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ABSTRACT 

Meeisurements of the refractive bending of solar radiation passing through the 

limb of the Earth's atmosphere can be utilized to recover vertical profiles of density 

and temperature. These parameters obtained using the technique of solar refractive 

soimding could be used to improve satellite solar occiiltation trace species retrievals 

and to monitor potential trends in upper atmospheric temperatures. The solax re

fractive sounding method is described in detail and applied to data available from 

the Stratospheric Aerosol and Gas Experiment (SAGE II). The meteorological pro

files derived from the SAGE II data are not consistently accurate enough for general 

use due to poor vertical saxapling and measurement uncertainties. However, the 

qualitatively decent results provide optimism for future development and imple

mentation of solar occultation refractive sounders. Better techniques for measuring 

solar refraction and the potential improvements in the retrievals are also discussed. 
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CHAPTER 1 

INTRODUCTION 

Various experiments designed to monitor the vertical distributions of atmo

spheric trace constituents using the principle of satellite solar occultation have been 

deployed over the paat couple of decades. In this technique (Russell 1980), the mea

sured extinction of soleir energy in selected spectral bands is utilized to infer vertical 

concentrations of aerosols, ozone, water vapor, and many other trace species. In or

der to obtain acciurate estimates of species concentrations, the inversion algorithms 

must remove the Rayleigh scattering contribution from the meeisured extinction. 

This requires knowledge of the atmospheric molecidar density along each measured 

raypath. Typically, the vertical density information is supplied by a data analysis 

product, such as provided by NMC, or from extinction measurements taJcen for a 

spectral bajid in which the gas mixing ratio is known, such as a CO2 or O2 ab

sorption band. An alternative method of obtaining a molecular density profile is 

to utilize meaisurements of the refractive bending of solar rays. Measurements of 

the refractive bending angle as a function of ray penetration distance into the at

mosphere sure used to recover the vertical profile of atmospheric index of refraction, 

which is directly related to the air density. This method provides more appropri

ate estimates of density than those obtained from an analysis product since the 
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observation is collocated with the extinction measurements. An advantage over 

the absorption-inferred density is that accurate intensity measurements are not 

required. Ideally, the refraction-inferred and absorption-inferred densities wiU be 

used to validate ajid complement each other. In addition, because the refractive 

bending angles are measured, the trajectories of the curved solax occultation ray-

paths through the atmosphere can be better estimated. 

The solar refraction derived density profiles can edso be used to infer the tem

perature distribution, cissuming that the atmosphere is in hydrostatic eqmlibrium 

and obeys the ideal gas law. A well designed solar refraction instrument is capable 

of providing precise, high vertical resolution soundings of molecular density and 

temperature, which are the fundaxnental physical paraimeters for describing the 

state of the atmosphere. These estimates can be used to complement and enhance 

data sets obtained by in situ measurements jind other remote sensing techniques. 

Additionally, the solar refraction method can provide long-term monitoring of at

mospheric temperature with globed coverage sufficient for trend analysis. However, 

a limitation of satellite solar occultation systems is that measurements are only 

taken twice per orbit at satellite sunrise and simset. 

Atmospheric refraction occurs because atmospheres are neither constant density 

mediums nor free space. Electromagnetic waves propagate with speeds that axe a 

function of the density and the internal electrical structure of the gas molecules 

within the atmosphere, such that the propagation speed decreases with increasing 
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neutral air density and with incrceising proportions of certain polarizable molecules 

such as water vapor. The ratio of the speed of propagation of the radiation in free 

space to the speed of propagation of the radiation at any point in the atmosphere 

is defined eis the index of refraction. Electromagnetic waves that pass through 

an atmosphere axe bent by gradients of atmospheric refractive index. Since the 

velocity of a light wave varies inversely with the refractive index, the propagation 

path is bent in the direction of the gradient. In Earth's atmosphere, the vertical 

gradients of density (and hence refractive index) are typically much stronger than 

horizontal gradients, so that refractive bending in the horizontal direction can often 

be neglected. 

In occultation/refraction experiments, signals from a source that pass through 

the limb of an atmosphere are bent by vertical gradients of atmospheric refractive 

index, eind the toted bending angle is measured by a receiver. Due to experimental 

geometry and the nearly exponential decrease of density with height, high vertical 

resolution is obtainable. For an individual measurement, most of the refractive 

bending occiirs in a narrow height range neeir the tangent point. Orbital motion 

of the transmitter and/or receiver cause the tangent height of the ray path to 

descend or ascend through the atmosphere resulting in a meastired vertical profile 

of refractive bending. Assxuning a spherically symmetric atmosphere, the vertical 

profile of refractive index can be derived from the measured refractive bending 
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through ein Abel transform inversion. Finally, the profiles of density, pressxire, emd 

temperatiire caji be easily derived from the refractive index. 

Since the 1960s, radio occultation experiments have been designed to study the 

atmospheres of Mars (Kliore et al. 1965; Fjeldbo eind Eshleman et al. 1968), Venus 

(Fjeldbo and Eshlemen 1969; Newman et al. 1984), the outer planets of Jupiter, 

Saturn, Uranus, and Neptune (Lindal et al. 1981, 1985, 1987, 1990), ajid leirge 

planetary satellites such as lo, Titan, and Triton (Kliore et al. 1975; Lindai et al. 

1983; Tyler et al. 1989). Generally, these experiments involved a spacecraft radio 

wavelength transmitter linked to an Earth-based receiver. The spacecraft trajec

tories were designed so that the propagation path from the spacecraft to receiver 

passed through the planetary atmosphere under study, allowing atmospheric re

fractive bending profiles to be inferred from which meteorological parameters were 

estimated. 

Currently, the radio occultation technique for atmospheric soimding is being uti

lized to study the vertical structure of Earth's atmosphere (Waxe et al. 1996). This 

experiment, named GPS/MET (Global Positioning System/Meteorology), consists 

of a GPS receiver Ceirried onboard a smadl research satellite positioned in a low 

Earth orbit. Each time this receiver rises and sets relative to the 24 operational 

GPS satellites, the transmitted GPS signals transect successive layers of the at

mosphere and axe refracted along the path to the receiver. The refractive bending 

angle is obtained by measuring the phase delay of the GPS signal (from which 
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the atmospheric Doppler shift is determined) combined with precise knowledge of 

the geometry (see Waie et al. 1996 for details). GPS/MET temperature retrievals 

are accurate to about 1° C from approximately 40 km down to about 5-7 km 

in altitude with an effective vertical resolution of about 1 km (Ware et al. 1996; 

Kursinski et al. 1996). The transmitted L-band microwave signals (approximately 

19 and 22 cm wavelengths) are little affected by clouds axid weather, however, they 

are significantly refracted by water vapor, causing difficulties in recovering temper-

atiires where the water vapor pressure is high (generally below 5-7 km), although 

refractive index can still be recovered. 

Prior to GPS/MET, Russian scientists employed the occultation technique for 

studying the Earth's atmosphere by utilizing motion pictures of the rising and 

setting Sun and Moon taken from the SeilyTit-6 orbital space station (Grechko et 

al. 1981; Gurvich et al. 1982). Refractive bending angle profiles were obtained 

by monitoring the flattening of the image of the lumineiry disk as it descended 

through the atmosphere. Vertical temperatiire profiles for altitudes ranging from 3 

to 20 km were reconstructed from the motion pictures. Temperature estimation at 

higher ciltitudes was limited by the accuracy of the refraction measurements. Their 

research demonstrated that vertical temperature profiles can be recovered from ob

servations of refraction of extraterrestrial light sources at visible wavelengths. This 

work further explores the feasibility of recovering meteorological parameters from 
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measurements of the refractive bending of solar rays in a satellite solar occultation 

experiment. 

Most of the differences between the solar refraction approach and the radio oc

cultation method stem from the different wavelengths of electromagnetic radiation 

employed. The radio occultation method is an active method (i.e., it requires a 

transmitting source) operating in the RF domeiin, whereas the soleir method is a 

passive method operating in the optical domain. At optical wavelengths, the inci

dent angle of a ray can be meaisured quite accurately, while for RF wavelengths, 

direct measurements of the incident angle are difficult, but the frequency shift 

of the signal can be measured very accurately from which the incident angle of 

the received ray is determined. The inverse problem is the same for both meth

ods: retrieval of the vertical profile of refractivity from measurements of refractive 

bending; however, the index of refraction is almost entirely determined by the air 

density in the optical region, while in the RF domain, it is also strongly influenced 

by the presence of water vapor and free electrons. Lastly, RF signals propagate 

well through clouds, whereas optical signals do not; thus, the atmospheric profile 

of index of refraction generally cannot be estimated below cloud top level with the 

solar refraction method. 

Much of this work deals with applying the solar refraction method to measvire-

ments taken by the Stratospheric Aerosol and Gas Experiment (SAGE) instru

ments, chiefly the SAGE II instrument (Mauldin et ai., 1985). The SAGE was 
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designed to globally monitor the vertical distributions of stratospheric aerosols and 

trace gasses utilizing the technique of limb extinction (Chu and McCormick 1979). 

These satellite-mounted instruments have a relatively small iastantaneous field of 

view, which is scaxined up and down along the vertical solax diameter by an el

evation scan mirror during spacecraft sunrise and sunset events. If recoverable, 

accurate meteorological soimdings derived from the refractive bending of solar rays 

as they pass through the atmosphere can be utilized within the SAGE inversion 

routines to improve estimations of trace geis densities by reducing the uncertainty 

in the calculated Rayleigh extinction along ray paths. 

Beside evaluating the usefulness of the derived meteorological soundings within 

the SAGE trace species algorithms, the results of this work can also be used to 

judge the potential effectiveness of the solax occultation refractive sounding method 

in general. While the refractive bending of solar radiation can be estimated from 

SAGE data, measuring the refractive bending was not a design consideration. Thus, 

if successful, the SAGE inversions may provide motivation for implementing future 

occtdtation instruments designed specifically to mecisure the refractive bending of 

solar rays. The accuracy of the soundings will be judged mainly by examining 

the derived temperature profiles. Temperatures and temperature differences are 

much easier to visualize and display than density or pressure, which change over 

several orders of magnitude from the maximum inversion altitude axoimd 50 km 

down to the surface. Although the density profile is the most important parameter 
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for some applications, utilizing the temperatures to estimate the accuracy of the 

inversion should not be a problem since the measured refractive bending is used to 

first estimate density, from which temperatures aire derived. 

Chapter 2 begins with an overview of the SAGE II instrument and discusses 

the measurements applicable to this study. The aJgorithm to transform these mea

surements to vertical profiles of refractive bending and ultimately to temperatures 

is described in detail. Proof-of-concept computer simulations for SAGE-type data 

are performed in chapter 3. The simulations are used to explore the sensitivity 

of the algorithm to various sotirces of uncertainty. Also included is a discussion 

about the potential improvements in atmospheric sounding afforded by the next 

generation instnmient, SAGE III, which is scheduled for laimch in 1998. Chapter 

4 presents temperature profiles generated from data measured by SAGE 11. The 

temperatures are compared with available NMC temperatiires. Chapter 5 contains 

a discussion about the measurement requirements for future solax occultation in-

stnmients designed to perform atmospheric soundings utilizing the solar refraction 

method. 
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CHAPTER 2 

INVERSION ALGORITHM 

In this chapter the aJgorithm developed to estimate the atmospheric vertical 

temperatiire structiire from measurements taJcen by the SAGE II instrument is 

explained in detail. Following a brief functional description of the SAGE II instru

ment, the method employed to measure the refractive bending angle as a function 

of ray penetration distance into the atmosphere is described. An Abel integral 

transform is utilized to compute the vertical profile of index of refraction from the 

bending angle measurements. The final step of the algorithm is to use the output 

of the Abel transform to estimate a vertical temperature profile. 

2.1 SAGE II Instrument and Relevant Measurements 

SAGE II was designed to globally monitor the vertical distributions of strato

spheric aerosols, ozone, water vapor, and nitrogen dioxide by measuring the ex

tinction of solax radiation p£issing through the Earth's atmospheric limb during 

satellite occultations. In October 1984, the instrument was launched onboard the 

Earth Radiation Budget Satellite into an approximately circular 610 km altitude, 

57° inclination orbit. Data collection continues today. A complete functional de

scription of SAGE II is provided by Mauldin et al. (1985). This section details only 
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those paxcuneters which are relevcint for measuring the refractive bending of solar 

radiation. 

In operation, SAGE II is activated just before each satellite sunrise and sunset 

event. The instrument locks onto the radiometric centroid of the sim eind uses a 

scan mirror to vertically scan up and down across the solar disk with respect to 

the Earth's horizon. SAGE II is equipped with seven channels centered at 0.358, 

0.448, 0.453, 0.525, 0.600, 0.940, and 1.02 fim. Each channel has a vertical field 

of view of 0.5 arc minutes. As seen from the Earth, the unrefracted diameter of 

the solar disk is approximately 30 ajc minutes. The mirror scan rate is specified 

to be 15 arc minutes per second, reversing direction each time a sim limb crossing 

off the sun occurs. Each channel is sampled at a rate of 64 Hz. During a typical 

event, measurements are taJcen from a taingent height of around 150 km above the 

Earth's surface down to the surface or until the stin is obscured by clouds. 

Figure 2.1 illustrates a data teiking sequence for a sunset event. The impact 

altitude is the perpendicular distance between the instrument's line of sight viewing 

direction eind the Eaxth's surface (see fig, 2.3). The two dashed lines denote the 

image positions of the top and bottom edges of the solar disk as viewed from the 

satellite. The solid line represents the up and down scanning of the instrument's 

field of view. Scams continue approximately 4 arc minutes beyond the sim edge 

before reversing direction. The gradual shrinking of the vertical svm shape image 
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Figtire 2.1: Simulated data acquisition mode for a SAGE II sunset event. The 
dashed lines denote the top and bottom edges of the solax disk. The zig-zag solid 
line shows the data taking sequence. Relative time is time from beginning of data 
acquisition for the event. Impact altitude is the line of sight tangent height above 
the Earth's surface. 



23 

is due to atmospheric refraction. This refractive shrinking is discussed more fully 

in the next section. 

Figure 2.2 shows an idealized representation of measured data for the sequence 

depicted in fig. 2.1. The decreasing signal strength with time is the result of in

creasing optical extinction as solar rays penetrate deeper into the atmosphere. The 

difference in scan widths between two successive scajis occurs because a component 

of the spacecraft motion is alternately in the scan direction then opposite to the 

scan direction. Again the shrinking scan, width with time is due to atmospheric 

refraction. 

While fig. 2.2 depicts solar limb darkening, it does not indicate other features 

that may exist, such as those which may be caused by simspots or the presence of 

clouds or other absorbing layers within the atmosphere. In addition, the symmetric 

shape of the solar limb ciirve becomes distorted by the combination of absorption 

and refraction as the ray paths descend deeper into the atmosphere (see fig. 3.5). 

