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ABSTRACT 

The in-flight calibration of satellite radiometers using ground truth measurements 

relies on the use of an atmospheric r~diative transfer code. The accuracy of the calibration 

depends largely on the aerosol model used in the radiative transfer code. In order to improve 

the calibrations. a camera system has been developed for the determination of the aerosol 

size distribution. index of refraction. and scattering phase function. In addition. the camera 

can be used to measure ozone and water vapor content. The camera uses a two dimensional 

silicon CCD array to image the sun and the solar aureole. A filter wheel provides sixteen 

spectral bands from 380 nm to 1045 nm. The camera is mounted on an altitude-azimuth 

mount for tracking the sun. An external computer allows automatic or manual data 

acquisition. The aerosol size distribution retrieval is based on the combined inversion of 

solar extinction and solar aureole data. The real part of the aerosol refractive index is 

determined using scattering measurements in the near-backward direction. while diffuse-to

global measurements provide the imaginary part. The performance of the inversion schemes 

is illustrated for simulated in-flight satellite signal predictions over both high and low 

reflectance targets. 
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The calibration of satellite-borne earth-observing radiometers based on ground truth 

reflectance measurements relies heavily on radiative transfer calculations. l These 

calculations in turn depend on an understanding of how the aerosols in the atmosphere 

interact with the radiation.2 In addition, the effect of aerosols in the atmosphere is of 

fundamental importance to the understanding of global change. Atmospheric aerosols are 

an integral part of atmospheric chemistry, quality, and radiation balance. Atmospheric 

aerosols are crucial to understanding the Earth's energy budget due to their scattering and 

absorption of radiation. In order to understand completely the role of aerosols in the 

atmosphere it is necessary to have accurate information about their spatial, temporal. 

physical, and optical properties. While these properties are best detelmined, on a global 

basis, from satellite sensors such as those used in the global change research program, an 

independent measure of the aerosol properties is essential for this evaluation. 

An instrument has been designed to measure the content and scattering characteristics 

of aerosols in the atmosphere using a combination of ground-based solar extinction and solar 

aureole measurements. The extinction measurements will give infOlmation about the small 

aerosol particles with radii from 0.10 to 2.0 micrometers, while the aureole contains 

information about the larger particles with radii from 0.2 to 8.5 micrometers.J.4 The 

instrument will determine the aerosol particle number density as a function of radius, with 
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the assumption that the particles are all spherical. The aerosol refractive index and scattering 

phase function will be determined simultaneously. These are the primary parameters 

required by the radiative transfer codes used to model the propagation of radiation through 

the atmosphere. 

The primary goal of this work is to correctly predict the effect of the aerosols on the 

light propagating through the atmosphere in support of the in-flight calibration of earth

viewing satellite sensors using ground-truth measurements. The derived size distribution 

and refractive index are based on the assumption of spherical particles, and as such they may 

not accurately reflect the true physical properties of the aerosols. However, the distribution 

and index are derived to best fit the measured data. This forms an effective aerosol model 

which is used for the radiative transfer calculations. By choosing the distribution that fits 

a wide variety of measurements (the spectral variation of the optical depth. the aureole 

radiance, the backscattered radiance and the polarization ratio in the principal plane, and the 

diffuse-to-global ratio) it is hoped that the computation of the atmospheric radiative transfer 

will be accurate. 

The design of the instrument and inversion of the data are based on the previous 

work of many investigators. The measurement of the spectral variation of the aerosol optical 

depth as a means of deriving information about the atmosphere is quite common. The usual 

approach involves a multi-band solar radiometer employing several narrow wavelength 

intelference filters in the solar reflective range.s An alternative approach has been 

implemented using a high resolution Fourier transform spectrometer.6 The total spectral 

optical depths are determined either from a Langley plot or by using calibrated intercept 
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values.7 The aerosol optical depth is derived by subtracting the Rayleigh and gaseous 

absorption optical depth components. The Rayleigh optical depth can be computed from 

pressure measurements made at the ground.s Atmospheric water vapor can be determined 

using a differential absorption method with a spectral band within the water vapor 

absorption region at 950 nm and additional spectral bands outside the absorption region.9 

Kastner lO applied a fit to the optical depth measurements for two widely separated 

wavelength bands to obtain a Junge size distribution for the atmospheric aerosols. A two 

band fit was also used by Yue and Deepakll to determine a size distribution for stratospheric 

aerosols from space-based extinction measurements. The spectral variation of the optical 

depth has also been used by Biggar et al. 12 to derive a Junge size distribution for the aerosols 

by deteImining the best fit to the optical depth in several channels. Atmospheric ozone is 

derived from the residual optical depth within the Chappuis band. 

Several other methods have been developed to obtain a size distribution from the 

optical depth measurements. The most common method is a constrained linear inversion 

developed by King et a1.,13 which has been used by several authors.14.15.16 Flittner et al!7 

used this method to simultaneously derive the size distribution and ozone concentration. 

In addition to the optical depth measurements, instruments have been developed to 

measure the scattered radiance within the solar aureole. These instruments are either 

scanning systems 18.19.20.21 or two dimensional imaging systems.4.22.23 The scanning systems 

are limited by the time required to collect a scan along the aureole. Previous imaging 
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systems have relied on film to record the image, requiring extensive laboratory work to 

extract well calibrated data from the image. 

Many different inversion techniques have been investigated to retrieve a size 

distribution from the aureole data. The paper by Viera and BOX
24 lists many references on 

the SUbject, including several review articles. One method employed to invert the aureole 

data is the Chahine25 method, which has been used by many investigators. 26.27.28.29 This 

method has also been applied to the inversion of the optical depth data.3D 

The combined inversion of optical depth data and aureole data to obtain a size 

distribution over the particle range from 0.1 J.I1Tl to 15 J.I1Tl has been considered for some time. 

A constrained linear inversion method was employed by Shaw31 and also by Nakajima et 

al.32 This approach was also used by Kaufman et al.33 Oeepak et a1.34 applied a non-linear 

least squares inversion technique to the problem. Tame et a1.28 used a constrained linear 

inversion for the optical depth data and a Chahine inversion for the aureole data and 

combined the data in the region of particle size overlap. SanteI' et a1. 35 included polarization 

measurements in the data set in order to derive the real index. 

The work presented in this dissertation is based heavily on the photographic system 

of Oeepak and Wang.4 The system design used here is quite similar to theirs with the major 

improvement being electronic recording of the data using a CCO detector. The camera 

design provides a 35 degree field-of-view and allows simultaneous measurements of the 

solar aureole and extinction. The camera can also be pointed to measure the backscattering 

radiance and polarization ratio in the principal plane. The second chapter describes the 
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camera optical design and the third chapter is a description of the mechanical design. 

Chapter 4 is devoted to the radiometric calibration of the camera. 

The inversion method to be employed is a modified Chahine inversion where the 

optical depth data and solar aureole data are simultaneously inverted. The inversion is based 

on an association between aerosol particle radii and the measured optical depth and aureole 

data. The inversion is performed for a family of complex refractive index values and a 

different distribution is obtained for every index in the family. Each distribution is used to 

predict the backscattered radiance and polarization ratio in the principal plane along with the 

diffuse-to-global ratio. Diffuse-to-global ratio measurements36 are compared to the 

predicted values to determine the imaginary index while measurements of the backscattered 

radiance and polarization ratio in the principal plane are used to define the real index. The 

aerosol shape has a large effect on the polarization ratio. However, spherical particles are 

assumed in the retrieval. The retrieved distribution and index are therefore the best fit to the 

measured data with the assumption of spherical particles, and as such they may not be a 

accurate representation of the true aerosol distribution and refractive index. It is important 

to remember that the primary task is to correctly predict the aerosol's effect on the radiative 

transfer. Because the model distribution matches the measured data, the radiative transfer 

properties should closely match the actual aerosol radiative transfer properties. In Chapter 

5 there is a brief description of the theory behind the scattering and extinction process, as 

well as the theory underlying the data inversions. Simulated inversions are presented in 

Chapter 6 while Chapter 7 includes the results from actual field measurements. 
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The instrument will also be used to measure the amount of ozone and water vapor 

present in the atmosphere. The camera may be able to provide additional information about 

the spatial homogeneity of the atmosphere. Conclusions and suggestions for future research 

using the camera are presented in Chapters 8 and 9, respectively. An appendix describes the 

model used to predict the stray light. 

The goal of this research was to develop instrumentation and inversion algorithms 

to maximize the information derived about atmospheric aerosols from solar extinction and 

solar aureole measurements. The instrument is relatively portable and automated, thereby 

making it an effective ground-truth measurement instrument for the evaluation of satellite

derived aerosol measurements at various sites. The measurements will provide the aerosol 

distribution as well as the scattering phase function for use in radiative transfer codes in 

support of satellite-radiometer calibrations. 
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To image the sun and surrounding aureole, the camera was designed to have a 

horizontal FOV of 35". Due to photogrammetric considerations, the solar almucanter maps 

as an arc on the image plane. The shape of the arc is a function of the solar zenith angle 

(SZA). In addition, the relationship between the scattering angle and the view angle in the 

solar aureole depends on the SZA. The range of scattering angles that can be obtained in a 

given image depends on the SZA. The data requirements are for scattering angles up to 31°. 

This is accomplished with one or more images along the almucanter, depending on the SZA 

at the time of measurement. 

To reduce the instrument development time, as many off-the-shelf components as 

possible were used. With this in mind, a commercial CCD camera was selected as the basis 

for the camera. The CCD array has 576 by 384 pixels, each 23 ).1m square, with overall 

dimensions 13.25 mm in the horizontal direction and 8.83 mm in the vertical direction. 

Maximum resolution is obtained if the image spot sizes are smaller than one pixel. The 

camera was designed to operate over the wavelength range from 310 nm to 1045 nm. In 

addition, it was desirable to use as few lens elements as possible to reduce the stray light in 

the system. The camera layout is shown in Figure 2.1. 
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Figure 2.1: Solar aureole camera optical design layout. 
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As described in the next section, there was also the constraint that one of the optical 

elements would be used to form the CCD vacuum window. Therefore, the position, 

diameter, and edge thickness of the first element were fixed, while the lens surface facing 

the CCD array was required to be flat in order to form the vacuum seal. An additional lens 

element was required to provide the correct FOV, due to the proximity of the vacuum 

window to the CCD detector. 

The initial glass choice was fused silica, because of the transmission properties in the 

near UV. As with all glasses, the index of refraction of fused silica varies with wavelength. 
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Fused silica has a small coefficient of thermal expansion, but possesses a relatively large 

index variation associated with changes in temperature. 

The CODE V optical design program distributed by Optical Research Associates 

was used to explore the parameter space of free variables and to optimize the design. It 

should be noted that the spot sizes for each wavelength were minimized relative to the chief 

ray for that wavelength. This was done because lateral color and distortion were not 

constrained in the optimization, with the assumption that they would be corrected by image 

processing later. This could be done because the camera will only image a single spectral 

band at a time, and hence lateral color is not really a problem. The lateral color appears as 

a different amount of distortion at each wavelength, which is mapped and corrected for 

during image processing. 

The parameter space of the free variables was then explored. The designs using 

various glasses to correct the chromatic aberrations did not lead to improvements that were 

great enough to outweigh other considerations, such as undesirable glass properties. The 

diameter of the aperture stop was chosen to be 2 mm. This choice was based on the 

assumption that the exposure times would be on the order of a second. The aperture stop was 

chosen to be as small as possible while still allowing enough signal to pass to nearly saturate 

the detector over the exposure time, based on an estimation of the aureole signal and filter 

transmission properties. This stop size allowed too much light to pass for most of the bands 

and the transmission of the spectral filters was intentionally reduced to limit the signal. 

However, measurements are also performed in the molecular oxygen absorption band at 763 

nm using a 1 nm wide bandpass filter and at large scattering angles in the aureole bands, in 
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which case the resulting signals are very weak. For these measurements the larger aperture 

is useful. 

The final optical design uses two plano-convex fused-silica lenses. The optical 

layout consists of the CCD image plane, the plano-convex fused-silica lens which also serves 

as the vacuum window, the second imaging lens, the aperture stop, narrow bandpass spectral 

f.tlters mounted in a filter wheel, and a neutral density attenuating disk. as shown in Figure 

2.1. The degradation in the image quality due to index variations as the temperature is 

changed from au C to 500 C (normal operating temperatures for the camera) is very small 

compared to the degradation due to chromatic aberration and field curvature. 

The space between the detector and the first lens element is 7.87 mm. The rear 

surface of the first element is planar and the front surface has a radius of curvature of 25.2 

mm. The center thickness is 15.71 mm. Between the two lens elements there is an air space 

of 4.76 mm. The rear surface of the second element has a radius of curvature of 15.42 mm 

and the front surface is planar. The center thickness is 4.4 mm. The distance from the front 

surface to the aperture stop is 8.08 mm. The fIlters are placed approximately 15 mm in front 

of the aperture stop. The object is essentially at infinity and the incoming rays are parallel 

when passing through the filters, which simply has the effect of slightly shifting the 

incoming light path. The net result is that the light reaching each point on the detector 

passes through a different region of the filter. 
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The main challenges in the design are the large FOV and spectral range to be 

covered. Figure 2.2 shows the field curvature for the three wavelengths. Figure 2.3 shows 

the chromatic focal shift. The positions of the elements are fixed and no adjustment of the 

camera focus is possible. 

The spot diagrams calculated with the object at infinity as a function of field angle 

and wavelength are shown in Figure 2.4 and the spot sizes for each wavelength, relative to 

the chief ray at each wavelength, are given in Table 2.1. In the figure, the spot diagrams for 

the three wavelengths are shown in the correct positions relative to each other. Notice that 
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).. 0.00 8.50 17.50 

run rms/geo rms/geo rms/geo 

360 24/36 28/45 44n8 

550 12/14 8/13 16/31 

1000 35/47 30/44 21/38 

Table 2.1: Spot sizes in pm at three wavelengths and field angles. 
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Figure 2.4: Spot diagrams for three wavelengths and three field positions. 

the lateral color aberration is clearly visible. Spot sizes given are diameter values in Ilm, 

where geo refers to the geometric spot size and ImS refers to the root-me an-square spot size. 

All of the ImS spot sizes are less than two pixels in diameter. In most cases they are 

closer to one pixel (23 Ilm square) in diameter, yielding a resolution of 0.06". This is made 

quite clear in Figures 2.5a - 2.5c, which show the light falling within a circle, surrounding 

the chief ray, as a function of circle radius. The aureole image is a smooth function i.n 

radiance and therefore blurring due to larger spot sizes will not change the radiometric 
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Figure 2.5a: Encircled energy as a function of encircling radius for a wavelength of 0.365 micrometers. 

properties of the image very much. The image obtained will be a close representation of the 

actual radiance distribution in the sky. 

The choice of which filters to use is driven by several factors. Deepak and Wang4 

found that using narrow-band interference filters with a bandwidth of 10 nm simplified the 

inversion by allowing the filter function to be taken out of the Fredholm integral, and that 

the inversion routines seem to be more sensitive to the peak wavelength than to the 

bandwidth. The interference filter peak wavelength is a function of incidence angle. The 
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Figure 2.5b: Encircled energy as a function of encircling mdius for a wavelength of 0.550 micrometers. 

peak wavelength will shift with increasing incidence angle to shorter wavelengths, where 

the shift is given by 

~ 1..0 = 0 (2 • 28) 1/2 
"'0 = -- lie - sm (2,1) 

lie 

where lie is the effective index of refraction for the filter, which is estimated to have a value 

of 1.95 for the filters chosen (see section 4.1.2). This will result in a shift of the peak 

wavelength to 0.988 of the on-axis peak value for light coming from an angle of 17.5 

degrees. The narrower the bandwidth, the more noticeable are the effects of the angle 



I. ,.--;:J 
)- / 

, 
l!I .9 / I 
Q: I w / z .8 I I w 
0 .7 I I 
w 
-I I I u .6 / Q: I 1-1 
u 

.5 / z 
w I 
LL .Ii / 0 

z .3 / 0 
H / I- .2 u 

/ a: 
~ 
LL .1 / 

25.121111111 
RADIUS FROM CHIEF RAY IN MICRONS 

GEOMETRIC ENCIRCLED ENERGY 
SOLAR AUREOLE CAMERA 
MaN NOV 16 1992 
FIELDS: 111.1110 DEG 8.50 DEG 17.5111 DEG 

30 

5111.1211210 

Figure 2.5c: Encircled energy as a function of encircling radius for a wavelength of 1.045 micrometers. 

change. The filters will also shift to longer wavelengths as the temperature increases, but 

this effect is quite small over the operational range of the camera. Therefore, there is some 

advantage to choosing wide bandwidth filters, while keeping the bandwidth narrow enough 

to allow the filter function to be taken out of the integral. 

The aureole measurements are made at wavelengths of 880 nm and 1045 nm. These 

wavelengths were chosen to avoid regions of gaseous absorption while at the same time 

being at wavelengths long enough to reduce the effect of Rayleigh scattering on the 

measurements. A filter at 440 nm is used as a check of the results predicted by the 
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inversions. Ozone is measured using a differential technique with filters inside the ozone 

absorption bands at 310 nm or 525 nm, combined with extinction measurements outside the 

absorption bands. All of the above filters have a bandpass nominally lO-nm wide. 

Atmospheric water vapor is measured using a differential method by placing a lO-nm-wide 

ftlter in the absorption band at 950 nm. A narrow band filter in the molecular oxygen band 

at 763 nm is being considered to investigate the sensitivity to the aerosol vertical profile. 

All of these ftlters plus bands at 380 nm, 412 nm, 490 nm, 610 nm, 670 nm' and 780 nm are 

used for extinction measurements. The effects of angle on the filters were examined by 

using the 5S3i radiative transfer code, in order to be sure that the filters did not shift into a 

region of atmospheric absorption as the angle was increased. Future modification will 

include additional spectral channels for polarization measurements. 

A neutral density fllter to attenuate the solar disk was placed 955 mm in front of the 

stop. The neutral density fllter serves several purposes. First, the filter attenuates the direct 

solar light to a level comparable to that of the surrounding aureole, thus reducing the 

dynamic range required of the detector. The ND filter shades the entrance to the camera 

optics and thereby greatly reduces the problem of stray light in the system. The ND filter 

was chosen instead of an opaque occulting disk because the filter allows the sun to be 

imaged at the same time as the aureole. This allows for the extinction measurements and 

also for accurate positioning of the aureole measurements relative to the center of the solar 

disk. 
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The camera was designed around a commercially available CCD camera system. 

This was done to avoid having to design and build all of the electrical circuits necessary to 

read the CCD array. The camera system selected was the STAR I system with the 

Metachrome II UV enhancement coating supplied by Photometrics Limited. The STAR I 

system appeared easily modifiable to fit the design needs of the solar aureole camera. 

The camera head consists of a vacuum chamber in which the CCD detector and 

initial read and amplification circuits are located. The detector is mounted on a cold plate 

which is thermoelectrically cooled. Heat from the thelmoelectric cooler is exchanged with 

a bath of liquid coolant in the rear of the head. The liquid bath is circulated through an 

external cooler, which exchanges heat with the outside air. At the very rear of the camera 

head there are more electronics. The camera control and data collection are provided 

through a connection at the rear of the camera. The original camera head used a flat fused

silica window to seal the front of the vacuum chamber. The shutter was mounted in front 

of this window. In front of the shutter there was a standard Nikon bayonet lens mount. 

The modified camera head is shown in Figure 2.1. The aureole camera design 

involved the removal of all the parts from the vacuum window to the lens mount. As 

described in the optical design section above, the vacuum window was replaced by a plano

convex lens. The diameter of the lens was chosen to be quite large in order to match the 

existing aperture in the vacuum chamber. In addition, the lens center and edge thicknesses, 



along with the optical mount, were 

designed to match the existing aperture in 

the vacuum chamber. While this might not 

have allowed the optimum optical design, 

these choices were made to eliminate the 

need to rebuild the vacuum chamber. 

However, for the measurements currently 

planned with the camera, the design is quite 

adequate. 

A single piece of machined 416 
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Figure 3.1: Shutter response cycle. 

stainless steel is used to hold both lenses and also to form the aperture stop. This piece is 

shown in the center of Figure 2.1. The first plano convex lens is held in place between the 

steel lens mount and the vacuum chamber. The plane side faces the vacuum chamber and 

compresses an O-ring, which forms the vacuum seal. The curved side of the lens is held in 

tangential contact with the lens mount. The second lens is held with the plane side towards 

the object. The lens is held in place by a retaining ring screwed into the larger lens mount 

structure. The retaining ring is in tangential contact with the curved lens face. 

The aperture stop is machined directly into the lens mount assembly. The shutter 

sits just in front of the aperture stop and is mounted directly to the lens mount assembly. 

The shutter is a Uniblitz model 225L from Vincent Associates, Inc. The shutter, which is 

normally closed and is controlled by the camera electronics, is responsible for control of the 

exposure time. The shutter response cycle is shown in Figure 3.1. In practice, the minimum 
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exposure time is controlled by the STAR I camera controller and is set at 0.1 seconds. The 

actual exposure time was measured by placing the shutter in front of a photodiode with a fast 

response. The output of the photodiode was measured with a Philips PM6666 timer. The 

output showed that the exposure times are slightly longer than the nominal value. This 

offset is a function of the exposure time and must be taken into account when reducing the 

data. However, preliminary observations indicate the existence of a non-linearity in the 

camera response with exposure time even when this offset is taken into consideration (see 

section 4.5.1). 

