ozone in protecting life from the harmful effects of ultraviolet 

radiation is well known, however, it is also important in the energy balance of 

the atmosphere. Ozone is a very strong absorber of solar radiation below 340 nm 

and is the main source of heating in the middle atmosphere. This hea.ting reaches 

a maximum around 50 km and is the cause of the temperature inversion which 

characterizes t.he st.ratosphere. Ozone also absorbs longwave radiation, especially 

near 9.6 pm, in the center of the atmospheric window. Because of the c.omplex 
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radiative interactions, changes in the amount of ozone could lead to either warming 

or cooling at the surface, depending on how the ozone is redistributed (Ramanathan 

et al., 1976; Ramanathan and Dickinson, 1979; Wang et al., 1980). 

A technique for measuring the total columnar abundance of ozone was first 

demonstrated by Fabry and Buisson (1913; 1921). Dobson refined the procedure 

and developed the instrumentation which remains the standard today (Dobson and 

Harrison, 1926; Dobson, 1931; 1957). This technique uses a spectrometer to measure 

either the diffuse solar ultraviolet radiation in the zenith direction or the directly 

transmitted radiation from the sun at a number of wavelengths. Ratios of different 

wavelength pairs are then used to determine total atmospheric ozone. 

Based on the theoretical work of Dave and Mateer (1967), a technique analogous 

to the above was developed by Mateer et al. (1971) using satellite measurements of 

the backscattered ultraviolet radiation in the nadir direction to estimate the total 

ozone amount. This procedure measures the solar ultraviolet radiation which has 

been attenuated as it passed through the stratosphere and been reflected back to the 

satellite by the troposphere (i. e. air, clouds and aerosols) and the Earth's surface. 

This separation of the absorption and scattering is generally valid because more than 

90 percent of the ozone is located above the tropopause, while 80 percent of the at

mosphere is below it, including nearly all clouds and aerosols. In the atmosphere, 

ozone can be treated primarily as an absorber of the solar and scattered ultraviolet 

radiation at the wavelengths of interest. By determining the amount of absorption, 

the column abundance of ozone above the reflecting layer can be estimated. This 

procedure was successfully demonstrated by the Backscatter Ultraviolet (BUY) in

strument on Nimbus-4 (Klenk et al., 1982) and has also been applied to the Total 

Ozone Mapping Spectrometer (TOMS) instruments on Nimbus-7 and Meteor-3 for 
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determining total ozone (McPeters et al., 1993). 

One difficulty in deriving ozone from satellite observations is the amount of time 

required to solve the equation of radiative transfer for each measurement. In order 

to obtain near real-time results, a forward model is used to create a series of look-up 

tables covering the expected range of viewing conditions. The forward model is 

simply a numerical method for solving the radiative transfer equation for a given 

set of input parameters (i. e. solar zenith angle, ozone amount, surface reflectivity, 

etc.). With the precomputed look-up tables, a total ozone amount can be derived for 

a particular observation by interpolating between the tables. One very important 

aspect of any forward model is how accurately it calculates the multiple scatter 

contribution to the observed intensities. 

Since the 1950's, many methods for solving the radiative transfer equation have 

been devised. One method that has been used extensively is the successive iteration 

of the auxiliary equation of radiative transfer (Dave, 1964). This method is techni

cally valid only for a plane-parallel Rayleigh atmosphere but with the addition of 

a pseudo-spherical approximation (DeLuisi and Mateer, 1971), it has been applied 

to a wide range of problems for Rayleigh scattering atmospheres. In the pseudo

spherical approximation, the solar beam is attenuated as in a spherical atmosphere, 

while higher order scattering is calculated for a plane-parallel atmosphere. Mateer 

and DeLuisi (1992) have applied this method to Umkehr measurements which look 

vertically at the zenith sky. Similarly, it has been used to model the atmosphere 

for NO x measurements at visible wavelengths (Ridley et al., 1984). The pseudo

spherical approximation has also been used for the BUY and TOMS measurements 

of ozone (Klenk et al., 1982; McPeters et al., 1993). However, even with the pseudo

spherical approximation, it has been noted that there is some uncertainty in the 
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TOMS retrieval algorithm at large solar zenith angles (Herman et a/., 1993). 

The object of this research is to determine whether the pseudo-spherical forward 

model, used to calculate the radiance look-up tables for TOMS, is accurate for the 

near tangent solar zenith angle conditions near the poles. This work will focus pri

marily on the results of Nimbus-7/TOMS but findings relevant to Meteor-3/TOMS 

will also be discussed. Since Nimbus-7 was in a sun-synchronous, noon orbit (i.e. 

crossed the equator on the ascending side of its orbit at local noon), high solar 

zenith angles corresponded primarily to high latitudes. Therefore, the accuracy of 

the algorithm at high solar zenith angles becomes a critical issue for the correct 

estimation of the ozone amount at polar latitudes. This is particularly true for the 

precise measurement of the ozone "hole" over Antarctica and perhaps of a similar 

phenomenon over the Arctic region. The primary goal of this study will be to in

vestigate the possibility of a systematic bias in the ozone retrievals caused by errors 

in the look-up t.able calculations. 

To test the accuracy of the intensities calculated using the pseudo-spherical ap

proximation, a new method for numerically solving the equation of radiative transfer 

in a spherical shell atmosphere including polarization has been developed (Herman 

et al., 1994 b ). This technique uses a Gauss-Seidel iteration scheme to calculate 

a steady state solution including all significant orders of scattering (Herman and 

Browning, 1965). This new polarized spherical code has been developed over the 

past four years and is believed to be the only one of its kind in existence. 

Detailed comparisons between the pseudo-spherical and spherical models will 

be presented in the following chapters. Chapter 2 will review the general equation 

of radiative transfer and explore the details of the two radiative transfer models 

utilized to solve the equation. Also addressed are the various parameters needed 
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by the models to accurately simulate the atmosphere. Chapter 3 will explain the 

important aspects of the TOMS instrument and how total ozone is derived from the 

measured radiances. The results of intensity comparisons between the two radiative 

transfer models will be presented in Chapter 4. The accuracy of the comparisons 

will be analyzed to determine the uncertainty arising from the numerical methods 

themselves. Then the discrepancies resulting from the geometrical variations be

tween the models will be examined in detail. Chapter 5 will demonstrate how those 

differences translate into errors in the retrieved total ozone. Finally, a summary of 

this work and a few conclusions about the important findings will be presented in 

Chapter 6. 
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Chapter 2 

THE RADIATIVE TRANSFER MODELS 

The basic equation that describes the distribution of radiation in the atmosphere is 

known as the equation of radiative transfer. Although it is simple in form, only very 

special cases have an analytic solution. However, with computers it is possible to 

solve the equation numerically for the more complex problems which occur in nature. 

This chapter presents a general discussion of the equation of radiative transfer and 

also how the spherical and pseudo-spherical models are used to solve the equation. 

2.1 The General Equation of Radiative Transfer 

Following Herman et al. (1994b), the geometrical coordinate system for this work 

is illustrated in Fig. 2.1. The z-axis is the radial line from the center of the planet 

to the top of the atmosphere (also called the zenith) along which the solution is 

desired. The principal plane is defined by the z-axis and the radial line from the 

center of the planet in the direction of the sun (shown in the figure as the xz-plane). 

Any arbitrary point s is defined by the polar angle \II, the azimuthal angle TJ and 

the distance z above the planet surface at Ro. The angle TJ is measured between the 

plane containing the z-axis and point s, and the principal plane. A line-of-sight, as 

observed at point s, is defined by the polar view angle 0, and the azimuthal view 
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z' z 
Line-of
Sight " .. 

X'~----~~~--~--~~ 

<I> = 0° 

Figure 2.1: Spherical coordinate system illustrating the variables used to define the 
position of point s and describe a line-of-sight observed at point s. 
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angle 4>. The polar view angle at point 8 is measured relative to the z' -axis, and the 

azimuthal view angle is measured relative to the x'-axis, where x', y', z' are parallel 

to x, y, z but with the origin at 8. Using these coordinates, an observer looking in 

the 0 = 00 direction on the z-axis is viewing the zenith sky, while 0 = 1800 is the 

nadir direction. Also, for 4> = 00 the observer is looking in the direction of the sun 

(i. e. radiation travelling in the same direction as the solar beam) and 4> = 1800 is 

looking away from the sun. 

Employing the notation of Chandrasekhar (1960), the characteristics of a beam 

of radiation for a particular waveler.gth can be expressed in terms of the polarization 

vector as 

(2.1 ) 

With the above coordinate system, the poJari7.ation vector at any point can be 

represented by 1(8,0,4» where 8 = 8(Z, W, 1]). 

An exhaustive derivation of the equation of radiative transfer from first principles 

will not be provided here, but can be found in a number of texts (e.g. Chandrasekhar 

(1960) and Sobolev (1963)). Following Chandrasekhar, the differential vector form 

of the general radiative transfer equation for monochromatic radiation can be written 

as 

_ dl(8, O~ 4» = 1(8,0,4» - J(8, 0, 4» . 
KT P 8 

(2.2) 

Here I(s, 0, 4» is t.he polarization vector at point 8 in the 0,4> direction, KT is the 

total mass extinction coefficient, p is the mass density and J(8, 0, 4» is the vector 

source function. The source function describes how much energy is scattered or 

emitted into direction 0,4> by the medium. 
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The formal solution to Eqn. (2.2) is readily given by 

3 

I(s, 0, ¢) = I(so, 0, ¢) exp[-r(s, so)] + J J(s', 0, ¢) exp[-r(s, s')] KT pds', (2.3) 
30 

where I(so, 0, ¢) is the polarization vector at point So and r(s, s') is the optical depth 

along the path between points s' and s. The first term on the right hand side of 

Eqn. (2.3) is the contribution of the incident I(so, 0, ¢) attenuated to s. The second 

term is the source function contribution along the path between So and s, attenuated 

to point s. 

In a non-conservative atmosphere, one which includes scattering and absorption, 

the optical depth can be defined as 

s • 

r(s,s') = J KsPs(s')ds' + J KaPa(s')ds'. (2.4) 
s' s' 

Here Ks and Ka represent the mass extinction coefficients due to scattering and 

absorption, respectively. Since the atmosphere is vertically inhomogeneous, the total 

mass density will generally be a function of location along the integration path. The 

mass densities of the scattering and absorbing species may vary independently of the 

total mass density as well (as is the case for ozone). For an absorbing or scattering 

constituent of the atmosphere, the component mass density can be expressed as a 

fraction of the total atmospheric density by 

Pa(s') = Xa(s') p(s') (2.5) 

or 

Ps( s') = Xs( s') p( s') , (2.6) 

where Xa(s') and Xs(s') are the respective volume mixing ratios of the absorbing and 

scattering constituents as a function of position. Substituting Eqns. (2.5) and (2.6) 



21 

into Eqn. (2.4), the optical depth can now be expressed as 

a 

r(s, s') = 1 "'T(S') p(s') ds' , (2.7) 
a' 

where "'T(S') = Xa(s')"'a + Xa(s')"'a and by definition X3(S') + Xa(s') = 1. 

