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ABSTRACT 

Simulations were performed to assess the performance 

capabilities of a proposed design for an airborne spectral 

sunphotometer to operate on the NASA ER-2 aircraft. The 

detector system characteristics were simulated for typical 

operation conditions, and the results suggest that such a 

design is capable of achieving the scientific objectives of 

the ER-2 sunphotometer. 

A simulation program was developed for the retrieval of 

the optical depth, the extinction/absorption coefficients at 

selected wavelengths, including a detailed error component 

analysis. The last function is particularly important for 

achieving high accuracy retrievals, since it allow one to 

trace back the error sources, and correspondingly make 

adjustment in data sensing or flight parameters. 

Models of the diffuse light dependencies on airmass, 

wavelength, and Rayleigh and Aerosol optical depths were 

established. An correction scheme was constructed based on 

these models to permit high accuracy retrievals. Simulation 

results show that this scheme is highly accurate. 
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CHAPTER 1 

ER-2 Sunphotometer System 

1.1 INTRODUCTION 

This thesis presents results of simulation and 

performance studies for a proposed airborne multispectral 

sunphotometer instrument designed to be operated on a NASA ER-

2 aircraft[1](instrument hereafter referred to as ER-2 

sunphotometer). The scientific objectives of the ER-2 

sunphotometer ar.e to provide accurate measurements of the 

vertical profiles of atmospheric extinction from near ground 

level to the stratosphere, with fine spectral resolution (1 to 

2 nm) simultaneously at several wavelengths from 380 nm to 

1060 nm. Such measurements will be needed to validate and 

complement measurements to be made with the SAGE III satellite 

to be launched as a part of the NASA Earth Observing 

System(EOS) for the mission to planet Earth program. By making 

measurements at appropriate wavelengths, retrieval techniques 

can be employed to recover extinction contributions of various 

attenuating/absorbing species. Figure 1.1 shows the spectral 

features and relative strengths of extinction due to Rayleigh 

molecular scattering, aerosol, ozone, water vapor, and 

nitrogen dioxide attenuators for typical atmospheric 

conditions at a height of 10 kilometers. The retrieval of the 
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Fig. 1.1 Spectral Extinction Coefficiencts at 10km Altitude(Reproduced from ref.(4)) 



11 

extinction coefficient of a certain attenuating species is 

most accurate at the wavelengths where the spices has maximum 

attenuations. Since each attenuating species has a certain 

unit volume absorption/extinction spectrum(either known or 

modeled), the extinction coefficient retrieved at one 

wavelength can be related to other wavelengths to minimize the 

uncertainties in the retrievals of the contributions of 

various attenuating species. For such an approach to work, 

measurements have to be made at many channels with fine 

spectral resolution. The proposed ER-2 sunphotometer is an 

instrument designed to provide such measurements. 

To assess the capability of the ER-2 sunphotometer design 

in providing useful measurements, this simulation /performance 

study has been performed for the proposed instrumental 

characteristics (e.g. spectrometer optics, detector system, 

tracking system) and typical atmospheric conditions (aerosol, 

cloud, trace gases). The conceptual design and some 

preliminary simulation results for the ER-2 sunphotometer were 

done prior to this work and were reported by Reagan and 

Huang[1], and Huang and Reagan[2]. The work reported here 

builds on and extends these earlier results. 

To assess the performance of the sunphotometer design 

requires both simulation of the sunphotometer measurements and 

processing of the simulated data to recover the original 

atmospheric information. This requires simulation of the 
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optics of the instrument and the response of the detector 

system, as well as the optical properties of the attenuating 

atmospheric constituents such as aerosol, ozone, and nitrogen 

dioxide. The earlier simulation program (SIMER2.F0R) was 

capable of calculating the sunphotometer signal output and 

signal-to-noise ratio, and could retrieve aerosol optical 

depth for simulated data with a CCD array at six fixed 

wavelengths for some special flight paths. The program 

presented in this thesis(ER2.FOR) used subroutines from the 

SIMER2.FOR program as basic building blocks and was expanded 

to include following features: 

a) More user friendly input, output data file format. 

b) Arbitrary number of channels(wavelengths). 

c) Airmass computation for arbitrary vertical attenuator 

profiles. 

d) Sunphotometer measurement simulation with photodiode 

detectors in addition to a CCD array detector. 

e) Extinction coefficient retrieval versus height. 

f) Error determinations for the optical depth and 

extinction coefficient retrievals, including percentage 

error contributions from various error sources. 

g) Corrections of the biased optical depth and extinction 

coefficient retrievals due to diffusely scattered 

radiation entering the sunphotometer's field of view. 