The filter wheel assembly mounts directly to the lens-mount assembly. The filter 

wheel holds sixteen 25-mm diameter filters. The filters can be as thick as 10 mm. The 

fIlter-wheel rear enclosing plate tightly seals the camera head and serves as the filter wheel 

mount. Each aperture in the camera has been beveled to reduce stray light reflections in the 

system. The fllter selection has been automated by use of a 101SMC2-HMK stepper motor 

supplied by Ael'Otech Inc. 

The neutral density fllter is located 955 mm in front of the stop on a rigid aluminum 

beam. The vertical FOV at the ND occultation fllter is 198 mm. Therefore, the head and ND 

fllter are mounted with the optical axis 210 mm above the support beam to avoid vignetting 

by the beam. The system is mounted on an altitude-azimuth mount to track the sun. The 

mount is oversized to allow for other instrumentation to be added, including an existing solar 

radiometer for extinction measurements and an atmospheric water vapor meter. These 

instruments will be used for a cross calibration of the solar aureole camera. A photograph 

of the system is shown in Figure 3.2. 



The system relies on a 

solar position algorithm to track the 

sun. This ensures accurate 

knowledge of the solar position 

when the data are acquired. In 

addition, this tracking method is 

useful when the system is required 

to point away from the sun, as in 

the backscattering measurements, 

and then return to solar tracking. It 

is also possible to use the CCD 

image to track the sun in a closed-

loop mode, allowing even more 

exact tracking of the sun. 
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Figure 3.2: Picture showing camera system. 
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This chapter presents the absolute radiometric calibration of the camera system. 

Much of the work presented here was done with an earlier camera configuration and is not 

strictly valid for the current configuration. The work is presented here to demonstrate the 

different methods that can be used to obtain an absolute calibration of the camera and to 

illustrate the camera non-linearities that prompted a change in the camera design and data 

collection algorithm. Currently there are plans to purchase different camera filters and an 

integrating sphere, after which any of the calibration s~eps outlined here can be used to 

recalibrate the camera in its final configuration. It should be noted that it is not necessary 

to obtain a high accuracy absolute calibration of the camera system to retrieve the aerosol 

parameters using the inversion techniques that have been developed thus far. This is because 

all of the data used by the algorithms are normalized (see sections 5.5 - 5.7). However, 

should the need arise in the future, the information presented in this chapter indicates that 

it is possible to obtain an accurate absolute calibration of the camera. 

4.1 Filter Profiles 

4.1.1 Modeling filters using the moments method 

The interference filter transmission profiles must be accurately known. The filter 

proflles were measured by Optical Data Associates (ODA) in Tucson, Arizona. Because the 

source profile is in general unknown, it is convenient to model the filter proflles as 
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rectangular, with constant transmittance in the band. This is accomplished using the 

moments method described by Palmer and Tomask03H
• The results for seven spectral bands 

are shown in Table 4.1. It should be noted that not all of the filters have been measured and 

current plans call for the replacement of several filters. All of the filters should be 

remeasured in the final configuration. Each spectral filter is in series with a neutral density 

filter to provide the desired overall transmittance. The measurement of the new filters 

should also be performed with the accompanying neutral density filter to check if the 

spectral variation of the ND filter has any influence on the effective center wavelength for 

each band. Figure 4.1 shows the true filter profile and the effective profile for a typical 

filter. 

nominal design 380 440 525 763 880 
wavelength 

nominal design 10 10 10 1 10 
bandpass 

effective lower 370.2 434.4 519.4 761.1 874.0 
wavelength 

effective upper 386.5 447.8 530.4 763.6 883.8 
wavelength 

effective center 378.4 441.1 525.9 762.3 878.9 
wavelength 

effective transmittance 0.17 0.28 0.34 0.22 0.65 

effective bandpass 16.3 13.4 11.0 2.52 9.7 

Table 4.1: Effective filter profiles derived using the moments method for seven 
spectral bands. Wavelength values are in nanometers. 

950 1045 

10 10 

942.2 1038.8 

953.9 1052.7 

948.1 1045.8 

0.67 0.62 

11.7 13.9 
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Figure 4.1: Typical narrow band filter profLIe and equivalent rectangular bandpass. 

4.1.2 Effect of filter shift as function of field angle 

The interference ftlters will all exhibit a shift in their bandpass as a function of field 

angle. The 880 nm filter transmission profile as a function of incidence angle has been 

measured at the Optical Sciences Center using a modified Cary 14 double monochromator. 

The profiles are shown in Figure 4.2. The filter shift and reduction in transmittance as a 

function of angle is as expected, with the shift as a function of angle corresponding to an 

effective refractive index of 1.95. However, the emergence of distinct peaks within the 

passband was unexpected and is one of the reasons for the planned filter replacement 

mentioned above. 
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Figure 4.2: Measured mtcr shift as a function of incidence angle for 880 run band. Incidence angle ranged 
from 0° to 25° with a step size of 5°. 

Because the spectral profiles of the source and of the CCD quantum efficiency are 

not constant, the filter shift must be taken into account when analyzing the image. The 

resulting variation of the CCD response will be discussed in section 4.7 below. The effect 

of a non-uniform source proftle is most pronounced for the 763 nm filter. The filter is very 

narrow and is at the same wavelength as the molecular oxygen absorption band. The signal 

received is the product of the filter profile and the molecular transmittance profile. As the 

field angle is increased, the ftlter shifts to shorter wavelengths, eventually shifting out of the 

molecular oxygen absoIption region. Figure 4.3 shows the expected signal as a function of 

field angle for this filter. Figure 4.4 shows the oxygen absorption profile and the position 

of the filter profile for various field angles. 
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Figure 4.3: Predicted signal as function of angle for 763-nm filter. 

4.1.3 Measurement of the neutral density occulting disk 

IS 20 

Accurate measurement of the neutral density occulting disk is critical in order to 

obtain a calibration using Langley plot intercepts (section 4.6.3). It is very difficult to obtain 

measurements to the required accuracy. The occulting disk was measured by Optical Data 

Associates. However, there is some uncertainty in the result. Figure 4.5 shows the filter 

proflle and the proflle of a physical barrier covering part of the beam (ND2.2 scan). There 

is a step function in the transmittance profile for the barrier. The barrier should have a 

constant transmittance as a function of wavelength. The occulting disk scan has a similar 

step function. Clearly there is some error in the measurement. A correction factor required 
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Figure 4.4: Spectral profiles for atmospheric molecular oxygen and 763 nm filter as a function of incidence 
angle. 

to force the ND2.2 scan to be a constant was calculated at each wavelength. The correction 

factors were then applied to the occulting disk scan. This correction improved the scan 

shape, but there was still some uncertainty in the absolute value for the occulting disk scan. 

To circumvent this problem, the occulting disk was measured using a precision radiometer 

built at the RSG.39 The radiometer gain can be electronically selected to change by a factor 

of 1000. This gain change provides the dynamic range required for accurate measurements 

of the filter transmittance, which is obtained at the radiometer wavelengths. These values 

provide fixed points which were then used to adjust the absolute position of the curve 

provided by ODA. 
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Figure 4.5: Neutral density occulting disk spectral profile. 

4.2 The mapping of object to image space 

The relationship between object and image space must be well determined. This 

relationship involves the camera distortion and the geometric relationship between the object 

and the image plane. 

4.2.1 Camera distortion 

The image produced by the camera suffers from barrel distortion. The design is such 

that the distortion is a function of wavelength. The ZEMAX® optical design program was 
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Figure 4.6: Camera distortion prediction and quadratic fit. 

to build a map of the image plane location as a function of object field angle for each 

spectral band. The data were then fitted with a quadratic polynomial to obtain a functional 

relationship between object field angle and image plane location. The results are shown in 

Figure 4.6. Using these functions the exact pixel in the image plane which corresponds to 

a given point in object space can be selected. 

4.2.2 Almucanter photogrammetry 

One of the primary measurements to be made by the camera is the radiance 

distribution along the solar almucanter, Because of the geometrical configuration of the 
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camera relative to the sun, the almucanter does not map to a straight line in the image plane. 

Rather, the almucanter maps to an arc, and the shape of the arc is a function of the solar 

zenith angle. The geometry is shown in Figure 4.7. The shape of the arc for various solar 

zenith angles is shown in Figure 4.8. The pixel locations for the data points along the solar 

almucanter are computed in the data reduction software. In addition, the scattering angle is 

related to the view azimuth angle in the solar aureole by a function that also depends on the 

SZA, thus: 

cos l{' = J.l~ + ( 1 - J.l~) cos(t.cj» , (4,1) 
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Figure 4.8: Almucanter location on image plane as function of solar zenith angle. 

where ':I' is the scattering angle, Ll<J> is the azimuthal view angle in the almucanter relative 

to the principal plane, and J.l o is the cosine of the SZA. 

Using this relationship along with the equation describing the camera distortion, it 

is possible to con'elate the radiance distribution in the image with the radiance distribution 

in object space, 
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Figure 4.9: Measured exposure time as a function of nominal exposure time. 

4.3 Exposure time 

8 9 10 
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The camera exposure time is selected tlu'ough the STAR I camera controller. The 

controller allows exposure times greater than 0.1 second, selectable in 0.1 second intervals. 

However, the true exposure time is slightly different than the nominal exposure time 

selected. The true exposure time was measured by removing the shutter from the camera 

and placing it between a light source and an aperture stop of the same size as the camera 

aperture stop. The aperture stop was followed by a photodiode. The output from the 

photodiode was measured using a Philips PM6666 timer. The exposure time was measured 

for 100 cycles of the shutter for nominal exposure times ranging from 0.1 second to 100 
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Figure 4.10: Measured exposure time standard deviation. 

seconds. The results are shown in Figure 4.9. The true exposure time as a function of 

nominal exposure time is quite linear. with an offset of 0.009 seconds and a slope of 1.0156 

seconds/second. This measurement also provided an indication of the exposure time 

standard deviation. The results are shown in Figure 4.10. The standard deviation plot itself 

is quite noisy. However. the standard deviation for all exposure times appears to fall 

between 0.001 and 0.003 seconds. For exposure times around 1 second, an estimation of the 

exposure time uncertainty is 0.3 percent at the one sigma level. The uncertainty in the true 

exposure time is the first noise term. 
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Figure 4.11: Average bias level across detector for a sequence of 1000 measurements. 

4.4 Bias and Dark measurements. 

The next step in the calibration process is to characterize the CCD bias and dark 

levels. The bias level is defined as the digital counts output from the CCD for a zero-time. 

zero-radiance exposure. The bias can be considered as the digital count offset. In order to 

characterize the CCD bias level. 1000 bias images were acquired. The images were 

averaged on a pixel-by-pixel basis and an average bias image was created. The bias level 

for a sequence of 1000 measurements is shown in Figure 4.11. The figure shows both the 

average bias for all of the pixels on the detector and the bias for a single pixel. The standard 

deviation in the bias level was also measured. On average across the entire detector. the bias 
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level is 49.2 counts with a standard deviation ofOA counts. The exact bias level varies from 

pixel to pixel. The figure also indicates a slow drift in the average bias level. The cause of 

this drift is not understood. 

The dark level is defmed as the digital counts output by the CCD for a zero-radiance 

exposure after the bias counts have been subtracted. The dark counts are due to spontaneous 

charge generation in the detector. The characterization of the dark level was perfOimed by 

measuring the counts for zero radiance exposures with exposure times ranging from 0.1 to 

10 seconds. These measurements were taken in conjunction with an experiment to measure 

the detector linearity as a function of exposure time. For each exposure time the central 100 

by 100 pixels for a set of two exposures were averaged. The average bias level was then 

subtracted. The results from 12 data sets are shown in Figure 4.12. The offset due to the 

drift of the bias level is clearly apparent. The dark level is very small and can be 

approximated by a linear function of 0.067 counts per second. There is a slight deviation 

from this linear fit, but in terms of digital counts the effect is negligible. Each data image 

should be accompanied by a dark or bias image to account for the bias drift, especially in 

the case of low signal levels. Uncertainty in the dark level is the third noise term. 
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Figure 4.12: Dark signal as a function of exposure time for 12 measurement sequences. 

4.5 Detector linearity 

4.5.1 Linearity as function of exposure time 

The detector linearity as a function of exposure time was measured in the RSG 

blacklab with the camera viewing an illuminated SPECTRALON~ panel and at the EG&G 

Energy Measurement Division in Las Vegas, NY, with the camera viewing an integrating 

sphere source. For the measurements at the RSG, a series of images at each exposure time 

was taken consisting of a dark, the panel, and another dark. Five series were taken at each 

exposure time and the central 100 by 100 pixels were averaged. This was performed for 
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Figure 4.13: Signal showing non-linearity as a function of exposure time for various bands and radiance 
levels. 

exposure times ranging from 0.1 to 10 seconds. The dark measurements bracketing each 

exposure were averaged and the results subtracted from the panel image. The sequence was 

repeated for each band. The same sequence was performed using the EG&G integrating 

sphere except that no dark images were acquired, and the average dark and bias levels given 

in section 4.4 were subtracted. 

The data were then normalized by dividing by the exposure time to give digital 

counts per second. The data for all of the experiments are shown in Figw'e 4.13. The curves 

should all be flat lines; the fact that they are not indicates a non-linearity with exposure time. 

Currently, there is no good physical explanation for this effect, but an attempt has been made 
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to model the effect and correct for the error. As a first approximation each measurement 

sequence was fitted with a straight line. The slope of each line is plotted as a function of the 

intercept digital count/second level at a zero second exposure time. This is shown in Figure 

4.14. The slope as a function of counts/second was then fitted with a 4th order polynomial. 

The data were then corrected using the equation 

correctedDC = (measllredDC) - (slope) (exposllretime) (4,2) 

where the slope is given by the fit to Figure 4.14. 
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The corrected data are shown along with the raw data in Figure 4.15. This correction 

works quite well for the high signal level data. However. the correction is not as good for 

lower signal levels. In addition. the empirical equation relating the slope to the intercept 

DC/s is only valid over the range of data available for producing the fit. For higher intercept 

values the computed slope is in error. and this error can be quite significant. The error in the 

corrected signal as a percent of the expected signal for several trials is shown in Figure 4.16. 

The errors are less than 2% for exposure times between one and ten seconds. However. the 

errors increase dramatically for shorter exposure times at low signal levels. In addition the 

error may greatly increase at longer exposure times. but no data are available to check this. 

These errors are certainly due to the nature of the empirical fit. especially using a linear fit 
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as a function of time. However, a better fit is difficult to obtain without some physical 

insight as to the nature of the non-linearity. This correction is an obvious noise term. Steps 

that can be taken to deal with this problem are discussed later in the chapter. 

4.5.2 Linearity as function of radiance level 

The next parameter to evaluate is the detector linearity as a function of radiance 

level. A series of ten images for the central 100 by 100 pixels for each spectral band was 

taken using the EG&G integrating sphere source (see section 4.6.2). First, all ten lamps in 

the sphere were lit. The exposure time was adjusted for each band to provide near saturation 
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7 8 

images (limited to exposure times less than 10 seconds) and an image series was acquired. 

The radiance level of the sphere was then reduced by turning off one lamp, and the image 

sequence was repeated using the same exposure times as with the previous sphere level. The 

sequence was continued in such a manner until measurements had been acquired at all ten 

radiance levels provided by the sphere. At the same time that the measurements were being 

made, the sphere level was measured using the precision radiometer built at the RSG and 

described by Biggar et al.39 

The first step was to correct the data for the bias and dark levels. Because these 

measurements were not acquired at the same time, average values had to be assumed. The 
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Figure 4.18: Measured signal in each band at each sphere level divided by the sphere output at each level as 
measured by the RSG transfer radiometer. 

data in each band were normalized to the signal with all ten lamps on as shown in Figure 

4.17. When displayed in this manner, the response appears quite linear with radiance level. 

The next step was to correct the data for variations in the sphere output. The measurements 

taken with the RSG transfer radiometer were interpolated to the aureole camera 

measurement wavelengths. The sphere output at the longer wavelengths was extrapolated 

from the transfer radiometer measurements. The data taken with the transfer radiometer 

provided the actual radiance level at each sphere setting relative to the ten-lamp-on case. 

These values were then used to scale the aureole camera measurements at each sphere level 

to a level comparable to the ten-lamp-on case. The results, shown in Figure 4.18, exhibit 

some spread (ideally all of the points would lie at a value of 1). No clear trend is present, 
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however, and the conclusion is that the camera is linear with radiance level with an 

uncertainty of a few percent in the measurements. 

4.5.3 Implications of non-linearities and method of correction. 

The variation of camera response with exposure time led to several changes in the 

camera design and the data acquisition strategy. The filter wheel was replaced with a 16-

band fIlter wheel to allow additional spectral bands. Each of the aureole measurement filters 

will be replaced with two spectrally identical fIlters that differ in overall transmittance. One 

fllter is used to measure the solar aureole and extinction while the second filter (with greater 

transmittance) is used to measure the backscattered radiance in the principal plane. This 

reduces the exposure time required for the backscatter measurements. In addition, two 

additional bands at 880 nm are planned to measure the polarization ratio in the principal 

plane. 

The second major change was in the data acquisition strategy. The exposure time 

for the extinction measurements had previously been adjusted throughout the day to 

maximize the signal. Instead, the exposure time is now fixed at a value that nearly saturates 

the detector at one airmass on a mountain site such as Mt. Lemmon, Arizona. This ensures 

that the detector will not be saturated with the exposure time chosen at most sites. The fixed 

exposure time effectively removes the problem of the non-linearity, but the price paid is in 

the SNR for large airmasses of high optical depths. 



58 

4.6 Radiometric calibration 

Accurate radiometric calibration of the camera is not critical because the inversion 

algorithms only require normalized measurements. However, the camera may be calibrated 

using five independent methods. This may also provide a comparison of the five methods. 

All five methods were used to perform a preliminary calibration of the camera, with 

promising and consistent results. However, careful calibration of the camera has not yet 

been performed due to the planned change in filter configuration, after which the camera 

will be need to be recalibrated using the methods presented here. 

4.6.1 Calibration using a standard lamp and diffuser panel. 

The camera system was calibrated in the Remote Sensing Group calibration facility. 

The laboratory can be used for the calibration of radiometers using a calibrated lamp and a 

calibrated panel illuminated at a known distance and angle. The setup consists of a 3-axis 

precision goniometer, a radiometer, a precision voltmeter, precision power supplies, and 

sources. The setup is aligned with a small helium-neon laser to an angular accuracy of about 

0.1 degree. The directional reflectance factor can be determined to an accuracy of about 2%. 

The accuracy depends on the diffuse hemispherical reflectance of a sample of pressed 

HALONl'> (known, according to NIST, to about 1%) which is used as a reference. The 

radiance calibration of the radiometer is dependent on the lamp calibration, the panel 

calibration, and uncertainties in the measurement and setup. This is probably on the order 

of 2.5% to 3% with an additional, currently unknown, contribution due to stray light from 

the surroundings. Inter-band calibration uncertainties should be on the order of 2%. 
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The source is a calibrated lOOO-Watt FEL type quartz-halogen lamp, which is 

powered by two Hewlett-Packard 6274B power supplies wired in an auto-series 

configuration. The manufacturer's rated line and source regulation in constant current mode 

is 0.02%. The lamps are run at a constant current of 8 amps which corresponds to about 120 

VDC (near the voltage limit of the two power supplies). The output current is monitored 

with the DVM via a Leeds and Northrup precision shunt (0.01 ohm with a total maximum 

uncertainty of less than 0.02%) connected in series with the lan1p and power supplies. The 

supplies can be adjusted with an external pair of 10-turn controls to a precision of a few 

tenths of a milliamp. The current stability is normally about one milliamp during a 

directional reflectance measurement run (1 part in 8 thousand, a negligible error except in 

the UV). 

For radiometer calibrations, a calibrated lamp is aligned at a distance of 50 cm from 

the calibrated reference panel on the perpendicular from the panel center. The radiometer 

is rotated to a view angle of 45° from the panel nOlmal because the directional reflectance 

factor of the reference panels is known to be very nearly unity at 45°. Knowing the lamp 

irradiance and the directional reflectance of the panel allows the radiance at the entrance 

pupil of a narrow FOV radiometer to be computed. The full field of view of the CCD 

camera is quite wide and the illumination on the panel is not uniform over the entire FOV. 

However, it is possible to use the setup to calibrate the central pixels. For these 

measurements, the ND occulting disk was removed from in front of the camera. The 

calibration was extended to cover the entire FOV using an inter-pixel calibration provided 

by placing the camera in front of an integrating-sphere source. 
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4.6.2 Calibration using an integrating sphere source 

This is a summary of the calibration experiment performed with the 40 inch 

integrating sphere source at EG&G, Las Vegas, on 1 and 2 July 1993. First, all ten lamps 

of the integrating sphere where turned on and allowed to stabilize. A short (O.ls) exposure 

was taken with each band. The maximum digital count in ~ach image was found and this 

value was used to scale the exposure time in each band to nearly saturate the detector. Next, 

a series of 25 exposures was taken in each spectral channel. The required data, namely the 

average digital count level across the detector, the average of the squares of digital counts, 

the digital counts of a specific pixel, and the image header information, were stored after 

each exposure. In addition, a composite image for each spectral band was created by 

averaging the 25 images on a pixel-by-pixel basis. For the radiometric calibration, only the 

central 10 by 10 pixels were used. The calibration of the entire detector was perfonned using 

the method described in section 4.7 below. 