Some measiirement noise is also expected. Therefore, actual measiired curves will 

not be as smooth as shown. 

As discussed in the next section, the meastired parameter employed in the in

version routine is the sun edge crossing times. The edge times are obtained by 

performing a cubic spline fit to the discretely measured intensity data to obtain a 

continuous representation of the solar limb curve and defining the edges to occur 

at the inflection points in the limb curves. This procedure works best for shaxply 
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Figure 2.2: Simulated measured data corresponding to the data acquisition mode 
shown in Figure 2.1. 
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defined edges. As rays penetrate deeper into the atmosphere, refraction and extinc

tion increcise, causing edges to become less sharply defined. The 1.02 /xm channel 

data was chosen to estimate the sun edge crossing times since that wavelength has 

a greater atmospheric transmission than the other six measured wavelengths. 

2.2 Estimation of Refractive Bending Angle as a Fimction of Ray Impact Distance 

Figure 2.3 Ulustrates the occultation geometry and defines the important pa

rameters. The refractive bending angle, a, must be mecisured as a function of 

the ray impact distance, a, which is defined as the perpendicular distance between 

the center of the Earth and the straight line path followed by the approaching 

ray. Both the orbital motion of the satellite smd the pivoting of the scan mirror 

allow measurements of bending angle to be made at various ray impact distances. 

An Abel integral transform, described in the next section, relates the refractive 

bending angle as a function of ray impact distance, a(a), to the vertical profile 

of atmospheric refractive index, /i(r). The transform assimies an atmosphere with 

spherical symmetry, i.e., the index of refraction varies only with radial distance 

from the center of the Ecirth. This section details the procedure utilized to esti

mate the atmospheric profile of Q:(a) from SAGE II measurements of solar edge 

crossing times. 

Given the positions of the Sun, Earth, and satellite, the scan mirror angle, and 

the exact location on the sxm being viewed, one could obteiin a point measurement 
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Figure 2.3: Occultation Geometry 
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o£ bending angle at the corresponding impact distance, Q!t(ai"), using simple geom

etry. Spherical symmetry is reqxiired and imless otherwise stated wiU be assiimed 

throughout the remainder of this paper. For a spherically synMietric distribution of 

refractive index, the impact distances for both the incident and emergent portions 

of a ray path will be equal as shown in fig. 2.3. The ray impact distance is deter

mined by the scan mirror angle, 7. The line of sight ray must be traced back to its 

point of origin on the sim. This can be done reliably only when a sim edge is being 

viewed. Therefore, in principle, point measurements of bending angle, 0^(0,), can 

be made at each sxm edge crossing time. Unfortunately, the absolute scan mirror 

angle is not a well known parameter in the SAGE II data reqxiiring that another 

method be developed to estimate refractive bending angles. 

Point estimates of oii[ai) can be obtained by measxiring the shrinking size of 

the sxm's image with increasing ray penetration distance into the atmosphere. This 

method requires that the mirror scan rate for each individual scan be known or that 

the scan mirror rate remains constant throughout the entire occiiltation event. 

Because the scan mirror rate is not precisely known for each individual scan, it 

is assumed to be constant. Before describing the procedure to estimate 

the equation for the angular size of the sun's image will be introduced, and an 

explanation for why this size decreases as rays penetrate deeper into the atmosphere 

wiU be given. 
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Referring to fig. 2.3, consider the satellite to be fixed at a particvdar point in 

its orbit. The jmgular size of the sun's image is given by the difference in the scan 

mirror angle between viewing the top edge of the sun and the bottom edge of the 

sun. In the absence of refractive bending these angles can be found by drawing 

straight lines from the satellite to the edges of the stm. The angular size of the 

sun's image remaiins constant at all points in the orbit for which the geometric lines 

to sun's edges do not penetrate deep enough into the atmosphere to be significantly 

refracted. Now suppose the rays coming from the sim edges axe refractively bent 

along the path to the satellite. In order to be viewing an edge, the scan mirror 

angle, 7, must be less than for the vinrefracted case, 0. The ajigular size of the 

Sim's image is stiU given by the difference in scaja mirror angle between viewing 

the top and bottom edges, however, since a ray from the bottom edge of the stm 

penetrates deeper into the atmosphere than a ray from the top edge of the sun, its 

bending ajigle is greater, causing the angular size of the sim's image to be smaller 

than for the unrefracted case. Therefore, it is the differential bending between a 

ray originating from the top edge of the sun and a ray originating from the bottom 

edge of the stm which is responsible for the decrease in the angular size of the 

stm's image. Because refractive bending increeises nezirly exponentially with ray 

penetration distajice into the atmosphere (see fig. 3.1), this differential bending 

increases as rays approach the Earth's surface, causing the angulax size of the sim's 

image to decrease as shown in fig. 2.1. 
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Computing the angulax size of the sun's image for an individual scan is compli

cated by the orbital motion of the spacecretft. Consider a situation in which the scan 

mirror cingle remains fixed, but the satellite moves in its orbit. The instrument's 

field of view moves to a new location on the sun. The component of this motion in 

the sccin mirror direction must be taken into account when calculating the angular 

size of the sim's image. Defining e to be the anguleir change in the position of the 

sxm's image due to spacecraft motion for the cturent scan, the ajigular size of the 

sun's image for that scan is given by 

{sun size} = {scan rate} x At + e (2-1) 

where At is the absolute value of the time difference between the top edge crossing 

time and the bottom edge crossing time. Note that e will be positive (negative) 

when a component of the the spacecraft motion is in the same (opposite) direction as 

the scan mirror direction. The unrefracted sun size is calculated using scans which 

occur above the level of any significant refraction. Bending angle information is 

obtained by measuring the reduction in sun size as scans penetrate downward into 

the atmosphere. 

A procedure for estimating point values of ai(a,) is as follows. Working down

ward from the highest altitude scan, when the measured eingulaj size of the solar 

image first begins to decreaise, as a first order approximation aU of the differential 

bending can be attributed to the bending of rays originating from the bottom edge, 
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since rays originating from the top edge do not penetrate deep enough into the at

mosphere to be significantly refracted. Thus, the refractive bending angle of a ray 

originating from the bottom edge of the sun, 0%, is estimated as the decrease in the 

angular size of the sun's image from its unrefracted size. The mirror angle at the 

top edge crossing time, 7t, can be obtained by assuming that the ray from the top 

edge of the sun is imrefracted. The mirror angle at the bottom edge crossing time, 

76, is then given by 

7j, = -1- {scan rate} x At. (2-2) 

Knowing the positions of the satellite and Earth and the sca.n mirror angle, simple 

geometry yields the corresponding bottom edge impact distance, a^. As scajas 

penetrate deeper into the atmosphere, the refractive bending of the top edge of 

the svm must be taken into account. This is accomplished using extrapolation or 

interpolation of the previously estimated point values for bottom edge bending. 

The extrapolated or interpolated top edge bending, oit{at), determines the scan 

mirror angle and impact distance at the bottom edge crossing time. The bottom 

edge bending is given by 

afc = A {sun size} + at (2-3) 

where A {sun size} is the difference between the unrefracted angular sun size and 

the sun size measured for the current scan. In this way an estimate of ab{ab) is 

made at each bottom edge crossing time for which significant decreases in sun size 

axe measured. 
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Figure 2.4 outlines the entire procedure employed to go from the measiired edge 

crossing times to eui estimate for the atmospheric vertical profile of bending angle, 

a(a). To determine an upper atmospheric boundary value for a(a) at altitudes 

above where the reduction in sun size is too small to measxire, monthly mean 

climatologies of a(a) are generated based upon the monthly mean temperature and 

pressure values from the COmmittee on SPAce Research (COSPAR) International 

Reference Atmosphere. COSPAR climatological values as a function of latitude 

(5° Resolution from 80° S - 80° N) and altitude (approximately 0 - 120 km) were 

compiled according to Fleming et al. (1988). For a given latitude and month, the 

climatological temperature cind pressure axe used to generate the index of refraction 

a function of radial distance from the center of the Earth. Eqn. (2.5), i&troduced 

in the next section, is used to compute the climatological bending angle as a function 

of impact distance from the profile of index of refraction. NMC analysis data may 

be used in place of the climatological data. 

The (s, y, z) coordinate positions of the Sun center. Earth center, and satellite 

axe determined at each edge crossing time in eaxth-centered inertial coordinates 

referenced to the dynaimical equinox of J2000 (Standish, 1982). The details of this 

coordinate system are not important since only the relative positions of the ob

jects are necessary. The positions of the earth emd sun are obtained from the JPL 

planetary and lunar ephemerides package (Standish, 1990). The SAGE II satellite 
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Figure 2.4: Flowchart depicting the algorithm employed to estimate oi{ 
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ephemerides contains the satellite position and velocity vector at one minute reso

lution. The satellite position at the edge times is calculated using equations 4.2 -

4.4 from Buglia (1988) by employing a modified fourth order Runge-Kutta scheme. 

The coordinate positions at each edge time are rotated into a new coordinate sys

tem with the origin located at the eeirth's center, the sim along the x axis, and the 

satellite in the xz plane. This facilitates the required geometrical constructions. 

The angular sun size for each scan (top to bottom edge for downscans and 

bottom to top edge for upscans) is ccilculated using Eqn. (2.1). e is determined 

by computing the angular cheinge in the position of the sun's image from the top 

edge crossing time to the bottom edge crossing time due to the satellite orbital 

motion alone. Proceeding downward from the highest altitude scan, the sun size 

should remain constant until the bottom edge is refractively bent enough to exhibit 

a measurable change in the angular size of the sun's image. This would allow the 

first point estimate of ab{ab)- However, as discussed in chapter 4, the measured 

ajigulax sun size is somewhat noisy, so that a fixed cutoff impact altitude is selected 

below which point estimates of refractive bending are made. The cutoff ciltitude 

is chosen to ensure that an acceptably high signal to noise ratio in measuring the 

change in stm size is achieved. Here the signsd is the refractive bending angle of the 

bottom edge of the sim and the noise is the uncertainty in measuring the angulax 

size of the solar image. The unrefracted angular sun size can be determined by 
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averaging the measured sun size values over all scans which occur above the cutoff 

level. 

Proceeding downward below the cutoff altitude, an estimate of aci,(ab) at each 

remaining bottom edge crossing time is made. The procedure for making these 

estimates was outlined earlier in this section. For each scan, the mirror angle at 

the top edge crossing time must first be determined in order to compute the bending 

angle at the bottom edge crossing time. An iterative approach is used to estimate 

the mirror ajigle at the top edge crossing time. The bending angle as a function 

of impact distance is assumed known in the vicinity of the true top edge impact 

distance through extrapolation or interpolation of the estimated point values for 

bottom edge bending obtained from previous scans. To begin the iteration, a 

guess is made for the mirror angle at the top edge viewing time. The mirror 

angle determines the top edge impact distance, at, and allows a line of sight ray 

path to be constructed from the top edge of the sim, which has the same impact 

distance as the Une of sight viewing path drawn from the satellite (see fig. 2.3). 

The mirror angle is adjusted until the geometrically determined bending angle, a 

in fig. 2.3, matches the predicted bending angle determined from extrapolation or 

interpolation of the previously estimated ci:(,(a{,). Once the mirror angle at the top 

edge crossing time and the corresponding top edge refractive bending angle are 

determined, the bottom edge impact distance and bending angle for the current 

scan can be computed using Eqns. (2.1) - (2.3). 
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The estimates of ab{ab) need to be tested for cloud contamination. Since most 

clouds are nearly opaque to visible light, a cloud is often classified as a sun edge. 

Because the meaisured vertical svin size will not include the entire solar disk, cloud 

influenced scans Ccinnot be used to estimate OfcCflb). Assuming that the scan mirror 

angle determined at the top edge crossing time is nearly correct, the presence of 

a cloud wiU cause the calculated bottom edge impact distance to remain nearly 

constant from scan to scan because the cloud top is seen at approximately the 

same mirror angle. Estimates of ab{ab) are discarded for scans in which the bottom 

edge impact distances axe nearly equal. Often the location of clouds determines 

the lowest altitude at which estimates of bending angle can be made. 

The remaining point estimates of bending angle contain the information from 

which a temperature profile is computed. These good point bending angle point 

estimates, a6(a6), are functionally fit with a cubic spline routine to obtain a contin

uous estimate for the atmospheric profile of bending angle, o:(a). The next section 

describes the application of the Abel integral transform to Q!(a) and the subsequent 

estimation of the atmospheric temperature structure. 

2.3 Temperature Soimdings from Refactive Bending Angle 

An integreil transform pcdr, solved mathematically by Abel in 1826, relating the 

index of refraction as a function of radial distance from the center of the Earth, 

fi{r), to the bending angle cis a function of ray impact distance, a(a), is derived for 
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an atmosphere with spherical symmetry by Fjeldbo et al. (1971): 

(2.4) 

(2.5) 

where OQ is the impact distance for a ray whose radius of closest approach is TQ and 

X  =  f i r .  A d d i t i o n a l l y ,  a o ,  t q ,  a n d  / i ( r o )  a x e  r e l a t e d ,  C q  =  x  t q .  

The upper integration limit of infinity in Eqn. (2.4) reqiiires that an estimate 

for atmospheric bending angle be made above the altitude where the highest useful 

measurement of bending angle, Qki(au), is taken. Climatological or NMC analy

sis data corresponding to the event location is used to estimate the high altitude 

structure of bending angle. This is implemented by multiplying the entire clima

tological bending angle profile above a„ by the scaling factor k = I 

where cic{au) is the computed climatological bending zmgle at the impact distance 

Ou, and merging the scaled cUmatological profile with the bending angle measure

ments. As a result, the bending angle profile above will decay at the same rate 

as in the original climatological profile. In other words, the climatological bending 

angle scale height above is preserved. Denoting the climatological index of re

fraction at Tu to be /ic(T'u), it is easy to show that using the scaled climatological 

bending angle profile in Eqn. (2.4) will produce an index of refraction at r^, n{ru), 

such that 

/i(r„) - 1 K 4 » {/ic(r„) - 1}. (2.6) 
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The effect of using a scaled climatology above on the retrieved density and 

temperature profiles wiU be discussed later in this section. 

Eqn. (2.4) is solved analytically. The first step is to compute values for a(a) 

every 0.05 km using the cubic spline fit to the estimated point values at the bottom 

edge crossing times, ab{ab). The veiriation of bending emgle with impact distance is 

assumed to be linear within each 0.05 km interval in impact distance. The integral 

for an arbitrary interval in a becomes 

where m = (aa — ai)/(o2 — oi) is the slope and 6 = 0:2 — ma2 is the intercept of 

the assumed linear relationship for a(a) within the interval. Each fi{ro) is fotmd 

by summing the contribution from each 0.05 km interval in impact distance from 

the top of the atmosphere down to ao- A solution for the atmospheric profile of 

index of refraction is obtained from the top of the atmosphere down to the lowest 

altitude measurement for bending angle. 