The source function, J(s', 0, ¢J), for a scattering (non-emitting) atmosphere can 

be written 

J(s', 0, ¢J) = P(s', 0, ¢J, 00 , ¢Jo)F(s', 00 , ¢Jo) 
271"71" 

+ 11 P(s',O,¢J,O',¢J')I(s',O',¢J') sin 0' dO' d¢J' , (2.8) 
00 

where F(s', 00 , ¢Jo) is the polarization vector of the incident solar irradiance in direc-

tion 00 , ¢Jo, attenuated to the point s', and I(s', 0', ¢J') is the diffuse radiation vector 

in direction O',¢J', at point s'. The phase matrix, P(s',O,¢J,O',¢J'), determines the 

redistribution of radiation from the 0', ¢J' incident direction into the 0, ¢J scattered 

direction. The solar zenith angle, 00 , is measured from the z-axis, and the incident 

solar azimuthal angle is ¢Jo == 00 by definition of the principal plane. The first term 

on the right hand side of Eqn. (2.8) is the single scatter component, which refers to 

the first scatter event out of the solar beam. The second term which includes all 

other order scattering events is the multiple scatter contribution. 

The absorbing constituent affects not only the optical depth as shown above, but 

it also affects the source function. This occurs because the phase matrix determines 

not only the scattering distribution but also the probability of absorption. The 

degree of absorption depends on the density and extinction coefficient of the absorber 

as a function of position. Following Dave (1964), the variation along the path can 

be handled with the single scatter albedo which is defined as 

(2.9) 
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With this definition for the single scatter albedo, a new phase matrix, p(O, c/J, 0', c/J'), 

will be introduced and it is related to the original phase matrix by 

w(s')p(O,c/J,O',c/J') = P(s',O,c/J,O',c/J'). (2.10) 

The new phase matrix, which is independent of position in the atmosphere for cases 

without aerosol absorption, is normalized such that 

2".". 

4
1
7r 11 p(O,c/J,O',c/J') sinO' dO' dc/J' = 1 . 

00 

(2.11) 

This means that w(s') now determines the fraction of the incident radiation which is 

scattered and p(O, c/J, 0', c/J') describes the output distribution ofthe scattered fraction 

of the radiation. For a purely scattering atmosphere (i.e. no absorption), w = 1. 

The incident solar irradiance attenuated to point s', shown in Eqn. (2.8), IS 

related to the incident irradiance at the top of the atmosphere by 

(2.12) 

where Fo is the solar flux outside the atmosphere and St is the beginning of the path 

at the top of the atmosphere. The solar radiation incident at the top of the atmo-

sphere is assumed to be completely unpolarized, plane-parallel and of unit irradiance 

perpendicular to the direction of propagation (i.e. F 0(00, c/Jo) = O'!, 0, 0)). 

Substituting the source function, Eq. (2.8), into Eq. (2.3), it is clear that each 

polarization parameter at point S can be written as the sum of an incident term 

at the beginning of the path and the single and multiple scatter contributions from 

points along the line-of-sight. It is assumed that there is no incident radiation at the 

top of the atmosphere and thus the first term of Eq. (2.3) is zero for paths starting 

at the top of the atmosphere. For radiation travelling in the upward direction, when 
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the path begins at the surface of the planet, the incident term due to reflection is 

added. The surface for the present work is assumed to be a Lambertian reflector, 

although any type of function may be used in the Gauss-Seidel code. 

The polarization vector at the top of the atmosphere due solely to scattering and 

absorption within the atmosphere can be written as 

8, 

J w(s') p(O, ¢, 00 , ¢o) Fo(Oo, ¢o) exp[-r(s', St)] exp[-r(st, s')] KT(S') p(s') ds' 

.,271"71" 

+ J J J w(s') p(O, ¢, 0', ¢') I(s', 0', ¢') sin 0' dO' d¢' exp[-r(st, s')] KT(S') p(s') ds' , 
Sb 0 0 

(2.13) 

where Sb is at the bottom of the atmosphere and St is at the top of the atmosphere. 

The first term on the right is the contribution due to single scattered radiation and 

the second term is the contribution due to multiple scatter within the atmosphere, 

as before. Once this equation is solved numerically, the Stokes parameter I, also 

called the total intensity, can be computed, where I = 11 + 12 • This total intensity 

is the quantity measured by the instrument on the satellite and is used to infer the 

atmospheric composition. 

Most radiative transfer codes assume a plane-parallel atmosphere with layers 

which are horizontally homogeneous and of infinite extent. This greatly simplifies 

the solution of Eqn. (2.13). In general, the plane-parallel approximation is adequate 

for most atmospheric applications. However, when the solar zenith angle 00 and/or 

view angle 0 approach 900
, the plane-parallel assumption yields grossly erroneous 

solutions. Under these conditions it is critical to use a model which allows for the 

spherical nature of the atmosphere. 
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Equation (2.13) can not be solved analytically for a spherical atmosphere, there

fore, a numerical approximation is required. Various numerical techniques for solving 

the equation of radiative transfer for spherical shell atmospheres have already been 

developed. These include invariant imbedding (Bellman et al., 1969), moments of 

intensity (Wilson and Sen, 1980), discrete ordinate (Dahlback and Stamnes, 1991), 

source function model (Anderson, 1983), Monte Carlo (Marchuk and Mikhailov, 

1967; Collins and Wells, 1970; Adams and Kattawar, 1978) and the DART method 

(Whitney, 1972). See Lenoble (1985) for a review of most of the above methods for 

spherical atmospheres. Herman et al. (1994a) demonstrated a method using the 

Gauss-Seidel iterative technique for numerically solving the equation of radiative 

transfer in a spherical-shell atmosphere. Most of the above methods present results 

using the scalar equation of radiative transfer. However, it has been shown that 

the total intensity calculated using the scalar Rayleigh phase function may differ 

substantially from the Rayleigh phase matrix solution under certain conditions (see 

Chandrasekhar, 1960). 

Until recently, only the Monte Carlo and DART methods had been extended to 

include polarization for spherical atmospheres (Collins et al., 1972; Marchuk et al., 

1980; Whitney, 1972). Herman et al. (1994b) presented results, using the conical 

boundary Gauss-Seidel method of Herman et al. (1994a), for a spherical atmosphere 

including polarization and compared the results with previously developed methods. 

Another approach in solving Eqn. (2.13) is to calculate the single (or primary) 

scattering exactly for a spherical atmosphere then approximate the multiple scatter 

contribution. Generally, the multiple scatter is computed with a much simpler 

plane-parallel model then "adjusted" based on some empirical argument to account 

for the spherical effects. This is usually done to simplify the problem and thereby 
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reduce the amount of computer time needed to solve it. The pseudo-spherical model 

employs this process and its speed is one reason the method has been so widely used. 

2.2 Pseudo-spherical Method 

The pseudo-spherical model utilizes the successive iteration of the auxiliary equa

tion method presented by Dave (1964) to solve the equation of radiative transfer 

given in Eqn. (2.13). The auxiliary equation is only valid for a Rayleigh scatter-

ing atmosphere with absorption accounted for using the single scatter albedo as 

shown above. The backscattered radiances are computed for an atmosphere con-

taining air and ozone with an underlying reflecting surface. As stated earlier, in the 

pseudo-spherical approximation, the incident solar beam is correctly attenuated to 

the zenith as in a spherical atmosphere. However, both the attenuation of the scat-

tered radiation to the top of the atmosphere and the collection path (i.e. the path 

from the point of scattering to the exit point from the atmosphere) are calculated 

as in a plane-parallel atmosphere. Multiple scattering is computed to seventh order 

and the remaining higher order contribution is approximated with a geometrical 

series extrapolation. The classical Rayleigh phase matrix is used and polarization 

fully taken into account (Klenk et at., 1982). This model will be called the Mateer 

pseudo-spherical (MPS) model. 

To understand some of the differences between the pseudo-spherical and spherical 

methods, an explanation of the geometry is necessary. In a plane-parallel atmosphere 

the solar attenuation in Eqn. (2.13) is given by 

, [ r( z') ] exp[-r(s , sd] = exp --0-
cos 0 

(2.14) 

where r(z') is the vertical optical depth from the top of the atmosphere to z', the 
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altitude of point s' above the surface. For the pseudo-spherical approximation this 

is modified to account for the different solar attenuation caused by the curvature of 

the atmosphere. Unlike the plane-parallel case, in spherical geometry there is not a 

simple relationship between the slant pathlength and the solar zenith angle. This 

means that the slant pathlength must be calculated layer by layer along the solar 

beam. Figure 2.2 shows the geometry for the incoming solar beam to point s' in the 

pseudo-spherical case. The slant path through an incremental attenuating layer is 

given by 

dS i = PB - PA. (2.15) 

From the figure it is evident that 

1 

PA= [(R+Zi)2_0p2]2 , (2.16) 

1 

PB= [(R+zi +dzi )2_'Op2]2 , (2.17) 

and 

OP = (R + Z') sin 00 , (2.18) 

where R is the radius of the planet, z' is th~ altitude of point s', 00 is the solar zenith 

angle at point s' and Zi is the altitude of the attenuating layer. Equation 2.15 can 

be written in finite difference form, using Eqns. (2.16) through (2.18), as 

1 1 
~Si = [(R + Zi)2 - (R + Z')2 sin2 00 ] 2 - [(R + Zi + ~Zi)2 - (R + Z')2 sin2 00 ] 2 

(2.19) 

The optical depth integral can then be approximated as a summation over the layers 

from the top of the atmosphere to point s'. Therefore, the pseudo-spherical solar 

attenuation to s' can be written 

exp [-7(S', St)] ~ exp [-t "'Tj Pi ~Si] 
.=1 

(2.20) 



,. ,. 

o 

,. 
,. ,. ,. 

27 

Figure 2.2: Geometry used to calculate the attenuation of the solar beam to point 
s' for the pseudo-spherical approximation. 