Discussions about these program features and example 
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simulation results produced with the program are presented in 

following chapters. The remainder of this chapter is devoted 

to a summary presentation of the conceptual design for the ER-

2 sunphotometer. 

1.2 General Design Layout 

The general ER-2 sunphotometer design as sketched in 

Figure 1.2 consists of an entrance optics arrangement combined 

with a grating and a linear CCD array, plus a separate 1.55 jum 

discrete detector. The whole assembly is to be fitted into an 

~8" tracker dome of the ER-2 airplane. 

1.3 Entrance Optics Design 

A diffuser assembly of the type shown in Figure 1.3 is 

designed to illuminate the entrance slit of the spectrometer 

with a uniform irradiance proportional to the full solar disk 

irradiance. In order to limit reflected stray light reaching 

the entrance slit, baffles or apertures are suggested to be 

included between the diffuser and the entrance slit. An 

aperture with a diameter of less than the full diffuser 

diameter,2a, may also be placed immediately behind the 

diffuser. Such an aperture would reduce the tracking error 

sensitivity of the system at the cost of lower output 

throughput (since the aperture reduces the spot size on the 

diffuser seen by the slit) . The diffuser diameter 2a ( or the 
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reduced diameter determined by an added aperture) and the 

diffuser to entrance slit distance b are selected to match the 

f/# of the concave grating to insure that the irradiance 

passing through the entrance slit does not overfill the 

grating. 

As shown in Figure 1.3, a lens of diameter D partially 

focuses the incident spectral irradiance Fx down to a spot of 

diameter 2a on the transmission diffuser, a distance L away, 

yielding a spectral flux incident on this spot of 

Qu = B (ita2) Fk (1) 

where 

Assuming a perfect lambertian diffuser with transmission Td, 

the spectral flux entering a slit of area dA„ a distance b 

below the center of the diffuser is [3] 

0 _ ftiW, _ B FkTddAB_ 
Kb % (a2+b2) (1 +b2/a2) 

For parameter values of D = 4.5 cm, 2a = 1 cm, L = 5 cm 

(~f/1.5 lens), Td = 0.5 and b = 2.2 cm (~f/2.2 for 2a/b to 

match typical grating f/#), one obtains 

ft. = (*) 
which is only sixteen times less than the value obtained for 



the preliminary SAGE III design[4]. 
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1.4 Suggested Grating Selection 

Gratings are available from a number of manufacturers 

which could be used in the ER-2 sunphotometer; manufacturers 

of particular interest include: 

American Holographic 

Spectrogon 

Jobin Yvon (J-Y Optical Systems of Instruments S.A.) 

American Holographic is suggested as a supplier since 

they offer a full line of standard holographic gratings for 

flat detector arrays to be used in their compact 100S 

spectrometer which is priced at about $1600, grating included. 

Their stock grating #446.50 (~$800 cost) has been identified 

as the most suitable for the spectrometer. The specifications 

for this grating are as follows: 

size 37 X 37 mm 

linear dispersion 35 nm/mm 

f/# 2.2 

nominal focal length 87.7 mm 

Wavelength range for 25 mm flat field 190nm-1065nm 

The above parameters are used as input to the simulation 

program. 
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1.5 Suggested Detectors 

Two types of detectors are needed for the spectrometer 

system, a linear array for the broad wavelength range of ~350 

nm to 1050 nm and a single discrete detector for the 1.55 nm 

wavelength. The discrete 1.55 jtm detector is used for 

calibration purpose only and will not be discussed further in 

this thesis. 

Linear arrays of both the photodiode and CCD type are 

available from a number of manufacturers. In order to achieve 

the desired spectral resolution of 1 nm, the detector element 

or pixel width must be about 25 microns for the linear 

dispersion of the suggested grating (35 nm/mm). Two linear 

arrays identified as most suitable are: 

E6&6 Reticon: SB series model RL 1024 SB with 1024 

elements, 25 /xm center-to-center spacing and 2500 /xm high; a 

photodiode type detector array. 

Thomson-CSF: Model TH 7831 (z) with 1728 elements, 13 /xm 

center-to-center spacing and 39 pm high; a CCD type detector 

array. 