4.6.3 Calibration using Langley plot intercepts 

The intercept values extrapolated from Langley plots, along with values for the 

exoatmospheric irradiance, were used for calibration of the central pixels. Calibration of 

solar-radiometer intercepts are routinely performed. i The uncertainty in the intercept 

determination is on the order of 3%. The exoatmospheric irradiance is integrated over the 

filter transmittance profiles and corrected for the mean earth-sun distance. In order to 

compare the calibration to the laboratory calibration, it is necessary to have a very accurate 

measurement of the ND filter transmittance. 
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4.6.4 Calibration using Rayleigh scattering in the atmosphere 

The 380 and 440 nm bands were used to calibrate the camera using scattered skylight 

as the source. At these bands the scattering is primarily Rayleigh. The inverted size 

distribution may also be used to provide a correction for the aerosol contribution. This 

method also provides an inter-pixel calibration. However, to achieve a calibration at the 

other bands, an accurate interband calibration is required from another method. 

The Rayleigh scattering is computed from a knowledge of the barometric pressure. 

The aerosol contribution is predicted using a Junge size distribution retrieved from the 

inversion of the spectral optical depth data. The Successive Orders of Scattering code4u is 

used to predict the scattered radiance within the 380-nm band. This radiance is predicted 

at 2° intervals. The camera distortion and variation of wavelength with incidence angle is 

taken into consideration, and the radiance at each pixel is computed to provide a theoretical 

image. The theoretical image is then ratioed to the actual image and thus the calibration is 

achieved. The measurements are performed with the camera pointing to the zenith when 

the solar zenith angle is greater than 40 degrees to be sure that the forward peak is outside 

the camera FOV. 

Measurement uncertainties should be on the order of 2%. As mentioned above, the 

calibration is extended to the other spectral channels with the interband calibration provided 

in the laboratory. 
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4.6.5 Calibration using diffuser panel in solar illumination 

The camera was set up to view a panel and global-minus-diffuse measurements were 

used to achieve the calibration. The method is the same as that used for a recent SeaWiFS 

calibrationol
) and is briefly summarize here. The approach is to situate the nadir viewing 

sensor above a horizontal reflectance panel. The reflectance panel is illuminated by the sun. 

During a cloud-free morning, the digital counts (DCs) from the sensor are recorded. The 

diffuser is then shadowed by a small plate, just largr. enough to block the sun from the 

diffuser. This plate is supported by a pole about 2.5 m away from the sensor. The solid angle 

subtended by the plate at the diffuser is determined to facilitate a small correction for the 

unavoidable blocking of a small region of the solar aureole. The difference between the DCs 

recorded during the global and diffuse irradiances of the diffuser provides the DCs that 

would be recorded for only direct solar irradiance. This is the signal of interest; however 

the spectral transmittance of the atmospheric path between the sun and the diffuser has to 

be determined accurately. The expected accuracy is between 1.5% in the near IR and 3% in 

the blue. 

The last three calibration methods all rely on accurate knowledge of the 

exoatmospheric spectral irradiance. These values are currently obtained from Iqbal.oI2 The 

three methods should all agree with each other but may show a systematic error when 

compared to the laboratory calibration. 
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4.6.6 Calibration Results 

Data presented are taken from measurements made on 19 March, 22 March, and 8 

April 1993. The data were taken from the parking lot outside the Remote Sensing Group's 

building, which is near the city center and is not an ideal calibration site. The results 

presented are for data taken before the camera fIlters were changed. The measurements will 

need to be redone after the filter replacement is completed. The results are presented in 

Table 4.2 to demonstrate the feasibility of the methods. It is noted that the Langley plots 

for the three days showed considerable temporal variability and we normally would not 

consider them good calibration days. However, the derived intercept values for the three 

days agree quite well. Intercept values cannot be compared directly to lab measurements 

because of uncertainties in the transmittance of the NO filter, but the results from the three 

days can be compared. 

Wavelength. run 380 440 525 880 1045 

19 Mar. 1993 Intercept 6.00 5.97 5.07 6.60 5.32 

22 Mar. 1993 Intercept 6.01 5.97 5.07 6.61 5.62 

08 Apr. 1993 Intercept 6.07 6.06 5.12 6.62 5.31 

4 Apr. 1993 Laboratory 0.213 0.116 0.051 0.201 0.095 

19 Mar. 1993 Rayleigh 0.218 0.113 · · · 
22 Mar. 1993 Rayleigh 0.209 0.111 · · · 
08 Apr. 1993 Ravlei.!dt 0.201 0.100 · · · 

TABLE 4.2: Calibration coefficients are in DC/decisecond/unit radiance/ /1m. Intercept values are the natural 
log of the digital counts extrapolated to zero airmass. 
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The calibration results for the other three methods are also shown in Table 4.2. As 

mentioned above, the calibration using Rayleigh scattering is believed to be good only for 

the fIrst two bands. The results agree within ±8%. This is a greater spread than desired, but 

the calibration conditions were less than ideal. As a first attempt the agreement is quite 

encouraging, and significant improvement should be possible. 

4.7 Field angle and interpixel correction 

It is very important to correct the image for variations in the camera response across 

the detector. There are two basic corrections to be made. The largest correction applies to 

the general variation of the camera response as a function of field angle. The second 

correction is to correct each pixel for the small differences in their response. 

4.7.1 Correction for system response as function of field angle. 

The camera is expected to have a variation in response as a function of field angle. 

There are two components to this variation. One is an expected falloff due to geometric 

considerations. The second is due to the filter shift with angle. Because the quantum 

effIciency varies with wavelength (Figure 4.19), the system response will also vary as the 

fIlter shifts. In order to correct for this the camera can be placed in front of an integrating 

sphere. The sphere provides a uniform radiance field. A horizontal scan through the image 

is taken to get the system response as a function of field angle. The source is also not 

spectrally constant so this effect must be removed first. This is accomplished by multiplying 

the source profile with the filter profile as a function of field angle. The results are 
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1000 

nonnalized to the on-axis values. This provides a curve as a function of field angle that the 

image would follow if the system response did not vary. To find the system response. the 

horizontal scan of the sphere image is corrected for the apparent variation of the source 

caused by the ftlter shift. In this manner the system response as a function of field angle is 

obtained for each spectral band. The problem with using a sphere for these measurements 

is that the sphere output as a function of view angle must be known very accurately. In 

order to avoid that problem. the camera was placed in front of a SPECTRALON19 panel 

illuminated with a standard lamp in the RSG Blacklab. The camera was rotated about an 

axis through the entrance pupil in such a way that the camera viewed the center of the panel 

at look angles from 0° to 16° with a step size of 2°. By looking at the same point on the 

panel. the radiance as a function of camera view angle was kept constant. except for the 

spectral shift caused by the ftlters. The variation of the lamp output as a function of the filter 

shift was taken into account. and a measurement of the system response as a function of 

view angle was obtained for the three aureole bands (440. 880. and 1045 nm). The results 
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Figure 4.20: System response as a function of input angle for three spectral bands before 
and after correction for the source variation due to the filter spectral shift. 

are shown in Figure 4.20. The shape of the curves can be explained by the variation in 

quantum efficiency with wavelength. The curves showing the measured data are difficult to 

see because they lie directly under the curves showing the polynomial fit to the data. This 

indicates that the fit is a good representation of the actual system responsivity. The 

polynomial fit for each spectral band is used to correct the measured aureole data for 

variations in the camera responsivity as a function of input angle. 
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4.7.2 Correction of individual pixel responses. 

In addition to the overall shift in detector response with field angle, the response 

varies from pixel to pixel, and this variation appears as noise in the image. There are two 

possibilities to correct for this noise. The first is to place the system in front of an 

integrating sphere source, where the entire FOV is illuminated, and create a composite image 

by averaging several sphere images. The image can then be corrected for the variation with 

field angle due to the spectral shift. The resulting image can be nonnalized and a "flat field" 

image created. This can be used to correct for both the system response variation as a 

function of field angle and the individual pixel variation. In practice, the sphere unifonnity 

must be well characterized, and there will always be some residual noise from pixel to pixel. 

The second method is to create a model for correcting the images as a function of field angle 

using the method described in the previous section. The interpixel variation can then be 

corrected by averaging the field image data across several pixels. For instance, for the 
, 

aureole data, the digital counts along the almucanter can be extracted. The digital counts are 

then con'ected first for the dark and the bias level, and afterwards they are corrected for the 

system response as a function of field angle. The remaining data are measurements of the 

almucanter radiance as a function of angle, with noise included. This curve can be smoothed 

without loss of information. This is equivalent to reducing the spatial resolution of the 

system, but the nature of the aureole data is such that this smoothing does not affect the 

results. 
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4.8 Stray light computations and measurements 

The effect of stray light on the radiometric accuracy of the solar aureole camera was 

investigated using the Arizona Paraxial Analysis of Radiation Transfer (APART)"3 and the 

Advanced Systems Analysis Package (ASAP)"" stray light analysis programs, both of which 

were provided by Breault Research Organization. The analysis was attempted using several 

different modeling techniques. Many problems were encountered during the course of the 

analysis that lead to several questions about the validity of the results. For a complete 

discussion see Appendix B. These problems arose because neither APART nor ASAP was 

designed to model the stray light contributed by large extended sources with spatially 

varying radiance in the system field of view. Various modeling techniques were employed 

to circumvent the problem. When both analyses were examined together, a reasonable 

estimation of the stray light was possible. 

The stray light in the system is primarily due to Fresnel reflection at the optical 

surfaces. The design was therefore modified to include a wide-band anti-reflection coating 

on all of the lens surfaces. The reflection at each surface was thus reduced to approximately 

one percent between 360 and 1045 om. This reduced the stray light by an order of 

magnitude. The remaining stray light due to reflection and scattering is predicted to be less 

than 0.2% of the signal. 

In order to examine the effect of stray light caused by a bright source on pixels near 

the image of the source, an image was acquired of a target with a sharp transition between 

high and low reflectance regions. Figure 4.21 shows the digital counts as a function of 
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Figure 4.21: Digital count levels as a function of position near a high contrast transition. 
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position in the high contrast region. The falloff from high digital counts to low digital 

counts is spread over eight pixels. corresponding to an angular distance of about 0.4 degrees. 

This indicates that radiometric measurements near bright sources are only accurate at this 

angular separation from the source. For the measurements of sky radiance. which is a 

smoothly varying function, the effect of the light spreading over adjacent pixels is just a 

slight averaging of the radiance as a function of angle. 
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4.9 Temporal and temperatUl'e stability 

No information is currently available on the long-term stability of the camera 

calibration. The camera dark current is temperature sensitive, increasing dramatically if the 

detector temperature rises. In addition, the detector responsivity may also be affected by the 

temperature (see section 7.1). Therefore, it is quite important that the detector remain 

cooled to -450 C during the data acquisition. Unfortunately, as described in Chapter 7, there 

seems to be a problem with the temperature readout circuitry in the camera, especially when 

the camera is operating in a low temperature environment. The Photometrics system was 

really designed to operate in a laboratory setting, making it difficult to keep the detector cold 

when the ambient temperature is high and leading to uncertainty in the knowledge of the 

actual detector temperature as reported by the camera control system. Some of these 

problems may be solved if the system is installed inside a temperature controlled trailer. 

4.10 Polarization effects 

To investigate the polarization effects, a linear polarizer was placed in front of the 

camera and several images were taken in each band with the polarizer oriented in two 

perpendicular directions. For the central pixels there is no polarization dependence. There 

may be an effect off axis, but this has not yet been investigated. 



71 

W-,Estimation of error telms 

Table 4.3 provides a summary of all of the error terms associated with the data 

collection. The error terms are summed in quadrature to provide an estimate of the overall 

uncertainty in the measurements. The errors are listed in digital counts. In the cases where 

the errors are known in terms of percent, they were converted to digital counts by assuming 

an overall digital count level for the image. 

base 1 s lOs 1 s lOs 1 s lOs 1 s lOs 
noise 4DC 4DC 40 40 DC 400 400 4000 4000 

DC DC DC DC DC 

Digitization 0.3 DC 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 

Exposure 0.003s om 0.00 0.12 0.01 1.2 0.12 12.0 1.20 

Bias & dark 004 DC 0.4 0.4 0.4 0.4 004 0.4 0.4 0.4 
subtraction 

radiance non- 2.5% 0.1 0.1 1.0 1.0 10.0 10.0 100. 100. 
linearity 

FOVand 1%@ 0.04 0.04 0.4 0.4 4.0 4.0 40.0 40.0 
interpixel edge of 
correction field 

Shot noise (2e·)'i 0.45 0.45 1.41 1.41 4.47 4.47 l4.1 14.1 

Total (RSS) 0.68 0.68 1.85 1.85 2.93 2.91 2.73 2.71 

SNR 6:1 6:1 22:1 22:1 34:1 34:1 37:1 37:1 

Table 4.3: Error sources and magnitudes for two exposure times (Is and lOs) and four signal levels (4. 40. 
400, and 4000 Des). 
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4. 12 Conclusions 

The camera calibration revealed a non-linearity with exposure time. The cause of 

this non-linearity is not understood. The camera was modified to allow more spectral bands, 

and the extinction measurements are now performed with a fixed preset exposure time. 

Because the inversion routines rely on normalized measurements, absolute calibration is not 

critical at this time. Initial calibration of the camera showed promising results, and the 

camera may be accurately radiometrically calibrated in the future using the methods 

described here. The FOV calibration is very critical and has been performed for the three 

aureole bands. An error budget has been developed and SNR ratios estimated for various 

signal levels. 
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Here we describe methods, using data from the camera, for improving the 

atmospheric corrections for the in-flight, reflectance-based absolute radiometric calibrations 

of satellite imaging sensors, as conducted by the Remote Sensing Group of the Optical 

Sciences Center since 1983.1 At the time of the satellite overpass, the radiance measured by 

the satellite is predicted by solving the radiative transfer equation with the boundary 

conditions and the atmospheric parameters as input. Rayleigh optical depth is computed 

from the measured barometric pressure. From multispectral measurements of the aerosol 

optical depth, Biggar et al. 12 derived an associated Junge size distribution whose slope is 

provided by the spectral dependence of the aerosol optical thicknesses, ttl' Values of the 

later, determined over the spectral range 400 - 1020 om, are used to compute the best fit 

Junge size distribution for the particle size range 100 - 2500 om. The total ozone content 

is obtained from the ozone transmittance measured at several wavelengths in the Chappuis 

band. The water vapor absorption band at 940 om is used to determine the integrated water 

vapor amount in the atmospheric column.9 A refractive index (m - ik) is assumed for the 

aerosol. This index is assumed to be constant (1.44 -O.OlOi) over the particle size spectrum. 

When performing in-flight calibrations over bright targets, such as White Sands Missile 

Range, (WSMR), the resulting uncertainty due to the aerosol model is on the order of four 

percent.2 This remains the predominant error in the reflectance-based calibration method. 
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One critical parameter is the aerosol single scattering albedo, wo ' and the 

corresponding atmospheric absorption. Some diffuse-to-global measurements have been 

made in an attempt to deduce the imaginary part of the aerosol refractive index.45 However, 

the results have a high degree of uncertainty because careful measurements are required and 

a better description of the aerosols (mainly the abundance of the large particles but also the 

real part of the refractive index) is necessary to correctly interpret the measurements. 

Accurate measurements for the ground reflectance are also required. These measurements 

are part of the nOimal ground-truth data set acquired during a satellite calibration campaign. 

An alternative method was proposed by Biggar, et al.4ti to directly use diffuse-to

global measurements in detelmining the signal reflected by the target to improve the 

calibration accuracy. 

A further step was taken with the development of a CCD camera, described by 

Grotbeck, et al.,47 to measure both the direct and diffuse light reaching the ground at several 

wavelengths. One goal of this chapter is to present the inversion scheme used to derive the 

atmospheric parameters from these measurements. 

The water-vapor content is obtained from a differential method in the absorption 

band at 940 11m and the ozone is obtained from transmittance measurements at either 310 

11m or 525 11m. To extract the ozone content from the measurements, accurate correction for 

the aerosol transmittance is required. The aerosol transmittance is computed from the 

retrieved size distribution. The accuracy is linked to the aerosol and Rayleigh 

characterization. In addition to the ozone and the water vapor, the following are required: 
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extinction measurements at 380, 400, 440, 520, 610, 670, 780, 875, and 1045 nm, aureole 

measurements at scattering angles from 1" to 31" at 440, 875, and 1045 nm, and diffuse 

radiance measurements for scattering angles from 80° to 120' in the principal plane (for 

retrieval of the aerosol refractive index) at the aureole measurement wavelengths. Additional 

bands will be added in the near future to measure the polarization ratio in the principal plane 

for scattering angles between 70° and 110" at 880 nm for deteffi1ination of the imaginary part 

of the refractive index. 

The inversion to derive the aerosol size distribution was perfoffi1ed in four stages. 

(i) The scattered radiance at 24 angles in the aureole almucanter were extracted from 

the image. The effects of Rayleigh and mUltiple scattering were removed from the 

measurements. The Rayleigh scattering is quite small at this wavelength (875 nm) 

and only a crude calibration was required. The multiple scattering was corrected 

using the method proposed by Weinman, et al.,4R yielding aerosol single scattering 

measurements in the almucanter. This method employs an analytical small angle 

approximation for the equation of radiative transfer, which is subsequently inverted 

to estimate the multiple scattering contribution. The extinction measurements were 

also corrected for any gaseous absorption bands. 

(ii) The aureole measurements at 875 nm were then inverted simultaneously with the 

aerosol optical depths to obtain the aerosol size distribution. Using a longer wave

length for the aureole measurements is beneficial because larger particles can be 

detected while simultaneously reducing both the Rayleigh scattering and the multiple 
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scattering. An alternative band at 1045 nm may be used. Before using this band we 

want to be certain that the CCD ruTay sensitivity is not affected by temperature chan

ges. 

(iii) The diffuse-to-globalratio was calculated from the size distribution retrieved for 

each refractive index, and the best fit to the measured diffuse-to-global ratio was 

used to determine the imaginary part of the aerosol refractive index. In the future, 

measurements of the polarization ratio in the principal plane may also be used to 

determine the imaginary part of the refractive index. 

(iv) The inversion was performed for a set of refractive index values. The inversions of 

the aureole and of the optical thickness measurements are not expected to be 

sensitive to this parameter. The derived size distributions were used to predict the 

radiance in the near-backward direction and the results were compared to the 

measurements. The index for which the predicted and measured values best agreed 

was selected to represent the aerosol index. 

The main goal is not to describe the physical chru'actel'istics of the aerosols but, 

through the ability to invert the ground-based measurements, to retrieve an aerosol model 

whose optical properties are well enough defined to achieve accurate atmospheric 

corrections. 
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5.2 Demonstration of measurement sensitivity to desired parameters 
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In Figure 5.1 the scattering function is plotted for a set of size distributions. The size 

distributions follow a power law with Junge parameters ranging from 0.72 to 5.72. The 

complex index of refraction is set at 1.45 - O.OlOL It is clear that the measurements of the 

phase function can be used to derive information about the size distribution. 

--------------'-' ---.. ', 
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Figure 5.2: Aerosol scattering phase function for a Junge distribution and several different values of the real 
refractive index. The Junge parameter is 2.72 and the imaginary refractive index is -O.OlD. 

Figure 5.2 shows a set of scattering functions for particles following a Junge 

distribution with Junge parameter of 2.72 and variation of the real part of the index of 

refraction from 1.33 to 1.55. The imaginary part of the index is set at -0.010. Figure 5.3 

shows the scattering functions for the same Junge distribution except here the imaginary part 

of the index varies from 0.000 to -0.100 while the real part of the index is set at 1.45. It is 

quite clear that there is very little information about the index of refraction in the forward 

scattering direction. Moreover, because the inversion algorithms always adjusts the size 

distributions to retrieve the extinction and optical depth data. at whatever index is chosen 

as input into the inversion, these data alone are insufficient to determine the refractive index. 

--------------- --
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However, for scattering angles in the range from 80" to 120'. the scattering function is 

slightly sensitive to the real part of the refractive index (Figure 5.4). From ground 

observations, in the principal plane, scattering angles from 80" to 120" can be obtained at a 

solar elevation less than 30° for a view zenith angle above the horizon. The determination 

of the real part of the refractive index is based on this sensitivity by computing the root-

mean-square error between the principal plane measurements to their restitution for each 

refractive index. The refractive index that yields the smallest error is chosen. To use the 

aerosol model for another period of the day we have to monitor potential changes in the 
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aerosol nature or loading through optical thickness measurements as well as through sky 

radiance measurements. 

Figure 5.5 reveals that the polarization ratio for scattering angles between 80° and 

120° is sensitive to the imaginary refractive index. In addition, the diffuse-to-global ratio is 

quite sensitive to the imaginary refractive index. The single scattering albedo will be 

determined from polarization ratio and diffuse-to-global ratio measurements. The aerosol 

shape has a large effect on the polarization ratio. However, spherical particles are assumed 

in the retrieval. The retrieved distribution and index is therefore the best fit to the measured 
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data with the assumption of spherical particles, and as such it may not be an accurate 

representation of the true aerosol distribution and refractive index. It is important to 

remember that the primary task is to correctly predict the aerosol's effect on the radiative 

transfer. Because the model distribution matches the measured data the radiative transfer 

properties should closely match the actual aerosol radiative transfer properties. 