28 

Here N is the number of layers to s', "'Ti is the layer mass extinction coefficient and 

Pi is the layer mass density. 

The outward attenuation of the scattered radiation to the satellite for the pseudo-

spherical model is given by 

, [ r(z')] exp[-r(st,s)] = exp - cosO ' 

and the line-of-sight differential collection path by 

ds' = dz' , 
cos 0 

which are both identical to the plane-parallel case. 

2.3 Spherical Method 

(2.21) 

(2.22) 

To compute the polarization parameters along a zenith of the spherical atmosphere, 

a conical boundary making an angle 1110 with the zenith is defined, within which 

the radiative transfer equation is solved (see Fig. 2.1). To solve Eqn. (2.13), the 

polarization parameters must be known within the conical volume and the incident 

parameters must be known over the surface of the boundary. As presented by 

Herman et al. (1994b), the numerical Gauss-Seidel solution is accomplished by 

dividing the atmosphere into homogeneous spherical shells, and grid points along 

the zenith are established at the intersection of these shells with the z-axis. Grid 

points along the conical boundary are given by the intersection of the spherical shells 

with the lines defined by \II = 1110 at fixed intervals of." (see Fig. 2.1). 

In the spherical case, the solar attenuation is also modified to account for the 

different solar pathlengths due to curvature of the atmosphere. However, the solar 

attenuation is calculated to the desired line-or-sight and not to the zenith a.s in the 
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pseudo-spherical method. Figure 2.3 illustrates the geometry used to calculate the 

incoming solar attenuation for the spherical model. As shown previously, the slant 

path through an incremental attenuating layer is given by Eqn. (2.15) with P A and 

P B as in Eqns. (2.16) and (2.17). For spherical geometry, the line segment OP is 

can be wri t ten as 

OP = (R + z') sin BOSI , (2.23) 

where OOSI is the local solar zenith angle at s'. Therefore, the slant path through an 

attenuating layer for the spherical case can be written in finite difference form as 

1 1 

b.s;= [(R+z;)2_(R+z')2sin20o.,]2 - [(R+z;+b.z;)2_(R+z')2 sin2Bo.,]2 . 

(2.24 ) 

The optical depth integral is again approximated as a summation over the lay

ers through which the solar beam passes and the attenuation is calculated with 

Eqn. (2.20). 

The local solar zenith angle, 00 ." is computed using the cosine law of spherical 

trigonometry which gives 

cos 00 ., = cos 00 cos'ljJ + sin Bo sin'ljJ cos if> , (2.25) 

where Bo is the solar zenith angle at the top of the atmosphere (at the zenith) and 

if> is the azimuthal angle between the line-of-sight direction and the principal plane. 

The angle 'ljJ is calculated from 

'ljJ = 0., - (180 - 0) , (2.26) 

where 0., is the local view angle at s' and 0 is the view angle at the top of the 

atmosphere. Using the law of sines, it is easily shown from the figure that 

. 0 (R + Zt) . 0 
sm .' = R + z, sm , (2.27) 
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Figure 2.3: Geometry used to calculate the attenuation of the solar beam to point 
s' for the spherical model. 
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where R is the radius of the planet, Zt is the altitude of the top of the atmosphere, z' 

is the altitude of point s'. Equation (2.25) reveals an azimuthal dependence in the 

local solar zenith angle which will also affect the solar attenuation. The importance 

of this will be addressed in a later chapter. 

The spherical method also accounts for the different pathlength of the outward 

scattered beam caused by the curvature of the atmosphere. Unlike the pseudo

spherical (or plane-parallel), the outward attenuation of the scattered radiation and 

the collection path are determined along the line-of-sight, layer by layer, in a manner 

similar to that shown above. 

Once the geometrical factors have been computed, the single scattered polariza

tion parameters at evej:y grid point within and on the cone are calculated exactly 

to give an initial radiation field. This field is then used as the first guess solution 

in the Gauss-Seidel method. Using an iterative process, the multiple scatter at 

each grid point is computed to satisfy the radiative transfer equation, Eqn. (2.13). 

The accuracy of the Gauss-Seidel spherical code has been checked against other 

types of spherical codes by Herman et al. (1994b). This method will be called the 

Gauss-Seidel spherical (GSS) model. 

2.4 Model Input Parameters 

To calculate the intensities at each wavelength, the radiative transfer codes require 

the following input information: 

1. An atmospheric pressure profile. 

2. An ozone profile. 

3. A temperature profile. 
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4. The ozone absorption coefficients as a function of temperature. 

5. The pressure at the reflecting surface, Po. 

6. The effective reflectivity of the reflecting surface, R. 

7. The solar zenith angle at the zenith, (}o. 

8. The Satellite view angle at the zenith, (}. 

9. The Azimuth angle, cp, between the line-of-sight and the principal plane. 

For comparisons between the spherical and pseudo-spherical models, the intensi

ties have been computed for a number of high latitude climatological ozone profiles, 

at a reflecting surface pressure level of 1.0 atm. The pressure and temperature 

profiles used are derived from the U. S. Standard Atmosphere Supplements, 1966, 

(1966). The same input data for the profiles are supplied to the spherical and 

pseudo-spherical models to avoid any differences which could arise from slightly dif

ferent vertical structures. The top of the atmosphere is set at 81 km and the radius 

of the Earth is 6371 km. These comparisons are calculated for a variety of solar 

zenith angles, satellite view angles, azimuth angles and surface reflectivities. 

The vertical scattering profile is calculated by multiplying the pressure profile by 

the Rayleigh scattering coefficient f3 shown in Table 2.1. This gives the cumulative 

Rayleigh scattering optical depth from the top of the atmosphere to the desired 

level. 

The ozone profiles, which are based on Solar Backscatter Ultraviolet (SBVV) 

and ozonesonde measurements (Bhartia et ai., 1985), are related to the total ozone 

in the following manner. The total number of ozone molecules in a vertical column 
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of unit cross-section from height Z to the top of the atmosphere is given by 
00 

NOa = J noa{z)dz. (2.28) 
z 

Here nOa{z) is the number density profile of ozone (molecules cm-3 ). This total 

number of ozone molecules can then be reduced to the height, HOa{STP), in cm, 

that the column would have if the entire column were at standard temperature and 

pressure (STP) using the equation 

Hoa{STP) = ~:a , (2.29) 

where Lo is Loschmidt's number (2.69 x 1019 molecules cm-3 ). The global average 

column contains approximately 8 x 1018 ozone molecules per square centimeter, 

which corresponds to an ozone depth of H ~ 0.3 cm at STP or 300 Dobson units 

(1 DU = 10-3 cm of ozone at STP). An example of two climatological ozone profiles 

is shown in Figure 2.4, which shows the high latitude 125 and 325 DU profiles. The 

ozone "hole" is clearly illustrated by the significant depletion of ozone between 15 

and 25 km for the 125 DU profile. 

The high latitude temperature profiles which correspond to the above ozone 

profiles are shown in Figure 2.5. A standard profile is used for all ozone amounts 

Rayleigh Ozone Ozone Ozone 
Scattering Absorption Temperature Temperature 

Wavelength Coefficient Coefficient Coefficient Coefficient 
(nm) (:J (atm-1 ) Co (atm-cm-1 ) C1 C2 

312.5 1.0198 1.82640 5.4055e-3 2.8263e-5 
317.5 0.9527 0.97295 3.0592e-3 1.8348e-5 
331.2 0.7956 0.16543 7.2305e-4 3.9015e-6 
339.8 0.7134 0.03645 3.7215e-4 2.7058e-6 

Table 2.1: Ozone absorption and Rayleigh scattering coefficients for the TOMS 
wavelengths. 



34 

except 125 and 175 DU. For these ozone amounts there are specific temperature 

profiles because of the special conditions for low ozone occurances. Clearly there 

is a significant difference between the standard and 125 DU temperature profiles. 

This is particularly evident around 15 km where the 125 DU profile temperature is 

over 300 K colder than the standard profile. 

The temperature dependent ozone absorption coefficient is calculated from the 

values provided in Table 2.1 using the equation 

(2.30) 

where Co is the effective absorption coefficient at O°C, T is measured in degrees 

Celsius and 0:' is in units of atm-cm- 1 • The absorption coefficients are based on 

measurements of ozone cross-sections by Bass and Paur (1985). The computation 

of the effective band-averaged coefficients is described by Klenk (1980). Using the 

temperature and ozone profiles and the absorption coefficient 0:', the ozone optical 

depth as a function of altitude can be calculated. 
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Figure 2.4: High latitude ozone density profiles for total ozone amounts of 125 and 
325 Dobson units. 
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Figure 2.5: High latitude standard and 125 DU temperature profiles. The standard 
profile is used when the total ozone amount is greater than 175 DU. 
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Chapter 3 

OZONE DETERMINATION WITH TOMS 

The TOMS instrument measures the backscattered intensity (radiance) directly and 

uses a ground aluminum diffuser plate to estimate the solar flux (irradiance). A 

Fastie-Ebert single monochromater measures the six TOMS wavelengths, 312.5, 

317.5, 331.2, 339.8, 360.0 and 380.0 nm, each with a 1.0 nm bandpass. The in

strument maps a 105 degree cross-track swath (± 52.5 degrees from nadir) every 8 

seconds in 35 steps of 3 degrees each. Details of the instrument design are explained 

by [Heath et al.J (1975). 

Nimbus-7 was in a sun-synchronous, noon orbit (i.e. crossed the equator on the 

ascending side of the orbit at local noon) with an orbital period of 104 minutes. 

The satellite maintained a near circular 955 km orbit which gave TOMS a 50 km 

x ·50 km field of view at the nadir increasing to 50 km x 200 km at the extreme 

off-nadir angle of 51 0
• This configuration meant full global coverage was obtained 

by TOMS on a daily basis ([Herman et al.J, 1993). 

In addition to the measured backscattered intensity and solar flux at each wave

length, accurate measurement of three angles was critical for the ozone retrieval. 

The solar zenith angle, OoM, and the satellite view angle, OM, both measured from 

the local zenith of the point being viewed, were needed to calculate the optical slant 
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path of the radiation. In addition, the azimuth angle between the principal plane 

and the satellite line-of-sight, </>, was required to calculate the scattering angle 8. 

Figure 3.1 illustrates the satellite viewing geometry. 