With the refractive index profile, atmospheric parameters of interest can be 

derived. Because /z(r) is close to iinity for earth's atmosphere, it is more convenient 

to work with the refractivity, 

02 
ai 

(2.7) 

N  =  { f i - l ) x  10®. (2.8) 

For dry air, N  can be approximated as (Johnson, 1954): 

N  =  77.5(1 + 
P  P  

' T  T  
(2.9) 



38 

where P is the pressure in millibars, T is the temperature in Kelvins, and A is the 

wavelength of the refracted light in microns. Using the equation of state, Eqn. (2.9) 

can be written as 

N = KpR (2.10) 

where p is the density in kgm~^ and R is the gas constant for dry air. The additional 

contribution to the refractivity from water vapor for 1.02^m wavelength radiation 

is small enough to be neglected for this problem. 

Since density is directly proportional to refractivity, p{r) is obtained from iV(r). 

Assuming the atmosphere is in hydrostatic equilibritmi, P{r) is obtained from p{r) 

by integrating the hydrostatic equation 

^ = -3(rWr) (2.11) 

where g{r) is the gravitational acceleration. Average values for density and gravita

tional acceleration within each 0.05 km interveil are used to compute P{T). Finally, 

T(r) can be obtained from p{r) and P{r) using the equation of state: 

nr) = ŷ (2.12) 

Because the index of refraction at the highest altitude measurement of bending 

angle is related to the climatological index of refaction, the temperature and density 

at this altitude are also determined by climatology. Using Eqn. (2.8) in Eqn. (2.6) 

yields 

N{r^) = k*Nc{r^). (2.13) 
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Therefore, the refractivity at the highest altitude measurement for bending angle 

is the climatological refractivity times the bending angle scale factor. Eqns. (2.10) 

and (2.11) can be utilized to show that the Seime relationships hold for density and 

pressure 

P{R^) = k* PC{TU) 

P(r^) = k* Pc(ru)- (2.14) 

However, applying the equation of state, shows that the temperature at will 

always be equal to the climatological value 

r(ru) = Tcir^). (2.15) 

Thus, use of a scaled climatological bending eingle profile eis an upper boundary 

estimate in Eqn. (2.4) results in a density estimate at r^, which is quite sensitive 

to the highest altitude measurement of bending angle, and a temperature estimate 

at Tu, which is insensitive to the bending angle measurement. In a sense, the 

climatological or NMC temperature at cein be considered as a guess used to 

staxt the hydrostatic integral at the top of the bending angle measurements. 

The density and temperature errors at the altitude corresponding to the highest 

measurement for bending angle due to the estimated upper boundary are given by 

pitiru) = [k- l)pt{r^) + k{pc{r^) -  ptivu)) 

re(r„) = rc(r„) - rt(r„) (2.16) 
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where pe and are the density and temperattire errors and pt ajid Tt axe the 

true density and temperatiire. The influence of these boundary estimates on the 

retrieved profiles will decrecise rapidly with decreaising altitude since the meeisured 

parameter, the refractive bending angle, increcises rapidly with decreasing ray im

pact altitude, minimizing the influence of any botmdary errors. 
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CHAPTER 3 

SAGE SIMULATIONS 

Model simulations are employed to study the potential accuracy in recovering 

atmospheric vertical temperature profiles using estimates of the refractive bending 

of solar radiation inferred from measvirements taken by the SAGE instnmient. 

Much of this chapter is devoted to examining solutions obtained using simulated 

SAGE II input data ajid the algorithm described in the previous chapter, although 

one comparison is presented for a simulation which utilizes the more accurate input 

data expected to be available from the SAGE III meastirements. An attempt is 

also made to chaxacterize the sensitivity of the inversion to imcertainties associated 

with both the SAGE measurements and the eilgorithm. 

3.1 Simulation Methodology 

Model atmospheres are obtained from monthly mean climatologies of pressure 

and temperature vs altitude provided by the COSPAR international reference at

mosphere (Fleming et al. 1988). The basic procedure is to calculate the index of 

refraction vs altitude using Eqn. (2.9) then compute the refractive bending angle 

vs ray impact distajice using the inverse Abel transform, Eqn. (2.5). Figure 3.1 

illustrates a few examples of the relationship between refractive bending angle and 



42 

impact altitude derived from the COSPAR climatology. The nearly exponential 

decrease in density with altitude in Earth's atmosphere results in a neeirly expo

nential decrease of bending angle with ray impact altitude. The sharp change of 

slope occtirring at impact altitudes of approximately 18, 14, and 10 km indicates 

the tropopause in each of the climatological profiles. Note that the geometric alti

tude of the tropopause is slightly lower than this since the radius of the ray closest 

approach is less than the ray impact distance (see Fig. 2.3). 

The relative positions of the satellite, Earth, and sim with time are taken from 

the actual SAGE II mission ephemeris data for a single occultation event. This 

avoids the difficulties involved in simulating a realistic satellite orbit as well cis 

allowing the inversion algorithm developed for the actual SAGE II data to be used 

to recover temperatures. Required instrument parameters, such as the scan mirror 

rate, are taken from the SAGE II specifications. 

3.2 Simulations Assuming No Measurement Errors 

This section explores the accuracy of the temperature inversions assuming that 

all instrument parameters, ephemeris positions, and algorithm inputs derived from 

SAGE II measurements are known perfectly. These simulations will serve as the 

"best case" analysis for the inversion algorithm. The potential improvements af

forded by knowing the absolute seem mirror angle of the instrument, as expected 

with the SAGE III data, are also considered. 
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July, 10 S 

Joly, 40 N 

January, 60 N 

Bending angle (rad) 

Figure 3.1: Variation of bending £uigle with ray impact altitude for three different 
latitudes eind months derived from the COSPAR climatologies. The horizontal lines 
indicate the locations of the simulated downscan point estimates of a(a) listed in 
Table 3.1. 
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Bottom Edge 
Time (sec) 

24~02? IT 
24.457 
29.362 
29.808 
34.547 
34.983 
39.228 
39.700 
43.122 
43.590 
46.382 
46.864 
49.234 
49.706 
51.849 
52.345 
54.342 
54.824 

Down/Up 
Scan 
Down 

Down 

Down 

Down 
T^^P Down 
T^UP 
Down 

Down 
T^UP 
Down 
T^^P Down 

He 

Impact 
Altitude (km) 
—igur— 

Distance from 
prior estimate (km) 

Bending 
Angle 

0.150E-04 
0.174E-04 
0.105E-03 
0.123E-03 
0.603E-03 
0.680E-03 
0.206E-02 
0.228E-02 
0.400E-02 
0.422E-02 
0.558E-02 
0.584E-02 
0.710E-02 
0.737E-02 
0.863E-02 
0.890E-02 
0.102E-01 
0.105E-01 

48.02 
36.94 
35.95 
26.26 
25.45 
19.38 
18.89 
15.69 
15.20 
12.48 
12.08 
10.06 
9.70 
8.20 
7.80 
6.74 
6.56 

12.07 
12.07 
10.68 
10.50 
6.88 
6.56 
3.69 
3.69 
3.21 
3.12 
2.42 
2.38 
1.86 
1.90 
1.46 
1.24 

Table 3.1: Typical (simulated) impact altitude, bending ajigle pairs used as input 
to the inversion algorithm. 

Point estimates of bending angle as a function of impact distance, ai(ai), are 

obtained from the SAGE II data at each bottom edge crossing time, i.e., each time 

the scan mirror brings the bottom edge of the Sun into the instrument's field of 

view. Typical point estimates for a simulation corresponding to a climatological 

atmosphere for July at 10° S axe presented in Table 3.1. The bottom edge 

time is measured from the beginning of the event. Each bottom edge crossing time 

corresponding to a downscan is closely followed by the bottom edge crossing time 

of the succeeding upscan (see also fig. 2.1), thus the downscan point estimates of 

bending angle contain neeirly the same information as the upscan point estimates. 

For real inversions, the uncertednty in estimating bending angle is greater than the 

difference between the closely spaced downscan and upscan estimates. Therefore, 
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separate temperature inversions axe performed using the downscau and upscan 

information. 

A major concern for this inversion is the rather large spacing in altitude be

tween the available bending angle point estimates, column four of Table 3.1. The 

locations of the simulated downscan estimates listed in Table 3.1 are also depicted 

as horizontal lines in fig. 3.1. The spacing between data points places a lower limit 

on size of vertical features which can be resolved even with perfect measurements 

of bending angle. Note that the vertical spacing decreases as the Earth's surface is 

approached indicating that smaller sccile bending angle featxires can be resolved at 

lower edtitudes. Given these example point estimates for bending angle, it can be 

concluded that bending angle features occurring over vertical scales less than about 

24 km cannot be resolved above an impact altitude of 25 km, while features with 

vertical scales arotmd 3 km may be resolvable for impact altitudes below 7 km. 

The leist statement applies to the SAGE II data. Much better vertical resolution is 

possible with refractive soiinding. 

The accuracy of this inversion is primarily determined by how well the true 

profile of a{a) can be reproduced from the measurements. Even with perfect mea

surements, this wiU depend upon the location and verticzil scale of bending angle 

features within the real atmosphere. The use of climatological atmospheres re

sults in the generation of smooth profiles of a(a) because they represent average 

conditions. Aside from the tropopause, little structure can be discerned from the 
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climatological profiles of a(a) shown in fig. 3.1. If these profiles are not representa

tive of the real atmosphere dnring an occultation event, then the vertical spacing of 

the point estimates for bending angle may be a more serious problem. Nevertheless, 

climatological atmospheres will be used to help evaluate the inversion edgorithm for 

calculating temperatiire. 

The temperature profile computed from the downscaji data in Table 3.1 is com

pared with the climatological temperatures in fig. 3.2. The ability to reproduce 

the atmospheric temperature structure depends primarily upon how well the true 

profile of a(a) can be recovered from the point estimates, ai(a,). In this example, 

the temperature differences result from the rather coarse verticjil spacing of the 

bending angle data since perfect measurements were simulated. The largest differ

ence, approximately 1.6° C, is found near the tropopause since the sharp chajige in 

the slope of Q(a) that occurs with the sharp temperature minimum of the tropical 

tropopause is not well resolved. The profile of a{a), which is constructed from a 

cubic spline fit to the available bending angle point estimates, is dependent upon 

the sampled locations of the point estimates with respect to impact distajice. In 

general, the sampled locations are not the same for each event. 

Figure 3.3 illustrates the best ceise and worst case temperature inversions for the 

same climatological atmosphere obtained by changing the vertical positions of the 

bending eingle point estimates, i.e., by adjusting the bottom edge crossing times 

for the event. For all trials, a cutoff impact altitude for bending angle point 
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Temperature Difference 

Figure 3.2: Climatological temperature soxxnding for Jiily at 10° S compared with 
that c2Llculated using the downscan data contained in Table 3.1. The temperature 
difference, inversion minus climatology, is shown on the right. Highest denotes the 
altitude of the highest altitude estimate of bending angle used in the inversion. 
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Figure 3.3: Same as fig. 3.2 except for the inversions which give the best and worst 
fit to the climatological profile for July at 10° S. 



49 

estimates of 50 km was selected. The best case is within 1° C of the climatology-

while the worst c«ise has a maximum difference of 4.3° C. Note also that the worst 

case inversion places the tropopause about 1 km higher thaji the climatological 

atmosphere. 

As a second example, fig. 3.4 illustrates the best and worst case temperature 

inversions for the climatological atmosphere for Jeinuary at 60° N. The most 

difficult portions of the climatological profile to reproduce axe around 25 and 9 km 

where the sharpest chajiges in the slope of the temperature curve occur. Because 

the vertical spacing of the bending angle data is closer near 9 km, the largest 

discrepancies in the temperature inversions are found near 25 km. The best case 

again remains within 1° C of the climatology while the worst case has a maximum 

difference of 3.3° C. Insomuch as the climatological atmospheres are representative 

of the true atmosphere, the SAGE inversion algorithm can produce temperature 

soundings accurate to within 1 — 5° C assuming no imcertainty in the input data. 

To test the ability of the algorithm to reproduce a more structured temperature 

sounding, a test atmosphere was constructed from a combination of radiosonde 

data, a GPS radio occtiltation inversion, and climatology. The radiosonde data, 

which W21S taken in May 1985 for a station located at 27° N latitude, was used from 

the surface up to 25 km altitude. A nearby GPS inversion was merged with the 

sonde data at 25 km and used up to 50 km altitude. Above 50 km a climatological 

atmosphere was merged with the GPS inversion data. The variation of bending 
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Figure 3.4: Same as fig. 3.3 except for the climatologicaJ. profile for January at 60° 
N. 
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angle with impact altitude for this test case atmosphere is plotted in fig. 3.5. As 

opposed to the smooth plots derived from the climatological atmospheres in fig. 3.1, 

note the existence of severeil regions ia which fairly rapid changes in bending tingle 

with impact altitude occur. This particular combination of radiosonde and GPS 

inversion data was chosen because it exhibits a good deal of structure. 

The best and worst case temperature inversions for this atmosphere are depicted 

in fig. 3.6. Again, all inputs to the inversion algorithm are error free, and the 

inability to reproduce the test case temperature structiire is due mainly to the inad

equate vertical spacing of the bending angle data. For this atmosphere, temperature 

differences of up to 13° C occur and the location of the tropopause can be offset by 

nearly 2 km. If the fine scale structure of this test atmosphere is representative of 

a "typical" atmospheric soimding, then the coaxse vertical sampling available from 

the SAGE II solar edge data precludes more accurate temperature estimations. In 

any event, each of these examples clearly indicates that the retrieved temperatures 

cire sensitive to the vertical locations of the measured data. 

Up to this point, the temperature inversions have been performed using the 

algorithm developed for the actual SAGE II input data. Due to measurement 

constreiints, the input data is limited to point estimates of bending angle made 

at each bottom edge siin crossing for either the downscan or the upscan data. 

Now suppose the SAGE instnmient is capable of precisely measuring the absolute 

scan mirror angle with time as expected for the SAGE III instnmaent. With that 
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Best Inversion 
Highest = 42.8 km 
Worst IhTCrsion 
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Difference Temperature 

Figure 3.6: Inversions which, give best and worst fits to the generated test atmo
sphere. Difference is inversion temperature minus test atmosphere temperature. 
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information, an estimate of bending angle can be made at every sun edge crossing. 