Figure 5.6 is a plot of the optical depth as a function of wavelength for particle 

distributions following a power law with Junge parameter ranging from 0.72 to 5.72. Figure 

5.7 shows a set of spectral optical depths for particles following a Junge distribution with 

-~--.- -- -----------
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Junge parameter of 2.72 and variation of the real part of the index of refraction from 1.33 

to 1.55. The imaginary part of the index is set at -0.010. Figure 5.8 shows the spectral 

optical depth functions for the same Junge distribution except here the imaginary part of the 

index varies from 0.000 to -0.100 while the real part of the index is set at 1.45. 

5,3 Basic inversion theory 

The generic problem under consideration is the inversion of the Fredholm integral 

of the fIrst kind, namely 
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g(V) = a K(x,y)f(x)dx . (5,1) 

83 

The quantity g(v) represents the measurement, K(x,y) is the kernel function, and f(x) is the 

quantity to be retrieved. 

The measurements are made only at a discrete set of points, Yi' Therefore, the 

Fredholm integral is rewritten 
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(5,2) 

This integral can be approximated as a sum 
N 

g(vj ) "' L aij I(xj ), 
j=1 

where 

(5,3) 

(5,4) 

The elements ajj fonn a matrix, If, and both g and I are vectors. The equation can now 

be written 
g = AI. (5,5) 
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In theory the inversion is then simple. All that needs to be done is the inversion of the 

matrix A. The values of f are then given by 

j = A-I g . (5,6) 

In practice the inversion is more difficult due to errors in the measurements. 

To solve this problem, many techniques have been developed. The method chosen 

for this investigation is a modified Chahine2i inversion. Starting with equation (5,3), an 

initial guess is made for the function f(x) , say fO(x). This guess is used to compute a new 

set of values g~, where the c stands for 'computed' and the zero is the iteration number. The 

ratio of the measured value to the computed value is taken thus 

(5,7) 

This ratio is used to apply a correction to the initial guess 

(5,8) 

In this manner the initial guess is improved at each point at each iteration. This process is 

continued until the desired convergence criterion is reached. There are actually three 

convergence criteria to be applied. The inversion may be terminated after a set number of 

iterations. The second method is to stop when the root sum square of the difference between 

the computed values and the measured values falls below a predetermined threshold. 
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/=N 

~[gm(Yi) -gC(V/)]2 ::; r 
1=1 

(5,9) 

where r is the cutoff criteria. The third method is to stop when the root sum square 

difference increases from the previous iteration. The second method is preferred. but the 

initial method of termination is useful when the inversion fails to converge adequately. The 

third method is useful when the inversion error exhibits oscillatory behavior. The remainder 

of this chapter will deal with the specific application of this process. 

5.4 Correction for the Rayleigh and multiple scattering contributions 

The earth's atmosphere is primarily composed of molecular particles with radii much 

smaller than the measurement wavelengths. For these particles the scattering is described 

by the Rayleigh formulae. The details of the derivation can be found in Van de Hulst49 or 

LiousO and the interested reader is referred there. The scalar phase function for Rayleigh 

scattering is 

p(cos(e» = _3_ (1 + cos2e). 
16 n 

(5,10) 

The scattering cross section is related to the scattering phase function by integration over all 

space 

)..2 J p(e)dw. 
4 n2 

all space 

(5,11) 

where dw is an infinitesimal of solid angle. The total scattering cross section for a 

collection of N molecules per unit volume is given by 

___________ ~___ _--0 
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C = 8n3Im2-112( 6+3P) 
seal 3N2 ')..:1, 6 -7p , (5,12) 

where In in the complex refractive index. The fmal term in parenthesis is a correction factor 

that must be applied for non-spherical particles and p is the anisotropic factor that results 

from the variation of refractive index with direction. The absorption cross section is given 

by 

-2n , 
Cabs = --1m (111- - 1) 

AN 
(5,13) 

The extinction cross section is the sum of the absorption and scattering cross sections, 

(5,14) 

The optical depth due to Rayleigh scattering can be calculated reasonably well from 

pressure measurements made on the ground, thus: 

(5,15) 

where '1:" is the optical depth at the pressure P and P is the pressure measured at the 
"0 u g 

ground. The contributions to the diffuse sky radiance measurements due to Rayleigh 

scattering and aerosol multiple scattering are computed using the method proposed by 

Weinman, et al.4B We then have aerosol single scattering measurements in the almucanter. 

---------.-~ --
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5.5 Inversion of the extinction measurements 

For the size of aerosols under consideration, the scattering process is described by 

the theory first developed by Gustov Mie in 1908. The theory is strictly valid only for 

spherical particles. All of the inversion processes to be discussed assume spherical particles. 

This results in the retrieval of an effective size distribution that has the same radiometric 

effect as a collection of spherical particles. More complete derivation of the Mie theory can 

be found in many sources.49.5O.51 The equations of primary interest are repeated here. 

The radiation being observed is far removed from the scattering particle and the Mie 

equations can be used. In this approach, the radial components of the electric field are 

neglected and the tangential components are described by two scattering parameters: 

where 

and 

i-- 2/1 + 1 S 1 (e) = L. [a 1t (cos e) +/J t (cose)] 
n=1 /1(/1+1) linn n 

i-- 2/1 + 1 
S2(e) = L. [bn1tn(cos8)+antn(cos8)] , 

n=1 /1(/1+1) 

1tn(cos8) = _.1_p ;(cose) 
sm8 

tn(cose) = ~ p ;(cos8) . 
d8 

(5,16) 

(5,17) 

(5,18) 

(5,19) 
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The functions an and bn are given by 

(5,20) 

and 

(5,21) 

where t/Tn and ~n are the Riccati-Bessel functions 

(5,22) 

and 

(5,23) 

The functions Pn1 are the associated Legendre polynomials, ct is the size parameter 

(ct=2rr.r/t..), In in the complex index of refraction, y is the product of the index and the size 

parameter, In.l{}.(ct) is the Bessel function, and H~:~!2 is the half integer order Hankel 

function of the second kind. 

The scattered electric field in the two planes of polarization can now be written in 

terms of the incident field and a scattering matrix 



= e -ikr+ikz (Si8) 0) ( E/] 
ikr 0 SI(8) E/ 

The radiation intensity is related to the electric field by the intensity functions 

i l(8) = ISI(8)1 2 

i2(8) = IS2(8)1 2 

i3(8) = S2(8) S I' (8) 

i.j(8) = SI(8) S2'(8) 

90 

(5,24) 

(5,25) 

The intensity functions are used to develop the scattering matrix for each individual particle. 

Note that the intensity functions are dependent on particle size and refractive index, as well 

as on the wavelength and scattering angle. 

The first step in the inversion of the optical depth spectral variation for the retrieval 

of the size distribution is to write the problem in the form of a Fredholm integral of the first 

kind. The irradiance in the direct solar beam outside of the earths atmosphere is given 

by lo.v The measurement that is made is the direct ilTadiance at the ground, I}... These 

quantities are related by the optical depth, t}.., as follows: 

(5,26) 

where a refers to aerosol particles and r refers to Rayleigh particles. Taking the natural 

logarithm of both sides and rearranging yields 
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(5,27) 

The Rayleigh optical depth is computed as described above, and the aerosol optical depth 

is the desired datum. This can be written as a Fredholm integral as follows: 

't'a.l. = ! !CeXI(r,t..) lI(r) dr dz 
o 0 

(5,28) 

By assuming a uniform distribution with height, the integral over z can be performed. 

't'a.l. = fCw(r,t..) N(r) dr . 
() 

(5,29) 

The size distribution is now the total number of particles in an atmospheric column. 

This assumption is equivalent to saying there is no information about the vertical profile. 

The retrieved size distribution is an effective distribution for the column of air between the 

observer and the sun. The quantity N(r) is the size distribution function, which is what we 

are trying to retrieve. The kernel is the extinction cross section per panicle, and is related 

to the extinction efficiency factor by 

C (rA) = 1tr2Q (rt..) 
e.tl ' exl ' • 

The extinction cross section is computed from the Mie theory by the relation 

Qe.tl = 4~ Re (S(O»). 
k-

where S(O) is given by 

1 ro 

S(O) = SI(O) = S2(0) = -2: (211+1)(an +bn)· 
2n=1 

(5,30) 

(5,31) 

(5,32) 
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The values of the kernel can be pre-computed and stored in a look-up table for easy access. 

We have a set of nine optical depths measured both by the CCD camera and a solar 

radiometer. We normalized the measurements to unity at A = 1.02 pm. We then have a 

well known set of linear equations with 

't~ = J 'It I' 2 Qe.t/(r,A j ) NCr) dr. 
() 

(5,33) 

We assume that the particle number within the size class can be represented by an average 

for the class and taken out of the integral, thus 

(5,34) 

where 

'i J N(r) 'It,.2 Qex1 dr 

'J 

= 'i_I 

'J 
(5,35) Nj = 

J 'It 1'2 Qex/(r,A) dr J 'It 1'2 Qex/(r,A) dr 

'i_I 'i_I 

We prefer to work in terms of 

f.
, ?-

S. = J 'It I' - N.(r) dr = 
J, J 

i-I 
(5,36) 
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the geometrical cross-section of the class, integrated over the atmospheric column. 

Equations (5,34) through (5,36) yield 

(5,37) 

where 

') 

J 1t r 2 Qe.tt(r,A) dr 
Q/ = ...:.')...:.-1 _____ _ 

') 
(5,38) 

J 1t r2 dr 

')-1 

This inversion problem is well known and several inversion methods are available 

such as the King method,1I which was used by Hart52 to check the differences, in terms of at-

satellite radiances, between a prediction based on a Junge size distribution and one based on 

an inverted distribution. 

We preferred to develop an inversion method that is similar to the one we will use 

for the aureole measurements. The method is based on the association of a size class 

[rj _1' r) with a specific wavelength Ai for which the kernel Q/ is a maximum. 
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The inversion method is an iterative technique based on an initial guess for the size 

distribution. First, at the order 0, the geometrical cross-section is computed for a Junge size 

distribution with a slope equal to 4. Second, at the order p, we write 

(5,39) 

where < is the measured optical thickness at the wavelength \ associated with the size 

class i while <.P-I is the computed value according to equation (5,37) with the cross

section detelmined at order (p-l). 

The only remaining question is how to choose the particle size classes and 

wavelengths for the kernel matrix and size distribution function. Obviously, there cannot 

be more particle size classes retrieved than wavelength measurements made. However, the 

information content of the measurements relative to the sharpness of the kernel functions 

may require fewer classes than measurements. The wavelength range covered dictates the 

particle classes that can be used. Figure 5.9 is a plot of the extinction coefficient, Q, versus 

the size parameter, a = 2 11: r I A, for different values of the particle refractive index. This 

classical plot shows a maximum for Q when m = 1.50 at a = 4. Therefore, when m = 1.50, 

at A=1 ~m a size class with a mean radius of 0.6 ~m will have its maximum weight. The 

location of the maximum depends on the real part of the refractive index while the imaginary 

part reduces its amplitude. The location of this peak is a function of the refractive index, but 

for indices in the range from 1.25 to 1.55, the peak location can be written approximately 

as a linear function of the size parameter: 

amnx .. 21.3 - 11.5 * II , (5,40) 
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Figure 5.9: Extinction coefficient. Q. as a function of the Mie parameter. !x. From Van De Hulst4
". 

where ((max is the size parameter corresponding to the peak in the extinction parameter. 

Clearly then, for each wavelength measured there is a particle size that gives the size 

parameter corresponding to this maximum. Unfortunately, the limitations on the range of 

wavelengths suitable for the measurements result in a set of particle classes in a small range. 

However, it is still possible to stretch this range to cover a larger set of radii, with the 

tradeoff that the inversion may not be as well constrained. Therefore, particle classes are 

chosen to cover the range from 0.10 J.l m to 2.0 J.l m. These classes have a slight dependency 

on the index. While there is little effect on the convergence of the inversion, the problem is 

better constrained by choosing a different size class set for each index. Table 5.1 lists size 

----- - -------------
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classes for a set of particle refractive indices based on the relationship between the kernel 

maximum and size parameter. Actually, the last size class does not have a well defined 

upper limit since large particles have a nearly constant extinction coefficient oscillating 

around 2. The geometrical cross section of this class corresponds to the particles of radius 

larger than 1'8' Further discussion of the size class choices is presented in the section 

describing the combined inversion method below (section 5.7). 

5.6 Inyersion of the aureole measurements 

As in the extinction case, the first step is to write the problem in the fonn of a 

Fredholm integral. The aureole measurements are converted into an aerosol scattering phase 

function. This transfonnation requires correction for Rayleigh scattering, for which we need 

to have calibrated values of the radiance but, at this point, a low accuracy will not strongly 

affect the correction since the Rayleigh scattering is weaker than the aerosol scattering by 

one to two orders of magnitude. The Rayleigh scattering contribution is then subtracted with 

the assumption that the coupling terms between aerosols and molecules are negligible. The 

m rO rl r2 r3 r4 r5 r6 r7 r8 

1.90 0.10 0.20 0.25 0.30 0.35 0.40 0.50 0.60 0.75 
1.80 0.10 0.20 0.25 0.30 0.35 0.40 0.50 0.60 0.75 
1.70 0.15 0.25 0.30 0.35 0.40 0.50 0.60 0.70 0.80 
1.60 0.15 0.25 0.30 0.35 0.40 0.50 0.60 0.70 0.80 
1.55 0.15 0.28 0.34 0.42 0.50 0.60 0.70 0.80 0.90 
1.50 0.20 0.32 0.38 0.48 0.58 0.68 0.78 0.88 0.98 
1.45 0.20 0.32 0.38 0.48 0.58 0.68 0.78 0.88 0.98 
1.40 0.20 0.35 0.45 0.55 0.70 0.80 0.90 1.00 1.10 
1.37 0.20 0.40 0.50 0.65 0.80 0.90 1.00 1.10 1.20 
1.33 0.20 0.40 0.50 0.65 0.80 0.90 1.00 1.10 1.20 

Table 5.1: Particle size class radii limits in micrometers for extinction inversion at various refractive indices. 
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aerosol radiance La is corrected for the mUltiple scattering using the method developed by 

Weinman et al.48 or using look-up tables resulting from transfer equation code computations. 

The radiance due to aerosol single scattering, La1(e) , is transformed into the aerosol phase 

function, Pa(e) , according to the equation 

(5,41) 

where ).Iv is the cosine of the VZA (also the SZA if we are working in the almucanter 

region) and Es is the exoatmospheric irradiance at the measurement wavelength. This 

equation is only valid for small optical depths. 

To transform La
1 

into P a' we need to know 'til' which is measured by solar 

extinction, and also w:. In fact, if the single scattering albedo is unknown, the aureole 

measurements can still be inverted to obtain a relative size distribution, because the size 

distribution is provided by the shape of the forward peak. Uncertainties in the phase 

function absolute value will simply result in an error for the total number of particles in the 

atmospheric column, not in their relative size spectrum. In fact, after the Rayleigh scattering 

correction is made, we can normalize the aureole measurements and simply work with the 

shape of the forward peak. 

The measured radiance is proportional to the columnar particle scattering phase 

function, Fpc' Because we are working with normalized measurements, the measurements 

are simply proportional to the columnar particle phase function at the scattering angle tp, 

which, according to the Mie theory, can be written as 
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Pa(lJ!,')..) ex !(il+i2)Nc(r)dr . (5,42) 
II 

Equation (5,42) can be written as 

P)lP,')..) '" ! Q S(r,')..) P(r/')..,lJl) r~ 7t NC<r) tlr . (5,43) 
II 

where Q S (/',')..) is the scattering efficiency factor and P (/'/')..,lJl) is the particle scattering 

function. This is the Fredholm integral that must be inverted to give Ne(r) , the columnar 

size distribution. 

The kernel in the Fredholm integral is given by Mie theory described above. 

Obviously, the kernel is a function of particle radius, 1'. In addition the kernel is a function 

of both scattering angle, lJl, and wavelength, ')... Ideally, the measurements would all be 

made at a single wavelength. However, there is a direct relationship between scattering 

angle and wavelength due to the spectral shift of the ftlters with incidence angle. In practice, 

the effect of this shift is negligible as far as the inversion results are concerned. Therefore, 

the functional dependence of the kernel can be reduced to radius, scattering angle, and 

refractive index. The method used for this inversion is to calculate a family of kernel 

matrices, each member of the family belonging to a given refractive index. The 

measurements are inverted to give a different size distribution for each refractive index in 
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the family. Once the refractive index is found using the method described below (section 

5.7), the correct size distribution and refractive index is selected. 

The inversion of the aureole is described by Santer and Herman. 27 The first step is 

to rewrite equation (5,43) for a discrete set of measurements, with each measurement 

corresponding to a particle size class. We assume that the particle number within the size 

class can be represented by an effective number of particles for the class and taken out of 

the integral, thus 

N ') 

P: = ft1 Nj J 1t 1'2 Q S(r,A) P(r/A,lJ!;) dr, 

r)'1 

(5,44) 

where 

r) 

f N(r) 1t I' 2 Q "(r,A) P(r/A,PSQ) dr 

~ = 
= rj-I 

(5,45) 
r) 

f 1t r:! Q S(r.A) P(r/A, lJ1) dr J 1t r 2 Q S(r,A) P(r/A, lJ1) dr 

r)'1 r)'1 

As in the extinction case, we prefer to work in terms of 

f r ~- -fr ~ S.= ) 1tr-N(r)dr = N(r) ) 1tr-dr , 
J ) ) 

r).1 r)'1 
(5,46) 

the geometrical cross-section of the class, integrated over the atmospheric column. 

It should be noted that the scattering angle is not the same as the azimuth angle in 

the aureole. The scattering angle is a function of both the azimuth angle of the measurement 

---- ----_ .... _-_._--_. --
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and the solar zenith angle. If the measurements are made along the solar almucanter the 

relationship between scattering angle and view azimuth angle can be expressed by the 

equation 

(5,47) 

Scattering angles as large as 310 along the solar almucanter can be obtained for solar zenith 

angles greater than 15.so. 

We express here the phase function at a scattering angle tp as 

24 

Pa(lP) = L Sj (Q S P(tp»j , 
j=l 

(5,48) 

with the 24 geometrical cross-sections for the size classes as defined below. (Q S P(tp»} is 

defined as the average over the size class of the phase function weighted by the scattering 

coefficient, 

(:1 1t r2 Q S(rF)..) P(rr).., tp) dr 
(Q S P(tp». = --'--______ _ 

J 

J
r. ~ 
J 1t r- dr 

rJ-1 

(5,49) 

We included the scattering coefficient in the kernel in order to have inverted values that are 

purely geometrical. 

The paper by Santer and Herman27 demonstrates that at a given scattering angle 

there is particle size which provides the maximum contribution to the phase function. The 

---------------------
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relation between scattering angle and particle radius for which the maximum contribution 

to the phase function occurs is provided by diffraction theory with 

r 17 -"'-A 'II 
(5,50) 

where tp is in degrees. 

As in the extinction case above, the set of measurements and particle size classes 

must be chosen with some care. As pointed out by Santer and Herman27
, suitable choices 

for the size classes are in the range 

!.l.r = 0.4 
!.l.r = 0.5 
!.l.r = 1 

for 0.4 ~ riA !> 4, 
for 4!> riA !> 7, 
for 7 ~ riA !> 10. 

(5,51) 

Equations (5,50) and (5,51) give an indication of the appropriate class choice. The tables 

below give the twenty-four size classes and angles chosen for measurements with the 880 

nm band. We note that relation (5,50) does not depend on the refractive index. 

We now describe the inversion scheme. At the order zero, the theoretical data 

p (0) (8) at 880 nm are computed for the pre-defined set of refractive indices and a Junge 

size distribution with a slope equal to 4. The phase function P: (8) is computed following 

equation (5,48). The aureole measurements provided the geometrical cross section at the 

order p for classes j = 1 to 24 by 

(5,52) 

--------_._-----. 



where pm (tpj) refers to the measured value. An iterative 

process is used until a stopping criterion is reached. This can 

either be a set number of iterations or a cutoff value for the 

error between the measurements and the phase function 

computed from the retrieved distribution. 

Finally, we notice that the phase function computed in 

equation (5,48) is not normalized. The normalization is 

obtained through equation (5,52) if the measurements are 

perfectly calibrated and if the particles are not absorbing. 

Otherwise, we have a systematic bias on the particle 

abundance but the iterative process converges normally. 

5.7 Combined inversion 

The complementarity of aureole and extinction 

measurements is quite obvious. The shape of the forward peak 

is dominated by the distribution of large particles while the 

spectral dependence of the optical thickness results from the 

small particle distribution.s3 Devaux, et at' already took 

advantage of this complementarity to associate particle classes 

both from extinction and aureole inversions. We would also 

Thetn 

1.1 

1.3 

1.5 

1.7 

1.9 

2.2 

2.6 

3.2 

3.8 

4.7 

5.8 

7.3 

10.6 

11.6 

13 

15 

17 

19 

21 

23 

25 

27 

29 

31 
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Meanr 

13.75 

11.25 

9.5 

8.5 

7.5 

6.5 

5.5 

4.6 

3.8 

3.10 

2.50 

2.0 

1.6 

1.25 

1.0 

0.85 

0.75 

0.65 

0.55 

0.46 

0.38 

0.31 

0.22 

0.08 

TABLE 5.2: Scattering angle 
like to combine the two data sets to obtain a size distribution with corresponding mean 

radius (pm) for aerosol size 
for the entire range of particle radii. The flrst step is to adjust classes. 