The surface reflectivity and the effective pressure of the reflecting surface must be 

ascertained to accurately estimate the total ozone amount. The effective Lambertian 

surface reflectivity, R, is calculated by using the two TOMS wavelengths outside the 

ozone absorption band, 360 and 380 nm. The reflectivity is used to detect cloud cover 

or the presence of snow and ice on the ground. The effective pressure is obtained by 

finding the weighted average of the cloud top pressure and the pressure of the surface 

terrain contingent upon the amount of clouds in the instruments field of view. The 

other wavelengths are then used in pair combinations, shown in Table 3.1, to derive 

the total ozone, n. The pair values are matched to the corresponding ozone value 

with a lookup and interpolation procedure using tables of precomputed radiances 

(McPeters ct al., 1993) as discussed in Chapter 2. 

The radiance tables were constructed from a set of 23 climatological ozone pro-

files. As noted by Klenk ct al. (1982), the calculated intensity becomes very sensitive 

to the profile shape as 00 approaches 90°. To minimize the error, different sets of 

ozone profiles were used for three latitude bands. The primary difference, for a 

specified total ozone amount, was a shift in the ozone maximum to lower altitudes 

Pair Wavelengths (nm) 
A 312.5/331.2 
B 317.5/331.2 
C 331.2/339.8 
B' 317.5/339.8 

Table 3.1: Wavelength pairs used by TOMS for ozone retrieval. 
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Figure 3.1: Viewing geometry for the TOMS instrument showing the angles required 
for the ozone retrieval. 
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with increasing latitude (Bhartia et ai., 1983). There were three profiles for low 

latitudes (n=225 to 325 DU in 50 DU steps), ten for mid-latitudes (125 to 575 DU) 

and ten for high latitudes (125 to 575 DU). 

Since the dependence of the backscattered intensity on ozone is approximately 

exponential, the radiance tables were converted into an attenuation number, called 

the N-value. This reduces the dynamic range of the intensities over the entire spec

trum of ozone profiles (Klenk et ai., 1982). The N-value for a particular wavelength 

is defined as 

(3.1 ) 

where Fo>. is the incident solar flux at wavelength A. In a manner similar to the 

ground-based Dobson measurements, the intensities are paired, primarily to elimi-

nate errors caused by wavelength independent uncertainties in the monochromater 

calibration (McPeters et ai., 1993). For a wavelength pair, the N-value is given by 

(3.2) 

where Al and A2 are the shorter and longer wavelengths in each pair, respectively. 

For each pair, an N pair versus total ozone curve, shown in Fig. 3.2, is constructed 

from the tables for the appropriate solar zenith angle, satellite view angle surface 

reflectivity and ozone profile. The total ozone for each pair is obtained by lin-

ear interpolation between adjacent N-values for the measured Npair value from the 

instrument (Klenk et ai., 1982). 

Of the pair combinations given above, only A, B' and C are currently used to 

determine the total ozone amount. The B pair was replaced in 1990 by the B' pair 

as a result of synchronization problems between the chopper wheel and the photon 

counting electronics (Fleig et ai., 1986). A total ozone amount, n pair , is calculated 
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Figure 3.2: Example of Npair as a function of total ozone for the different wavelength 
paIrs. 
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from Fig. 3.2 for each measured Npair value. These derived ozone values are then 

combined into a "Best" ozone amount given by 

(3.3) 

where f is an adjustment factor to remove the bias between ozone values calculated 

for different pairs and W is a normalized weighting factor to account for differing 

sensitivities of the pairs. The adjustment factors used for Nimbus-7/TOMS are 

fA = 1.0, fB' = 1.022 and fe = 1.034. The weighting factors take into consideration 

(1) the sensitivity of the Npair to the total ozone amount, (2) the sensitivity of f2pair 

to the wavelength dependence of the reflectivity, and (3) the sensitivity of (1) to the 

vertical distribution of ozone (McPeters et al., 1993). A pair weighting factor can 

be expressed as 

(8N)4 
W' . = an pair 

paIr C \ 2 c 2 
UApair uapair 

(3.4) 

Here ~~ is the slope of the N versus total ozone curve (Figure 3.2) at the measured 

N pair value, 8.\ is the separation of the pair wavelengths and 8a is the difference 

between the pair absorption coefficients. The individual pair weighting factors are 

then normalized using 

W 
W~air 

pair = 
WA+WB,+Wb 

(3.5) 

3.1 Uncertainties in TOMS Ozone 

Results from Nimbus-7/TOMS have shown that errors in the ozone retrieval are 

functions of the solar zenith angle, spacecraft view angle and the total ozone (Gregg 

et al., 1991). These errors in the derived TOMS ozone values occur as a result 

of three effects: uncertainties in the measurements, uncertainties in the physical 
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quantities used to derive ozone and uncertainties in the mathematical procedure 

(McPeters et at., 1993). 

Measurement uncertainties include wavelength and radiometric calibration of 

the instrument, digitization of output and instrument noise. One problem, discov

ered after a few years of operation, was the significant time-dependent drift between 

the TOMS derived ozone and the ground-based Dobson network (McPeters and 

Komhyr, 1991). The primary source of the disagreement resulted from an overesti

mate of the reflectivity change and incorrect wavelength dependence of the diffuser 

plate when measuring the incident solar irradiance. This problem was minimized by 

using the measured radiance-irradiance ratio from several wavelength pairs to con

struct an internally self-consistent calibration called the pair justification method 

(PJM). Other smaller errors in determining spacecraft attitude, synchronization 

problems and sea glint contamination have also been corrected or minimized and 

the entire data set reprocessed (Version 6) (Herman et al., 1991). Table 3.2 shows 

the estimated error in the derived ozone caused by the above uncertainties. 

The physical parameters used by the models also have uncertainties which cause 

errors in derived ozone. The ozone absorption coefficients used in the original ra

diance calculation algorithm, were shown to be in error, and have been updated. 

These new coefficients produced roughly a 6% increase in the total ozone measured 

(Fleig et al., 1986). A more detailed analysis by Kohmyr et al. (1993) has esti

mated the current ozone absorption coefficients have a relative accuracy of 2 to 3%. 

Another physical parameter which is a source of uncertainty is the representative

ness of the ozone profile. In 1985, new climatological low-ozone profiles were added 

which are appropriate for Antarctic hole conditions and other low ozone cases. The 

uncertainty with these low ozone profiles arises because the radiance calculations 
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are sensitive to the ozone profile shape at high solar zenith angles (00 > 700
), where 

penetration to the ground is reduced. The profile shape error increases with in

creasing optical pathlength and is therefore a function of OoM, OM, and n (Bhartia 

et al., 1983). This was demonstrated by comparing the derived ozone obtained at 

the same latitude for OoM = 500 (on the ascending side of the orbit) and 00 = 850 

(descending side). The difference for this case was between 6 to 12% (Herman et ai., 

1991). The presence of aerosols and clouds as well as the uncertainty in determining 

the surface reflectivity also cause errors which must be considered. The results of 

Dave (1978) indicate that tropospheric aerosols have little effect on the total ozone 

retrieval. However, stratospheric aerosols, such as those produced by volcanic erup

tions like Mt. Pinatubo, produce significant errors, particularly at large solar zenith 

angles (Bhartia et ai., 1993). The estimated error in the derived ozone caused by 

the these uncertainties are also listed in Table 3.2. 

Uncertainties in the mathematical method include the interpolation and extrap

olation methods used in the lookup tables to determine the ozone amount. The 

interpolation error is estimated to be less than 0.1 % (Klenk et ai., 1982). The ex

trapolation error is not explicitly calculated but only occurs under extreme ozone 

hole conditions and cannot be separated from the profile shape error. Uncertainties 

in the mathematical method also include errors introduced by the forward model. 

This can occur when the model does not adequately describe the atmosphere being 

observed. The effects on the derived ozone caused by uncertainties in the measure

ments and the physical quantities have been addressed in detail previously but no 

comprehensive assessment of the forward model accuracy has been presented until 

now. 



Source of Error 
Measurement uncertainties 

wavelength calibration 
radiometric calibration 
digitization 
instrument noise 

Physical parameter uncertainties 
ozone absorption coefficients 
ozone profile shape (00 > 80 0

) 

Low reflectivity (R < 0.2) 
High reflectivity (R > 0.8) 

Temperature profile 
Aerosols 

Tropospheric 
Stratospheric (Volcanic, PSC's) 

Surface reflectivity 
Pressure of Reflecting layer 

Mathematical method uncertainties 
Table in terpolation 
Forward model 

Estimated Ozone Error 

< 0.5% 
1% 

< 0.8% 
< 0.5% 

2-3% 

up to 5% 
up to 3% 

1% 

<1% 
2-10% 
< 0.5% 

0.5 -1% 

< 0.1% 
? 
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Table 3.2: Estimated ozone error resulting from uncertainties in TOMS method. 
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Chapter 4 

INTENSITY COMPARISONS BETWEEN THE MODELS 

4.1 Accuracy of the Comparison 

In order to make meaningful comparisons between the Mateer pseudo-spherical 

(MPS) and the Gauss-Seidel spherical (GSS) models, the numerical methods in each 

model must be examined in detail. The most important factor to consider is the 

quantification of the differences between the Mateer and Gauss-Seidel models which 

are not caused by the geometrical factors discussed in Chapter 2. These include the 

differences caused by variations in the input model parameters such as solar zenith 

angle, total ozone, surface reflectivity, etc. To accomplish this, the GSS model was 

modified to exactly simulate the MPS code. This modified code will be called the 

Gauss-Seidel pseurlo-spherical (GPS) approximation. This GPS code was then used 

to compare the effects of the various model parameters on the Gauss-Seidel and 

Mateer methods. 

As mentioned in Chapter 2, the atmosphere must be divided into a number of 

homogeneous spherical shells in order to numerically solve the radiative transfer 

equation. One area of uncertainty when comparing the Gauss-Seidel and Mateer 

codes was the sensitivity of the models to the vertical resolution of the atmospheric 

grid. This sensitivity was determined by running the GPS model for different resolu-
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tions at a number of solar zenith angles. The following comparisons were for the high 

latitude 325 DU ozone profile at the 312.5 nm wavelength which gave a total optical 

depth of T = 1.551. The surface reflectivity for this case was 0.1. The GPS code 

was first run for a 92 layer atmosphere which corresponds to a layer optical depth 

of approximately 0.02 with a few layers added at the top for geometrical considera

tions. Figure 4.1 shows the percent difference in the reflected intensities between the 

GPS and MPS models for the nadir direction. Clearly the 92 layer model differences 

exhibit a significant solar zenith angle dependence for angles greater than 800
• This 

indicates that the layer resolution may be too coarse for solar zenith angles near the 

horizon. To verify this, the GPS code was then run for the same solar zenith angles 

using the 201 layer atmosphere of the MPS code with the upper layers subdivided 

to give 5 extra layers near the top of the atmosphere for geometrical reasons. The 

percent difference in the reflected nadir intensities between the two pseudo-spherical 

models for this resolution is also shown in Fig. 4.1. The 206 layer model agrees at all 

solar zenith angles for the single scatter intensity to within 0.03%. For this reason, 

the 206 layer GPS model is utilized for all further comparisons. The total intensity 

difference exhibits a bia.'> between the GPS and the MPS of between 0.05% and 

0.1%. 