Referring to fig. 2.1, tbds implies that point estimates, 0^(0,), are available each 

time the solid line intersects one of the dashed lines. This is probably the most 

information about the atmospheric profile of a(a) that is available from a SAGE-

like instrument. 

The increase in the total number of available point estimates for bending angle 

is shown in fig. 3.7. Peinel a contains 14 horizontal lines showing simulated impact 

altitudes where point estimates of refractive bending angle are available from SAGE 

II data ajid panel b contains 49 horizontal Unes showing the corresponding impact 

altitudes where point estimates of refractive bending angle are available from SAGE 

III data. Clearly, knowledge of the absolute scan mirror angle would significantly 

improve the ability to resolve atmospheric bending angle structure. The maximum 

vertical spacing between adjacent point estimates for bending angle decreases from 

about 12, 10, amd 7 km to about 7, 6, and 3 km. 

With the more closely spaced input data, the climatological temperature soimd-

ings for both July at 10° S and Januajy at 60° N cein be reproduced to within 

0.2° C. The retrieved profile is also much less sensitive to changes in the vertical 

locations of the bending angle point estimates for the climatological atmospheres. 

However, this is not the case for the more structured test atmosphere generated 

from radiosonde and GPS inversion data. Figure 3.8 shows the best and worst case 

inversions for that atmosphere. Quite large temperature differences, up to 14° C 



55 

Figure 3.7: Comparison of the vertical positions of the bending angle measiire-
ments available from (a) SAGE II data eind (b) SAGE III data. The horizontal 
lines represent the impact altitudes where point estimates of refractive bending are 
available corresponding to (a) simulated locations of downscaxi bottom edge cross
ings and (b) simulated locations of all edge crossings. Simulations were made using 
a climatological atmosphere for July at 10° S. 



56 

50 

35 

-I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—r 

V 

J 

-I—I—r-

Test Atmosphere 

Best Inversion 
Highest = 48.7 km 
Worst Inversion 
Highest = 49 J km 

0 t I I 1 - i I .1 t 

laO 100 200 210 220 230 240 250 260 270 280 200 300 

Temperature 

45 

40 

36 

30 

25 

20 

15 

10 

5 

0 

I 7 — 

Difference 

"<• 

'V 
• 

f r 
^ ) 
/ ^ 
; 
\/  
1 

/ 

> \ 
{ 

/ 

1 

( ( 

y V 
1 > 
< _  

. — —— 

• 

\ 

r 

\ 

Figiire 3.8: Inversions which give the best ajid worst fits to the generated test 
atmosphere using input data eis simulated for the SAGE III instrument. 



57 

near the tropopause, can occiir even with the error free, more closely spaced input 

data. The large misfit may be an artifact of the spline fit made to the point values 

for bending eingle obtained for each solar edge crossing. Perhaps a better algorithm 

could be developed for this ceise consisting of higher resolution input data, so the 

best inversion in fig. 3.8 is probably more representative of the temperature fit that 

caji be expected assuming bending angle information is available at each solax edge 

crossing. 

3.3 Sensitivity Analysis 

Vaxious sources of uncertainty can afiect this inversion. The uncertainties con

sidered in this section include: uncertainty in the scan rate across the solax image, 

uncertainty in detecting the sun edge crossing times, uncertainty in the ephemeris 

data, uncertainty in estimating the atmospheric bending emgle profile above the 

level of the highest altitude data point, and the assumption that the atmosphere 

is spherically symmetric. Other sources of uncertainty, which are not discussed in 

this chapter, may also be important, for example, the scan path across the solar 

image is assumed to remain perpendiculzir to the Earth's horizon. 

Ultimately, the accuracy of the temperature inversion depends upon how well 

the true profile of a(a) can be reconstructed using the point estimates inferred from 

the SAGE data. In the previous section, it wa^ shown that even with perfect point 

estimates for bending angle the ability to reproduce the atmospheric profile of a(a) 
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is limited by the coaxse vertical sampling of bending angle. When accounting for 

the sources of uncertainty listed above, the point estimates for bending angle will no 

longer be perfect. The sensitivity of the computed temperatures to the uncertainty 

in estimating bending cingle from the SAGE II data is studied in this section. 

3.3.1 Sensitivity to Scan Rate 

Uncertainty in scan rate will cause uncertainty in the computed angular size of 

the solar image. This is evident in the expression for the angular sim size for a 

single scan, Eqn. (2.1), through the scan rate term. If the true scan rate is greater 

(less) than the assumed scan rate, then the calculated sim size will be smaller 

(larger) than the true sun size, resulting in an overestimate (underestimate) of the 

refractive bending angle. In addition, scan rate errors will cause the calculated 

mirror angle at the bottom edge crossing time to be in error, as can be seen from 

Eqn. (2.2), resulting in errors in the estimated ray impact distance. Therefore, 

both the refractive bending angle, a, and the impact distance, a, will be uncertain 

for each point estimate of ai(ai). 

As explained in chapter 2, the refractive bending cingle is obtained by comparing 

the angular sun size for the current scan with the exo-atmospheric sun size. Because 

the current inversion algorithm computes the exo-atmospheric angtdar sun size 

separately for downscans and upscans for each event, a scan rate error which is 

not changing with time during an event will have little impact upon the computed 
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refractive bending angles. The algorithm will be most sensitive to time dependent 

errors, e.g., a different average scaji rate from one downscan to the next. 

Uncertcdnty in the seem rate across the solar image may be due to instrumental 

uncertcdnty in the mirror scan rate and/or spacecraft rotations in the scan direction. 

Most likely both sources of imcertainty are important. However, determination 

of their magnitudes or characteristics is difficult. For this recison, the sensitivity 

analysis will be performed by adding a gaussian distributed random error with 

zero meaji ajid specified standard deviation to the assumed scan rate for each scan. 

Temperature soimdings computed from simulations using the perturbed scan rates 

will be compared with those computed from simulations using the assumed (error 

free) scan rate. 

The sensitivity of the temperature inversion to a 0.01% standard deviation error 

in the scan rate is depicted in fig. 3.9. The climatological atmosphere for July 

at 10° S was used to generate simtdated input data for 100 events each having ran

domly generated errors added to the assumed scan rate for each scan. The vertical 

locations of the bending angle point estimates are very close to the horizontal lines 

shown in fig. 3.7 panel a. The largest sensitivity occurs near 37 km and decreases 

as the Earth's surface is approached. This is mainly because the refractive bending 

eingle increases rapidly as the Earth's surface is approached, while the uncertainty 

in meaaviring it remains neaxly consteint. Another way to explain this is that the 
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Figtire 3.9: Simulated vertical temperature profiles obtained after perturbing the 
scan rate for each scan by adding a gaussian distributed random error with zero 
mean and a steindard deviation of 0.01% of the scein rate. Top panel shows absolute 
temperatures for 100 simulations. Bottom panel shows the difference, perturbed 
minus control, for the 100 "cases. Control inversion as in fig. 3.2. 
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percentage error in the individual measurements of bending angle decrecises as the 

Earth's surface is approached. 

As described in chapter 2, the estimated temperature at the highest altitude 

measurement of bending angle is taJcen to be the climatologiceil or NMC tempera

ture and is thus insensitive to the measurements. The sensitivity of the retrieved 

temperatures to the bending angle measiirements occurs below this level where the 

shape of the retrieved atmospheric bending angle vertical profile is determined by 

the measurements. The shape of the retrieved bending angle profile will be most 

sensitive between the two highest altitude measurements of bending ajigle because 

those measurements have the largest percentage uncertainty eissociated with them. 

Since the algorithm integrates bending angle downward, the temperature sensitiv

ity, which is the difference in the retrieved temperatures between the perturbed 

scan rate case and the control case, generally increases from zero at the highest al

titude measurement to a maximum near the second highest altitude measurement, 

then decreases below this as the shape of the retrieved bending angle profiile be

comes less sensitive to measurement errors, since the percentage error in measuring 

bending angle decreases with decreasing altitude. 

The corresponding sensitivity in the retrieved density profile (fig. 3.10) is per

haps more instructive. The retrieved density is most sensitive at the highest 

altitude meeisxirement of bending angle, then decreases as the Earth's surface is 

approached. Quite simply, the reason for this is that the bending angle increjises 
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Figure 3.10: Percentage change in retrieved density, perturbed minus control, for 
the 100 simulations described in figure 3.9. 
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rapidly with decreasing altitude, while the uncertainty in measuring it remains 

nearly constant. Therefore, the retrieved density, which is determined by integrat

ing the bending angle profile downward from the top of the atmosphere, is subject 

to smaller percentage errors in bending angle as the eiltitude decreases. As discussed 

in chapter 2, the retrieved density at the highest altitude measurement for bending 

angle is linearly related to the measurement at that altitude. The sensitivity of the 

density at the highest altitude measurement is related to the signal to noise ratio 

of the measurement, where the signal is the true bending angle and the noise is the 

imcertainty in measuring it. 

The sensitivity of the inversion to measurement uncertainty leads to an impor

tant question: what is the highest impact altitude at which acceptably accurate 

estimates for the decrease in the size of the solar image can be made? Although the 

answer will be application dependent, a plot like fig. 3.11 can provide some guid

ance. For example with a 0.05% error in scan rate, the uncertainty in measuring 

the angular size of the solar image is approximately the same as the decrease in 

the size of the solar image which occurs when the bottom edge impact altitude is 

about 60 km. Given the uncertainty in scaji rate, from which the corresponding 

uncertainty in measuring the angular size of the sun's image can be computed, 

an estimate for the signal to noise ratio of the bending angle meeisurement at all 

altitudes could be made. Selecting a minimum signal to noise ratio (based upon a 
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stability criteria, for example) will determine the highest impact altitude for which 

measurements of bending eingle are considered significetnt. 

Figure 3.12 shows that further increasing the uncertainty in scan rate eventually 

results in almost meaningless temperature estimates at higher altitudes. The 

only option is to reduce the cutoff altitude for which point estimates of bending 

ajigle are considered valid. The temperature soundings plotted in fig.3.13 were 

generated from the same uncertain input data that was used to generate fig. 3.12. 

The only difference is that the bending angle point estimate made neax 49 km was 

ignored, leaving the highest altitude point estimate neax 37 km. The sensitivity 

of the inversion to this level of uncertainty in the scan rate has been significantly 

reduced. However, this increeised stability heis been gained at the expense of losing 

about 12 km of temperature estimates. In general, determination of the optimal 

starting altitude will depend on both the meeisurement uncertainty and boundary 

value errors. This point is discussed in section 3.3.3. 

The sensitivity of this test inversion to four levels of uncertainty in the scaji 

rate for several different cutoff altitudes is summarized in fig. 3.14. As 

explained earlier, the temperature sensitivity is greatest near the second highest 

altitude point estimate for bending angle, then decreases sharply with decreasing 

altitude. Because the SAGE II trace species inversion relies upon the NMC anal

ysis atmosphere, the computed temperature imcertainties are compared with the 

NMC temperature imcertainty. Since the estimated NMC uncertainties vary with 
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Figure 3.12: Same as fig. 3.9 except for a 0.05% standard deviation uncertainty 
the scein rate. 
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both location and time, the lines depicting the NMC uncertainty in fig. 3.14 are 

approximate. Considering the scan rate to be the only cause o£ uncertainty in the 

input data to the inversion algorithm, figure 3.14 indicates that useful temperature 

information can be obtained for cutoff altitudes up to approximately 50 km for 

a standard deviation uncertainty of 0.01% in the scan rate, about 40 km at the 

0.05% uncertainty level, and about 30 km at the 0.1% uncertainty level. No useful 

temperature information caji be obtained for scan rate uncertainties greater than 

1% of the scan rate. For real events, the uncertainty in the scan rate is imknown 

ajid may very well be different from event to event making it difficult to choose a 

single cutoff altitude for the inversion. 

3.3.2 Sensitivity to Edge Detection 

As with uncertainty in scan rate, uncertainty in consistently locating the solar 

edge crossing times also causes uncertainty in both the refractive bending angle, 

a, and the ray impact distance, a, for each point estimate of oti{ai). This results 

from an uncertain At, the differential time between the top edge and bottom edge 

crossing times, in Eqns. (2.1) and (2.2). For example, if the reported bottom edge 

crossing time is less (greater) than the true bottom edge crossing time, then the 

calctilated sim size will be smaller (larger) than the true sun size resulting in an 

overestimate (imderestimate) of the refractive bending angle. 
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Eqns. (2.1) and (2.2) indicate that errors in Ai resulting from uncertainty in 

locating the solar edges are basically equivalent to errors in scan rate, such that 

the errors in the point estimates for bending angle caused by a given percentage 

error in At will be nearly the same as those caused by an identical percentage 

error in scan rate. Therefore, if the uncertainty in At is randomly distributed 

with a mean of zero, the sensitivity analysis for uncertainly in determining the 

edge crossing times would be the same as that performed in the previous section 

for uncertainty in scan rate. However, a more detailed look at the edge detection 

process wiU reveal that the percentage uncertainty in At is likely dependent upon 

the impact altitude. 

Consistently determining the solax edge crossing times is a difficult problem. 

Regajdless of the criteria used to define the locations of the edges, the most impor

tant concern is that the computed edge crossing times correspond to viewing the 

same points on the sun from scan to scan, since we are attempting to measure the 

relative decrease in size of the solar image. Of course, the instrument measures ra

diation originating from a region of the solax disk rather than from a single point, 

so that the edge is actually contained within more than one measurement. The 

key is to consistently determine a single time corresponding to each crossing of the 

edges of the solar image. 

The current edge detection algorithm is basically a two-step process. The mea

sured intensity values eis a function of time are fit with a cubic spline providing 
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a continuous estimate for the solar limb c\irve with time for each scan. The edge 

crossings are then defined to occur at the inflection points of this spline fit. The 

estimated edge crossings for two consecutive high altitude scans, a downscan fol

lowed by an upscan, for an actual SAGE II event are shown in fig. 3.15. Discrete 

intensity measurements were taken at each integral value of the sample nimiber, 

which are spaced every 0.015625 seconds in time. Due to the orbital motion of the 

spacecraft, the time between edges is significantly different between downscajis and 

upscajis. At over 100 km above the surface, these high altitude solar limb curves 

are characterized by a rather smooth and sharp fall off in intensity as the edges axe 

approached. This eiUows accuxate and consistent determination of the solax edge 

crossing times. 