Based on such considerations as low noise level, low 

signal threshold, wide dynamic range, ease of summing signals 

from multiple pixels or multiple integrations, and ease of 

operation, the Thomson TH 7831(z) is the recommended linear 

array detector. The EG&G Reticon photodiode array is also 

included as an option in simulation program. 
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1.6 Detector Electronics and A/D Converter 

The Thomson-CSF TH-7831(z) linear array can be controlled 

by using the TH-7931D drive module also supplied by Thomson. 

To handle the widely different signal levels for different 

wavelengths and varying atmospheric conditions, a 16 bit A/D 

is recommended. This will greatly minimize the quantization 

error. Holding the detector integration time to 10 ms or 

longer results in an A/D conversion time of -10 /is or longer; 

16 bit A/D's with such conversion times are available through 

variety of manufacturers (i.e., Analog Devices Model AD 1377) . 

A Programmable Gain Amplifier (PGA) could also be interfaced 

between the CCD output and the A/D to achieve an even greater 

operating range. Signal-to-noise ratios may be improved by 

repeating the integration cycle and averaging the signals. For 

example, averaging at a 100 cycles/s can be achieved with a 10 

ms integration time, yielding about a 10 fold improvement in 

SNR for one second of averaging. 



20 

CHAPTER 2 

Signal Modeling and Data Analysis Techniques 

2.1 Radiometer output Signal Modeling 

The attenuation of the solar radiation by the Earth 

atmosphere may be modeled in terms of sunphotometer electrical 

output signal[5] 

ln, 
R< 

or 

Vx = -rf Vote v T̂ Vkdf (5) 

, E (Q \ 
^ = VKDIR+VKDF = VU E* TKG+VKDF 

where 

Vox = (Rm/R)2 Vox 

R,,, = the mean Earth-Sun separation, 

R = Earth-Sun separation at the time of observation, 

mj = atmospheric relative airmass of i-th attenuating 

species, 

Tw= atmospheric optical depth of i-th species at 

wavelength X, 

Vx = radiometer output signal at X, 

V0x = radiometer output signal for zero-airmass, 
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V\dir = directly transmitted radiation entering radiometer 

FOV, 

VXdf = diffusely scattered radiation entering radiometer 

FOV, 

= gaseous spectral absorption transmittance averaged 

over a bandpass AX 

Eq. (6) assumes that the detector and post-detector electronics 

yield an output voltage linearly related to the quasi spectral 

flux, $x, incident on a given detector element. When three 

conditions are satisfied: 1) the wavelengths of interest are 

outside of gaseous spectral absorption regions,(i.e., =1), 

2) the diffuse light contribution VXdf is negligible, 3) all 

attenuating species have the same airmass (irtj = m) , eq.(5) 

reduces to the Bouguer-Lambert law 

. (7) 

This equation is quite accurate for quasi-monochromatic 

conditions where AX is only a few nanometers or less. 

In general, T^ depends on the spectral absorption 

behavior of the attenuating gases. One particular 

sunphotometer measurement of interest is in the water vapor 

absorption band at 940nm. The band transmittance in this band 

can be modeled by [6] 

TKW = (8) 

where u is the equivalent vertical column water vapor amount, 
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b is a constant depending on the absorption spectra of the 

band in question and the form of system responsitivity over 

the band, and a is a constant to account for offset as the 

exponent of TXw reverts from the (mu)1/2 to a linear mu 

dependence at very small values of mu. 

2.2 Radiometer output signal V\ 

An interpolated table [7] for the exoatmospheric solar 

irradiance, Fx, with one nanometer resolution (AX = 1 nm) , has 

been included in the program to model the solar irradiance 

incident on the top of the atmosphere. The exoatmospheric flux 

that would be received by a unit detector area at a central 

wavelength X and over a bandwidth AX, FxAX, is calculated as 

input to the simulation program. The flux received by the 

detector, expressed in terms of the number of photons 

incident on the sensor, is given by 

= A.Tk. ( \ ] 

where 

A = collecting area of front entrance of the 

sunphotometer, 

Tx= total spectral transmittance of the optical system 

(i.e., grating, filter, and diffuser), 

D8= diameter of the entrance slit, 
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L2d9= a2 + b2 as in eq. (3) , 

h = Planck's constant, 

c = speed of light, 

X = center wavelength. 