The GPS model was also checked for the other TOMS wavelengths to determine 

how differing amounts of Rayleigh scattering and ozone absorption affect the nadir 

intensities. Figure 4.2 shows the percent difference between the GPS and MPS 

models for each wavelength as a function of solar zenith angle. It should be noted 

that the single scatter difference is nearly zero for all wavelengths and is essentially 

independent of solar zenith angle. It follows that comparisons of the single scatter 

component will have very small error bars (to < 0.05%) as a result of differences 
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Figure 4.1: Nadir single scatter and total intensity differences between the GPS and 
MPS models vs solar zenith angle for two vertical GPS resolutions 
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Figure 4.2: Nadir intensity differences between the GPS and MPS models vs solar 
zenith angle for TOMS wavelengths. The solid lines are for the total intensity 
differences while the dashed lines are the single scatter difference. 
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between the Gauss-Seidel and Mateer algorithms. 

On the other hand, the total intensity differences demonstrate a very distinct 

wavelength dependence with the GPS giving a larger intensity than the MPS for the 

weakly absorbing wavelengths (331.2 and 339.8 nm), while for the strongly absorbing 

wavelengths (312.5 and 317.5 nm), the situation is reversed. The largest difference 

between the codes is < 0.22% for the 339.8 nm wavelength, which has very little 

absorption. Noting the small single scatter differences in Fig. 4.2 (i.e. the dashed 

lines), it is clear that most of this difference for the nadir case is attributable to 

the multiple scatter contribution. Since the multiple scatter contributes less with 

high absorption, the strongly absorbing wavelengths (particularly 312.5 nm) should 

show less variation with solar zenith angle, which is demonstrated in the figure. It 

is also evident that the intensity differences between the GPS and MPS methods do 

not have a significant solar zenith angle dependence for any wavelength although 

some variation is apparent. For these conditions, error bars of f = ±0.25% should 

be adequate to encompass any differences between the GPS and MPS methods. 

Actually, this level of agreement is excellent and is well below initial expectations 

of code differences for all wavelengths. 

Further comparisons were made for each of the wavelengths as a function of total 

ozone amount. Figure 4.3 shows the percent difference between the two methods for 

a solar zenith angle of 85° and surface reflectivity of 0.1. As above, the single scat

ter disagreement is negligible and is not a function total ozone amount. The total 

intensity demonstrates a similar wavelength dependence as illustrated in Fig. 4.2. 

Again, it is clear that the differences are of the same order as indicated above with 

339.8 nm being the largest « 0.2%) for all total ozone amounts. The change in 

slope of the 312.5 and 317.5 nm curves at low total ozone (125-175 DU) reflects 
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Figure 4.3: Nadir intensity differences between the GPS and MPS models vs total 
ozone amount for TOMS wavelengths. The solid lines are for the total intensity 
differences while the dashed lines are the single scatter difference. 
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the dependence of the intensity on the profile shape. Unlike the other ozone pro

files, which have generally the same shape, these low ozone profiles have the ozone 

depleted at the level of the ozone "peak" (around 20 km) as revealed in Fig. 2.4. 

Also contributing to the slope difference is the temperature profile which is used to 

calculate the absorption coefficient shown in Fig. 2.5. The error bars stated above 

should be sufficient to cover any differences caused by total ozone variations. 

The effect of changing the surface reflectivity on the intensities was also exam

ined. Increasing the reflectivity from 0.1 (dark ground/water) to 0.8 (snow/ice) 

increases the spread in the nadir intensity differences between the two models for 

the different wavelengths. This appears to be the result of greater multiple scatter 

intensities resulting from the more reflective surface. For a high surface reflectivity, 

error bars of f. = ±0.3% appear to be sufficient to cover any differences. 

All previous comparisons only pertain to the nadir viewing geometry. In order to 

determine the accuracy of the Gauss-Seidel and Mateer pseudo-spherical methods 

for other directions, comparisons were made in the off-nadir view angles. Intensity 

differences between the GPS and MPS models in the off-nadir directions are not 

merely a function of the view angle but also the solar zenith angle, total ozone, 

surface reflectivity and wavelength. Tests were carried out for a variety of conditions 

for the above parameters. Results of these tests indicated that at the maximum view 

angle of 65°, the differences in the two methods do not exceed twice the differences 

at the nadir. This demonstrates a significant level of agreement between the Mateer 

and Gauss-Seidel methods when viewing conditions are identical. For a surface 

reflectivity of 0.1, this gives error bars of f. = ±0.5%, while a reflectivity of 0.8 has 

error bars of f. = ±0.6%. The fact that these methods agree to less than 1% in the 

total intensity is quite remarkable considering how dissimilar the methods are. 
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The above results can also be used to estimate the accuracy of the comparisons 

between the Mateer pseudo-spherical (MPS) and the Gauss-Seidel spherical (GSS) 

models because the nadir viewing geometry is essentially identical. Comparisons 

in the off-nadir directions are not directly applicable because the lines-of-sight for 

the GSS and MPS codes are not the same due to the geometrical effects noted 

in Chapter 2. However, the close agreement of the intensities using the GPS and 

MPS models shown above suggests that these limits are representative estimates 

of the accuracy of the Gauss-Seidel and Mateer methods relative to each other. 

Any significant difference between the GSS and MPS models greater than those 

exhibited above will be the result of geometry variations and not the numerical 

method uncertainties. 

4.2 Intensity Differences 

For comparisons between the Gauss-Seidel spherical and Mateer pseudo-spherical 

models in the off-nadir directions to be valid, the methods must have the same 

viewing geometry (i.e. along the same line-of-sight). The GSS code measures the 

solar zenith angle and view angle from the top of the atmosphere, while the MPS 

measures the angles from the local zenith at the ground. The MPS and GSS model 

geometry is illustrated in Fig. 4.4, as is the geometry of the TOMS instrument on 

Nimbus-7. For the following comparisons, the GSS angular grid will be used, where 

the nadir angles, {) = 1800 
- 0, are given in Table 4.1 and the azimuth angle if> is 

calculated in 30° increments. Also listed in Table 4.1 are the Mateer pseudo-spherical 

and Nimbus-7/TOMS scan angles which correspond to the GSS nadir angles. In 

addition to covering all possible viewing angles for TOMS, a small amount beyond 

the instruments actual viewing range is also included in the comparisons. The MPS 



54 

." 
........... Solar 

Beam 
..... 

I 
I • 

eM~M ...... 
o ....... 

I .. ' ." 

Figure 4.4: Diagram of the MPS and GSS view angle and solar zenith angle geom
etry. Also shown is scan angle of the TOMS instrument. 
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Table 4.1: View angles for the GSS and MPS codes and Nimbus-7/TOMS instru
ment. 

GS Spherical ('!9) 
o 
5 
15 
25 
35 
45 
55 
65 

Mateer PS (OM) 
o 

5.0637 
15.1953 
25.3402 
35.5117 
45.7332 
56.0542 
66.6109 

Nimbus-7/TOMS (ON) 
o 

4.4022 
13.1759 
21.8513 
30.3412 
38.5171 
46.1724 
52.9571 

view and solar zenith angles, shown in Fig. 4.4, can be computed from the GSS 

angles by the equations 

. 0 (R + Zt) . _0 sm M = R smu, (4.1 ) 

(4.2) 

and 

cos OoM = cos 00 cos'ljJ + sin 00 sin'ljJ cos <p , (4.3) 

where R is the radius of the planet, Zt is the altitude of the top of the atmosphere 

and <p is the azimuthal angle between the line .. of-sight and the principal plane, 

as in Chapter 2. The scattering angle 0, the angle between the incident radiation 

direction and the scattered direction must remain constant along the line-of-sight for 

geometrical reasons. This is implicitly assumed for the multiple scatter component 

in both the MPS and GSS codes. Since MPS considers all scattering to be for a 

plane-parallel atmosphere, the scattering angle does not change along the line-of

sight. Allline-of-sight angles in the GSS code are measured relative to the zenith so a 

given line-of-sight is parallel over the entire conical volume. This results in identical 

scattering angles for all grid points within the conical boundary for the multiple 
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scatter. For the single scatter component, the combination of a straight line-of

sight with plane-parallel solar radiation guarantees a constant scattering angle along 

the line-of-sight. This scattering angle for the GSS angles is calculated using the 

equation 

cos E> = cos {) cos 0o - sin {) sin 0o cos ¢ . (4.4) 

Since E> is constant for a specified line-of-sight, the angles measured anywhere along 

the path must satisfy Eqn. (4.4). This relationship must also be true for the MPS 

angles (i.e. where the line-of-sight interects the planet's surface) and is given by 

cos E> = cos OM cos OoM - sin OM sin OoM cos ¢M . (4.5) 

In the solar plane (¢ = 0° or 180°), the relationship between the solar zenith angle 

and view angle is simple. For the ¢ = 0° direction, it can easily be shown that 

0o + {) = OoM + OM, while for ¢ = 180°, the relationship is 0o - {) = OoM - OM. 

Although OM does not depend on ¢ (Eqn. (4.1)), any change in the local solar 

zenith angle from Eqn. (4.3), when looking out of the solar plane, will also change 

the local azimuth angle ¢M, such that the scattering angle will remain constant. 

From Fig. 4.4, if one rotates around the z-axis, the intensity field measured at 

point s can be plotted as a function of {) and ¢ on a hemispheric polar projection. 

Actually, only the ¢ = 0° - 180° half of the hemisphere is necessary because the 

¢ = 180° - 360° section is a mirror image resulting from the symmetry across the 

solar plane. Further comparisons will be presented in this form. 