Figure 3.16 shows the solax Umb curves for two consecutive low altitude scans 

for the same SAGE II event. The bottom edges are viewed at impact altitudes 

of about 4 km above the surface. As compared to the high altitude scans shown 

in fig. 3.15, these lower altitude scans do not contain the smooth and sharp fall 

off in intensity as the edges are approached. This is most evident for the bottom 

edge crossings in fig. 3.16 since they occtir at lower impact altitudes than the top 

edge crossings, which are over 10 km above the surface. The sharpness of the solar 

edges decreases as rays penetrate deeper into the atmosphere due to increasing 

refraction and extinction. It is also possible that for rays passing very neax the 
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Figure 3.15: High altitude solar limb curves constructed by fitting the measured 
intensity values (shown as digital counts) from a SAGE II sunset event with a cubic 
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74 

Sample Number 

2000 ' 1 • ' > 1 ' ' ' 1 ' 1 -r-r-r-r-r-i i r ''r-i f "i t*!"; t-i r it r Tf •1—* 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

1800 -

1800 -

M \ 1400 -

s 
S IZOO . 

o I 
U 1000 f \ 

j 1 

5 MO / 1 
•Sf / j ! 
o / 1 

400 / 1 
200 

• ^ 
\ ^ 

0 • ^ V . . • 

Sample Number 
ss 80 

Figure 3.16; Same as fig. 3.15 except for low altitude solar limb curves. Upper 
panel is a downscan, top edge followed by bottom edge, and lower pajiel is an 
upscan, bottom edge followed by top edge. 



75 

Earth's surface, phenomena such as multiple refractive paths between a point on 

the sun and the instrument or ground reflection can hinder edge detection. 

The uncertainty in consistently locating the solar edge crossing times is diffictdt 

to determine. Rather than discuss the uncertainty in terms of At, the time between 

edges, it is more convenient to define the uncertainty in terms of the nimiber of 

measured samples away from the "true" edge location. The nximber of samples 

of imcertainty in locating the true edge crossing can then be converted to time 

by dividing by the data sampling rate. Based upon the previous discussion of 

the shape of the solar limb cxirves, it is Hkely that the imcertainty in consistently 

locating the solar edge crossing times is dependent upon impact altitude, such 

that the uncertainty increases eis the impact altitude decreases. Additionally, the 

magnitude of the imcertainty probably changes from event to event since the degree 

to which the solax limb curves axe distorted by the combination of refraction and 

extinction will vary across events. 

The sensitivity of the inversion to uncertainty in locating the edge crossing 

times will be studied by adding randomly generated errors to the simulated true 

edge crossing times. The retrieved temperature soundings wiU then be compared 

with those of the errorless control trial. The maximum magnitude of the randomly 

generated errors that are added to the true edge crossing times is indicated in 

Table 3.2. The altitudinal dependence of the uncertainty in edge detection 

is accounted for by allowing the maximum error to be 16 times greater for low 
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Impact Altitude Maximum Error in Locating Edge 
(km) (Number of Samples) Time fms) 
>~40 r732 0.49 

20 1/16 0.98 
10 1/8 1.95 
5 1/4 3.81 

<2 1/2 7.81 

Table 3.2: Maximum error in consistently locating the solar edge crossings, both in 
number of data scimples and milliseconds, used in the sensitivity simidations. The 
data sampling rate is 1/64 second. 

altitude edge crossings than high altitude crossings. Linear interpolation is used to 

determine the maximum uncertainty at intermediate impact altitudes. 

Simulated edge crossing times for 100 events each having randomly generated 

errors added to the true edge crossing times were generated for the climatological 

atmosphere for July at 10° S. The corresponding temperature soundings are plotted 

in fig. 3.17. Even though the uncertainty in locating the solar edges was simulated 

to increeise by 16 times from a 40 km impact altitude to a 2 km impact altitude, the 

largest sensitivity in the inverted temperatvire profiles occiirs at higher altitudes. 

This is because the relative increase in refractive bending emgle with decreasing 

altitude is much greater than the simulated increase in maximimi imcertainty in 

locating the edges. 

As with uncertainty in scaxi rate, we axe again forced to choose between the 

maximimi altitude at which temperatures are estimated and stability. The sensi

tivity of the temperature inversion to four levels of imcertainty in locating the solax 

edges for several different cutoff altitudes is shown in fig. 3.18. Comparison of 
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Figure 3.17: Simiilated temperatvire soundings obtained by adding randomly gen
erated errors to the edge crossing times of the control case for 100 separate trials. 
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these sensitivities with the approximate uncertainties for the NMC temperatures 

reveals that useful temperature information caji be obtained for cutoff altitudes up 

to approximately 50 km for case (a), about 40 km for ca^e (b), about 30 km for 

case (c), and not at all for case (d). Another way to state this is that to be compa

rable to the NMC temperature accuracies up to 50 km altitude requires that edge 

crossing times be located within 1/32 of a data sample (approximately 0.5 ms), 

up to 40 km within 1/16 of a data sample (approximately 1 ms), and up to 30 

km within 1/8 of a data sample (approximately 2 ma). The actual uncertainty in 

locating the solar edges is unknown. 

3.3.3 Sensitivity to the Assumed Upper Atmospheric Refractive Bending Profile 

Implementation of the Abel transform, Eqn. (2.4), requires estimation of the 

vertical profile of refractive bending angle up to the top of the atmosphere. Since 

the highest zdtitude point estimate for the refractive bending angle available from 

the SAGE II data occurs somewhere below 50 Aim, the upper atmospheric refractive 

bending angle profile must be estimated. As described in chapter 2, this estimate 

is either the corresponding NMC or monthly mean climatological profile, scaled to 

match the measured bending eingle at the highest altitude data point. Incorrectly 

estimated atmospheric structure at high edtitudes will produce errors at and below 

the highest altitude measurement of bending angle. In this section the sensitivity 
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of the retrieved temperature profile to the assiimed upper atmospheric refractive 

bending angle profile is discussed. 

The climatological atmosphere for July at 10° S is again used in the control 

run to generate simulated, errorless solar edge crossing times. The sensitivity of 

the inverted temperature profiles to the assumed upper boimdary for atmospheric 

refractive bending will be characterized by studying two examples: one employing 

the climatological bending profile for Januairy at 20° S and one employing the 

cUmatological bending profile for July at 60° N. The first example is meant to 

represent a typical or reasonable mismatch with the real atmosphere while the 

latter example is meajit to represent a rather extreme mismatch with the real 

atmosphere. 

The climatologiced temperature profiles are compeired in fig. 3.19. The most 

important concern is how well the profiles for January at 20° S and July at 60° N 

match the test atmosphere, July at 10° S, above the level of the highest available 

point estimate for bending. For altitudes above 30 km, the January at 20° S 

temperattu:e profile is within about 5° C of the test atmosphere while the July at 

60° N temperature profile is within about 10 — 12° C, which is approximately the 

level of majdmimi imcertainty specified for NMC temperatures. 

The retrieved temperature profiles obtaiined using simxilated perfect edge cross

ing times but using the three different climatological profiles to guess the atmo

spheric refractive bending above the highest data point at 49 km axe shown in 
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Figure 3.19: Comparison of the vertical temperature structure for three climato-
logical atmospheres taken from the CO SPAR climatology. Latitude and month are 
specified. The July at 10° S profile is being used as the control or test atmosphere. 
Differences are Januzuy at 20° S and July at 60° N minus the control temperature. 
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fig. 3.20. The retrieved temperature profiles basically follow the corresponding 

climatological temperatures down to 49 km, then converge towsird the test atmo

sphere. The inverted profiles agree to within about 1° C below 30 km. Therefore, 

even with a rather large temperature mismatch between the true atmosphere and 

the guessed profile above the level of the highest available data point, the retrieved 

temperattire sounding rapidly converges towaxd the sounding computed from the 

data point estimates of bending angle with decreasing altitude. This stability is 

due to the neaily exponenticJ increcise in refractive bending angle with decreasing 

height in the terrestrial atmosphere. 

The uncertainty due to the guessed upper atmospheric refractive bending angle 

profile will be present regardless of where the highest altitude measurement of bend

ing angle is taken. Because this imcertainty limits the accuracy of the inversion 

over several scale heights below the highest mejisurement, it is desirable to utilize 

measurements of bending ajigle taken as high eis possible so that the retrieval at 

lower altitudes is less influenced by the guessed profile. However, a trade off ex

ists between this source of uncertainty, which wiU influence the retrieval several 

scale heights below the highest mejisurement of bending angle, and the sensitivity 

to measurement errors, which decreases with the altitude of the highest utilized 

measurement. 
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Figtire 3.20: Comparison of the inverted temperature soundings obtained assiiming 
three different atmospheric bending angle profiles above the highest adtitude sim
ulated data point at 49 km. The control case is for the climatological atmosphere 
for July at 10° S. Differences aire the temperatures obtained using the climatologies 
for January at 20° S and July at 60° N minus the control case. 
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3.3.4 Ephemeris Uncertainty 

The ephemeris generated for SAGE II provides the positions of the satellite and 

sun with respect to a pseudoinertial coordinate system whose origin is the center of 

the Earth. Ephemeris errors result in uncertainty in the coordinate positions of the 

satellite and sun. Buglia (1989) performed a detailed analysis of the error in the 

tangent altitude above the surface of the Earth (defined as an ellipsoid of revolution) 

for a geometric line connecting the satellite eind the center of the sun. Most of the 

error results from errors in the position of the orbiting satellite rather than errors 

in the position of the sim. The rate of change of the error in tangent point altitude 

is nearly linear with time. For the SAGE II ephemeris, Buglia concludes that in 

a worst case scenaiio, the maximum error in the tangent point altitude is about 

150 m, with the actual error probably being a factor of 5-10 less. 

Over the short duration of a SAGE II event, the error in tajigent point altitude is 

expected to remain nearly constant. This will result in a vertical shift of the entire 

retrieved temperature profile. The absolute meiximum displacement of 150 m is 

small compared to the vertical resolution available from the point estimates of 

bending angle ajid the errors associated with the uncertainties in scan rate and 

edge detection. Therefore, ephemeris uncertainty is expected to be negligible for 

this inversion. 
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3.3.5 Assumption of Spherical Symmetry 

The computation of /i(r) from the estimated profile of a(a) using the Abel trans

form inversion, Eqn. (2.4), is only valid for a spherically symmetric distribution of 

refractivity. However, the ellipsoidal shape of the Earth eind the fact that atmo

spheric dynamics alter the shape of constant density surfaces relative to the geoid, 

result in small departures from spherical symmetry in the refractivity field. In ad

dition due to the orbital motion of the satellite, the ray paths from the solar edges 

to the satellite for a given occultation eire generally not vertically stacked or even 

coplanaj. Therefore, the estimate for a(o) obtained from the measurements over a 

single occultation is affected by horizontal refractivity gradients and the occultation 

geometry. 

Because the vertical refractivity gradient increases nearly exponentially with 

decreasing altitude, for a given ray path most of the refractive bending occurs 

within a horizontal interval on the order of a few hundred kilometers centered on the 

point of closest approach of the ray, called the ray perigee point. Thus for a given 

observation, the accviracy in applying the Abel transform inversion depends mainly 

upon the degree to which the refractivity is locally spherically symmetric in the 

vicinity of the perigee point. The horizontal spread in the positions of the perigee 

points can also be as large sis a few hundred kilometers over an occultation event. 

Therefore, if the horizontal scale of the meteorological fields is small compared to a 



87 

few hundred kilometers, use of the Abel transform inversion will cause only minimal 

errors in the retrieval of fi{r). 

The impact of horizonteil refractivity variations on this inversion is expected 

to be greatest in the winter hemisphere where baroclinicity can become large as 

opposed to the tropics or summer hemisphere where baxoclinicity is typically much 

smaller. In addition, on average the gradient of horizontal refractivity is expected 

to be more significant in the meridional as opposed to zonal direction. Of course, 

the largest deviations from local spherical sjrmmetry will be found for occultations 

which occur in the vicinity of sharp temperature gradients. 

In order to estimate the magnitude of the temperature retrieval errors due to 

horizontal inhomogeneities, the results of a study performed by Gorbunov and 

Sokolovskiy (1993) will be referenced. They produced a 3-dimensional distribution 

of refractivity using the meteorological parameters from a high resolution general 

circulation model. Bending angle measurements for an occulting satellite system 

were simulated by computing the exact solution to the ray tracing problem. Meteo

rological quantities were then calculated after application of the Abel transform in

version. Various locations around the globe were tested. The temperature retrieval 

errors due to the horizontal inhomogeneities applicable to optical refractivity were 

found to be aroxmd 1° C or less. 
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Assuming the einalysis of Gorbunov and Sokolovskiy accurately estimates the 

typical temperature vmcertainty resulting from non-spherically symmetric distribu

tions of refractivity in the atmosphere, this source of uncertainty is small compared 

to the sensitivity in the retrieved temperatures which results from the coarse ver

tical sampling of the measurements and the imcertainties associated with the scaji 

rate and edge detection. Apparently, the developers of the SAGE inversion algo

rithms eilso considered the horizontal variations in the meteorological parameters 

negligible (or tmresolvable) since a single atmospheric sounding is used for all ob

servations taken during ein occultation event. 

3.4 Summary of the SAGE II Temperature Retrieval Uncertainties 

Several different sources of uncertainty for this SAGE II temperature inversion 

were discussed in this chapter. These included the imcertainty associated with 

undersampling of the refractive bending angle in the vertical, uncertainty in the in

dividual measiirements of bending angle, uncertainty in estimating the atmospheric 

upper altitude boundary conditions, and the uncertainty associated with maJdng 

the simplifying eissTmiption of atmospheric spherical symmetry. Based upon the 

discussion contained in section 3.3.5, the uncertainty due to the spherical symme

try assimiption is expected to be negligible in compaurison to the other imcertainties 

listed. 
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The vertical spacing between the measurements of bending angle places a lower 

limit on the vertical scale over which atmospheric features can be resolved of about 

20 km in the stratosphere with the potential vertical resolution increasing signif

icantly with decreasing altitude into the troposphere where the vertical spacing 

between measurements is much smaller. The severity of the problem depends upon 

the location and vertical scale of atmospheric features. At leeist some features can 

be expected to occur over unresolvable vertical scales, e.g., the tropopause region, 

so that a somewhat smoothed version of the true atmosphere will be retrieved even 

with no measurement errors. 

Because the refractive bending angles are so small in the terrestrial atmosphere, 

extremely accurate measurements are required. This is especially true at upper 

stratospheric altitudes since bending angle decreases exponentially with ray impact 

altitude. The bending ajigle decrecises approximately three orders of magnitude 

from about 0.02 rad (1°) for a ray which nearly grazes the Earth's surface to about 

2 X 10~® rad (0.001°) for a ray with an impact altitude of 50 km. The refractive 

bending angles are estimated from the SAGE II data by measuring the decrease 

in size of the solar image with decreasing ray impact distance. This estimate 

is most sensitive to uncertainty in the effective scan rate, which can be due to 

both uncertainty in the mirror scan rate ajid satellite rotation, and uncertainty in 

consistently locating the solar edge crossing times. Figures 3.14 and 3.18 show the 



90 

sensitivity of the retrieved temperatures to several levels of uncertainty in the scan 

rate and edge crossing time. 