The sunphotometer output at each wavelength depends on 

the response of the detector. Two types of detectors are 

included in this simulation program, one is a CCD array and 

the other is a discrete photodiode. 

CCD Array: The CCD linear array detector is employed in the 

commonly used floating diffusion output technique[8], so the 

electrical output signal based on the number of photons 

incident on the detector is given by 

Vox = • QEk• <?• -pr- • ( T 9+m*LR ) > do) 
Lfd 1 + KL 

or 

V0X « 9k.QEK.q.JL, (11) 
fd 

where, 

QEX = quantum efficiency of the sensor, 

t = integration time, 

cfd = (~0.lpF) floating diffusion capacitance, 

gm = transconductance, 

Rl = load resistance, 

q = electron charge magnitude. 

Including the effect of the atmospheric extinction e"mT(X) 
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for T\g=l (the condition assumed for work presented in this 

thesis) and detector/electronics effects, the expected output 

signal for the sunphotometer inside the atmosphere, including 

noise and offset effects, is modeled by 

Vx = [gain] + + Vn , (12) 

where Vx° is the corrupted signal, and Vn is the additive noise 

which is the sum of a gaussian random noise Vgaussian noise and an 

offset noise Voffset. 

The simulation program can include gain to increase the 

dynamic range(currently set to one), to scale the output 

signal as well as add a voltage offset term, Voffset (currently 

set to zero) , and a random noise term, Vgaussiannojse. It must be 

noted that many of the variable parameters such as Gain and 

Voffset are read from an input file (detector.par) to the program. 

The user can replace these values for new simulations. Also, 

the term Rm2/R2 in eq. (5) has been set to 1.0 in the 

simulation program so that all results are normalized to the 

mean earth-sun separation condition. 

Photodiode Detector: As an option, discrete photodiode 

detectors may also be used as the detector of the designed 

sunphotometer. This also permits simulation of the existing 

NASA Ames sunphotometer[9] which has a photodiode/filter 

assembly (instead of the CCD/grating design) as the detector 
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system. The currents generated in the photodiode detectors are 

directly proportional to the spectral fluxes incident on the 

detectors, the conversion efficiency being defined by the 

detector spectral responsitivity[10]. Each detector also 

employs a built-in op-amp, configured in the transimpedance 

mode, to yield an amplified output voltage with 

gain/amplification set by a feedback resistor connected to the 

op-amp. Spectral selection is determined by interference 

filters placed in front of the photodiode detectors. Modifying 

eq.(11) for a photodiode/op-amp interference filter 

combination yields a zero airmass output signal voltage of 

ôA, = -̂ OA. Rf 
(13) 

= AX Ad Tx R„ Rf , 

where Iox is the photodiode photocurr ent, $x is the flux 

incident on detector, AX is the spectral bandpass of the 

interference filter, Ad is the effective detecting area of 

photodiode, Tx is the peak transmission of the interference 

filter times any other spectral transmission effects of the 

radiometer system(i.e., entrance glass flat), Rx is the 

spectral responsitivity of the photodiode (amps/watts), and Rf 

is the gain of the amplifier (feedback resistor of a 

transimpedance amplifier configuration). Analogous to eq.(12) 

for the CCD array, the measured signal, Vx, is modeled by 

multiplying Vox by the Bouguer-Lambert law attenuation factor, 
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and the earth-sun separation normalization factor. 

2.3 Optical Depth Computation 

The eq.(5) can be simplified by defining a total optical 

depth 

_ mRZ\R+maZ>.a*m0iX\01*mN02X>.N02 (14) 
x m 

with average atmospheric airmass m given by 

_ mR+ma+m0+mm2 

4 

where t^ is the aerosol optical depth, is the Rayleigh 

optical depth, Txo3 is the Ozone optical depth and Tno2 is the 

nitrogen dioxide optical depth. 

The Rayleigh optical depth, r^, is a function of pressure 

and wavelength, and can be calculated by the relation[11] 

»«•(,. -1) (16, 

4X4 Nl 6-76 po 
where 

P = pressure (P0=1013.25 mbar for standard conditions), 

Nc = columnar number density (=2.154xl025 cm"2 for standard 

conditions), 

Ns = molecular number density (=2.547xl019 cm"3 for 

standard conditions), 

\ = wavelength, 

S = molecular depolarization factor (=0.0279) and 

n = refractive index of air. 
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Standard number density profiles and continuum absorption 

cross sections (for different wavelengths) have been used to 

calculate the ozone and nitrogen dioxide optical depths, TXO3 

and . The aerosol optical depth, tu, is calculated by 

integrating the aerosol extinction coefficient over altitude 

from the observation altitude to the top of the atmosphere. 