103 

the size class choices so that the small particle size classes used for the aureole inversion 

match the classes chosen for the optical depth inversion. Table 5.3 gives the size classes 

used for the set of refractive indices. 

The inversions of the aureole and optical depth measurements lead to two different 

size distributions: S~ are from the aureole inversion, while s.; are from the optical depth 

inversion. We would like to combine these inversions to obtain a single size distribution that 

correctly predicts the scattering phase function and optical depth. Unfortunately, there is no 

guarantee that a single distribution for Sf w~l1 in fact allow the simultaneous retrieval of 

both the optical depth and scattering phase function. This is because of the method used to 

defme S/' through an effective particle number for each class in equations (5,36) and (5,46). 

In order to investigate this, a Junge size distribution was chosen and the size distributions 

were calculated using equations (5,35), (5,36), (5,45), and (5,46). The study indicates that 

there is in fact some variation in the effective size distribution that gives the correct optical 

depth and phase function, depending on whether the distribution is calculated using the 

optical depth equations (5,35 and 5,36) or the phase function equations (5,45 and 5,46). 

Furthermore, the distribution shows variation depending on the wavelength used for the 

calculation with equations (5,35) and (5,36) or the scattering angle chosen in equations 

(5,45) and (5,46). However, the variations are not large, and the study suggests that a 

unique size distribution can be used to retrieve both the spectral dependence of optical depth 

and the scattering phase function. The variation is most likely the limiting factor on how 

well the inverted size distribution can be used to reconstruct the input data. This in turn 

limits the accuracy of satellite calibrations based on radiative transfer codes using the 

retrieved size distributions as input. However, as pointed out in the next chapter, simulated 
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1.33 1.37 1.40 1.45 1.50 1.55 1.60 1.70 I.RO 1.90 

~ 0,01 0,01 O.oJ O.oJ lUll O.oJ O.oJ O,()J O,()J lUll 

r 0.20 0.20 0.20 0.20 0.20 0.15 IUS IUS IUO 0.10 

r 0..10 0.40 0.35 0.32 0.32 0.28 0.25 0.25 0.20 0.20 

r 0.50 0.50 0.45 0.38 0.38 0.34 n.30 0.30 0.25 0.25 

r 0.65 O.GS 0.55 OAR O.4R 0..12 IU5 1),35 0.30 0.30 

r, 0.80 O.R 0.7 O.5R 0.58 O.SO 0.45 0.45 0.40 0.40 

r 0.90 0.9 0.8 0.68 0.6R 0.60 0.60 o.m 0.50 0.50 

r 1.00 1.0 n.9 0.78 0.78 0.70 n.70 0.70 0.(") 0.60 

r. 1.10 1.1 1.0 0.R8 0.88 0.80 0.80 0.80 0.75 0.75 

r. 1.20 1.2 1.1 0.98 0.98 0.90 0.90 0.1)() O.')!) 0.90 

rIO 1.30 1.3 1.25 1.1 1.1 1.1 1.1 1.1 1.1 1.1 

r 1..10 1.4 1.4 1..1 1..1 1..1 1..1 1..1 1..1 1..1 

ru I.RO I.R I.R 1.8 1.8 1.8 1.8 1.8 1.8 1.8 

r .. 2.20 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 

r .. 2.80 2.R 2.8 2.8 2.8 2.8 2.8 2.R 2.8 2.8 

r 3..10 3.4 3.4 3.4 3..1 3..1 3..1 3.4 3..1 3.4 

r 4.20 4.2 4.2 4.2 4.2 4.2 4.2 4.2 4.2 4.2 

rl1 5.00 5.0 5.0 5.0 5.0 5.0 5.0 S.O 5.n 5.0 

rlH 6.00 G.O 6.0 6.0 6.0 6.0 6.0 (,J) (i.0 6.0 

r,. 7.00 7.0 7.0 7.0 7.0 i.O 7.0 7.0 7.0 7.0 

r tQ _ 8.00 R.O R.O 8.0 R.O R.O 8.0 R.O 8.0 R.O 

r" 9.00 9.0 9.0 9.0 9.0 9.0 IJ.O 9.0 !J.O 9.0 

ru_ 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 W.O 10.0 

r" 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 

r" 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 

Table 5.3: Particle size class boundaries for combined inversion for various real refractive indices. 
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retrievals indicate that the retrieved distributions lead to calibration errors that are usually 

less than one percent, which is an improvement over retrievals based on the optical depth 

inversion alone. It should be noted that in the simulations the ground reflectance was 

assumed known and the particles used were spherical. Therefore, the errors in the upward 

radiances using a retrieval based on real data will be greater than the errors calculated in the 

simulations. 

The goal is to preserve the contribution to the phase function from the small particles 

while maintaining their distribution shape according to the inversion of the optical depth 

measurements. The question is how best to combine the two data sets. We have 

investigated two basic approaches. 

In the fIrst approach, the contribution to the scattering optical depth from the small 

particles is preserved. First, we assume that the large particle abundance is described by the 

aureole measurements, 

(5,53) 

and second, at each iteration, we res ample the distribution in the nine size classes according 

to the optical depth inversion, 

9 
L S~ Q.s 

I I 

js9 S.(p) = s.(P) _i_=1 __ _ 
} j 9 (5,54) 

L s.~ Q/ 
i + 1 I 

-------------_._--_. 



106 

where Sf are from the aureole inversion. while s.; are from the optical depth inversion. 

Equations (5.53 and 5.54) express the coupling between the two inversion methods if we 

make a relevant modification of equation (5.37) to compute the aerosol optical depths. 

24 
t~ ().) = L Q/ ().) S/ 

j=1 
(5,55) 

Equation (5.54) ensures that the contribution to the scattering optical depth from the small 

particle distribution obtained from the aureole measurements is preserved when the 

distribution shape is replaced by the small particle distribution retrieved form the optical 

depth measurements. However, there is no guarantee that the final distribution will be 

continuous at the ninth size class. which is the boundary between the two inversions. 

In order to address the continuity problem. a different method of combining the 

inversions was investigated. The second method also replaces the distribution obtained from 

the aureole inversion for the fIrst nine classes with the distribution obtained from the optical 

depth inversion. However. in this case the distribution is rescaled so that the number of 

particles retrieved from both methods agrees in the ninth class. thus: 

(5,56) 

and 

js9 (5,57) 
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In this cases the retrieved distribution is guaranteed to be continuous, but there is no 

guarantee that the contribution to the scattering from the small particles is of the proper 

magnitude. 

The methods described above assume there are nine size classes for the optical depth 

retrieval. If, due to information content considerations, a smaller number of size classes is 

chosen for the optical depth inversion the equations are adjusted accordingly. 

Because we are primarily concerned with radiometric predictions, we are more 

interested in the ability to accurately model the radiative transfer in the atmosphere based 

on the retrieved distribution than in the accurate retrieval of the true distribution. In fact, 

the first retrieval method gives a size distribution that appears physically less realistic but 

may do a better job radiometrically than the second distribution. This will be discussed in 

more detail in the following chapters. 

5 8 Retrieyal of the refractive index 

The real part of the complex refractive index is determined from a set of 

backscattering measurements. As indicated above, the convergence of the inversion in the 

forward scattering direction is not very sensitive to the index of refraction. However, 

because the inversion can be performed very quickly on today's computers, it is possible to 

invert the measurements using Kernel matrices for each refractive index. The results from 

each inversion can be entered into the radiative transfer code and used to predict the radiance 

distribution for scattering angles between 80° and 12(J'. The index which yields the best 
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agreement between the predicted and measured radiances best is chosen. In this manner, the 

real part of the refractive index is obtained. It should be noted that the retrieval of the real 

part of the refractive index must be perfonned after the imaginary part is detennined using 

the method described below. 

The imaginary index may be detennined if the measurements are calibrated in 

radiance. Unfortunately, small errors in the calibration will lead to incorrect results. The 

imaginary index can also be determined from diffuse-to-global measurements.J5 The 

diffuse-to-global ratio derived from the retrieved size distribution for each refractive index 

is compared to the measw-ed ratio and the best match for the imaginary part of the refractive 

index is selected. Simulated inversions (see chapter 6) indicate this will always give the 

correct imaginary index, but the method will be limited by the accuracy of the diffuse-to

global measurements in the field. Finally, the polarization ratio in the principal plane can 

be used to retrieve the imaginary index in the same manner as the backscattering 

measurements are used to retrieve the real index. This method is not as reliable as the 

diffuse-to-global measurements and the camera has not yet been modified to include 

polarization capabilities. However, in the absence of diffuse-to-global data this may be 

useful. 

5.9 Verification with the 440-nanometer band 

Once the effective size distribution has been retrieved, the results must be entered 

into a radiative transfer code. The radiative transfer code predicts the radiance as a function 

of angle at a wavelength of 440 nm. This radiance must have a small correction factor 
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applied to account for the shift in wavelength due to incidence angle. The correction is 

primarily for the radiance contributed by Rayleigh scattering, and is approximately linear 

with angle. The predicted radiance can then be compared to the measured radiance. Good 

agreement between the two indicates that the retrieved size distribution adequately models 

the scattering effect of the aerosols for use in the radiative transfer codes. 

5.10 Ozone. water vapor. and molecular oxygen bands 

Once the total optical depths as a function of wavelength are retrieved. they must be 

separated into three parts, the Rayleigh optical depth, the aerosol optical depth, and the 

gaseous absorption optical depth. The Rayleigh optical depth is easy to calculate from the 

pressure measurements. The primary absorbing component to be separated is the ozone. 

Several methods can be used to do this and they are described in the paper by Flittner et al. 17 

In the future, the camera could have some UV channels added to provide a better ozone 

extraction. The other components that can be separated are the water vapor from the 950 

nm band. This problem can be handled using the method described by Thome et a1.9 

Santer55 has suggested using the molecular oxygen band at 973 nm to retrieve some 

information about the aerosol vertical profile. Much more work must be done to determine 

the feasibility of this approach. 
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Our main goal is not to describe the physical characteristics of the aerosols but, 

through the ability to invert the ground-based measurements, to retrieve an aerosol model 

whose optical properties are well enough defined to achieve accurate atmospheric 

corrections. The performances of the inversion will be examined for calibrations over 

WSMR. Calibration will be a more difficult task in the case of SeaWiFS which the Remote 

Sensing Group plans to calibrate over the low reflectance target of Lake Tahoe (Calif.), 

where the atmospheric component is by far the most dominant and the atmospheric 

parameters must be well defined. We wanted to check our inversion schemes on 

representative models. The inversion perfOlmance has already been described3 for the three 

standard aerosol models (continental, maritime, and urban) proposed by the WMO.56 

Retrievals of these models are difficult tasks because they correspond to a mixture of four 

basic aerosol components (dust-like, oceanic, water-soluble, and soot) while the inversion 

is traditionally conducted assuming an unique refractive index value. In addition, we also 

wanted to compare the inversion performance directly with the constrained linear inversion 

method used by Devaux et al.54 Simulated inversions with noise applied to the data are 

presented in section 6.4. 

6.1 Retrieyal of model atmospheres 

In order to perform this comparison, we chose to simulate several size distributions: 

(I) a Junge distribution with a Junge parameter of 2.72 and a refractive index of 1.45 -O.OlOi, 
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(ii) a log-normal distribution with a mean radius of 0.3 micrometers. a standard deviation 

of 0.6 micrometers and a refractive index of 1.37 - O.OOOi. and (iii) a bimodal distribution 

composed of two log-normal distributions with mean radii of 0.5 and 0.1 micrometers. 

standard deviations of 0.475 and 0.4 micrometers. and a refractive index of 1.55 - 0.005i. 

For the bimodal distribution. the two log-normal distributions were weighted to give equal 

contributions to the aerosol optical depth at 875 nm. For each distribution. the optical depth. 

scattering phase function. downwelling radiance and polarization ratio in the principal plane. 

and diffuse-to-global ratio were calculated. These values were calculated for the nine 

possible combinations of three ground reflectance values (0.02. 0.30. and 0.65) and three 

solar zenith angles (75°. 60". and 30°). 

The simulated data were then used as inputs to the inversion routines. Four different 

inversion routines were evaluated. Inversion A used nine size classes for the optical depth 

inversion and combined the aureole and optical depth inversions by preserving the scattering 

optical depth contributions (see section 5.6). Inversion B also used nine size classes for the 

optical depth inversion and combined the aureole and optical depth inversions by matching 

the distributions at the ninth class. Inversions C and D used five size classes for the optical 

depth inversion and combined the aureole and optical depth inversions using the scattering 

contribution method for C and the boundary matching method for D. In the last two cases. 

the five size classes used for the extinction measurement inversion correspond to the five 

smallest size classes for each refractive index given in Table 5.3. The corresponding 

wavelengths used for the extinction inversions are 0.380. 0.440. 0.610.0.780. and 1.045 

micrometers. 
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Table 6.1: Diffuse-to-global ratios from retrieved size distributions as a function of real and imaginary 
portions of the refractive index. Data are for a simulated Junge distribution with refractive index of 1.45 -
O.OlL 

real index imaginary index 

-0.000 -0.005 -0.010 -0.050 -0.100 

1.33 0.135 0.126 0.121 0.095 0.074 

1.37 0.135 0.127 0.121 0.097 0.07.7_ 

1.40 0.135 0.126 0.121 0.098 0.079 

1.45 0.135 0.126 0.121 0.099 0.082 

1.50 0.135 0.126 0.121 0.100 0.084 

1.55 0.135 0.126 0.121 0.100 0.085 

1.60 0.135 0.126 0.121 0.100 0.087 

1.70 0.134 0.126 0.121 0.101 0.088 

1.80 0.134 0.126 0.121 0.102 0.090 

1.90 0.134 0.126 0.122 0.103 0.091 

The basic procedure for all four inversion methods was as follows. First, the phase 

function and optical depth data were inverted to derive a set of size distributions for a series 

of refractive index values. The refractive index values comprised a set of 50 different 

combinations, with the real part being 1.33, 1.37, 1.40, 1.45, 1.50, 1.55, 1.60, 1.70, 1.80, or 

1.90 while the imaginary part was 0.000, -0.005, -0.010, -0.050, or -0.100. Once the size 

distributions were obtained, they were used to calculate the diffuse-to-global ratio along with 

the radiance and polarization ratio in the principal plane. The calculated values were then 

compared to the input values of these quantities to determine the refractive index values and 

size distribution that gave the best match. 



113 

Table 6.2: RMS errors between measured polarization mtio and mtio calculated from retrieved size 
distributions as a function of real and imaginary portions of the refractive index. Values are in percent. 

real index imaginary index 

-0.000 -0.005 -0.010 -0.050 -0.100 

1.33 3.5 8.0 11.3 27.0 39.3 

1.37 1.3 5.5 8.80 24.6 37.1 

1.40 2.9 1.8 4.9 21.3 34.1 

1.45 8.1 3.7 0.6 17.3 31.0 

1.50 10.8 6.5 3.1 14.7 28.8 

1.55 19.3 15.3 12.0 5.9 20.5 

1.60 21.1 16.8 13.4 5.3 20.4 

1.70 28.0 23.9 20.6 1.8 14.4 

1.80 27.6 23.4 20.1 2.6 12.3 

1.90 32.6 28.9 26.0 8.9 6.1 

The method for selecting the refractive index and size distributions was based on the 

results from these tests. The most obvious conclusion from the tests was that the diffuse-to-

global ratio is the best method for determining the imaginary part of the refractive index. 

The ratio always gave the correct imaginary refractive index for all four inversion methods 

and all nine physical models. An example of the retrieved diffuse-to-global ratios for the 

set of refractive indices is presented in Table 6.1. This case corresponds to the first size 

distribution model for a SZA of 30° and a ground reflectance of 0.65. The true refractive 

index for this model was 1.45 - O.OlOi and the true diffuse-to-global ratio was 0.120. 

Inversion A was used to obtain these results. The best choice for the imaginary part of the 

refractive index was -O.OlO, which is the correct value. It should be noted that the ground 
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Table 6.3 Retrieved imaginary refractive index using the polarization ratio method for the Junge model. 
Note true value is -O.OlD. 

p SZA Inversion A Inversion B Inversion C Inversion D 

0.02 75 -O.OlD -0.005 -0.000 -0.010 

60 -O.OlD -0.005 -0.000 -O.OlD 

30 -O.OlD -0.050 -O.OlD -0.010 

0.30 75 -O.OlD -0.005 -0.000 ·0.050 

60 -O.OlD ·0.005 -0.000 -0.050 

33 -O.OlD -0.010 -O.OlD -0.005 

0.65 75 -O.OlD -0.005 -O.OlD -O.OlD 

60 -O.OlD -0.005 -O.OlD -O.OlD 

30 -0.000 -0.000 -O.OlD -0.000 

p SZA Inversion A Inversion B Inversion C Inversion D 

0.02 75 -0.005 -0.050 -0.010 -0.005 

60 -0.005 -0.050 -O.OlD -0.100 

30 -0.005 -0.005 -0.010 -0.005 

0.30 75 -0.005 -0.005 -0.000 -0.005 

60 -0.000 -0.010 -0.100 -0.005 

33 -0.000 -0.000 -0.005 -0.005 

0.65 75 -0.005 -0.005 -O.OlD -0.005 

60 -0.005 -0.005 -O.OlD -0.005 

30 -0.005 -0.000 -0.005 -0.000 

Table 6.4 Retrieved imaginary refractive index using the polarization ratio method for the 
lognormal model. Note true value is -0.000. 
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Table 6.5 Retrieved imaginary refractive index using the polarization ratio method for the bimodal model. 
Note true value is -0.005. 

p SZA Inversion A Inversion B Inversion C Inversion D 

0.02 75 -O.OlD -0.005 -0.005 -O.OlD 

60 -O.OlD -0.005 -0.005 -O.OlD 

30 -O.OlD -0.005 -0.005 -O.OlD 

0.30 75 -O.OlD -0.005 -0.005 -O.OlD 

60 -0.000 -0.000 -0.005 -0.000 

33 -O.OlD -0.005 -0.005 -O.OlD 

0.65 75 -O.OlD -0.005 -0.005 -O.OlD 

60 -O.OlD -0.005 -0.000 -O.OlD 

30 -O.OlD -0.005 -0.005 -O.OlD 

reflectance must be known accurately in order for this method to work. In all of the 

simulations the ground reflectance was assumed known. In addition, the diffuse-to-global 

ratio uncertainty must be less than two percent. 

If diffuse-to-global ratio values are not available, the polarization ratio can be used 

to find the imaginary part of the refractive index. The retrieved and measured (or in this 

case simulated) polarization ratios in the principal plane are compared for scattering angles 

between 70° and 110° and the rms error is calculated. Table 6.2 shows typical results. The 

results indicate the best fit for the data occurs when the imaginary part of the refractive 

index is -0.010 (the real part is 1.45), which is the true value. Tables 6.3 - 6.5 give the 

retrieved imaginary refractive index for all of the simulations. Notice that the polarization 

ratio often does not yield the correct result. Moreover, no inversion method appears superior 
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to the others. In general, if the polarization ratio method is used, the results of all foul' 

inversion methods should be examined for data at as many different SZAs as possible to try 

to determine the most likely value of the imaginary portion of the refractive index. 

After the imaginary portion of the refractive index is chosen, the real portion is 

selected by comparing the retrieved radiance in the principal plane to the measured (or 

simulated) radiance for scattering angles between 80" and 120". It is important to note that 

selecting the imaginary portion first is crucial. If the imaginary portion is not selected first, 

the best fit is often quite far off. In addition, if diffuse-to-global measurements are available 

to select the imaginary portion of the refractive index, the real portion can also be found 

using the polarization ratio. Of course, the overall best fit to the measured polarization ratio 

can be used to select both the real and imaginary portions of the index, but in general the 

results are not as satisfactory as when the diffuse-to-global ratio is used for the imaginary 

portion. The best fit for the real part of the refractive index for all of the test cases is 

presented in Tables 6.6 - 6.8. Notice also that there is some uncertainty in the retrieved 

value. However, in all cases, it is possible to limit the range of the retrieved value. Notice 

that in general Inversion C gives the correct results more often than the other inversions. 

Inversion D is second best. Recall that these two inversion methods associate five size 

classes with the optical depth measurements, which leads to better inversion results because 

the classes are more closely associated with the correct wavelength where the extinction 

coefficient is a maximum with respect to the size parameter. Also notice that in general the 

polarization ratio gives the correct answer more often than the backscattered radiance 

method. 
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Table 6.6a: Retrieved real refractive index using the backscattered radiance method for the Junge model. 
Note true value is 1.45. 

p SZA Inversion A Inversion B Inversion C InversionD 

0.02 75 1.50 1.50/1.55 lAO / lAS 1.50 

60 1.50 1.50/1.55 1.45 1.45/1.50 

30 1.50 1.50 lAO /1045 1.50 

0.30 75 1.50 1.50/1.55 lAO / lAS 1.45/1.50 

60 1.45 1.45 1.40 1.45 

30 1.45 1.45 1.45 1.45 

0.65 75 1.50 1.50/1.55 1.45 1.45/1.50 

60 1.45 1.45 1.45 1.45 

30 1.45 1.45 1.45 1.45 

p SZA Inversion A InversionB Inversion C InversionD 

0.02 75 1.50 1.50 1.45 1.50 

60 1.50 1.50 1.45 1.50 

30 1.50 1.50 1.45 I.S0 

0.30 75 1.50 1.50 1.45 1.50 

60 1.55 1.55 1.55 1.S5 

30 1.50 1.50 1.45 I.S0 

0.65 75 1.50 1.50 1.45 1.S0 

60 1.50 1.50 1.45 I.S0 

30 1.50 1.50 1.45 1.50 

Table 6.6b: Retrieved real refractive index using the polarization ratio for the Junge model. Note true 
value is lAS. 