The uncertainty in these two parameters determines the relationship between 

the retrieved temperature sensitivity and the highest altitude at which tempera

tures are estimated. The temperature sensitivity increases with the uncertainty 

in measuring bending angle cind with increasing the maximum altitude at which 

estimates are made. Therefore, meaningful high altitude temperature retrievals re

quire very accurate estimations of scan rate eind edge crossing times. For example, 

to keep the retrieved temperature sensitivity within 10° C up to a 50 km altitude 

requires that the scan rate be known to within a standard deviation uncertainty 

of about 0.01% of the mean scan rate or about 0.0015 arc minutes per second 

and that the maximum imcertainty in locating the edge crossing time be within 0.5 

7715. Although the actual uncertainty in these parameters is unknown, the accuracy 

requirements listed above probably are not met by the SAGE II data. 

Regeurdless of the cdtitude at which the temperature retrieval begins, there is an 

additional source of uncerteiinty at and below the starting altitude that is associ

ated with estimating the atmospheric bending angle structtire above the highest 

utilized measurement. This uncertainty is largest at the starting level, then de

cays rapidly with decreasing height as the retrieval becomes more dependent upon 

the measiirements and less influenced by the estimated upper atmospheric profile. 

The SAGE II temperature inversions will generally estimate the upper atmospheric 
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boundary from NMC ajialysis data, therefore, the temperature uncertciinty near 50 

km is expected to be about 10° C due to this guess. Simulations indicate that the 

influence of a 10° C temperature offset at a starting altitude near 50 km is reduced 

to tmder 1° C at altitudes below 30 km. 

Most likely, little can be done to reduce the uncertainty associated with the 

coaxse vertical Seimpling or with the estimation of the upper atmospheric bending 

cingle structure. The accuracy of the SAGE II temperature retrievals can only be 

improved by extracting better point estimates of bending angle from the data. This 

involves trying to minimize the uncertcdnty in the scan rate and the edge crossing 

times. As em example, in the next chapter it is shown that scan rate amomalies 

eissociated with spacecraft rotations can be partially characterized by examining 

the variation in the computed angular sun size for high altitude solar scams where 

the refractive bending is virtually negligible. This variation is used to estimate a 

spacecraft rotation rate with time, thus reducing the uncertainty in scan rate and 

the subsequent estimation of bending angles. The accuracy to which the bending 

angle can be estimated from the data is the most important factor in determining 

the highest altitude to which mezmingful temperature or density information can 

be retrieved. 
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CHAPTER 4 

SAGE II TEMPERATURE INVERSIONS 

Temperatiire inversions computed from a one month, sample of SAGE II mea

surements are analyzed in this chapter. To begin, the measurement uncertainty 

associated with measuring the angular size of the solar image is characterized by 

examining the variation in the computed angulax sun size for high altitude solar 

scems, where any refraction is small enough to be neglected. Some example temper

ature profiles calculated using SAGE II measurements of refractive bending angle 

are then presented followed by a bulk compaxison with NMC temperatures for an 

entire month of data. Finally, an overall evaluation of the SAGE II temperatiire 

inversions is given. 

4.1 Measurements of the Angular Size of the Sun 

The accuracy of this inversion depends primarily upon how weU the vertical 

profile of refractive bending, a(a), caxi be reconstructed from the meastired data. As 

described in chapter 2, point estimates of refractive bending are made by measuring 

the change in the angular size of the solar image at various ray penetration altitudes. 

The angular sim size should remain nearly constant in the absence of refractive 

bending, thus the variability in the measured sizes for high altitude scans will 
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Type Number Ave (mrad) Std dev (mrad) 
~~m 57BD 8.9211 (TUgSg 

Down 3433 8.8568 0.0701 
Up 3327 8.9875 0.0399 

Table 4.1: Average and standeird deviation of the measured sun sizes in mrad (10~^ 
radieins) for high altitude sceins (bottom edge impact eiltitude greater than 60 km) 
taken during July 1988. The rows represent all sceins, downscans only, and upscans 
only. 

provide an estimate for the accuracy associated with the individual estimates of 

bending angle made using the SAGE II data. 

The average and stajidard deviation of the meeisured angular sun size for aU 

the high altitude SAGE II scans (bottom edge impact altitude greater than 60 

km) teiken during July 1988 axe listed in Table 4.1. The computed angular 

size for each scan was normalized to take into accoimt the small changes in the 

distance from satellite to sim that occur over the month. The standard deviation 

over all scans is approximately equal to one percent of the average size. Beside the 

6760 measured sizes reported in Table 4.1, 24 additional high altitude scans taken 

during the month were discarded because their measured sizes were more than five 

standard deviations away from the average. Thus, in a small percentage of the 

scans, distant outliers do occur. 

Bcised upon an aneilysis of the climatological atmosphere depicted in fig. 3.11, 

this value of standard deviation is equal to the emgular decrease in stm size expected 

when the bottom edge impact altitude is between 35 and 40 km. This seems 
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to indicate that the highest altitude at which significant refractive bending angle 

estimates are possible occurs somewhere below this level where an acceptably high 

signal to noise ratio can be achieved. However, the relatively laxge differences in 

angular sun size between downscan emd upscan data may be partieJly corrected. 

Individual events often show ein alternating pattern of a larger than average upscan 

size, followed by a smellier thaxi average downscan size, a laxge upscan size, a small 

downscan size, etc. or vice versa with larger them average downscan sizes and 

smaller upscaji sizes. This indicates that much of the size variance is probably the 

result of spacecraft rotations along the scan mirror direction. 

To account for spacecraft rotations, for each event, a spacecraft rotation rate in 

the scan mirror direction, estimated as a linear function of time, is computed such 

that the upscan and downscaji size differences for high altitude scans is minimized. 

Average angular sizes and standeurd deviations for these rotation adjusted high 

altitude scans are listed in Table 4.2. Application of an estimated lineeir satellite 

rotation rate has removed the size differences between the upscan and downscan 

sizes in the average. In addition, the standard deviation in sun size over all scans 

is significantly reduced. Referring again to the climatological atmosphere depicted 

in fig. 3.11, this value of standard deviation is equal to the angular decrease in stm 

size expected when the bottom edge impact altitude is between 45 and 50 km. 

The interpretation of this standard deviation in sim size over one month of data 

is uncleax. For this algorithm, the important issue is how well can the relative 
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Number Ave 
"SSBS g:53BJ 
3386 8.9360 
3279 8.9365 

(mrad) Std dev (mrad) 
9363 — 0.0167 

Down 0.0168 
0.0167 Up 

P < 10° 
10° < /3 < 20° 
20° < /3 < 30° 
30° < < 40° 

/3>40° 
2376 8.9421 
1091 8.9466 

1256 8.9327 

970 8.9216 
972 8.9281 0.0101 

0.0109 

0.0207 

0.0155 
0.0114 

80 < Ofc < 90 
90 < 06 < 100 

Ob > 100 

1222 8.9263 
1218 8.9316 
1349 8.9362 
1277 8.9393 
1599 8.9451 

0.0167 
0.0134 
0.0156 
0.0140 
0.0168 

Table 4.2: Same as Table 4.1 except cingular sim sizes computed after the applica
tion of an estimated lineao' satellite rotational rate. ^ refers to the angle between 
the satellite orbital plane and the line connecting the Eaxth-Sun centers, at denotes 
the bottom edge impact altitude. 

change in sun size be measured for any given event. Table 4.2 also shows that there 

are at least two other factors which contribute to the variation in the inferred sun 

size: the angle between the orbital plane of the satellite and the line connecting 

the centers of the Earth eind sun (/9 angle), and the impact altitude at which the 

bottom edge of the sun is observed (ot). 

As the /3 angle increases, the average measured size of the sim increases. The 

reason for a /3 angle dependence may be that for larger j3 angles, the SAGE in

strument's azimutheil pointing system must turn more in order to keep the scan 

centered along the vertical axis of the stm with respect to the Earth's horizon. 

However, this does not satisfactorily explain why the size would increaise with in

creasing /3 angle. The average size is also dependent upon the bottom edge impact 
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altitude such, that the average size is larger for higher altitude scans. At this time, 

no explanation can be offered for this dependency. 

If the variation in sun size with these two factors could be understood and 

accounted for, then perhaps the overall size VEiriance could be further reduced. 

But for now, the average uncertainty in measuring the angular size of the sun 

will be estimated as the standard deviation in size for the rotation adjusted, high 

altitude scans, which is 0.0167 mrad. Note that this value is only valid if the linear 

spacecraft rotation rate computed from the variation in high altitude angular sim 

size does not cheinge during individual events. 

4.2 SAGE II Temperature Inversions 

Temperature inversions computed from a one month sample of SAGE II data 

are analyzed in this section. Nearly 900 temperature profiles were estimated, which 

axe hopefully representative for the entire SAGE II data archive. 

Two examples of good temperature retrievals sire presented in figures 4.1 and 4.2. 

In each case, the inverted temperature profiles agree with the corresponding NMC 

temperatures within the specified NMC uncertainty. These examples show that 

good temperature retrievals are obtainable from measurements of refractive bending 

angles of solar rays in a satellite-beised solar occultation experiment. Unfortunately, 

most of the SAGE II temperature profiles computed for this month of data do not 

compare as favorably with the corresponding NMC temperatures. 
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Figure 4.1: Compaxison of the inverted temperature profiles computed using the 
downscan and upscan SAGE II data with the corresponding NMC temperatures. 
The event date, event number for that date, amd event latitude are displayed above 
the figure. The horizontad line segments represent the reported NMC temperature 
uncertainties. Highest denotes the highest altitude estimate of bending angle used 
in the inversion. 
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Figure 4.2: Same as fig. 4.1, except for a different SAGE II event. 
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The temperatiire uncertainties associated with this paxticular inversion are pri

marily due to the coaurse vertical scimpling of the bending angle estimates ajid mea

surement uncertainty. Each of these factors was discussed individually in chapter 

3, however, they act together in real inversions. A few points about the uncertain

ties will be made before presenting statistical results for the SAGE II temperattire 

inversions. 

Since bending angle increases very rapidly with decreasing impact distance, a 

given magnitude of mecisurement uncertainty will result in temperature imcertain-

ties which increase with increcising altitude. In general, one must choose aji upper 

cutoff altitude at which acceptably accurate temperatvires can be recovered based 

upon the measurement imcertainty. For this month of SAGE II data, the standard 

deviation of the tmcertainty in meMuring the sun size was shown to be approxi

mately eqmvalent to the size decrease expected at £in impact altitude of around 50 

km. Considering the standeird deviation in measuring the angidar sim size to be 

noise, fig. 3.11 indicates that a signal to noise ratio of about 3:1 occurs at ein impact 

altitude neax 40 km and a signal to noise ration of about 10:1 occurs at an impact 

altitude near 35 km. Thus, estimates of bending angles at impact altitudes greater 

than 40 km should probably not be used. A cutoff impact altitude of aroimd 35 

km would seem more appropriate. 

The uncertainty in measuring the angular size of the sun only partially char

acterizes the toteil uncertainty in the individual point estimates of o^(a,). The 
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uncertainty in the instrument pointing direction also contributes as it results in 

uncertainty in the estimates of impact distance. Even small errors in estimating 

impact distances can be qxiite significjint because the bending angle varies exponen

tially with impact distemce. In addition, errors in impact distance can propagate 

downward since the position of the top edge of the s\m must be inferred from 

estimates of bottom edge bending obtained from previous scans. 

If measurement uncertainty were the only source of temperature imcertainty, 

then the temperature uncertainty would be expected to be greatest at high altitudes 

where bending angles are smail jind decrease as the Earth's surface is approached, 

except in cases where clouds or multiple refractive paths may cause additional 

problems at lower altitudes. Figure 4.3 shows £in example of a retrieval in which 

the algorithm produced a poor temperature profile as a result of using a point 

estimate for bending angle at an impact altitude of 45 km where the bending angle 

is small compared to the uncertainty in measuring it. The temperature profile 

obtained by disregarding the measurement at 45 km and starting the inversion with 

the next available estimate for refractive bending near 30 km is much improved. 

While meiisurement uncertainty is easy to accept, the most frustrating compo

nent of the overall temperature imcertainty results from the coaxse vertical sampling 

of the available point estimates for bending jmgle. The atmospheric profile of a(a) 

must be reconstructed from at most 12 unevenly spaced point estimates, at(a,), 

only 2-3 of which occur above the tropopause. (For many events, the total number 
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Figxire 4.3: As in fig. 4.1. Comparison of two downscein inversions starting at 
different altitudes. 
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of points is only 2-3 if clouds axe present.). The coarse vertical sampling not only 

prevents finer scale features from being resolved, but cdso meikes the algorithm more 

susceptible to measurement noise and to sampling in regions where rapid changes 

in the vertical profile of a(a) occur. 

In this work, the atmospheric profile of a(a) is estimated by fitting a cubic 

spline through the mejisured Q!»(o,) points. Actually, better results are obtained by 

first tziking the natural log of the bending angle point estimates and then fitting a 

spline to ln{a) as a function of a (see fig. 3.1). One problem with using cubic spline 

fitting for this problem is that it sometimes leads to wildly unrealistic temperature 

swings. Other methods for estimating the atmospheric profile of a(a) from the 

mecisurements were tried, including lower order polynomial fits ajid smoothing. 

These produced better looking temperature profiles as compared with the cubic 

spline method for some events, but overall the cubic spline fitting seemed to give 

the best results. One can get hung up trying to come up with a better interpolation 

routine for estimating a{a) from the meastirements, but there is no way around 

the fact that highly accurate temperature profiles cannot be achieved given the 

vertical sampling available with the SAGE II data. As mentioned in chapter 3, 

improved vertical sampling is expected with the SAGE III data, which should restdt 

in better temperature estimates. More independent measurements of bending angle 

in the vertical wotdd also allow greater flexibility in an estimation routine for the 

atmospheric profile of a(o). This point is discussed further in chapter 5. 
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Regions of the atmosphere where sharp changes in a(a) occur, such as the 

tropopause, cannot be resolved very well given the coarse vertical saxnpling of 

ai{ai). As shown in chapter 3, even with simulated perfect point measurements of 

a:i(ai), the resulting temperature profile is sensitive to the vertical locations of the 

point estimates. Often this sensitivity is exacerbated by rather complex features in 

the atmospheric a(a) profile (aind corresponding temperature profile), which occur 

just above the tropopause. An example of this was studied in chapter 3. Compare 

the a(a) and temperature profiles from the radiosonde test case (figs. 3.5 ajid 3.6) 

with the much smoother climatological atmosphere (figs. 3.1, 3.2, and 3.4). Much 

more sensitivity in the retrieved temperature profiles to changes in the vertical 

locations of the o£i(ai) samples was found with the more structured radiosonde test 

case. 