Figures 4.5, 4.6 and 4.7 show the total, single scattered and multiple scattered 

intensities over the hemisphere calculated with the GSS code. For this case, the 

solar zenith angle is 85°, the surface reflectivity is 0.1, the total ozone is 325 DU 

and the wavelength is 312.5 nm. It is evident from the figures that the main 
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Figure 4.5: Total intensity at the top of the spherical atmosphere for 00 = 850
, R = 

0.1, n = 325 DU and A = 312.5 nm. 
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Figure 4.6: Single scatter intensity at the top of the spherical atmosphere for 00 = 
85°, R = O.l,n = 325 DU and), = 312.5 nm. 
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Figure 4.7: Multiple scatter intensity at the top of the spherical atmosphere for 
00 = 85°,R = 0.1,0 = 325 DU and), = 312.5 nm. 
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contributor to the total intensity distribution is the single scattered component. In 

fact, the single scatter constitutes over 75% of the the total in the nadir direction 

and nearly 90% for {) = 650
• 

For the single scatter, shown in Fig. 4.6, the minimum intensity occurs at the 

nadir because it has the shortest collection path length and the scattering angle is 

near 900 for this solar zenith angle. It is also evident that there is an asymmetry 

between the forward and backscatter directions. This asymmetry arises because 

of the different scattering angles in the Rayleigh phase matrix and also the solar 

attenuation variation as a function of azimuth noted earlier. This variation arises 

because of the greater incident solar beam attenuation in the backscatter direction 

due to its much longer pathlength through the atmosphere. In order to demonstrate 

the relative importance of the scattering angle versus the solar attenuation, consider 

the following example. For a nadir angle of 650
, the phase function in the ¢ = 1800 

direction is 7.5% larger than in the ¢ = 00 direction, whereas the single scatter 

intensity is 23.4% smaller for ¢ = 1800 compared to ¢ = 00
• It is evident that the 

solar attenuation effect is the dominant factor. 

The above conclusion is also supported by the pattern of the multiple scatter 

intensity as demonstrated in Fig. 4.7. As noted by Chandrasekhar (1960), the mul

tiply scattered light is, to a first approximation, independent of the phase function. 

Since the phase function has less of an effect on the asymmetry hetween the for

ward and backscatter directions for the multiple scatter ':omponent, the asymmetry 

must be a result of the solar attenuation. This effect is manifested in the multiple 

scatter because the intensity vector I, which appears in the multiple scatter source 

term of Eqn. (2.13), is weighted toward the forward direction by the single scatter 

component. This occurs because at any point in the forward scatter quadrant the 
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incident intensity integrated over all directions will be greater than at a point in the 

backscatter quadrant. 

The first comparisons between the GSS and MPS models, shown in Figs. 4.8 

and 4.9, demonstrate the difference in the reflected total intensity at the top of the 

atmosphere for ()o = 85 and 88°, respectively. The surface reflectivity, total ozone 

and wavelength are the same as the previous example. Clearly there is a similar 

pattern for both solar zenith angle cases but the range of differences is much greater 

(nearly a factor of 2) for the 88° sun case. The MPS model intensities are generally 

greater in the forward scatter direction (ifJ < 90°) while the GSS intensities are 

greater in t.he backscatter direction. The largest disparities for {} = 85° are along 

the solar plane with ~ ±8% disagreement. For {} = 88° the differences are greater in 

the backscat.ter direction with a maximum of nearly 20% for ifJ = 180°. Differences 

along the ¢ = 90° azimuth are small (less than 0.5%) out to {} = 45°, then the error 

increases rapidly to around 2% at {} = 65°. To understand how these differences 

arise, the single and multiple scatter components must be examined. 

4.3 Examination of Single and Multiple Scatter Components 

Figures 4.10 and 4.11 show the percent difference between the two methods for the 

reflected single scatter intensity. It is clear that most of the difference illustrated in 

Figs. 4.8 and 4.9 results from the single scatter. There are three effects, outlined 

in Chapter 2, caused by differences between the spherical and pseudo-spherical ge

ometry. These effects arise from differences in (1) the solar attenuation along the 

line-of-sight, (2) the attenuation of the scattered radiation to the satellite and (3) 

the scattering pathlength (effective scattering mass). Since effects (2) and (3) are 

independent of ¢, only (1) can account for the asymmetric pattern appearing in 
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Figure 4.8: Percent difference between the MPS and GSS models in the total inten
sityat the top of the atmosphere for 00 = 850

, R = 0.1, n = 325 DU and>' = 312.5 
nm. 
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Figure 4.9: Percent difference between the MPS and GSS models in the total inten
sityat the top of the atmosphere for 00 = 880

, R = 0.1, n = 325 DU and A = 312.5 
nm. 
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Figure 4.10: Percent difference between the MPS and GSS models in the single 
scatter intensity at the top of the atmosphere for 00 = 850

, R = 0.1, n = 325 DU 
and A = 312.5 nm. 
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Figure 4.11: Percent difference between the MPS and GSS models in the single 
scatter intensity at the top of the atmosphere for 00 = 880

, R = 0.1, n = 325 DU 
and ,\ = 312.5 nm. 
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Figs. 4.10 and 4.11. 

From these figures, it is evident that as the view angle {) increases, there is a 

significant <p dependence in the differences between the codes. This is demonstrated 

in Fig. 4.12 which shows the ratio of the MPS to GSS single scatter intensity for 

(}o = 88° at nadir angles of 5 and 65°. As mentioned earlier for the GSS single scatter 

intensity pattern illustrated in Fig. 4.6, there are two quantities in the calculations 

which depend on <p, the scattering angle and the solar attenuation. The scattering 

angle causes variations in the Rayleigh phase matrix between the forward (<p < 

90°) and backscatter directions (<p > 90°) but will yield the same pattern for both 

codes so it cancels out of the ratio. The remaining disparity occurs as a direct 

result of the incorrect handling of the solar attenuation in the pseudo· spherical 

model. This difference in the solar attenuation is demonstrated in Fig. 4.13 for the 

<p = 0° case. As indicated in the figure, the solar pathlengths for the MPS model 

are all measured to the local zenith ZM, which goes through the point where the 

line-of-sight in tersects the earth's surface. However, the solar pathlengths for the 

GSS model are all measured to the line-of-sight, which is the correct way. It is 

evident that the solar pathlength to a particular level, calculated using the method 

explained in Chapter 2, is longer for the spherical model (sass) than in the pseudo

spherical (SMPS). It follows that the attenuation of the solar beam will be greater for 

the spherical and therefore give a smaller single scatter intensity than the pseudo

spherical. For further verification, the GSS model was run with spherical attenuation 

of the solar beam to the line-of-sight with all other pathlengths as in a plane-parallel 

atmosphere. This was performed for conditions identical to those in Fig. 4.10. The 

single scatter difference between the properly spherically attenuated GPS model 

and the GSS model is shown in Fig. 4.14. The resulting pattern is nearly symmetric 
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Figure 4.12: Ratio of MPS to GSS single scatter intensity as a function of azimuth 
for {) = 5° and 65°. Model conditions are 00 = 88°,R = 0.1,0 = 325 DU and 
,\ = 312.5 nm. 
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Figure 4.13: Solar pathlength comparison of MPS and GSS models. 
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Figure 4.14: Percent difference between the GSS and properly attenuated GPS 
models in the single scatter intensity at the top of the atmosphere for 00 = 85°, R = 
0.1, n = 325 DU and>' = 312.5 nm. In this example, the GPS model has the solar 
beam attenuated to the line-of-sight. 
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about the nadir and independent of ¢1. Comparing this figure with Fig. 4.10 proves 

that correctly accounting for the solar attenuation to the line-of-sight removes nearly 

all of the asymmetry. The remaining variation as a function of ~ arises from the 

effects of (2) and (3) above. This correctly attenuated GPS model is consistently 

larger than the GSS because of its longer collection paths. 

The multiple scatter differences shown in Figs. 4.15, 4.16 and 4.17 illustrate a 

surprising change in the pattern as the solar zenith angle increases. In the forward 

direction for ()o = 800
, the Mateer pseudo-spherical is larger than the Gauss-Seidel 

spherical. For 00 = 88 0
, the MPS is smaller nearly everywhere except along the 

¢1 = 90 0 and ¢1 = 1800 directions. As pointed out earlier, the multiple scatter 

source term of Eqn. (2.13), is heavily influenced by the single scatter component. 

Since the solar attenuation for the pseudo-spherical is calculated along the local 

zenith where the line-of-sight strikes the surface, the single scatter along the line

of-sight will be incorrect. This error is then propagated into the multiple scatter 

because the intensity vector, I, in the multiple scatter source term is also inaccurate. 

Furthermore, the attenuation of the radiation between multiple scatterings in the 

MPS model is not computed for the actual spherical pathlength. Plane-parallel at

tenuation was used because the difference compared with the spherical was assumed 

to be very small, since the multiple scatter occurc in a relatively narrow layer of the 

atmosphere (Klenk et al., 1982). This assumption is adequate for the nadir viewing 

geometry of BUV but is not satisfactory for the scanning geometry of TOMS. Klenk 

et al. (1982) also assert that the importance of this lower order spherical atmosphere 

effect is further minimized at large solar zenith angles because the multiple scat

tering contribution becomes a smaller fraction of the total signal. While it is true 

that the multiple scatter contribution is reduced, the results shown in Figs. 4.15, 
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Figure 4.15: Percent difference between the MPS and GSS models in the multiple 
scatter intensity at the top of the atmosphere for 00 = 800

, R = 0.1, n = 325 DU 
and A = 312.5 nm. 
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Figure 4.16: Percent difference between the MPS and GSS models in the multiple 
scatter intensity at the top of the atmosphere for 00 = 850

, R = 0.1, n = 325 DU 
and), = 312.5 nm. 
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Figure 4.17: Percent difference between the MPS and GSS models in the multiple 
scatter in tensity at the top of the atmosphere for 00 = 880

, R = 0.1, n = 325 D U 
and A = 312.5 nm. 
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4.16 and 4.17 do not appear to justify ignoring the spherical effects on the multiple 

scatter component in the off-nadir directions since in all cases, the mult.iple scatter 

is a significant fraction of the total intensity. Figure 4.17 clearly exhibits much more 

structure than Fig. 4.16. This appears to arise from the complicated interactions 

between the solar zenith angle, Rayleigh scattering and absorption by ozone which 

all contribute to the multiple scatter intensity distribution. 

Figure 4.18 demonstrates the effect of an increased surface reflectivity on the 

intensity differences between the GSS and MPS models. The model conditions are 

the same as in Fig. 4.8 except the surface reflectivity has been increased from 0.1 to 

0.8. This reflectivity is presented to simulate snow and ice conditions over the polar 

regions. There is a large area around the nadir where the differences is negligible 

« 0.5%). The range of disagreement along the solar plane is slightly smaller than 

the R = 0.1 case. Since the single scatter differences are virtually the same for 

both R = 0.1 and 0.8, it follows that the disparity between Figs. 4.18 and 4.8 must 

arise from the multiple scatter component. The multiple scatter difference shown 

in Fig. 4.19 reveals an entirely different pattern than Fig. 4.16. Clearly the surface 

reflectivity is an important factor in determining the multiple scatter distribution. 