Table 6.7a: Retrieved real refmctive index using the backscattered radiance method for the lognormal 
model. Note true value is 1.37. 

p SZA Inversion A Inversion B Inversion C Inversion D 

0.02 75 1.40 1.40 1.37 1.40 

60 1.40 1.40 1.40 1.40 

30 1.40 1.40 1.40 / 1.45 1.40 

0.30 75 1.40 1.40 1.37 1.40 

60 1.37 1.37 1.40 1.37/1.40 

30 1.40 1.40 1.37 1.37 

0.65 75 1.37/1.40 1.37/1.40 1.37 1.40 

60 1.37 1.37 1.40 1.37 

30 1.40 1.40 1.37 1.37 

p SZA Inversion A Inversion B Inversion C Inversion D 

0.02 75 1.40 1.37 1.37 1.37 

60 1.40 1.37/1.40 1.37 1.37 

30 lAO 1.40 1.37 1.40 

0.30 75 1.40 1.37 1.37 1.40 

60 1.45 1.50 1.45 1.45 

30 1.40 1.40 1.37 1.40 

0.65 75 1.40 1.37 1.37 1.37 

60 1.40 1.37/1.40 1.37 1.37 

30 1.40 1.40 1.40 1.40 
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Table 6.7b: Retrieved real refractive index using the polarization mtio for the lognormal model. Note true 
value is 1.37. 



Table 6.8a: Retrieved real refractive index using the backscattered radiance meUtod for the bimodal 
model. Note true value is 1.50. 

J) SZA Inversion A Inversion B Inversion C Inversion D 

0.02 75 1.55 1.55 1.50/1.55 1.50 

60 1.55 1.55 1.50 1.50/1.55 

30 1.55 1.50 1.50 1.55 

0.30 75 1.55 1.55 1.50/1.55 1.50 

60 1.70 1.70 1.60 1.70 

30 1.55 1.55 1.50 1.50 

0.65 75 1.50/1.55 1.50 1.50 1.50 

60 1.50 1.45 1.50 1.50 

30 1.55 1.50 1.50 1.50 

p SZA Inversion A Inversion B Inversion C Inversion D 

0.02 75 1.50 1.50 1.50 1.50 

60 1.50 1.50 1.50 1.50 

30 1.55 1.50 1.50 1.50 

0.30 75 1.50 1.50 1.50 1.50 

60 1.60 1.60 1.55 1.60 

30 1.55 1.50 1.50 1.50 

0.65 75 1.50 1.50 1.50 1.50 

60 1.50 1.50 1.50 1.50 

30 1.55 1.50 1.50 1.50 

Table 6.8b: Retrieved real refractive index using the polarization ratio for Ute bimodal model. Note true 
value is 1.50. 
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When both parts of the refractive index are selected, the corresponding size 

distribution is chosen as the best distribution to use for predicting the atmospheric radiative 

transfer. The simulated and retrieved size distributions using the four inversion methods are 

presented in Figures 6.1 - 6.3. The unusual shapes of the input curves are caused by the 

definition of Nlr) in equations 5,35 and 5,45 and Sj in equations 5,36 and 5,46. For the 

simulations, the input distributions were calculated for small intervals of particle radius. The 

input distributions have been binned into the 24 size classes in the figures to facilitate the 

comparison with the retrieved distributions. Notice that in general the retrieved distributions 

match the input distributions. The retrievals based on Inversions C and D are the best fit, 

while Inversion A is the worst fit. The greatest error in the retrieved distributions tends to 
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Figure 6.2: Input and retrieved size distributions for the lognormal model. 
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100 

occur at the end points. This is likely due to the choice of the size classes, where the end 

classes are chosen to cover aerosol radii for which there is little information content in the 

measurements. 

In order to evaluate the performance of the selected distributions, the upwelling 

radiance in the nadir direction was simulated for all of the test cases at wavelengths of 870 

and 440 nm. The retrieved distributions were then used to calculate the radiance and the 

results compared. Tables 6.9 - 6.14 below give the results. In the tables a positive error 

indicates that the predicted radiance from the retrieved distribution is smaller than the actual 

radiance. Because there is some uncertainty for the real part of the refractive index 
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100 

(obtained here from the radiance method), the method used to calculate the upwelling 

radiance from the retrieved distribution was to perform the calculation for the boundary 

cases of maximum and minimum retrieved refractive index and then the results were 

averaged. It is clear that in general the accuracy of the retrieval improves as the target 

reflectance increases and the SZA decreases. Notice that for the brightest target, similar to 

the case of calibrations performed at WSMR, the maximum error is 2.8 percent at 870 nm 

and 3.5 percent at 440 nm, with the error generally being less than 1 %. Even in the case of 

a dark target, with a reflectance of 0.02 similar to water, the error is less than 8.6 percent and 
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Table 6.9: Error on upward radiance retrieval at 870 run for the Junge distribution. Values are in percent. 

p SZA Inversion A Inversion B Inversion C Inversion D 

0.02 75 -6.79 -8.56 0.41 -7.88 

60 -4.59 -6.02 -0.57 -3.82 

30 -6.46 -5.85 0.43 -3.78 

0.30 75 -1.40 -1.53 -0.37 -1.04 

60 -0.52 -0.48 -0.30 -0.43 

30 -0.29 -0.34 -0.31 -0.25 

0.65 75 -2.81 -0.93 -0.55 -0.66 

60 -0.44 -0.40 -0.34 -0.34 

30 -0.24 -0.25 -0.32 -0.12 

p SZA Inversion A Inversion B Inversion C Inversion D 

0.02 75 -3.42 -3.70 -0.85 -5.13 

60 -2.16 -1.96 -3.73 -3.73 

30 -2.84 -2.71 -5.43 -3.08 

0.30 75 -0.46 -0.50 -0.13 -0.33 

60 -0.19 -0.18 -0.10 -0.06 

30 -0.13 -0.13 -0.04 -0.01 

0.65 75 -0.28 -0.33 -0.08 0.02 

60 -0.15 -0.15 0.06 -0.03 

30 0.00 0.00 0.00 0.03 

Table 6.10: Error on upward radiance retrieval at 870 run for the lognormal distribution. Values are in 
percent. 



Table 6.11: Error on upward radiance retrieval at 870 run for the bimodal distribution. Values are in 
percent. 

p SZA Inversion A Inversion B Inversion C Inversion D 

0.02 75 -2.72 -4.09 -1.77 0.00 

60 -1.74 -3.09 0.39 -1,45 

30 -0.59 -2.97 0.46 -1.78 

0.30 75 -0.26 -0.38 -0.13 -0.04 

60 -0.41 -0.49 -0.17 -0.39 

30 0.08 -0.24 -0.07 0.04 

0.65 75 -0.10 -0.12 -0.02 -0.04 

60 -0.06 -0.11 -0.01 -0.01 

30 0.08 -0.08 0.02 0.04 

p SZA Inversion A Inversion B Inversion C Inversion D 

0.02 75 1.65 1.65 4.08 1.22 

60 2.57 2.57 4.34 3.25 

30 3.01 3.10 4.56 2.59 

0.30 75 0.87 0.71 0.79 0.99 

60 1.88 1.96 0.96 1.46 

30 1.51 1.59 0.05 1.16 

0.65 75 0.55 0.36 -1.19 0.34 

60 -1.17 -1.10 -3.54 -1.72 

30 1.01 1.08 -0.91 0.56 

Table 6.12: Error on upward radiance retrieval at 440 run for the Junge distribution. Values are in 
percent. 

----- ----------.--~-
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Table 6.13: Error on upward radiance retrieval at 440 nm for the lognormal distribution. Values are in 
percent. 

p SZA Inversion A Inversion B Inversion C Inversion D 

0.02 75 -3.86 -4.15 0.17 -2.02 

60 -4.74 -5.16 -1.18 -2.33 

30 -4.87 -5.06 -3.33 -2.57 

0.30 75 -1.09 -1.19 -0.03 -0.58 

60 -0.71 -0.65 -0.22 -0.31 

30 -0.83 -0.81 -0.02 -0.14 

0.65 75 0.24 0.22 -0.11 0.02 

60 0.24 0.28 0.05 0.09 

30 -0.05 -0.01 -0.01 -0.01 

p SZA Inversion A Inversion B Inversion C Inversion D 

0.02 75 0.31 -0.13 0.97 1.94 

60 0.22 -0.17 2.02 0.73 

30 0.26 0.12 1.40 -0.23 

0.30 75 0.86 0.40 0.44 1.39 

60 -0.72 -1.65 -0.34 1.76 

30 0.88 1.06 0.25 0.76 

0.65 75 2.22 1.41 0.47 1.18 

60 1.77 1.42 0.16 0.83 

30 1.43 0.89 0.04 0.66 

Table 6.14: Error on upward radiance retrieval at 440 om for the bimodal distribution. Values are in 
percent. 
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5.2 percent at 880 nm and 440 nm respectively. As shown below, these results represent a 

significant improvement over the previous inversion method relying on optical depth data 

alone. 

Again, inversion methods C and D are in general better than inversion methods A 

and B. However, if the error levels given by inversion method B are acceptable, there is 

some advantage to choosing this method. In method E, the aureole and extinction inversions 

are combined by forcing the number of particles in the ninth size class to agree. This size 

class corresponds to a scattering angle of 15°. Recall that in general more than one image 

is required to obtain the almucanter data for scattering angles between 1.1" and 3 r . 

However, scattering angles less than 15° can always be obtained with a single image. Using 

only a single image would reduce both the data storage requirements and data acquisition 

time from the almucanter measurements. 

6.2 Retrieval using best fit Junge distribution 

The same test cases defined above were used to simulate the upwelling radiances 

based on Junge distributions retrieved from the optical depth data. This was done in order 

to evaluate the improvement of the calibration based on the combined retdeval compared 

to calibrations based on optical depth data alone (old method). Obviously, for the first 

model, which corresponds to a Junge distribution, the retrieval based on the assumption of 

a Junge distribution will give very small error. Moreover, the refractive index chosen for 

this model corresponds to the refractive index that is usually assumed for the retrieval. This 

is therefore not a good test of the old retrieval method. An estimation of the error 



introduced by assuming the 

refractive index when using the old 

retrieval method can be obtained by 

looking at the error in the upward 

radiances predicted with the old 

method when the assumed 

refractive index is incorrect. This 

was done by comparing the 

upwelling radiances calculated from 

the Junge distribution at an index of 

1.45 - O.Olai and the same 

distribution with an index of 1.50 -

0.OO5i. The results for 870 nm and 

440 nm are shown in Table 6.15. 

The Junge fit method was 

also used to evaluate the other 

simulated models. The spectral 

variation of the optical depth was 

plotted in In-In space and the best 

fit straight line was fit to the data in 

order to derive the Angstrom 

coefficient, from which the Junge 
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Table 6.15 : Error in upward radiances predicted using old 
method with incorrect assumption of refractive index for the 
Junge distribution. 

p SZA 440nm 875nm 

0.02 75 -7.91 -8.97 

60 -8.19 -5.74 

30 -6.85 -4.5 

0.30 75 -8.43 -2.83 

60 -7.64 -1.69 

30 -6.07 -1.32 

0.65 75 -9.45 -2.41 

60 -10.68 -1.60 

30 -6.71 -1.32 

p SZA 440nm 875 run 

0.02 75 13.54 5.12 

60 13.16 4.90 

30 12.52 3.08 

0.30 75 20.70 6.51 

60 19.77 5.23 

30 17.21 3.94 

0.65 75 25.74 6.83 

60 23.71 5.46 

30 20.28 4.22 

parameter was obtained. 
Table 6.16: Error in upward radiances predicted using old 

The method with the lognormal distribution. 

----- ------ ------ --



retrieved Junge distributions were 

used to predict the upward 

radiances at 870 and 440 run. The 

results are presented in Tables 6.16 

and 6.17. 

Notice that for these cases 

the accuracy at 870 run generally 

improves as the ground reflectance 

p 

0.02 

0.30 

0.65 

SZA 

75 

60 

30 

75 

60 

30 

75 

60 

30 

440 run 875 run 

10.01 13.35 

9.56 9.27 

8.09 8.44 

11.70 9.75 

10.39 3.63 

8.42 2.99 

13.42 4.91 

11.64 3.58 

9.56 2.99 

increases and the SZA decreases. Table 6.17: Error in upward radiances predicted using old 
method with the bimodal distribution. 

However, at 440 mm, the accuracy 
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improves as the SZA increases or the ground reflectance decreases. This may seem 

paradoxical at first. However, notice that in the Junge case, where the assumed imaginary 

part of the index is smaller than the true index, and hence the absorption is smaller, the sign 

of the error indicates that the retrieved distribution predicts too large a radiance leaving the 

atmosphere. In the other two cases the assumed imaginary refractive index is larger than the 

actual and the predicted radiance is too small. This indicates the attenuation of the direct 

sun-ground-satellite path is in error. The magnitude of this error will be greater in the case 

of high ground reflectance simply due to the fact that the direct path is a greater percentage 

of the overall signal when the ground reflectance is higher. 

For the combined inversion the error is about the same at both wavelengths. This 

can be understood by examining the effect of an error in the refractive index choice. With 

the correct size distribution known, the greatest errors in the retrieved radiances occur due 

-------------- --_. 
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to an incorrect selection of the imaginary portion of the refractive index. An incorrect 

choice of the real part of the refractive index leads to a smaller error. This error is a greater 

percentage of the signal at the shorter wavelength. Therefore, even though the Rayleigh 

contribution is still a greater percentage of the signal at the shorter wavelength (which 

should lead to a smaller error), this reduction in the error is overridden by the greater error 

caused by the incorrect selection of the refractive index. 

In all of the cases the error in the predicted radiances is greater using the old method 

of the Junge fit to the optical depth data. Any of the combined inversion methods offers 

significant improvement over the old method even when the true distribution is a Junge 

distribution. Much of this improvement results directly from a better knowledge of the 

refractive index, especially the imaginary part. 

6.3 Comparison with retrievals using constrained linear inversion 

At the time this was written the comparison work was not completed. The group at 

LOA is in the process of inverting the same model distributions using a constrained linear 

inversion method. The results of the two inversion methods will be compared when they 

have finished the inversion process. 
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6.4 Retrievals with systematic noise 

The effects of measurement errors on the inversion process were examined by 

applying errors of several different forms and magnitudes to the simulated input data. Due 

to time limitations, only a single model atmosphere was examined, namely the Junge 

distribution at a SZA of 30" with a ground reflectance of 0.65. In addition, only Inversion 

C was used. 

Two types of noise were applied to the size distribution model. Random gaussian 

noise was applied to the simulated measurements with standard deviations of 0, 1,2.5,5, 

and 10%, creating five data sets. Systematic noise was applied to simulate the effect of an 

error in the correction for the system throughput as a function of the incidence angle. The 

error was assumed to follow a cosine function. with no error in the center of the detector and 

errors of 0, 1,2.5.5. and 10% at the edge of the detector. This created an additional four 

data sets. Recall that the almucanter data are usually obtained from a composite of two 

images. The applied error is then maximum in the region corresponding to the boundary 

between the two images (scattering angles around 18") and minimum at the end points (0° 

and 31"). Finally two data sets were created with a combination of 1% random and 1% 

systematic noise for the fIrst set and 5% each for the second set. This gave a total of 11 data 

sets for the almucanter data. The effect of a systematic bias in the measurements was not 

examined because the data set used in the inversion is nOimalized. 

Only random gaussian noise (with a standard deviations of 0, 1,2.5,5, or 10%) was 

applied to the spectral variation of the optical depth data. This is the most likely error to 

----------------
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occur in these measurements and all the spectral bands should be independent. However. 

the actual data shows there may be a systematic error with wavelength (section 7.3), an 

effect whose error was not modeled. It is hoped that the systematic error can be eliminated. 

The noise applied to the backscattered radiance data had the same form as the noise 

applied to almucanter data. The same is true for the polarization ratio data. However. 

because the polarization data are not nOimalized. the effect of a systematic bias on the 

measurements was also examined. 

The entire set of models used for the noise investigation was composed of 55 

combinations (11 almucanter data sets and 5 optical depth data sets) of the modified 

almucanter and optical depth data. For each of these 55 models there were 11 modified data 

sets for the backscattered radiance and 15 data sets for the polarization ratio. 

Overall. for all of the noise combinations investigated. if the correct refractive index 

is selected, the elTor on the upwelling radiance at 880 nm was never more than 0.5%. This 

is quite encouraging, but the limitation is in the selection of the refractive index. 

The diffuse-to-global ratio gave the correct imaginary index in all cases. even with 

large error in the almucanter and optical depth data. This appears to be a very powerful and 

robust technique for the imaginary index determination. 

The polarization ratio method gives the correct real index if the imaginary index is 

known in all the cases in which the error in the optical depth data is less than 1 %. except 
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when a systematic bias is applied to the data. This is expected because the infonnation 

contained in the polarization ratio is primarily in the magnitude of the ratio and not in the 

shape of the curve as a function of angle. The implication is that to use the polarization ratio 

the camera must be carefully evaluated to be sure the measured ratio is correct. When there 

is larger random error in the optical depth data the retrieval of the real index is in error, but 

not greatly. 

The same results apply to the real index retrieval based on the backscattered radiance. 

However. the retrieval based on the backscattered radiance appears to be less affected by 

errors in the optical depth data than the retrieval based on the polarization ratio. 

It should be noted that in all cases the errors are less than 0.52% for the upward 

radiances calculated using the correct imaginary index and the real index retrieved from 

either the backscattered radiance or the polarization ratio. 

As in the cases with no errors, if the diffuse-to-global ratio is not available then both 

parts of the refractive index may be detennined from the polarization ratio. As may be 

expected, the retrieval of the imaginary part is less likely to be correct the greater the error 

in the measurements. For the cases investigated the errors on the upwelling radiances 

calculated with the total index retrieved from the polarization ratio were as high as 6% with 

an error of 3% being common. Again. this is because the greatest error occurs when the 

wrong imaginary index is chosen. 

--------------
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CHAPTER 7 

FIELD MEASUREMENT RESULTS 

The information presented in this chapter is intended to demonstrate that the camera 

is operational and capable of providing the required information. In the future, the best 

method for demonstrating the camera's utility will be to perform several satellite calibrations 

over a period of time and to detemline if the calibrations using the inverted size distributions 

are better than the calibrations performed with the old method. 

7.1 Optical depth data. 

The camera has been used to acquire optical depth data on several occasions. Optical 

depth intercepts were obtained on 28 April 1994 from atop Mt. Lemmon, Arizona; 

additional optical depth data was acquired at the Remote Sensing Group building on several 

days in June and July 1994. Figme 7.1 shows a typical Langley plot for the 778 nm band. 

A least square fit was applied to obtain the intercept values, which are presented in Table 

7.1, and graphically in Figme 7.2. The intercept values from the data taken at the RSG 

building are all quite consistent. However, there is a systematic error in the intercept values 

obtained atop Mt. Lemmon. Even though the intercept values from Mt. Lemmon are quite 

different, the optical depth values from that day agree with simultaneous measurements from 

another solar radiometer, as shown in Figure 7.3. It appears that the camera responsivity 

was greater on Mt. Lemmon than at the RSG building. While the true cause of the observed 
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28·04·94 16·06·94 22·06·94 24·0·94 03·07·94 13·07·94 

380nm 8.524 8.387 8.410 8.399 8.400 8.410 

440nm 8.440 8.391 8.415 8.416 8.408 8.400 

525 nm 8.220 8.231 8.252 8.529 8.262 8.263 

604nm 8.338 8.366 8.378 8.386 8.384 8.386 

660nm 8.225 8.258 8.278 8.286 8.283 8.287 

763 nm 8.464 8.009 8.004 7.973 7.948 7.985 

778nm 8.190 8.101 8.118 8.117 8.121 8.127 

880nm 8.146 7.988 8.008 8.000 8.001 8.011 

950nm 8.323 7.500 7.333 7.541 7.435 7.575 

1045 nm 8.228 7.967 7.991 7.989 7.980 7.963 

Table 7.1: Langley plot intercept values for Solar Aureole Camera. 
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Figure 7.1: Typical Langley plot at 778 nm from SAC extinction data on 13 July 1994. 
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discrepancy is not currently understood and several more data sets should be acquired to 

understand the problem, there are several possibilities that may explain this behavior. The 

fIrst point to note is that environmental conditions on Mt. Lemmon were quite different than 

at the RSG building. The pressure was much lower (723 mb versus 925 mb) and the 

temperature on the mountain was less than 10°C throughout the day, while the temperature 

in town was around 42°C on the data collection days. The filters may behave differently 

under the two conditions and this may account for the observed discrepancy. As previously 

mentioned, the temperature was quite low on Mt. Lemmon. Usually, the CCD detector 

temperature is held constant at -45°C. The TE cooler is supposed to tum off if the camera 

is colder than this. However, for the data taken on Mt. Lemmon, the camera temperature 

was recorded to be between -60DC and -49°C. The camera temperature was probably not 

really that low, because the TE coolers should not have been running below -45°C. Most 

likely there is an error in the temperature measurement when the system is cold and the 

system thinks the detector is really colder than it is (this problem has been noticed several 

times in the past during initial system development). If this is the case, then the detector 

would actually be at a higher temperature than the -45°C setpoint, and the responsivity 

would increase, especially for the UV and near IR bands, which is consistent with the 

observation. Obviously, this is a bit of a problem, but because the retrieved optical depths 

are correct, the difference in responsivity is not a great problem, unless the temperature 

changes dramatically during the course of the day and the Langley plots are adversely 

effected. The possibility of this occurring can be seen in the Langley plot for the 1045 nm 
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6 7 

Figure 7.4: Langley plot for 1045 run band on 13 July 1994 showing steep rise in signal level at low airmass. 

band on 13 July 1994 (Figure 7.4). During the data collection at the RSG building the 

outside air temperature was so high that the camera was not able to maintain a temperature 

of .450 C, and the detector began to warm up towards noon. This caused the responsivity 

for the 1045 nm band to increase, as can be seen in the Langley plot. 