The existence of complex structure just above the tropopause has been doc

umented with GPS/MET temperature retrievals (Ware et al. 1996), which are 

capable of resolving such features. Figure 4.4 shows an excimple of a SAGE II tem

perature retrieval in which temperature overshoot may have resulted from sampling 

the atmosphere in a region where highly variable vertical density gradients exist. 

The differences between the upsccin and downscan temperature inversions between 

9 and 16 km seems to indicate that the computed temperature profile is sensitive 

to rather small changes in the vertical locations of the bending angle point esti

mates. For this event, by adjusting a single downscan bending angle estimate in 
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Figiire 4.4: As in fig. 4.1. Downscan inversion showing temperature overshoot 
stirrounding the tropopause. 
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this region, the new downscein temperature inversion cam be made to agree quite 

well with the upscan inversion as shown in figure 4.5. Note that the retrieved 

temperatures away from the tropopause region are also affected by this adjustment. 

Of course, with so few data points, it is not possible to determine whether the 

atmosphere was sajnpled in a region of highly variable verticed density gradients or 

there was a bad measurement in the downscein data. In either case, this example 

shows that this temperature inversion can be sensitive to vertical Scimpling location 

amd measurement imcertainty. Because the signal to noise ratio of the bending 

cingle measurements is expected to be decent at altitudes near the tropopause, 

the resulting temperature accuracy in this region is probably limited more by the 

vertical sampling than measurement uncertainty. 

One way to smooth over some of the problems caused by sampling in a region 

of highly variable 01(0) is to take some sort of an average or combination of each 

closely spaced pair of upscan and downscan point estimates of bending angle. The 

procediire employed is to adjust the scan rate until each of the closely spaced down-

scan and upscan measurement pairs are consistent with each other. This method 

has the additional benefit of accounting for the possibility that the spacecraft ro

tation rate computed from the variation in high altitude angular sim size (section 

4.1) does not remain constant throughout the event. The "averaged" temperature 

inversion often appears to be much improved compared with the individual upscan 

or downscan inversions. An example of this is shown in figure 4.6. However, 
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Figure 4.5: Same event as in fig. 4.4, but the downsccin temperature profile has 
been computed after adjusting a single point estimate for refractive bending angle 
teiken neax the tropopause. 
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Figure 4.6: As in fig. 4.1, but also including a temperature profile computed by-
averaging the closely spaced pairs of downscam eind upscan point estimates for 
bending emgle. 
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in c2Lses where one of the upscau or downscan temperatiire inversions is very good 

while the other is questionable (e.g., fig. 4.4), the "averaged" inversion will not 

provide the best temperature estimates. 

The vertical temperature profiles computed from eiU of the July 1988 SAGE II 

measurement events will now be compared in bulk with the corresponding NMC 

temperatures. Due to the relatively large uncertainty associated with this inversion, 

these atmospheric soundings will have little practical use. For this reason, a rigorous 

error analysis seems unwaxranted. The comparisons are presented for completeness. 

Four separate inversions were performed for each event. These wiU be labeled 

as cases A-D. For case A, a cutoff impact altitude of 45 km was selected with 

sepaxate inversions performed for the downscan and upscan data. The 45 km 

cutoff means that all bending angle point measurements taken at impact altitudes 

less than 45 km are utilized in the inversion. Case B is similar to case A but 

with the cutoff impact altitude set to 35 km. In cases C and D, a single profile 

was computed for each starting altitude by combirdng the closely spaced measured 

downscan and upscan bending angle pairs from ceaes A and B respectively. These 

are the "averaged" inversions described previously. 

The inversion profiles are compared with the NMC values by computing the dif

ferences in temperature and altitude (inversion minus NMC) at eight NMC stein-

dard pressure levels. For example, the altitude and temperature at the 100 mb 

pressure level is compared with the 100 mb altitude and temperature reported by 
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Stsmdaxd Approximate NMC Temperature 
Pressure (mb) Altitude (km) Uncertainty (K) 

10 
30 
50 
100 
200 
300 
500 

31 
24 

20.5 
16.5 
12 
9.5 
5.5 

61) 
4.5 
4.5 
4.0 
4.0 
4.0 
4.0 
4.0 

Table 4.3: NMC standard pressure levels used in comparison with inversion results. 
The altitudes and NMC temperature uncertainties axe approximate as they differ 
with both location and time. 

NMC for that location. Comparisons were only made at pressure surfaces which 

are at least 7 km below the highest altitude measurement of bending eingle in order 

to reduce the influence of the NMC profile, which is utilized as the boundary vcilue 

for a:(a) above the highest altitude measurement. The standard pressure levels, 

approximate altitudes, and temperature uncertainties are listed in Table 4.3. Note 

that because the reported NMC temperature uncertainties vary with both location 

and time, the values listed are approximate. 

Scatterplots of the altitude difference vs temperature difference between the Ceise 

A inversions and NMC for each pressure level axe shown in figure 4.7. The 

importajit point is that the scatter shrinks considerably with decreasing height 

mainly because the percent uncertainty in measuring the bending axigle decreases 

with height. An exception is found at 500 mb where the scatter is slightly increeised 

compaired with the 300 mb level. This is probably due to using some unidentified 

cloud contaminated measurements of bending angle. Notice that a few distant 
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Figure 4.7: Scatterplots of altitude difference vs temperature difference (inversion 
minus NMC) at 8 different pressure levels for case A inversions (see text for de
scription of case A inversion). The pressure level and number of events compared 
are labeled inside each plot. (Figure continued on next page) 
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Standard Pressme Level (mb) 
5 10 30 50 100 200 300 500 

Case A Inversions 
Ave Difference (K) -11.5 -6.2 -3.4 -2.5 -0.2 -0.6 -0.9 -0.1 
Std dev of Difference (K) 20.8 15.8 9.2 7.4 5.3 4.0 3.1 3.4 
Case B Inversions 
Ave Difference (K) — — -1.1 -0.5 0.6 1 p

 

-0.6 0.3 
Std dev of Difference (K) - - 5.3 4.9 4.5 3.5 2.8 3.2 

Table 4.4: Average and standard deviation of temperature difference (inversion 
minus NMC) at 8 different pressure levels. See text for description of case A and 
B inversions. 

outliers occur even at lower altitudes. Tliis presumably results from occasional 

very poor point estimates of bending angle. 

The retrieved soimdings at the lower pressure levels axe essentially meaningless. 

A big problem with the case A inversions is that the bending angle is not mea

sured accurately enough at altitudes approaching 45 km. In order to show how 

the retrieved temperatures are influenced by using uncertain, high altitude mea

surements of bending angle, table 4.4 compares the case A and case B temperature 

differences with NMC at stzindaxd pressure levels. The retrieved temperatures 

at the 30 and 50 mb levels, which are aroimd 20-25 km in altitude, are adversely 

affected by the poor estimates of bending angle made above impact altitudes of 35 

km. Below 50 mh, the influence of retaining the high altitude estimates of bending 

angle becomes smaller. Notice that for case A, the average temperature difference 

at the 5 and 10 mb levels are strongly negative. This indicates that the highest 

altitude measurements of bending angle are biased towaxd too much bending, or 
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equivalently, that the measured aim size is most often smaller than expected based 

upon the NMC atmospheric profile. 

The last consideration is to determine whether the retrievals aje improved by 

combining the downscan cind upscan estimates of bending cingle. Little improve

ment was found in the spread of the temperature and height differences with NMC 

(as judged by the standard deviation) between cases A and C or between cases 

B and D. However, some improvement can be seen by looking at the percentage 

of temperature retrievals which fall within the reported NMC temperature imcer-

tainty at standard pressure levels (figtire 4.8). As expected, all cases generally 

show better agreement with NMC with increasing pressure (decreasing altitude). 

Notice, though, the higher percentages for the "averaged" inversions, i.e., case C 

compared with case A, and case D compared with case B. At the higher levels, this 

probably indicates that the "averaged" ca.ses often compensate for satellite rota

tions. At lower levels, it may be due to a combination of rotation compensation and 

smoothing of fine scale structure which may be present in the atmospheric bending 

angle profile, a(a). 

4.3 Overall Assessment of SAGE II Temperature Inversions 

The developers of the SAGE II instrument did not envision that someone would 

come along 15 yeajs later attempting to precisely measure refractive bending angles 
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with the data. From that steindpoint, the inability to consistently produce accu

rate temperature profiles from the refractive bending information inferred from the 

SAGE II data should not be surprising. The uncerteiinty in the absolute instrument 

look direction is too large to allow accurate enough estimates of bending angle to 

be made directly. To overcome this problem, an algorithm to estimate bending 

angles, which relies upon measuring the angular size of the solar image, was de

veloped. When applied to the SAGE II data, this algorithm not only does not 

provide the desired accuracy in the bending angle estimates, but also reduces the 

total number of potential bending angle meaisurements in the vertical. The poor 

vertical sampling precludes resolving atmospheric structures smaller than about 20 

km ajid results in an inversion which is somewhat unstable with respect to both 

meastirement uncertainty and atmospheric structxire. 

In spite of the difficulties, the SAGE II temperature inversions, with minimal 

constraints, often capture the correct shape of the temperature profile axid even 

agree with the corresponding NMC temperatures between the 200 eind 500 mb 

pressure levels in about 70% of the inversions. We can therefore be optimistic about 

utilizing the solar refraction method to obtain vertical profiles of meteorological 

parameters. Unfortimately, the SAGE II refractive sotindings are too uncertain 

to have much practical use. Hopefully, the SAGE III refractive soundings will be 

accurate enough to be utilized as part of the SAGE species abvmdance algorithms. 

Perhaps an instrument designed to measure the refractive bending of solar rays 
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will be placed on future solar occultation platforms. The next chapter contains 

a discussion of the temperature retrievals that can be obtained using a simple 

experimental configuration to measure solar refractive bending angles. 
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CHAPTER 5 

CONSroERATIONS FOR FUTURE SOLAR 

OCCULTATION REFRACTIVE SOUNDERS 

The preceding chapters concentrated on the retrieval of atmospheric temperature 

profiles from measurements of the refractive bending of solax radiation taken by 

the SAGE instrument. It was shown that highly accurate temperature soundings 

axe not achievable using the currently available SAGE data due to poor vertical 

sampling and mecisurement imcertainty. In this chapter, simulated measxirements of 

solax refractive bending as it may be observed by a future solax occultation refractive 

sounding instrument axe utilized to discuss the relationship between measurement 

accuracy and the retrieved temperature profiles. But first, a brief overview on 

measuring refractive bending with a solax occultation system is presented. 

5.1 Measuring Refractive Bending 

Estimation of refraction axigles requires knowledge of the point of origination 

on the soleir disk for an observed ray. This can best be determined for rays which 

originate from the edges of the solar disk. Regions of the Sun that exhibit sharp 

intensity variations, such as sun spots, may also be utilized but will not be consid

ered here. For a given observation, the measurements desired are of the angle (7 
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in fig. 2.3) to one or more points on the edge of the solax image corresponding to 

known origination points on the edge of the Sim. 

Consider a system which monitors the entire image of the Sun. An example of 

a single observation for a model atmosphere is shown in fig. 5.1. The unrefracted 

anguleir diameter of the solar disk as seen from the Earth is about 30 arc min

utes. Because the refractive bending angle typically increcises qtdte rapidly with 

decreasing altitude, the image of the Sun is flattened in the vertical. (The vertical 

direction is perpendicular to the Earth's horizon as viewed from the satellite). The 

degree of flattening increases as the observed solar rays penetrate to lower altitudes 

in the atmosphere. Assuming that lateral refraction can be neglected, one method 

of determining the ray origination point corresponding to points on the edges of 

the solar image is to match the lengths of horizontal chords as shown in fig. 5.1. 

The refractive bending angle is the difference in view angle between the image and 

the true Sim positions. This angle is about 11 arc minutes (25 — 14) for the chords 

shown in fig. 5.1. This method allows an estimate for a(a) to be made at each 

matched location on the solar image. 

Because the Sun is an extended source, each observation contains information 

about ci{a) over the range of impact distances spanned by the solar image. Succes

sive observations teiken throughout the occultation event will contain overlapping 

measurements of a(a). This redundancy caji be utilized to help reduce imcertain-

ties due to mecisurement noise. However, it is not necessary to utilize the entire 
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Figtire 5.1: Position of the refracted iraage of the Sun as viewed from a satellite 
(top panel) eind the corresponding unrefracted or true Sxm position (bottom panel). 
Atmospheric refraction computed using the climatological model for July at 10° S. 
The view angle is the single between the satellite's velocity vector and either the 
image position or the true Sim position (the angle 7 in fig. 2.3), with the relative 
view angle showing the angular offset from a reference view angle. The lengths of 
the horizontal chords, labeled d, are equal. 
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solar image. The atmospheric profile of a{a) could be estimated from observations 

of the refraction of the top edge of the sxm alone, for example. 

The accuracy in measuring a(o) also depends upon how well the edges of the so-

lax image can be determined and how well the angle to the edges can be measured. 

The key to edge determination is consistency so that the image edge corresponds 

to light leaving the same location on the Sun from observation to observation. 

Problems with edge recognition will be most severe for rays which penetrate to low 

altitudes because the solax limb curve can be distorted by the combination of ex

tinction and refraction. In addition, because visible light does not penetrate clouds 

well, it is important to differentiate true solar edges from apparent edges due to 

the presence of clouds. Once the image edges have been located, the omcerteiinty in 

measuring the angle to the edges depends mainly upon the satellite attitude control 

cind determination. Satellite attitude may be the laxgest source of measurement 

uncertainty limiting the accuracy of this inversion. 

A nice feature of satellite solar occultation experiments is that "calibration" 

mccisurements axe available for each sounding. Images of the Sun taken at tangent 

altitudes where virtually no atmospheric refraction or extinction occurs can be 

utilized to estimate the precision to which bending angles can be measured. In 

addition, some systematic biases, such as satellite rotation, may be characterized 

and partially corrected by examining the high altitude solar images. 
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5.2 Simulations 

In this section, simulated measurements of refraction from a simple solax oc-

cultation instrument are utilized to study the relationship between mecisurement 

accuracy and the retrieved temperature profiles. The instrument requirements axe 

that it track the image of the Sxm and measure the angle to the top edge of the 

image in the plane containing the satellite, the Earth's center, and the Sun's center. 

In the simulations, the instnmient will move along in a SAGE II orbit and take 

angular measurements to the top edge of the solax image at a modest rate of 16 

hertz. The measured axigle is the angle 7 shown in fig. 2.3 when the line-of-sight 

ray originates from the top edge of the Sxm. Assviming that the atmosphere is 

sphericciUy symmetric, simple geometry yields an estimate for the bending angle 

and impact distsince from each measurement of the angle to the top edge of the 

solax image. 