Different atmospheric models can be used in the simulation by 

choosing different numerical values for these data to 

calculate the corresponding optical depth (A number of 

profiles for different amounts and types of atmospheric 

aerosol loading have been provided to the user as input 

files). 

2.4 Airmass Computation 

The relative airmass m in the Bouguer-Lambert law 

attenuation factor, e"mT(X), reflects the geometry of the Earth 

atmosphere system. For a flat atmosphere, the airmass is 

simply l/cos0, where 0 is the solar zenith angle. To 

accurately simulate the radiometer output signal at any given 

time, Thomason's model[12], which treats the atmosphere as a 

layered spherical structure, is employed in this simulation. 

Thomason's model accounts for the refraction at each boundary 

between layers according to Snell's law and calculates the 

refractive index at each layer from the pressure and 



28 

temperature at the layer. Partial airmass is calculated at 

each layer and then summed, progressing from the altitude of 

observation to the top of the atmosphere, to generate the 

total relative airmass m. It should be noted that Thomason's 

model is altitude and wavelength dependent. 

The general expression for airmass may be expressed in 

integral form by 

and CTx is the unit volume extinction coefficient, n is the 

index of refraction, 6 is the solar zenith angle, and z is the 

zenith distance from the center of the earth to the layer. The 

parameters n0, 0O, and z0 are for the observation altitude. 

For Rayleigh molecular scattering due to uniformly mixed 

gases in the atmosphere, o\dz in eq. (20) can be replaced by 

differential pressure since the uniform gas unit volume 

extinction is proportional to air density p, and pdz is 

proportional to dP by the hydrostatic relationship. This 

results in a simplified equation for Rayleigh airmass given in 

summation form by 

(17) 

where 

(18) 
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J*(0) -iij *0 1̂ 1 

A  P 
11/2 (19) 

0 

where P is the pressure at altitude z. 

To calculate airmass for an arbitrary vertical profile of 

an attenuator(like aerosols or ozone), the unit volume 

extinction coefficient ax(z) of the attenuating species is 

determined by 

attenuating species, Qx is the extinction cross section per 

molecule/particle, and N is the peak number density of the 

attenuating species. The airmass determined by using the 

normalized vertical number density distribution profile, 

rather than the pressure distribution profile for the Rayleigh 

airmass, may be computed from 

This equation can be applied to any atmospheric attenuating 

species. 

° a ( z )  =  Q\N9 ( z )  (20) 

where p(z) is the normalized number density of the 

)2(-^)2sin20, 
(21) 

2.5 Optical Depth Retrieval 

Two methods can be used to retrieve the optical depth 

from the radiometer output signal. The first is the Langley 
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plot method, which plots ln(Vx) versus airmass m. The optical 

depth tx is minus the slope of the Langley plot if rx is 

constant (i.e., doesn't vary with airmass). The intercept of 

the plot at m=0 is ln(V0X) , which is the experimental method 

to determine the zero-airmass voltage Vox. The second method, 

which requires that zero-airmass sunphotometer voltage Vox be 

known, is the Known Intercept method, which calculates the 

optical depth rx by rearranging eq.(5) to get 

*  i  •  < 2 2 )  

where the effects of diffuse light and any gaseous spectral 

absorption are neglected. Note that these methods yield exact 

optical depth retrievals only when above stated conditions or 

assumptions are satisfied. 

The zero-airmass output signal V'ox in eq.(22) may be 

calculated as described in Section 2.2. However, to 

accurately determine V'ox , the Langley plot method applied to 

data for clear, stable days has been found to be the best 

approach. The average of the values calculated by eq.(22) for 

several measurements Vx gives the mean retrieved optical 

depth. When diffuse light effects cannot be ignored and the 

various atmospheric attenuators have different vertical 

profiles(i.e., different airmasses), corrections must be made 

to both methods, as will be shown in later chapters of this 

thesis. 



The aerosol optical depth can be retrieved by rearranging 

eq. (14) to obtain 

where the Rayleigh, ozone and nitrogen dioxide optical depths 

must be known (e.g. from standard atmosphere models or other 

measurements). 