Simultaneous extinction measurements were performed with the SAC and a Reagan 

solar radiometer." Figures 7.5 - 7.7 show the spectral variation of the optical depth obtained 
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Figure 7.5: Spectral variation of the optical depth retrieved with the SAC and Reagan radiometer at the RSG 
building on 24 June 1994. 
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Figure 7.6: Spectral variation of the optical depth retrieved with the SAC and Reagan radiometer at the RSG 
building on 03 July 1994. 
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Figure 7.7: Spectral varintion of the optical depth retrieved from the SAC and Reagan radiometer at the RSG 
building on 13 July 1994. 

using the camera and the Reagan radiometer for the three days. All of the curves have the 

same general shape. The agreements is quite good for the bands between 525 nm and 880 

nm. However, for the short wavelength bands the SAC gives a lower aerosol optical depth 

than the Reagan radiometer. The reason for this discrepancy is also not yet understood. One 

possibility is an error in the effective center wavelength of the filters. The SAC filters along 

with the ND fIlters for each band should all be remeasllred to confirm the center wavelength 

(note there is also a slight shift in the effective center wavelength due to the spectral 

variation of the detector responsivity.) Another possibility is that there is still a temperature 

control problem with the detector and the responsivity is changing throughout the day in 

such a manner that the Langley plots are still nearly straight lines but the slope is incorrect 

(unlikely). A third possibility is that the camera has a non-linear response with respect to 
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Figure 7.8: Almucanter radiance distribution at 880 nm on 13 July 1994 at airmass 2.0S. 

the signal level. Figure 4.18 may indicate just such a problem. especially at the short and 

long wavelengths. 

This error in the retrieved optical depths at the short wavelengths is a considerable 

problem and until the cause is understood and corrected the data from the Reagan radiometer 

should be used. 
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Figure 7.9: Dackscattered radiance in principal plane at 880 run on 13 July 1994. 

7.2 Almucanter phase function data. 
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On the same days that the optical depth data were acquired, the camera was used to 

measure the solar aureole. Figure 7.8 shows a typical plot of the retrieved almucanter 

radiance as a function of the scattering angle at 880 run. The data have the expected shape. 

Moreover, the retrieved almucanter radiance shown is a composite of three images along the 

almucanter. The fact that the signal levels match where the images overlap indicates that 

the correction for the throughput variation as a function of incidence angle is correct. The 

strong forward peak present on this day suggests that there were many large particles present 
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in the atmosphere. In fact, at the time of the measurements, there were several forest fires 

burning to the east, and they may have contributed to the number of larger aerosol particles. 

7.3 Backscattering data. 

The backscattered radiances in the principal plane at 880 nm for the three days are 

presented in Figure 7.9. The data for these plots were acquired with a IS-nm-wide spectral 

fIlter with a central wavelength of 860 nm. This filter will be used until the new filters are 

purchased. The throughput as a function of incidence angle for this filter will be determined 

using the integrating sphere source at the RSG, but this has not yet been done. Therefore, 

the uncorrected data are presented in the figure. It is interesting to note that the uncorrected 

data have nearly the correct shape, suggesting that there is a small variation of the 

throughput as a function of incidence angle for this band. 

7.4 Polarization ratio data. 

The polarization ratio measurements will only be made after the additional filters are 

purchased. As pointed out in Chapter 6, the polarization ratio measurements provide quite 

a bit of data on the aerosol refractive index. Therefore, it is very important that this 

capability be added to the system. 

-----_._-_. __ .- --_ ... _._ ... - ---_ .. _-----
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Figure 7.10: Retrieved size distributions from 13 July 1994 data. 

7.5 Retrieved size distribution 

The data from 13 July 1994 were entered into the inversion routines. These data have 

already been presented in Figures 7.7 - 7.9. Because there is some uncertainty in the optical 

depth retrieval, the inversion was run with both the SAC optical depth data and the Reagan 

radiometer optical depth data. Diffuse-to-global data and polarization measurements were 

not available for this data set so the imaginary portion of the refractive index was assumed 

to be -O.OlD. Also, because the FOV throughput correction has not been measured yet, the 
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backscattered radiance was not used for the real index detelmination. a value of 1.45 was 

assumed instead. The size distributions obtained from inversion methods C and D are shown 

in Figure 7.10. 

The retrieval of the input data is in general better with the size distributions 

calculated from the Reagan optical depth data. The retrieved size distributions are also 

smoother and appear more physically realistic. The optical depth values obtained with the 

SAC are most likely in error and these errors lead to the difficulty in obtaining a good 

inversion. This is a major problem with the camera hardware at this point and correcting 

the problem should be a top priority. Until the SAC optical depth data can be trusted the 

inversions should rely on data from the Reagan radiometer. Note the high abundance of 

large particles. as previously suspected. 

-----_._---_._. _._-------
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A CCD camera has been developed to image the sun and the surrounding aureole for 

aerosol studies. The camera provides measurements of both the solar extinction and the 

diffuse sky radiance. The optical design provides sufficient spatial resolution to allow 

accurate retrieval of the aureole radiance distribution over the spectral range from 310 to 

1045 nm. The system uses only two focussing elements and modeling shows that stray light 

is negligible. A motorized filter wheel provides sixteen spectral bands. The camera is 

mounted on a stage to track the sun and allows the camera to point anywhere in the sky. The 

data can be acquired automatically or manually. 

The radiometric calibration will be provided through a variety of methods, which 

will improve the calibration and allow the methods to be compared. Results of initial 

calibration of the camera are encouraging, but some questions remain regarding the detector 

response as a function of detector temperature and linearity as a function of radiance level. 

Initial field tests indicate the camera is capable of providing all the necessary data 

and the entire system is working. Inversion of actual aureole measurements has been 

perfonned and the retrieved size distribution showed the expected shape. Because there is 

some uncertainty in the optical depths retrieved at short wavelengths the optical depths from 

the Reagan radiometer should be used until the problem is resolved. This is not a serious 

limitation because the Reagan data are routinely acquired along with the SAC data. 
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The inversion routines have been completed and evaluated for several test cases. The 

simulated models indicate a substantial improvement in the accuracy of in-flight satellite 

calibrations. The average of the errors for calibrations over a bright target such as WSMR 

were -0.02%, with a standard deviation of 0.86%. The camera will be especially useful for 

calibrations over dark targets such as water, where the atmospheric effects account for a 

much greater portion of the signal. In the case of a ground reflectance of 0.02 the errors 

averaged -1.5% (showing a possible systematic bias) with a standard deviation of 3.0%. 

Much of the improvement is gained through a better retrieval of the refractive index, 

especially the imaginary portion. The diffuse-to-global ratio is critical for this determination 

and must be known to an uncertainty of a few percent. The polarization ratio in the principal 

plane is also critical data and the camera should be modified to obtain these measurements. 

The polarization ratio can be used to determine the imaginary index if diffuse-to-global 

ratios are not available. The backscattered radiance or polarization ratio in the principal 

plane can also be used to determine the real index. The real index retrieval may not be 

exactly correct, but the retrieved value is usually close to the actual value. This is an 

improvement over the previous method which relied on an educated guess for the index. 

Errors in the real index do not effect the predicted at-satellite radiances as much as errors 

in the imaginary index. It should be noted that in the simulations the ground reflectance was 

assumed known and the particles used were spherical. Therefore, the errors in the upward 

radiances using a retrieval based on real data will be greater than the errors calculated in the 

simulations. An estimate of the overall retrieval accuracy using ground-truth data and the 

inverted aerosol distribution is 3.4%. 
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The effect of noise on the inversion algorithms has been studied and the results 

indicate that for moderate noise levels the errors for the at-satellite radiances at the inversion 

wavelength are less than 0.5% as long as the correct imaginary index is chosen. 

A comparison between different inversion methods will be performed as soon as the 

simulated models are processed at LOA. The inversion routines presented here are quite 

sufficient for the calibration work performed by the RSG. The inversion routine developed 

here can also be used to process the data obtained with the Tropical Intercontinental Optical 

Measurement Network. 21 Because of the potential wealth of data provided by this network 

it is extremely important that the best inversion method be chosen to process the data. An 

intercomparison of the different inversion techniques is therefore absolutely critical. 

The camera system and inversion techniques that have been developed significantly 

improve the accuracy of in-flight satellite calibrations and provide the potential for increased 

understanding of the radiometric effects of aerosols in the atmosphere. 
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The most important of the needed improvements are the replacements of the spectral 

filters and the addition of the polarization ratio measurement capability. Both of these 

modifications should be made as soon as possible. Heaters should be added to the tracking 

mount rotation stages, the filter wheel, and the motion control joystick in order to eliminate 

the problems encountered when using the system in cold weather. After the filter 

configuration is fmalized the camera calibration should be redone, with an emphasis on the 

calibration of the throughput as a function of incidence angle and detector linearity as a 

function of radiance level. The remaining questions about temperature effects must be 

solved. 

There will probably always be room for improvement in the data collection and 

processing algorithms. Many more aspects of the inversion algorithms can be investigated, 

including the effect of the initial guess for the size distribution, the correspondence between 

the size classes and the measurements, and the method for combining the two inversions. 

Additional investigations of the retrieval based on almucanter radiances at scattering angles 

less than 18° (the data available in a single alrnucanter image) should be carried out. The 

effect of noisy data should be explored further. 

The routines that are to be used to determine the water vapor and ozone 

concentrations need to be written. In addition, the molecular oxygen band should be 

investigated for possible use in the retrieval of the aerosol vertical profile, at least to the 
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extent of separating tropospheric from stratospheric aerosols. The possibility of determining 

water vapor homogeneity using a differential absorption method using the ratio of two 

images should be explored. The camera SNR may be a limiting factor. 

Currently. a single refractive index is obtained for the entire wavelength interval 

from 380 nm to 1045 nm. There are backscatter measurements available at 440 nm and 

1045 nm in addition to the measurements at the inversion wavelength of 880 nm. These 

measurements could be used to derive a real refractive index at each wavelength. In fact. 

there is no fundamental limitation concerning the use of the inversion routines at any 

wavelength band. A different size distribution and refractive index could be derived at each 

wavelength. provided the necessary measurements are obtained. 

,The radiative transfer codes are really dependent on the scattering phase function. 

which is currently calculated from the retrieved size distribution. An interesting possibility 

would be to skip the size distribution calculation and use the measured sky radiances directly 

in the radiative transfer code. Only a portion of the scattering phase function can be 

measured due to geometric limitations. However. it may be possible to calculate the upward 

radiances directly. Bypassing the size distribution retrieval might reduce the errors. but at 

this point this is only speCUlation. 

It may be possible to retrieve more information about the aerosol processes using the 

full two dimensional data set provided by the camera instead of data solely along the solar 

almucanter. 
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The effect of stray light on the radiometric accuracy of the solar aureole camera 

cunently being developed was investigated using the Arizona Paraxial Analysis of Radiation 

Transfer (APART)"3 and the Advanced Systems Analysis Package (ASAP) 44 stray light 

analysis programs. both of which were provided by Breault Research Organization. The 

analysis was attempted using several different modeling techniques. Many problems were 

encountered during the course of the analysis that lead to several questions about the validity 

of the results. These problems arose because neither APART nor ASAP were designed to 

model the stray light contributed by large extended sources with spatially varying radiance 

in the system field of view. 

Initially, the analysis was attempted using the APART program. Sampling limitations 

during the analysis raised several questions about the accuracy of calculating the stray light 

for this system using the APART code. Therefore. the analysis was attempted using the 

ASAP program. A large amount of time was spent learning the ASAP package and several 

modeling techniques were attempted before it was apparent that similar sampling limitations 

encountered with APART were present in ASAP, and therefore the modeling techniques 

which were being attempted would not work. The net result of this was that a method of 

analysis that gives much lower spatial resolution for the distribution of stray light in the 
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image plane than originally anticipated had to be used in order to keep the calculation time 

reasonable. The analysis perfOimed using the ASAP package also suffered from some 

uncertainty about the validity of the results. However, when both analyses are examined 

together, a trustworthy estimation of the stray light is possible. 

A.2 THE APART PROGRAM 

The APART program is used to calculate the stray light in an optical system by 

dividing each element of the system into finite collector sections, calculating the power on 

these sections, and propagating the scattered power through the system. A different BRDF 

model is included for each surface and the scattering from each is calculated according to 

the model. A drawing showing the surface and space deflnitions for the system used for this 

analysis is shown in Figure AI. In the figure, light is nominally propagated from left to 

right. Surfaces are labeled with small numbers and spaces are labeled with large italic 

numbers. The input parameters for the various surfaces are listed below. 

The APART program computes the distribution of power on the detector due to 

radiative scattering of the input irradiance by the optical system. Stray light calculations 

were performed for objects on axis and at various points between 1.5 and 20.0 degrees off 

axis. This output was normalized to the expected solar irradiance for comparison with the 

signal expected from the aureole. 
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1 right edge holder .. Diffraction edge, Kirchhoff theory, wavelength 0.483 microns 
2 holder .............................. Chemglaze Z306 diffuse black 
3 left edge holder ... Diffraction edge, Kirchhoff theory, wavelength 0.483 microns 
5 attenuator holder ......................... Chemglaze Z306 diffuse black 
7 edge 1st aperture .. Diffraction edge, Kirchhoff theory, wavelength 0.483 microns 
10 front attenuator ................................ Lens 0.01500 slope -1.80 
12 back attenuator ................................ Lens 0.01500 slope -1.80 
15 fIrst cone .............................. Chemglaze Z306 diffuse black 
20 front mter .................................. Lens 0.01500 slope -1.80 
22 back filter .................................. Lens 0.01500 slope -1.80 
23 cone behind filter .......................... Chemglaze Z306 diffuse black 
26 3rd cone behind filter ....................... Chemglaze Z306 diffuse black 
28 outer aperture stop ........................ Chemglaze Z302 specular black 
29 edge aperture stop Diffraction edge, Kirchhoff theory, wavelength 0.483 microns 
31 shutter .............................. Chemglaze Z306 diffuse black 
50 front 1st lens .................................. Lens 0.01500 slope -1.80 
52 back 1st lens .................................. Lens 0.01500 slope -1.80 
53 cone 1st-2nd lens ......................... Chemglaze Z302 specular black 
60 front 2nd lens ................................. Lens 0.01500 slope -1.80 
62 back 2nd lens ................................. Lens 0.01500 slope -1.80 
63 cone 2nd lens ............................ Chemglaze Z302 specular black 
68 disc behind detector ....................... Chemglaze Z302 specular black 
98 detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. Lambertian Diffuse 1.000 
99 point source ................................. Lambertian Diffuse 1.000 

The program was run with an input irradiance of 1.00 W/mm2 at each of the different 

angles of interest (0.0, 1.5,3.0,5.0,7.5,10.0,12.5,15.0,17.5, and 20 degrees from the 

axis). The aperture stop was not included as a diffraction edge, as the Airy disk produced 

by the aperture is much smaller than a single detector element and hence all of the energy 

within the fIrst minin1Um will be recorded at the desired detector element and will therefore 

be seen as signal. The APART program is not designed to calculate stray light for as many 

pixels as there are on the detector (576 x 384). Instead the detector was modeled as a square 

array with seven pixels on a side. The length of each side of the model array was chosen to 

match the largest dimension of the actual rectangular detector. The stray light power on the 

detector was computed for the various angles. 

~-~-.--~----- .. --
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Table AI: Total stray light power fa1ling on the detector in milliwatts due to largest contributing 
surfaces for level 1 propa,gation paths for an elevation angle of 1.5 degrees. 

Surface number and level Power % power for %total 
name contributed level power 

50 front of first lens 1 4.3 35.09 35.06 

52 back of first lens 1 3.7 30048 30045 

60 front of second lens 1 2.0 16.50 16.49 

62 back of second lens 1 1.8 14.67 14.66 

20 front of ftlter 1 0.22 1.85 1.85 

22 back of filter 1 0.17 lAO lAO 

Total power contribution 1 12.19 99.99 99.91 

Table A2: Total stray light power in milliwatts falling on the detector due to the largest 
contributing surfaces for level 2 propagation paths and an elevation angle of 1.5 degrees. 

surface number and level power % power % total 
name contributed for level power 

28 outer aperture 2 5.6 E-3 53.74 0.04 
22 back of window 

15 frrst cone 2 3.0 E-3 29.14 0.02 
29 edge aperture stop 

15 frrst cone 2 0.86E-3 8.21 0.01 
52 back of frrst lens 

15 frrst cone 2 0.61 E-3 5.80 0.00 
50 front of frrst lens 

I Total power I 2 I 10.7 E-3 I 96.89 I 0.07 I contribution 
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Table A3: Stray light power distribution in microwatts as function of position on the detector. 
Elevation angle 1.5 d~gI'ees. 

1 2 3 4 5 6 7 

A 88 115 135 145 131 108 82 

B 120 171 219 243 204 153 108 

c.£.. 160 264 325 345 282 217 133 

D 200 319 345 667 345 266 154 

E 215 328 362 401 362 285 159 

F 191 294 384 416 384 249 150 

G 157 258 371 432 327 220 138 

A.2.1 DISCUSSION OF APART RESULTS 

The APART program computes the stray light contribution from different levels of 

scattering corresponding to the number of scatters occurring along the light path. The stray

light calculations were performed for light paths consisting of scatter from one surface to 

the detector (level 1 computation) and also for scatter from one surface to a second surface 

and then to the detector (level 2 computation). The APART program lists the contributions 

from the top ten propagation paths for each field angle. A typical example is shown in 

Tables Al and A2 for an elevation angle of 1.5 degrees. 

Clearly most of the stray light is caused by the three optical elements and the 

contribution from level 2 scattering is negligible compared to level 1 scattering. The total 

power reaching the detector due to stray light is 0.38 percent of the input power for the 1.5 



156 

degree elevation angle. The total power for each of the other off-axis angles is an even 

smaller percentage. Therefore. the stray light should be less than 0.38 percent overall. 

The most important information reported by the APART program is found in the 

table showing the total power at each detector pixel for the input irradiance of one Watt per 

square millimeter. For instance. the output for an elevation angle of 1.5 degrees is shown 

below in Table A3. The units for all values are microwatts. 

It is these data that are compared to the expected signal to determine the percent stray 

light. The row and column numbers have been added to aid in the discussion of the results. 

Notice that the data are not always symmetric about the plane containing the optical axis and 

the off-axis input point (the axis is column 4 for input points displaced in elevation). 

Because of the symmetry of the system the distribution of stray light at the detector should 

be symmetric about the input plane. The problem appears to be caused by the sampling 

frequency of the discrete analysis and roundoff error in the APART program. Dr. Breault 

has spent a good deal of effort to correct this problem and it has been significantly reduced. 

An attempt to correct for this asymmetry is made by taking an average of conjugate pixels 

on either side of the input plane (for example pixels Al and A7 in Table A2 are averaged 

and their values are replaced by the average). 

Another impOitant feature that appears in the APART analysis is the presence of a 

strong forward peak located at the geometric image of the input point. The forward peak 

occurs because the Bi-directional Scattering Distribution Function (BSDF) for the scattering 

surfaces is greatest in the direction of incident light. The occurrence of the strong peak in 
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the stray light analysis is very important in the interpretation of the results as applied to the 

continuous radiance distribution in the sky and will be discussed further. 

A.2.2 ANALYSIS 

The stray light analysis was performed only at a discrete set of points, displaced in 

elevation from the axis. Therefore, a method is needed to relate the stray light computed at 

these flnite discrete points to the actual stray light produced by the sky, which is obviously 

a continuous source. The aureole radiance as a function of azimuth angle from the center 

of the sun is found using the output from the Successive Orders Radiative Transfer 

Program.39 The program uses a Fourier decomposition technique and small angular 

resolution can only be obtained in the azimuthal direction. Next, the simplifying assumption 

is made that the distribution of sky radiance is circularly symmetric about the sun. The 

predicted aureole radiance is shown in Figure A2. 