The climatological atmosphere for July at 10° S will again be employed as the 

test atmosphere for the simulations. The temperature structure for this atmosphere 

was reproduced within 0.02 K using simulated, error free measurements of the angle 

to the top edge of the solar image sampled at 16 hertz. Similair temperature ac

curacy was also computed for simvdations utilizing the more structured radiosonde 

test atmosphere introduced in chapter 3. Therefore, the vertical sampling rate 

should not be a significant problem for this type of instrument. 
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Both random and systematic measurement errors will be considered. Random 

errors will be simulated by adding a gaussian distributed error with zero mean 

eind specified standard deviation to each mezisurement of the angle to the top 

edge of the solar image. Systematic errors will be simulated by adding a specified 

constant angrilar offset error to each measurement. These are meant to account for 

errors which may result from uncorrected satellite rotations, instrument pointing 

uncertainty, inability to locate the top edge of the solax image, uncertainty in the 

spacecraft position, etc. The imcertainty restdting from aji imperfect estimate of 

the atmospheric bending angle structure above the measured profile will cilso be 

considered. Problems associated with a non-spherically symmetric atmosphere or 

an atmosphere in which multiple refractive paths occur will be ignored. 

The random error component is simulated by setting the standard deviation 

of the uncertainty in measuring the angle to the top edge of the solar image to 

5.0 X 10~® radians for all simulations. Figure 3.1 shows that for the climatological 

atmosphere corresponding to July at 10° S, this angular uncerteiinty is equal to 

the total refractive bending angle expected for a ray with an impact altitude of 

approximately 60 km. An important consideration for this problem is to determine 

the optimal maximum impact altitude at which to begin utilizing measxirements of 

bending angle in the Abel transform, which ultimately depends upon the required 

accuracy of the resulting temperature inversion. The highest impact altitude at 

which the refractive bending angle is estimated from the meaaairements will be 



123 

Impact Altitude Expected Bending Uncarteunty Signal to 
of Measurement Angle or Simal or Noise Noise 

Ckm) (radians) (radians) Ratio 
57 7.5 X 10-'̂  5.0 X 10--6" • 1.5:1 
54 10 X 10"® 5.0 X 10" -6 2:1 
49 20 X 10"® 5.0 X 10" -6 4:1 
42 50 X 10-® 5.0 X 10--6 10:1 

37.5 100 X 10-® 5.0 X 10" -6 20:1 
27.5 500 X I0-® 5.0 X 10" •6 100:1 

Table 5.1: Table showing the bending eingle signal to noise ratio computed at six 
different impact cdtitudes for the climatological atmosphere of July at 10° S and 
the standard deviation of the rzindom measurement error simulated in this chapter. 

termed the cutoff aJtitude. Defining the expected refractive bending angle as the 

signal and the standard deviation of the uncertainty in the measured angle as the 

noise, a signal to noise ratio cein be computed at each impact altitude. Simulated 

retrievals for six different cutoff impact altitudes are examined in this chapter. 

These aje listed in Table 5.1 along with the approximate signal to noise ratio at 

that level. The resulting imcertainty in the retrieved temperature profiles will 

be mainly determined by the signal to noise ratio at the cutoff altitude. Therefore, 

the results of the succeeding simulations caJi be approximately applied to other 

measurement uncertainties by matching the signal to noise ratio at the highest 

altitude measurement. 

The inversion algorithm is basically the same as that outlined for the SAGE 

data. The meaisurements of the refractive bending angle with impact distance are 

fit with a cubic spline, which is then utilized to obtain the vertical profile of index 
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of refraction using the Abel transform. However, because the simulated meastire-

ments of bending angle axe much more closely spaced thcin those obtciined from the 

SAGE instrument, some preprocessing is applied to the measurements. First, any 

simulated measurement with a negative bending angle is discarded. Second, when

ever consecutive measurements eire not monotonic in impact distance, i.e., always 

decreasing with time for sunset events or increasing with time for simrise events, 

they are averaged together. Finally, the bending angle measurements are smoothed 

as described below. 

Smoothing the measurements of refractive bending can be beneficial in situ

ations where the measurements are closely spaced compared to the scale of the 

desired atmospheric features. Note that the SAGE data does not meet this cri

teria. Figure 5.2 shows an excimple of a temperature inversion that is improved 

by smoothing the simulated bending angle data. The smoothing strategy is to 

minimize the siam of squares of the second derivative of bending angle as a func

tion of impact distance consistent with the known measurement uncertainty. The 

procedure employed is an application of the second difference smoothing described 

in Twomey (1977), chapter 6: 

a. = (/-h7fr)-'a (5.1) 

where a is the vector of meaisured bending aingles, a, is the smoothed vector, I is the 

identity matrix, H is the second difference smoothing matrix as given in Twomey 
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Figiire 5.2: Temperature inversions computed from the same simulated measure
ments of bending angle, which include noise. In one Ccise the simulated measure
ments of bending angle were smoothed before application of the temperature in
version algorithm. 
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(1977), and 7, which is often a constant smoothing parameter, has been adapted 

to this problem by making it a square matrix in which individual columns are 

fully populated by an appropriate smoothing parameter. Because the uncertainty 

in measuring the bending emgle relative to the expected size of the true bending 

angle decreeises with decreasing impact altitude, the magnitude of the smoothing 

parameter for each column is selected to decrease as the impact altitude of the 

measurement decreases. Thus, the measured bending angles are smoothed more at 

larger impact altitudes. The smoothing parameters are adjusted iteratively xmtil 

the smoothing is consistent with the known errors: 

53 (a„- - Oif (5.2) 
1=1 1=1 

where e,- is the expected standard deviation of the randomly distributed portion of 

the imcertainty for each measurement and N is the total number of measurements. 

Systematic errors axe simulated by adding an angular offset error of one half 

the magnitude of the standard deviation of the random error (2.5 x 10"® radisms) 

to each measurement of the angle to the top edge of the solar image. The signal 

to noise ratio for the systematic error is thus two times greater than the values 

contained in Table 5.1 for the random error component. Smoothing the bending 

angle measurements is not beneficial for systematic errors. Errors due to an im

perfect estimate for the upper atmospheric bending angle profile above the cutoff 

altitude are simulated as in section 3.3.3 by using the climatological atmosphere 
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for July at 60° N to estimate the bending angle structure above the highest utilized 

measurement. This boundary error introduces a temperature error of about 10-12 

K at the altitude corresponding to the highest measurement for bending angle. 

Four different test cases will be analyzed: Case A, random measurement error 

only; Case B, random measurement error and high altitude boundary error; Case C, 

random plus systematic measurement errors; and Case D, random plus systematic 

measvirement errors and high altitude boundary error. For each case and for each 

of the six cutoff altitudes listed in table 5.1, 100 inversions are performed differing 

only in the random component of the measurement errors. Results will be presented 

as the root mean squaxe difference between the true atmosphere, taJcen to be the 

climatological atmosphere for July at 10° S, and the 100 realizations for each case 

eind cutoff altitude. 

Figiire 5.3 shows the root mean square temperature error for the Case A inver

sions. The temperature error at the altitude corresponding to the highest utilized 

measurement of bending tingle (the cutoff eiltitude) is zero because a scaled version 

of the true bending angle structure is used as the upper atmospheric boimdary 

in the Abel transform. The maximum temperature error decreases as the cutoff 

eiltitude is decreased since the simulated, height independent measurement error 

becomes a smaller fraction of the true bending angle, which increases rapidly with 

decreasing altitude. The retrieved temperature accuracy seems quite good consid

ering the rather small signal to noise ratios listed in table 5.1, particularly for the 
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Figure 5.3: Root mean squaxe error in retrieved temperature for Case A inversions 
(random measurement errors only, see text). Highest indicates the highest altitude 
simulated measurement of bending angle used in the inversion (the cutoff altitude). 
100 separate trials were performed for each cutoff altitude. 
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highest cutoff altitudes. The reason for this is that smoothing the bending an

gle measurements is quite effective for this case consisting of zero mean, gaussiaji 

distributed measurement errors. This is most evident by examing the percentage 

error in bending angle at the cutoff altitude. Without smoothing, this difference 

would be the inverse of the signal to noise ratio at that level, i.e., 75% at 57 km, 

50% at 54 Am, and 25% at 49 km, but after smoothing the percentage difference in 

bending angle is 12.5% at 57 km, 9.2% at 54 km, and 5.0% at 49 km. Another way 

to see this is to look at the root mean squcire density error (figure 5.4). With the 

upper atmospheric boundary conditions used for this case, the percentage error in 

density exactly equals the percentage error in bending angle at the cutoff altitude. 

The retrieved temperature sensitivity for this case should be compared with 

the temperature sensitivities computed in chapter 3 for the SAGE II simulations. 

The SAGE II temperature retrievals were shown to be much more sensitive to very 

small gaussian distributed errors in measuring bending angle. A big reason for the 

difference in sensitivity is that the coarse vertical sampling available from SAGE II 

does not allow the measiirements to be effectively smoothed. 

Notice from figure 5.3 that when the temperature inversions begin with the 

correct temperature at the cutoff altitude, the temperature error at a given altitude 

increases as the cutoff altitude is moved away to higher altitudes. In other words, 

starting at a lower cutoff altitude decreases the temperature error at all altitudes 

below that level. This is not always true for the Case B inversions (figure 5.5), 
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which include an upper atmospheric boundary error. A boundary error will 

in general result in a temperature error at the cutoff altitude. In this example, 

the starting temperature error is between 10 and 12 K, except about 7 K for 

the 27.5 km cutoff altitude. As shown in chapter 3, the influence of the upper 

boundary temperattire is largely removed after integrating downward a couple of 

scale heights in bending aaigle, which is estimated to be about 7.5 km at these 

altitudes based upon the climatological atmospheres. To minimize the influence of 

the upper boundeiry error at a given altitude, it is best to start the inversion eis 

high as possible. However, this must be balainced against the temperature error 

due to measurement uncertainty. In this example, the optimal cutoff altitude for 

temperature accuracy appears to be axound 49 km, since that produces the most 

accurate temperatures at aJl eiltitudes below that level. If the upper boundary 

temperature error were smaller at all altitudes, then the optimal cutoff altitude 

would be lower and the maximum temperature error would be reduced. In real 

inversions, it will be important to estimate both the measurement uncertainty and 

the upper boimdary errors as accurately as possible in order to choose the optimal 

cutoff altitude. 

Figure 5.6 shows the root mean square temperature error for the Case C inver

sions. The temperature errors are larger than for the Case A inversions due to 

the addition of a systematic error in measiiring bending angles. The most notable 

changes in the temperature error axe found at high altitudes since this additional, 
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Figure 5.6: Same as figure 5.2, but for Ceise B inversions (random plus systematic 
meeisurement error, see text). 
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height independent error is a much laxger fraction of the total bending at higher 

altitudes. In addition to larger temperature errors, notice that the retrieved tem

peratures are much slower to recover toward the true temperatvires with decreasing 

altitude. The reason for this is that smoothing cannot reduce the size of the system

atic error component. Therefore, although the magnitude of the systematic error 

is simulated to be one hcilf the value of the standaxd deviation of the random error, 

the percentage error in bending angle (after smoothing) is influenced much more by 

the systematic error, particularly at high altitudes. Compare the percentage error 

in density for the Case C inversions (figure 5.7) with that for the Case A inversions 

(figure 5.4). The Ca^e C inversions need to recover from a much larger initial 

density error than the Case A inversions. Systematic errors are more difficult to 

deal with than reindom errors for this problem. 

Figure 5.8 shows the root mean square temperature error for the Case D in

versions, which include both the random and systematic measurement errors as 

well as the boimdaxy error. The previous comments comparing the Case A 

and Case B inversions also apply to comparisons between the Case C and Ca^e D 

inversions. Because the measurement errors are laxger, the optimal cutoff altitude 

for temperature accuracy is reduced to approximately 42 km. 

The simxilation results presented in this chapter for a rather simple instrument 

indicate that useful meteorological information at altitudes well up into the strato

sphere can be obtained using the solax occultation refractive soimding method. For 
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Figure 5.7: As in figure 5.5, but for percent error in density. 
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Figure 5.8: Same as figure 5.2, but for Case D inversions (random plus systematic 
measurement errors and boimdciry error, see text). 
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the mecisuremeiit and boundary errors simulated in Case D, retrieved tempera

ture errors were less than 10 K below 35 km and less than 5 K below 25 km. If 

more accurate measurements of bending angle or better estimates for the upper 

atmospheric boundary could be achieved, even better results would be expected. 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

In this dissertation, a technique for sounding the atmosphere by measuring the 

refraction of solar radiation from a satellite solar occultation platform was pre

sented. The method appeeirs to be capable of providing useful temperature and 

density soimdings over altitudes from near the top of the stratosphere down to 

the surface or to cloud top level. This information would be valuable to experi

ments, such as SAGE, which estimate vertical profiles of atmospheric trace species 

by measiiring the extinction of solar radiation in the solar occultation geometry. 

In addition, although soundings can only be obtained twice per satellite orbit, 

solar refractive sounding caji provide long-term monitoring of upper atmospheric 

temperatures svifficient for trend einalysis. 

The solar refractive sounding technique was applied to data measured by the 

SAGE II instrument. The retrieved temperatures were shown to be at least qual

itatively decent in that the correct shape of the temperature profile was often 

recovered, as compared with available NMC analyses. Unfortunately, the meteoro

logical profiles derived from the SAGE II data are not consistently accurate enough 

for general use. The biggest problems result from uncertainty in estimating refrac

tive bending angles as well as the rather poor vertical sampling available from the 
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data. However, considering that the SAGE II was not designed to mecisvire refrac

tive bending angles, the qualitatively decent resiilts provide optimism for future 

development and implementation of solar refractive soxmders. In fact, some of the 

problems associated with determining refractive bending angles from the SAGE II 

measurements are being addressed in the design of the SAGE III instrument, which 

is scheduled to launch in 1998. 

Although the SAGE III soundings may be substantially improved compared with 

the SAGE II soundings, a SAGE-type instrument can never fully realize the accu

racy and vertical resolution available with the solar refractive sotmding technique 

due to the limited number of refractive bending angle measurements available for 

each occultation event. In addition to eliminating the undersampling problem, aai 

instnmaent specifically designed to measure soleu: refractive bending angles should 

be capable of more acctirate measurements than those obtained from the SAGE 

data. An example, previously discussed, is an instrument which measures the posi

tion of the entire image of the Stm throughout the occultation event. In conclusion, 

the solar occiiltation refractive sounding method is certainly worth pursuing. 
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