2.6 Spectral Extinction Coefficient Retrieval 

The spectral extinction coefficient, aM, of the i-th 

attenuating species is related to the optical depth for that 

species by[11] 

where h is the height above ground where the optical depth is 

determined/measured and Zx is the top of atmosphere. The 

extinction coefficient may be broken into aerosol, Rayleigh, 

and gaseous continuum absorption components, just like eq. 

(14) for optical depth(e.g., spectral contributions displayed 

earlier in Figure 1.1). 

To extract the extinction profile requires differencing 

average optical depths for a small height separation d=hn+1-hn 

and dividing by d for all height steps through the atmosphere; 

mR*kR mN0^\N02 (23) 

T;u(-k) =Jaju(z)dz, (24> 

ai{h) =H(K+i)~H(hn) (25) 
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and 

h=(hn+1+hn)/2. 

Similarly, the aerosol extinction coefficient is defined by 

<XXa(h) =T*a(J3n+l)d~T*a(An) • (26) 

Some of the errors affecting the optical depth retrieval 

are amplified by the differencing procedure to extract ax(h), 

but other bias errors are also largely canceled out. After the 

total extinction coefficient is calculated by eq. (25), the 

Rayleigh and gaseous extinction coefficients are subtracted to 

obtain the aerosol extinction coefficient by 

a ^)~ — 5 n r a
a ^ { h )  

where d is the flight height interval at h. 

The above equations provide basic retrieval schemes to 

recover optical depths and extinction coefficients from the 

observation data. Errors associated with these retrievals 

caused by various sources of error, including a detailed error 

analysis, are presented in the next two chapters. 
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CHAPTER 3 

Noise/Error Sources and Modeling 

The accurate retrieval of the aerosol optical depths and 

extinction coefficients requires the minimization of overall 

errors and uncertainties in the sunphotometer measurements 

and the data analysis process. For this purpose, the nature of 

error sources must be studied first, and accurate models for 

these errors must be established. There are essentially three 

categories of error/uncertainty sources for aerosol optical 

depth and extinction retrievals. The first is the detector 

system noises which are the randomly varying output not 

inherently related to any input signal, although they may vary 

with input signal, and other environmental parameters. Such 

noises are generally characterized by a signal-to-noise 

ratio(SNR) which is determined by the output signal level and 

noise nature of the detectors. The second category is the 

uncertainties in the vertical distributions of residual 

attenuators. The vertical profiles of residual attenuators are 

needed for aerosol optical depth and extinction retrievals 

since the sunphotometer measurements relate only to the total 

atmospheric attenuation. The residual attenuator profiles are 
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subtracted from the total attenuation profile, as shown in the 

last chapter, to give the aerosol attenuation profile. Thus, 

the uncertainties in residual attenuator profiles directly 

translate into uncertainties in the aerosol attenuation 

profile. These uncertainties reflect the fluctuations of the 

atmosphere from standard conditions, and they can only be 

reduced with the help of other techniques and/or auxiliary 

measurements (which will not be addressed as a part of this 

study). The third category is the uncertainties in the 

retrieval parameter zero-airmass voltage Vox, the flight status 

variable airmass m (which is calculated from the time and 

flight altitude longitude, and latitude of the aircraft for a 

given measurement), and the flight height h. Quantitative 

modeling of noise sources for CCD array and 

Photodiodes(including both bias errors and random errors), 

digital signal quantization error, airmass errors, and 

tracking errors will be presented in the following sections of 

this chapter. The uncertainties in assumed atmospheric 

conditions models will also be discussed. 

3.1 CCD Detector Noises 

There are essentially five different types of 

noises/errors in the CCD output signal[13] listed as follow: 

Shot Noise - Due to the quantum nature of the light. This 

noise is measured by the fluctuations in the number of 
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photons, which is equal to the square root of the number of 

signal photons. Due to the linear response of the CCD 

detector, fluctuations in the number of photons directly 

translates into fluctuations in the number of electrons (Ns) . 

Reset Noise - Introduced when the PN junction of the pixel is 

charged to its reference potential. The r.m.s. value of this 

noise in terms of electrons is given by 

8i2reset=^cT^/g (28) 

where k is the Boltzmann constant, T is temperature in (K) , CL 

is the readout capacitance, and q is the electron charge. At 

room temperature(300K), the reset noise (in rms electrons) is 

about 400Cl1/2, with CL in picofarads. 