The stray light analysis using the APART program is based on an input irradiance 

of one watt per square millimeter at the entrance pupil of the system. This irradiance value 

was used for each of the elevation angles of 0, 1.5,3.0,5.0,7.5,10.0,12.5,15.0, 17.5, and 

20.0 degrees. To relate this to the sky radiance distribution, the sky is divided into several 

sections, as shown in Figure A3. Each section covers an arc of 90 degrees and is centered 

radially at a point corresponding to an off-axis point used in the APART analysis. For 

example, the region Al extends in the radial direction from 0.75 to 2.25 degrees, centered 

at 1.5 degrees. The region covers a 90 degree arc because only off-axis points in the positive 

elevation direction were used as input. The contribution for the other three quadrants are 
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Figure A2: Predicted aurt'.ole radiances at 500 om as a function of scattering angle along the almucanter. 

found by rotating the predicted stray light distribution for each region by 90, 180, and 270 

degrees. In this manner the entire sky is divided out to an angle of 22.5 degrees from the 

sun. 

The stray light contribution from each area is computed by fIrst determining the solid 

angle of the area as seen by the camera. The solid angle is multiplied by the radiance 

predicted by the Successive Orders code for that region of sky to give an effective irradiance 

for the area. This irradiance is used to scale the output from the APART program for each 

off-axis point. 

~ ~~ ------~ ----



Point source angles 
coresponding to the 
center of each region. 
A. 1.50 
B. 3.00 
C. 5.00 
D. 7.50 
E. 10.00 
F. 12.50 
G. 15.00 
H. 17.00 
r. 20.00 

Circle radii in degrees 
1. 0.75 
2. 2.25 
3. 3.75 
4. 6.25 
5. 8.75 
6. 1l.25 
7. 13.75 
8. 16.25 
9. 18.75 
10. 21.25 

Figure A3: Drawing showing how the solar aureole is divided into a finite number of 
points, each corresponding to a region in the aureole, to simulate the stray light falling 
on the detector from the continuous radiance distribution in the sky. 
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The contribution from the on-axis case is found by scaling the APART output by the 

sum of the direct solar irradiance and the effective solar irradiance due to scattering over the 

central solid angle. 

The overaJJ stray Jight due to the sky is found by summing the contributions from 

all of the regions on a pixel-by-pixel basis. The net stray light distribution at the detector 

found in this manner is shown in Table A4 below. All value are in nanowatts. 

As mentioned earlier the strong forward peak distorts the distribution as calculated 

in this manner. Because the distributions were calculated for off-axis points lying only in 

the vertical and horizontal planes, the predicted power distribution over estimates the stray 

light along these axes (column 4 and row 0) and under estimates the power for the other 

pixels. This problem is especially pronounced for pixels 01, A4, 07, and 04. For each of 

these pixels the geometric image of three of the off-axis points used in the analysis fall 

Table A4: Overall stray light distribution (power) as function of position on the detector. 

D 1 2 3 4 5 6 7 

A 2.38 3.06 3.86 18.40 3.86 3.06 2.38 

B 3.06 3.86 4.67 8.93 4.67 3.86 3.06 

C 3.86 4.67 5.06 6.65 5.06 4.67 3.86 

D 18.40 8.93 6.65 18.80 6.65 8.93 18.40 

E 3.86 4.67 5.06 6.65 5.06 4.67 3.86 

F 3.06 3.86 4.67 8.93 4.67 3.86 3.06 

G 2.38 3.06 3.86 18.4 3.86 3.06 2.38 
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within their boundaries. Therefore, the amount of stray light predicted for these pixels is 

extremely exaggerated due to the forward peak. If the analysis was done correctly the 

distribution would show circular symmetry. In order to do the calculation correctly the 

APART program should be run with input points corresponding to the projection of the 

center of each pixel on the sky. The net stray light could then be found by swnming the stray 

light distributions from each point. When this error was discovered the decision was made 

to perfonn the stray light analysis with the ASAP package rather than trying to correct the 

analysis using the APART code. This was in part due to the sampling limitations and 

asymmetric power distribution reported by APART. 

A,2.3 SIGNAL ANALYSIS 

The signal expected at each off-axis pixel is given by 

= sky radiance 
= entrance pupil area 
= the solid angle of the region (see below) 
= the filter transmittance 
= the lens transmittance 
= the window transmittance 
= the off-axis angle of the central point in the region 

The on-axis signal is calculated with the product LA in the fonnula above replaced 

by the sum of the direct solar irradiance, the contribution from the sky radiance passing 

through the neutral density (ND) ftlter and the contribution from the sky surrounding the ND 

ftlter. Off axis the throughput fall was assumed to follow a cosine4 law. 
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The signal distribution at the detector was calculated in two different ways. The flrst 

method was a pixel-by- pixel analysis with the value of Q representing the solid angle of 

each pixel projected onto the sky. The results of this calculation are shown in Table AS. 

The percent stray light relative to the signal is found by dividing the stray light distribution 

(Table A4) by the signal distribution on a pixel-by-pixel basis and mUltiplying by 100. This 

is shown in Table A6. 

Because of the forward peak problem the percent stray light for the horizontal and 

vertical axes are seriously overestimated while the other pixels show an underestimation of 

the percent stray light. In order to remedy this the signal was recalculated using solid angles 

representing 1/4 sky regions for the horizontal and vertical axes similar to the methods used 

for the stray light contributions found above. In this manner the expected signal is scaled 

to be more comparable to the APART input along the horizontal and vertical axes. The 

results are shown in Tables A7 and AB. This second method probably under estimates the 

Table AS: Signal expected as a function of position on the detector using pixel·by·pixel analysis. All 
power levels are in microwatts. 

D 1 2 3 4 5 6 7 

A 2.01 2.42 2.74 2.87 2.74 2.42 2.01 

B 2.42 2.97 3.73 4.18 3.73 2.97 2.42 

C 2.74 3.73 5.11 7.96 5.11 3.73 2.74 

D 2.87 4.18 7.96 16.60 7.96 4.18 2.87 

E 2.74 3.73 5.11 7.96 5.11 3.73 2.74 -
F 2.42 2.97 3.73 4.18 3.73 2.97 2.42 

G 2.01 2.42 2.74 2.87 2.74 2.42 2.01 
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Table A6: Percent stray light relative to sigllal as a function of position on the detector. 

D 1 2 3 4 5 6 7 

A 0.12 0.13 0.14 0.64 0.14 0.13 0.12 

B 0.13 0.13 0.13 0.21 0.13 0.13 0.13 

C 0.14 0.13 0.10 0.08 0.10 0.13 0.14 

D 0.64 0.21 0.08 0.11 0.08 0.21 0.64 

E 0.14 0.13 0.10 0.08 0.10 0.13 0.14 

rE- 0.13 0.13 0.13 0.21 0.13 0.13 0.13 

G 0.12 0.13 0.14 0.64 0.14 0.13 0.12 

percent stray light. The jump in stray light at the edge of the field is still another 

manifestation of the poor choice of input angles relative to the detector division. 

The results showing the percent stray light along the two axes demonstrate that the 

predicted stray light is at most 0.14 percent of the signal and more likely it is less than 0.1 

percent of the signal. This analysis uses many assumptions and tricks to try to model both 

the stray light and the signal over the entire sky using a small number of calculations and 

detector elements and may, therefore, not be completely accurate. As indicated earlier, the 

input angles used for the stray light calculation were not suitably matched to the division of 

the detector. Rather than re-analyzing the system using APART, which would still leave 

some doubts because of the asymmetric output, the decision was made to perform the 

analysis with the ASAP package, also provided by Breault Research Organization. 

Unfortunately, the initial method chosen for the analysis using the ASAP package also 
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Table A7: Signal expected as a function of position on the detector using 1/4 sky solid angles. All power 
levels are in microwalts. 

D 1 2 3 4 5 6 7 .. 

A -- -- -- 13.3 -- -- --
B -- -- -- 12.1 -- -- --

r£- -- -- -- 1.1 -- -- --
D 13.3 12.1 1.1 16.6 1.1 12.1 13.3 

E -- -- -- 1.1 -- -- --
F -- -- -- 12.1 -- -- --
G -- -- -- 13.3 -- -- --

suffered from sampling problems similar to those encountered in the APART analysis. The 

fmal analysis performed with the ASAP package had a much lower spatiall'esolution than 

originally anticipated. In addition there is some question about the validity of the 

distribution of stray light due to the method chosen to evaluate the power distribution on the 

detector. However, when the results of the two analyses are taken together a good estimate 

II Table AS: Percent stray light relative to signal as function of position on the detector. 

D 1 ? 3 4 5 6 7 

A -- -- -- 0.14 -- -- --
B -- -- -- 0.D7 -- -- --
C -- -- -- 0.06 -- -- --
D 0.14 0.D7 0.06 0.11 0.06 0,07 0.14 

E -- -- -- 0.06 -- -- --
F -- -- -- om -- .- --
G -- -- -- 0.14 .- .- --
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of the system stray light is obtained. The analysis using the ASAP program is given below. 

A.3 THE ASAP ANALYSIS 

The fIrst step in the analysis was to enter the system into the RAy and BEam Trace 

(RABET) module of the ASAP package. The system was entered in global coordinates with 

units of millimeters. All the glass elements in the system were modeled with an index of 

1.45847, corresponding to the index of fused silica at a wavelength of 587 nanometers. The 

scattering characteristics of each glass surface were entered with the SCA ITER BSDF 

command with parameters 0.015 for the BSDF in units of inverse steradian at an angle of 

0.573 degrees from specular and -1.8 for the slope on the BSDF curve. The reflection and 

transmission coefficients at each interface were both set to I, and FRESNEL AVERAGE 

was used to calculate the reflection and transmission at each surface. All of the support 

structure was modeled as a diffuse black swface using the SCATTER RANDOM command. 

The total hemispherical diffuse reflectivity was set at 0.06 with the number of rays generated 

set at 5. The scattering values are typical for lenses and diffuse black paint. 

The neutral density filter was modeled to have a transmittance of 0.0001 and the 

same scattering characteristics as the lenses. A dummy surface, used in front of the detector, 

had the same index on both sides with a specular reflection of DAD and a transmission of 0.6. 

The purpose of this smface was to model the high specular reflectance expected from the 

detector surface. No wavelength command was entered so all of the calculations were for 

incoherent light. The unsuccessful modeling method is presented first, followed by the 

usable model. 



166 

A.3.1 MOPEL A 

The fIrst method used to model the stray light was to set up a grid of rays and a grid 

of sources. From each source a bundle of rays was created filling the camera aperture. The 

rays were traced through the system and the output at the detector was evaluated. The 

intention was to use the SPREAD NORMAL command to obtain a irradiance profile over 

the entire detector. By comparing the irradiance profiles with and without scattering, the 

amount of stray light could be estimated. However, because the detector area is large 

compared to the geometric spot sizes for the incoming beams focused onto the detector, this 

method did not work. The spread normal command calculates the irradiance distribution by 

summing the contribution from all of the Gaussian rays on the object at a grid of sample 

points. From this grid of sample points the continuous distribution is inferred. If the sample 

points are far enough away from the ray position. the contribution of irradiance from that 

ray to the calculated irradiance at the sample point will be small. If this value is below a 

certain threshold the ray contribution from that ray will be neglected. Because the sky was 

modeled as a discrete set of sources. all of the rays get mapped to a discrete set of small 

areas on the detector. Therefore, if the spread normal sample points do not coincide with 

the images of the sources, the contributions to the detector irradiance distribution from the 

sources are neglected. This leads to the very non-physical result that the irradiance over the 

entire detector is zero, even though all of the sources are imaged onto the detector. 

Consequentially, this method could not be used. 

----------------------- ----- -- -
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A.3.2 MODEL B 

The second method used to calculate the stray light takes advantage of the circular 

symmetry in the system. The method chosen was to divide the sky into a series of 

concentric rings, centered on the sun. The total expected irradiance for each ring was 

calculated by multiplying the radiance expected for a point in the aureole at the mean radius 

of each ring by the projected solid angle of each ring as seen by the detector. The central 

ring covered from ° to 1 degree. The second ring covered from 1 to 3 degrees, the third 

from 3 to 5 degrees and so on out to 21 degrees. The angles used for the source directions 

corresponding to each of the rings were 0,2,4,6,8, 10, 12, 14, 16, 18, and 20 respectively. 

The light entering the camera was modeled by constructing a grid of points to define 

the position of each ray as it enters the system. For each of these grid points, a ray was 

traced from each source in a set of sources, with each source in the set representing one of 

the rings used to model the aureole. This created a set of light beams, each appearing to 

come from an off-axis point corresponding to the mean radius of a ring and composed of a 

large number of individual rays, with the rays spaced so that each represents an equal part 

of the total beam area. 

The camera aperture was divided in two different ways. First a diameter of 25.4 mm 

was chosen for the incoming light beams. This completely filled the entrance aperture of the 

camera filter. Each beam was divided into 3249 individual rays, in a GRID POLAR pattern. 

Because of the small aperture stop in the camera, very few of the rays entering the front of 

the camera passed through the aperture stop, giving a small number of samples to base the 
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stray light calculation on. However, by watching the rays as they were traced it was 

detennined that very few scattered rays pass from the front of the camera through the 

aperture stop. This is consistent with the results obtained from the APART analysis, which 

indicated that the stray light contribution from the structure preceding the aperture stop was 

negligible. 

To correct for the small number of rays passing through the entrance pupil, the 

diameter of the incoming light beam from each source was reduced to 5 nun while 

maintaining 3249 rays in the beam, thereby increasing the ray density and the number of 

rays reaching the detector. The small beams were aimed in such a way that the aperture stop 

was completely filled by each beam. The smaller beams did not fill the entire front aperture 

of the camera and therefore the scattering effects of the structure in front of the aperture stop 

were not sampled. The geometry of the camera is such that very little light scattered in front 

of the aperture stop passes through the stop and reaches the detector. Therefore, decreasing 

the beam radius still produced an accurate value for the stray light. The flux of each ray was 

weighted to give beam irradiances equal to that expected from the sky. 

With the light input so modeled, a method was required for evaluating the stray light. 

To do this the detector was modeled as a set of concentric rings. The radii of the rings were 

0.379, 1.136, 1.893,2.650,3.407,4.164,4.921,5.678,6.435, 7.192, and 7.570 millimeters, 

respectively. The field angle of the corresponding ring boundaries are approximately 0, 1, 

3,5, 7, 9, 11, 13, 15, 17, 19, and 21 degrees. The incoming light was then traced through 

the system in three different steps. First, the light was traced through the system without 

scattering or reflection taking place. The total power falling on each of the detector rings 
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was then found by using the STA TS POSITION command. This provided an estimate of 

what the signal would be if no stray light was present. The rays were then traced through 

the system with Fresnel reflection being allowed to occur. By examining the difference of 

the power on each detector ring with and without Fresnel reflection occurring, the amount 

of ghosting in the system was detem1ined. Finally, the rays were traced allowing reflection 

and scattering to take place. By examining the power difference the overall stray light in the 

system was determined. Unfortunately the distribution of stray light on the detector found 

by using the STATS POSmON command is incon'ect for scattered light. The light scattered 

from a surface is modeled in ASAP as a beam with a lorentzian amplitude profile. The 

width of the lorentzian is modeled with a set of parabasal rays around a central ray that is 

used to track the peak of the scattered beam intensity. The STA TS POSI110N command 

only gives the location of the peak of the scattered beam and the power for the entire 

lorentzian is transferred as if it were all at the peak position instead of being spread out in 

a lorentzian shape. The effect of this is that the total magnitude of scattered power is 

correct, but the distribution is incorrect. The spread of scattered light for one source 

direction can be estimated by looking at the results from APART for one source direction. 

Clearly the scattered light is spread over the entire detector, but it is strongly forward 

peaked. However, the magnitude of the scattered light is very low compared to the ghosting. 

In addition, because the scattered light is strongly forward peaked. the distribution predicted 

by placing all of the scattered energy for each beam at the location of the peak energy is a 

small error. Therefore, the overall error in distribution of the stray light is small compared 

to the total stray light. 
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Finally, by dividing the power expected on each detector ring by the area of the ring 

and multiplying by the size of one pixel, it is possible to estimate the signal expected at each 

pixel. From this the exposure time can be estimated and the SNR can be calculated. 

Table A9 shows the calculation for the ghosting contribution. On axis there is a large 

amount of ghosting, 6.6 percent. This ghosting is primarily due to the multiple reflections 

of the on-axis signal. However, this should not be a problem because the light due to 

ghosting is falling on the same area of the detector as the on-axis signal, and the ghosting 

will look just like signal. The percent of light due to ghosting should be about constant and 

will be taken into account when the system is calibrated. Away from the axis, the ghosting 

contributes from between 0.4 and 0.85 percent. 

TABLE A9: Calculation of stray Ii $t due to Fresnel reflection. 

Angular Range, Signal Signal+ghost difference percent 
dejUees difference 

0.0·1.0 0.006725 0.007167 0.000441 6.56 

1.0·3.3 0.558123 0.561484 0.003361 0.60 

3.3·5.4 0.700982 0.705523 0.004541 0.65 

5.4 • 7.5 0.53058 0.534644 0.004064 0.77 

7.5·9.7 0.653008 0.657807 0.004799 0.73 

9.7· 11.8 0.71931 0.724371 0.005061 0.70 

ll.8·13.8 0.739205 0.743132 0.003927 0.53 

13.8·15.8 0.747943 0.751829 0.003886 0.52 

15.8· 17.8 0.788108 0.791903 0.003795 0.48 

17.8·19.8 0.797854 0.801096 0.003242 0.41 

19.8·20.7 0.152615 0.153907 0.001292 0.85 
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TABLE AlO: Calculation of total stray li~ht from Fresnel reflection and scattering. 

Angular Range, Signal Sig+stray differ. PERCENT 
degrees 

0.0·1.0 0.006725 0.007183 0.000457 6.80 

1.0·3.3 0.558123 0.561799 0.003676 0.66 

3.3 ·5.4 0.700982 0.705916 0.004934 0.70 

5.4 • 7.5 0.53058 0.534993 0.004413 0.83 

7.5·9.7 0.653008 0.658246 0.005238 0.80 

9.7·11.8 0.71931 0.724123 0.004813 0.67 

11.8· 13.8 0.739205 0.743271 0.004066 0.55 

13.8· 15.8 0.747943 0.752328 0.004385 0.59 

15.8· 17.8 0.788108 0.792482 0.004374 0.56 

17.8·19.8 0.797854 0.802005 0.004151 0.52 

19.8·20.7 0.152615 0.154356 0.001741 1.14 

Table AlO shows the calculation for the stray light contribution. Because of 

computer hardware limitations, the rays for the stray light calculation had to be traced in 

several different groups and the contributions from each group had to be summed to give the 

total signal. 

The relative contribution to the stray light from Fresnel reflection and scattering can 

be determined by comparing the results in the tables above. The results are given in Table 

All below. 
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TABLE All: Percent conlribution of stray light on the image plane from Fresnel reflection (F) 
and scatter (S) as a function of field angle. 

dl d2 d3 d4 d5 d6 d7 d8 d9 dlO dll 

F 6.56 0.60 0.65 0.77 0.73 0.70 0.53 0.52 0.48 0.41 0.85 

S 0.24 0.06 0.06 0,07 0,07 -0.03 0.02 0,07 0.07 0.11 0.29 

The analysis would suggest that the biggest problem with the stray light is not 

scattering but Fresnel reflection from the optics. The percent stray light due to this 

reflection is very small, less than 1 percent, except on axis, which can be calibrated out. 

However, an obvious improvement is to antireflection coat the lenses. Because of the low 

index of refraction of fused silica, it is very difficult to reduce the reflection over a wide 

spectral region, due to the lack of thin-ftlm materials of low index. A multilayer coating that 

reduces the Fresnel reflection to less than 1 % over the range from 360 nanometers to 1100 

nanometers was applied to the optics. This reduced the reflected light from each surface by 

about a factor of four, which should lead to a factor of sixteen reduction in the stray light 

from Fresnel reflections. The stray light at detector area six is lower when scattering and 

Fresnel reflection are both allowed to occur than when only Fresnel reflection is allowed. 

This is obviously incorrect and probably due to round-off error during the analysis. 

A.4 COMPARISON OF APART AND ASAP RESULTS 

The stray light predicted using ASAP can be compared to that predicted using 

APART. The APART calculation did not show the effects of Fresnel reflection, which the 

ASAP analysis indicates is the major contributor to the stray light. The validity of the 
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results from the earlier APART calculation was uncertain for several reasons. The results 

are difficult to compare because of the different models used to divide the detector in the 

stray light calculation. Even so, some comparison is possible. If the values of the stray light 

contribution due to scattering as predicted by the ASAP program are compared (allowing 

for the different detector modeling geometries) to the values as calculated in Table 8, the 

agreement is quite good. The reason for the good agreement can be understood by looking 

at the method used to derive the results in Table 8 of the APART report. The stray light 

calculated on each pixel effectively ignores the contributions from scattered light from 

regions of the sky imaged on adjacent and more distant pixels. This is consistent with the 

ASAP results because of the way that the STATS POSITION command operates. The only 

inconsistency is that the output from the APART analysis indicates that the stray J.ight is 

scattered into greater angles, in fact there is light falling over the entire detector from each 

off-axis source. However, as indicated previously, the magnitude of the scattered light is 

small compared to the stray reflected light and this error in distribution is a minor problem. 

In conclusion, the results predicted by ASAP are overall consistent with those 

predicted APART and are probably correct. The stray light in the system is primarily due 

to Fresnel reflection. This stray light can be reduced by antireflection coating the lenses. 

The remaining stray light due to reflection is primarily concentrated within the image of the 

solar disk and can be corrected for during the calibration. The scattering contribution to the 

stray light is very small. Overall, the stray light is small and should not be a problem. 
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