In addition to its influence on the distribution, an increased reflectivity also enhances 

the multiple scatter contribution to the total intensity. This enhancement is greatest 

in the nadir direction where the multiple scatter accounts for less than 23% of the 

total intensity for R = 0.1 but contributes nearly 35% for R = 0.8 In both cases, 

the contribution decreases to :::::: 10% at 0 = 65° because of the increased absorption 

along \'!1e line-of-sight. Without ozone absorption, the 0 = 65° line-of-sight would 

probably have a larger multiple scatter contribution than the nadir case. 

The results presented in this chapter demonst.rate the inadequacy of the pseudo-
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Figure 4.18: Percent difference between the MPS and ess models in the total 
intensity at the top of the atmosphere for ()o 

,\ = 312.5 nm. 
= 85°,R = 0.8,0 = 325 DU and 
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Figure 4.19: Percent difference between the MrS and GSS models in the multiple 
scatter intensity at the top of the atmosphere for 00 = 850

, R = 0.8, n = 325 DU 
and ,\ = 312.5 nm. 
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spherical method for computing the intensity distribution at large solar zenith an

gles. Intensity differences between the spherical and pseudo-spherical models arise 

primarily from the incorrect attenuation of the solar beam by the pseudo-spherical 

code. Small differences are also caused by the disparities in t.he attenuation of 

the scattered radiation and collection pathlength. These discrepancies are clearly 

exhibited in the single scatter but are present in the multiple scatter as well. 

The above comparisons indicate that the solar zenith angle plays the most im

portant role in determining the magnitude of the intensity differences. This clearly 

results from the solar attenuat.ion effect mentioned above. Increasing the surface 

reflectivity enhances the multiple scatter contribution but only produces a small 

change in the intensity differences. Other comparisons not shown, indicate that the 

total ozone and wavelength have a small effect on the pattern and magnitude of the 

differences presented in this chapter. 
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Chapter 5 

OZONE RESULTS 

The intensity differences shown in Chapter 4 are instructive in illuminating how 

the various input model parameters affect the intensities used to derive the look-up 

tables. However, it is actually the combination of these intensities which determines 

the difference between the GSS and MPS model calculations of ozone. Even small 

changes in the intensity distribution of individual wavelengths may cause noticeable 

changes in the derived ozone amount. 

To determine the difference in ozone which would result from the intensity dis

parities shown in the previous chapter, a procedure based on the method outlined 

in Chapter 3 will be utilized. Instead of using "measured" intensities from the in

strument to derive the ozone, the models will be used to simulate identical viewing 

conditions. Since the solar flux has been normalized to unity for each wavelength, the 

relative intensities from the models are converted into Npair values using Eqn. (3.2). 

The Npair values are then plotted as a function of total ozone. These curves are 

constructed for both the MPS and GSS models, as shown in Fig. 5.1, for a speci

fied set of conditions. The figure clearly demonstrates that the curves for each pair 

are nearly parallel but there is an offset between the models. This offset, which 

is a measure of the bias introduced by the pseudo-spherical approximation, can be 
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represented in a number of different ways. Figure 5.2 shows the ozone difference 

between the GSS and MPS models as a function of N-value for the same conditions 

as Fig. 5.1. This reveals that the ozone difference for each pair increases as the 

N-value increases, particularly for the A pair. Another illustration of the offset is 

shown in Fig. 5.3, which presents the ozone difference given in Fig. 5.2 versus the 

corresponding MPS total ozone amount. Clearly the A pair demonstrates a much 

larger ozone difference than the B' and C pairs for high total ozone amounts. As 

shown in Chapter 3, these pair values must be weighted to give the "Best" ozone 

results. Those results w:ll be presented later in the chapter. 

The magnitude and sign of the offset between the models also depends on the 

viewing geometry as expected based on the pattern of the intensity differences shown 

in Chapter 4. This means that a new Npair versus iotal ozone curve must be cal

culated for each {), ¢ combination. This is illustrated at three different ¢ angles in 

Figs. 5.1,5.4, and 5.5 for {) = 65°. It is evident from Fig. 5.4 thai along ¢ = 90°, 

the differences between the methods are generally very small. 

To calculate the ozone differences between the MPS and GSS models, a total 

ozone amount is chosen and the Npair values for each pair are determined from the 

MPS Npair vs total ozone plot. These N pair values are then used to calculate a new 

f!pair value from the GSS Npair vs total ozone plot. New weighting factors, Wpair, are 

also calculated for the GSS model as explained in Chapter 3. These f!pair and Wpair 

values are used in Eqn. (3.3) to calculate a spherical "Best" ozone. This difference 

between the GSS model Best ozone and the chosen MPS ozone amount will indicate 

the magnitude of the error in the derived ozone caused by the pseudo-spherical 

approximation. 

As with the intensities, the error bars caused by differences III the numerical 
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Figure 5.2: Ozone difference between the ass and MPS models as a function of 
N-value for the A,B' and C-pairs for {) = 65°,¢ = 0°,00 = 85°, R = 0.1. 
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methods must be translated into comparable units for determining the total ozone. 

The most common way to express this difference is in terms of b.N, which gives 

the spread of N-values possible. From Eqn. (3.2) the Npair for the MPS and GPS 

models can be written as 

(I
MPS F. ) MPS .\\ 0.\2 

N pair = -100 10glO IMPS F. 
.\2 0.\\ 

(5.1 ) 

and 

(I

GPS 
F. ) GPS .\\ o~ 

N pair = -100 10glO IGPS F. . 
.\2 0.\\ 

(5.2) 

Letting I GPS = IMPS + b.I, Eqn. (5.2) can be written in terms of IMPS as 

(5.3) 

where X.\\ and X'\2 are the fractional differences in the intensities between the 

MPS and GPS methods for the desired pair wavelengths. These fractional intensity 

difference for a given wavelength can be expressed as 

(5.4 ) 

From Eqns. (5.1) and (5.3), the error in the N'Pair values can be related to the 

fractional differences in the intensities by 

(5.5) 

It should be noted from Eqn. (5.5) that the error in the Npair values only depends on 

the relative intensity difference between the models. Also, if the differences for the 

wavelengt.h pair are biased in thp. same direction by the same fraction, then b.N = O. 

At first glance, Fig. 4.2 shows that the absorbing and non-absorbing wavelengths 

are biased in the opposite directions which would maximize the error bars. Actually, 
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a more realistic estimate of the error requires a closer examination of Fig. 4.2. As 

stated in the previous chapter, the largest difference between the models is less than 

0.2.5% for the 339.8 nm wavelength, which is almost entirely scattering. At the other 

end, for the highly absorbing 312.5 nm wavelength, the difference reaches a constant 

value at large solar zenith angles because the radiation no longer penetrates to the 

lower atmosphere. Since most of the multiple scatter originates below the ozone 

layer, as the absorption increases the difference will approach the single scatter 

value. These cases demonstrate that utilizing pairs of absorbing and non-absorbing 

wavelengths will not significantly magnify the error bars already established from 

the intensity calculations. 

As in the previous chapter, rather than trying to calculate error bars for each 

pair under every condition, a standard measure of the error in the N pair values will 

be estimated with the equation 

f6N = -100 loglo (1 + f) , (5.6) 

where f is the intensity error bar. From Chapter 4, for a surface reflectivity of 

0.1, i = ±0.25% when looking in the nadir and up to 0.5% in the off-nadir viewing 

directions. Using Eqn. (5.6), the f6N for the nadir and off-nadir directions are ±O.ll 

and ±0.22, respectively. For a reflectivity of 0.8, the f6N values for the error bars 

given in Chapter 4 are 0.13 for the nadir increasing to 0.26 for the extreme off-nadir 

angles. This is a general estimate of the error arising from differences between the 

Ma.teer and Gauss-Seidel methods. 

In order to see how well these estimates represent the error, the intensity dif

ferences, shown in Fig. 4.2, will be converted into !:l.Npair values using Eqn. (5.5). 

Figure 5.6 shows the the MPS and GPS nadir !:l.Npair values as a function of solar 

zenith angle for the 325 DU profile with a reflectivity of 0.1. The error bars esti-
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Figure 5.6: Nadir b.Npair vs Solar Zenith Angle for R = 0.1, n = 325 DU. Estimated 
error bars (t6.N) are shown as horizontal dashed lines. 
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mated above are also illustrated. The A and C pain; f<l1\ within the method error 

bars for all solar zenith angles while the B' pair is slightly larger at angles> 80°. 

These !:l.Npair differences appear to be directly correlated to the amount of ozone 

absorption and the sp.paration of the wavelengths in the pair. This is suggested 

by the fact that the B' and C pair have the same long wavelength (339.8 nm) so 

the greater absorptivity and separation of the B' pair short wavelength (317.5 nm) 

relative to the C pair (331.2 nm) must account for the difference. This reveals that 

the error bars estimated from Eqn. (5.6) may be slightly too small for the B' pair, 

however, they could be significantly smaller for the C pair. As explained below, 

since the B' pair contributes no more than 50% to the Best ozone when the pairs 

are combined, these method error bars will be more than adequate. 

The error bars for the ozone, fMh produced by the fAN values can be determined 

from the appropriate Npair vs total ozone plot. As noted earlier, the N pair as a 

function of total ozone depends on a number of factors including the solar zenith 

angle, nadir and azimuth angles, total ozone and surface reflectivity. The slope of 

the N pair vs total ozone curve, also known as the sensitivity, plays a critical role in 

determining how the pairs are weighted to give the Best ozone. The weighting factors 

for the desired ozone amount and viewing conditions, are calculated as described in 

Chapter 3. The sensitivity is also important in determining the size of the ozone 

error bars for a given !:l.N value. The error bars for the Best ozone can be computed 

from 

[
WA fA W B, fB' We fe 1 

fAO = fAN (8N) + (8N) + (8N) . 
80 A 80 B' 80 e 

(5.7) 

The importance of the weighting factors in determining the Best ozone can be 

illustrated with Table 5.1. For a low ozone amount, the A pair makes the largest 

contribution, although the B' pair must also be considered. At a median ozone 
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amount, the B' and C pair are the dominant contributors as the A pair loses sensi-

tivity. The Best ozone at the high ozone amounts is almost entirely determined by 

the C-pair. 