Amplifier Noise - Includes the Johnson(thermal) noise and 1/f 

noise (NDS rms electrons) . 

Dark Current Noise - Due to dark current; it has same noise 

nature as shot noise. 

Bias Charge Error - Due to electrical bias charge. Bias charge 

is sometime added on purpose to improve charge transfer 

efficiency. It can be added either directly by applying an 

electrical input or by the illumination of the photosite. No 

bias charge error is considered in this simulation. 
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Typical values for these various noises are given in Table 

3.1, where CL and denote readout capacitance and input 

capacitance, in picofarads, respectively. 

Table 3.1; Typical CCD noise parameters; 

Noise Source Variation law Value 
(electrons) 

Conditions 

Shot Noise 1000 
100 

Ns = 106 

Ns = 104 

Reset Noise o
 

o
 110 CL = 0.08 p 

Amplifier Noise 
<JNDS 

100-200 BW = 1MHz 

Dark Current 
20 

VDS = 0.5mV 
K=1.4/1 V/e-

Bias Charge electrical 
input 

400^/Cj^ 
120 

*--in = 0.1 pF Bias Charge 

Introduction 
in photosites yj®.BIAS 700 

NBIAS = 5X10s 

It should be noted that due to the different nature of 

these noises, they have different dependencies on the 

operating conditions. Shot noise, for example, depends only on 

signal level. Johnson noise, however, primarily depends on 

operating temperature. The reset noise and amplifier noise 

depends only on readout capacitance and bandwidth, and they 

are constant for each readout operation. If each pixel is 
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integrated multiple times before it read, these two noise 

would be same, but the signal level would be many times 

greater. Thus, charge integration serves to reduce their 

relative importance. 

Summing up the above noises, the SNR for a CCD detector 

and n integration cycles can be written as 

nNs 
SNR= (29) 

^JnNB+nNd+l. 6 xlO 5 ( Cl+i~in) +Nds 

where 

Ns is the number of signal photons per pixel, 

n is the number of integrations, 

Nd is the number of electrons due to the dark current, 

and CL and C^ are the same as defined previously. 

Besides the above noises which are due to CCD detector 

itself, an additional error arises when the analog CCD output 

signal is converted into a digital signal. 

Quantization Error - Caused by A/D conversion, which is 

determined by the number of bits of the A/D converter. It is 

given by 1/(2N"1-1), where N is the number of bits of the A/D 

converter. This error is not an additive noise, but it sets an 

upper limit for the range of signal level(i.e., the maximum 

signal swing can not exceeds the limit set by A/D converter). 

It will be shown later in Chapter 6 that with a 16 bit 

A/D converter the quantization error is negligible for typical 
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sunphotometer operating conditions. As long as the ratio of 

maximum signal level to the minimum signal level does not 

exceed 66 for a 16 bit A/D, the quantization error is only 

0.1% when the maximum signal level is matched with the maximum 

analog input of the A/D. 

3.2 Photodiode Noise 

The equivalent noise current generated by the photodiode 

detector operated in the photovoltaic mode is virtually a flat 

noise spectrum from DC to the cutoff frequency. For an op-

amp/trans impedance amplifier configuration, this noise current 

is added to the amplifier input noise current and input noise 

voltage, resulting in a total photodiode/op amp noise voltage 

given by[10] 

vnT ~ Rf [i2nSI10T + (~R~J2 + + ̂  "SH + * * ^ (3 0) 
SH 

where, 

*nsH0T = \/2(?-rxA-Zr (Shot noise due to signal current, Ix) , 

vD = Amplifier input noise voltage, 

i„A = Amplifier input noise current, 

4 KT A £ / i„sH = (—— )1/2 (Johnson current noise of photodiode 
SH 



shunt resistor Rsh) 

)1/2 (Johnson current noise of amplifier 

feedback resistor Rf) , 

q = Electron charge (1.6 x 10"19 Coulombs), 

k = Boltzman's constant (1.38 x 10"23J/°K), 

T = Temperature (K) 

Af = Noise equivalent bandwidth (Hz). 

The magnitude of each noise term in eq.(30) depends on 

the noise equivalent bandwidth Af. For this simulation, a 

bandwidth of 500 Hz is assumed. The amplifier input noise 

current and voltage are bandwidth dependent and, for a 500 Hz 

noise equivalent bandwidth, are equal to 

vn = 335.4 x 10"9 volts, and "A ' 

i„A = 223.6 x 10"15 amps. 

for the current NASA Ames sunphotometer system (i.e., from 

specifications for the photodiode/op-amp detector system). 