The Best ozone error bars, computed for the f.t:..N values presented earlier, are 

given in Tables 5.2, 5.3 and 5.4 for the 125, 325 and 500 DU profiles, respectively. 

The tables show the error (in Dobson Units) for four different viewing directions, 

the nadir and ¢ = 0°,90° and 180° for the maximum view angle of 65°. The small 

error bars associated with the 125 DU profile occur because of the steep slope of 

the A pair N vs Total Ozone curve at low ozone amounts. In the {) = 65°, ¢ = 180° 

direction, particularly for the 500 DU case, the error bars are quite large (2.5 -

5.0%) because all of the pairs are fairly insensitive to the ozone. 

As with the intensities, the differences in the Best ozone are presented on a polar 

hemispheric projection as a function of the GSS angular grid. Because of Nimbus-

7's particular orbit, the azimuth angle was very near 90° or 270°. The azimuthal 

dependence was unimportant because it was nearly constant for the ascending node 

(Gregg et al., 1991). The differences in the Best ozone will primarily be analyzed 

for these azimuth angles but other interesting features will also be discussed. 

Figures 5.7 and 5.8 show the difference in the Best ozone between the two models 

for the 325 DU case with an 85° and 88° sun. There is a dramatic difference in the 

Total Ozone A-pair B'-pair C-pair 
(DU) (%) (%) (%) 
125 69.36 25.40 5.24 
325 4.40 40.04 55.56 
500 0 4.49 95.51 

Table 5.1: Pair weighting factors calculated for the nadir direction for 00 = 85° and 
R = 0.1. 
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View Angle 00 = 85 0 00 = 88 0 

{) 1> R = 0.1 R= 0.8 
0 0 0.44 0.57 

65 0 0.83 0.41 
65 90 0.81 0.96 
65 180 1.06 3.99 

Table 5.2: Ozone error bars for 125 DU profile for two viewing conditions. Error is 
expressed in Dobson Units. 

View Angle 00 = 85 0 00 = 88 0 

{) 1> R = 0.1 R= 0.8 
0 0 2.17 3.15 

65 0 5.12 6.36 
65 90 5.30 6.64 
65 180 6.49 8.22 

Table 5.3: Ozone error bars for 325 DU profile for two viewing conditions. Error is 
expressed in Dobson Units. 

View Angle 00 = 850 00 = 88 0 

{) 1> R = 0.1 R= 0.8 
0 0 5.07 5.71 

65 0 9.38 8.27 
65 90 9.54 9.94 
65 180 12.46 25.09 

Table 5.4: Ozone error bars for 500 DU profile for two viewing conditions. Error is 
expressed in Dobson Units. 
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pattern between the two, though the reason for this change is not readily apparent. 

For a solar zenith angle of 85°, the maximum error is 19.2 DU (5.9%) in the <p = 180° 

direction. This is larger than the expected error in the methods which is t60 = ±6.5 

DU (±2.0%). However, along the <p = 90° azimuth plane, the differences are within 

the error bars for all {) angles. For an 88° sun, the error is significantly larger reaching 

a maximum of 35.3 DU (10.9%) near {) = 60° and <p = 120°. The vast majority of the 

backscatter quadrant exceeds the error bars by a substantial amount. These figures 

show, however, that for the Nimbus-7/TOMS viewing geometry, the differences are 

within the tolerance limits and the solar zenith angle does not have a significant 

effect on the ozone retrieval. Clearly, if the satellite was scanning off the <p = 90° 

plane, the change in solar zenith angle could have a very critical effect on the quality 

of the derived ozone. 

The next factor to examine is the effect of the total ozone amount on the differ

ences in ozone between the codes. Two total ozone amounts will be considered for 

a solar zenith angle of 85° and R = 0.1. A low ozone amount of 125 DU, used in 

Fig. 5.9, will be examined as well as the high ozone amount of 500 DU, illustrated 

in Fig. 5.10. The low ozone profile represents an ozone "hole" event which occurs 

early in the austral spring, while the high ozone amount appears along the outer 

edge of the circumpolar vortex during the late winter. The total ozone amount 

appears to have little effect on the pattern of the differences, although the range 

is appreciably larger for the high ozone amount. As in the previous examples, the 

differences along the <p = 90° plane are within the projected error bars. For a total 

ozone of 125 DU, the largest difference, in the <p = 180° direction, is 3.2 DU (2.6%), 

whereas the expected error t60 = ±1.1 DU (0.9%). The difference in the ozone is 

38.7 DU for the 500 DU case or nearly 8%, while the expected error bars between 
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Figure 5.7: Difference between GSS and MPS models In Best Ozone (in DU) for 
00 = 85°, R = 0.1,0 = 325 DU 
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the methods are only ±2.5%. Clearly these differences arises from the geometrical 

disparity between the methods. 

Finally, the most extreme conditions are run for the above three ozone amounts 

(125, 32,5 and 500 DU) with 00 = 88° and R = 0.8. The 125 DU case, shown in 

Fig. 5.11, is within the error bars listed in Table 5.2 only for a small area in the 

backscatter quadrant. Even the nadir difference of 0.72 DU falls slightly outside the 

error bars of ±O.57 DU. The largest disagreement of 17.7 DU at if; = 1500 is nearly 

14 DU greater than the expected error bars. This translates into more than a 10% 

error in the predicted ozone using the pseudo-spherical model. Along the if; = 90° 

azimuth, the maximum difference is 3.7 DU which is over a 2% difference in derived 

ozone above the error bars. 

For the 325 and 500 DU profiles, shown in Figs. 5.12 and 5.13, an interesting 

pattern emerges. Both show an area along the if; = 90° azimuth where the MPS 

code overestimates the ozone by more than 6%. This is a significant, difference which 

would be evident even considering the 2-3% uncertainty arising from other causes. 

The exact cause of this pattern is not clearly understood. It apparently arises from 

the intensity differences in the C pair, primarily the 331.2 nm wavelength. Closer 

examination of the these intensity differences does not seem to indicate a problem in 

the methods, so it appears this effect is caused by the geometry disparity. Comparing 

Fig. 5.12 with Fig. 5.8 indicates thrJ.t this pattern results primarily from the increased 

multiple scatter contribution caused by the greater reflectivity. 

Another significant difference shown for the 500 DU case is a maximum error 

of 152 DU! This translates into a 30.4% difference in the if; = 180° direction. This 

arises from the insensitivity of all pairs, including the C pair which is the dominant 

contributor for these conditions. 
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The above comparisons have been for Nimbus-7/TOMS but what about Meteor-

3/TOMS? The new TOMS instrument aboard Meteor-3, which is a Russian satellite, 

was launched in 1991. Meteor-3 is not in a sun-synchronous noon orbit and therefore 

the azimuth angle will not necessarily be along the ¢ = 900 
- 2700 plane. In fact, the 

azimuth angle at times approaches 1500
• A re-examination the above figures shows 

significant discrepancies in the derived ozone at these angles. For a solar zenith 

angle of 880
, regardless of the surface reflectivity, errors of 10% or more are evident 

for azimuth angles between 120 and 1500
• Clearly these errors due to the incorrect 

geometry must be accounted for if ozone accuracies in the 1-2% range are desired. 

A post-processing algorithm used in conjuction with the MPS code to spherically 

correct the attenuation of the scattered radiation and the collection path has also 

been tested. Preliminary comparisons show that the error resulting from these 

effects is only a small fraction of that caused by the solar attenuation effect. 
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Chapter 6 

SUMMARY AND CONCLUSIONS 

In this dissertation, an indepth comparison between the pseudo-spherical method 

currently used for the TOMS ozone determination and the Gauss-Seidel spherical 

model has been carried out. To accomplish this, the radiative transfer codes were 

examined in detail, particularly the differences in the geometry. The primary goal 

was to investigate the possibility of a systematic bias in the ozone retrieval caused 

by errors in the look-up table calculations. Intensity differences between the two 

methods prove that large discrepancies result from the geometrical variations be

tween t.he models. The intensities were then converted, employing the TOMS ozone 

retrieval scheme, into total ozone differences between the models. 

From the results presented, it is evident that the pseudo-spherical model is in

adequate for cases where the sun is near the horizon. Large intensity and ozone 

differences (5-10%) are apparent in the forward and backscatter directions which 

are caused by the incorrect attenuation of the solar beam. Smaller differences « 1 %) 

are generally displayed along ¢J = 90°. However, when 00 = 88° with a high surface 

reflectivity, ozone amounts reported for Nimbus-7/TOMS may be overestimated by 

up to 8% and up to 30% for Meteor-3/TOMS. Preliminary tests have shown that the 

attenuation of the scattered radiation and the collection path difference contribute 
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only a small error to the intensities. The only way to improve the quality of the 

ozone retrieval for low sun conditions is to properly calculate the solar attenuation 

along the line-of-sight. Since the TOMS procedure utilizes look-up tables this could 

be done with no impact on the real time processing of ozone measurements. 

The importance of the orbital geometry of the satellite is one factor, demon

strated by these comparisons, which cannot be overstated. This work clearly shows 

the advantages of the sun-synchronous noon crossing orbit of Nimbus-7. By main

taining the azimuth angle near 90° (or 270°), the error introduced by using the 

pseudo-spherical approximation is minimized except in very extreme cases. By con

trast, the orbit of Meteor-3 lends itself to substantial errors even under modest 

viewing conditions because of its large range of azimuth angles. 

One area of future research not addressed in this dissertation is the effect of an 

elevated reflecting layer on the accuracy of the derived ozone. It would appear from 

the results of this work that an elevated reflecting layer would reduce the difference 

between the spherical and pseudo-spherical models by decreasing the amount of 

multiple scatter from the lower troposphere. On the other hand, the increased 

reflectivity of the cloud layer would tend to enhance the differences in the methods, 

particularly for very low sun angles (0o > 85°). Exactly how these competing factors 

will affect the quality of the ozone retrieval is currently under investigation. 

The addition of aerosols to the spherical model to determine their effect on the 

ozone retrieval also warrants further investigation. This would include the effects 

of stratospheric aerosols such as sulfate particles which arise from volcanic erup

tions like Mt. Pinatubo. Also of interest is the study of Polar Stratospheric Clouds 

(PSC's) and their influence on ozone determination when included in the spherical 

model. Torres et al. (1992) presented results showing that PSC's can cause signif-
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icant errors for solar zenith angles greater than 850
• These calculations were done 

using the pseudo-spherical approximation making a re-examination, which employs 

the spherical code, worthwhile. 
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