The SNR for a photodiode may then be calculated by 

It can be improved by cooling the detector and/or increasing 

SNR = VjVnr 

Fk A A  Tk Rk •d -"A, (31) 

1SHOT 

V 
+ ( "A)2+jz+i +i211/2 o ' •'•"A J-nsHrlnti 

SH 
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incident flux. 

3.3 CCD Siqnal-to-Noise Ratio(SNR1 Improvement 

From eq. (29) , it can be seen that the CCD SNR can be 

improved by the following techniques: 

1) More Optical Throughput in the optics which results in 

a larger signal, Ns. 

2) Longer Integration Time also results in larger signal, 

Ns. 

3) Recycling Integration by averaging a number of signals 

which improves the SNR by the square root of the 

number of samples, n. 

3.4 Vox_ and m Bias Errors 

Due to calibration errors and the CCD bias charge, 

will be biased. Airmass m can also be biased due to the 

deviation of the actual attenuation profile from the assumed 

standard profile used in the airmass computations (by eq(19) 

or eq(21)). These bias errors in turn can cause the retrieved 

optical depth to be biased significantly. However, since these 

bias errors are nearly constant with height, they will almost 

be canceled in the retrieved aerosol extinction. 

Based on airmass modeling studies[14], the Rayleigh 
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airmass bias error may be reasonably well approximated by 

Smhm = m C (m/2)2,2 (32) 

for 7>m>2, and 

5mbias = m C (33) 

for m<2, where C = 0.0003. This error is due to the fact that 

the actual atmospheric temperature-pressure profile is 

different from the standard atmosphere profile. 

Bias errors in Vox of 0.5% and 0.25% have normally been 

assumed in the simulation studies. The 0.5% value is certainly 

achievable based on measurements made at Manna Loa 

Observatory[15]; an error of -0.25% is probably achievable 

with careful Langley calibration measurements. 

3.5 Random Errors 

Rayleigh scattering - This error comes from the errors in 

measuring/determining the physical guantities that define 

Rayleigh optical depth (eg.(16), i.e., pressure and 

wavelength). The simulation results presented here were run 

for SP=0.3 mbar and <SP=0.1 mbar; <SP=0.3 mbar is taken as the 

single point pressure measurement error while 5P=0.1 mbar is 

taken as the average pressure error for several measurements 

(-10) made over a small height interval (<-50 m). An error in 

wavelength of 1 nm is assumed to reasonably represent the 

pixel resolution error of the CCD detector/spectrometer 
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system; this causes an error of about 1% in the determination 

of the Rayleigh optical depth at a wavelength of 400 nm. 

Tracking error - The tracking error causes variation in 

the irradiance on the entrance slit due to the inverse square-

law effect. This error is also modeled as a random error with 

a gaussian distribution. 

Referring back to Figure 1.3, as the partially focused 

solar spot moves horizontally across the diffuser, due to 

tracking error, the center distance from the spot to slit 

changes from b to b' given by 

b' = y/b2+(A2a)2 (35) 

where A2a is the amount the spot moves horizontally. The 

spectral flux through the slit is reduced as b ' > b by the 

inverse square-law effect, and the fractional reduction is 

approximately 

a2+b2 _ a2+b2 _ 1 
a2+{b')2 a2+ [bz+ ( A 2 a ) 2 ]  l x  ( A 2  a )  2  

a2+b2 

The spot diameter 2a corresponds to the full solar disk which 

subtends -0.54°. Thus, A2a can be expressed in terms of a 

solar angular tracking error A0r as 

2 a  =  0 . 5 4 ° .  
A 2 a  A 6 r  

For 2a = 1 cm, b = 2.2 cm and A0T = 0.1°; A2a = 0.19 cm, the 

fractional reduction is 
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a2+b2 = 0.9985 (36) 
a2 + (£>') 2 

or a 0.6% loss. For 2a = 1 cm, b = 2.2 cm and A0T = 0.05°, 

or a 0.15% reduction. Thus, limiting the tracking error to 

AOt<0.05° should reduce slit illumination fluctuations to a 

a2+b2 = 0.994, 
a2 + {b') 2 

negligibly small level. This is the uncertainty (A6f=0.05°) 

assumed for the simulation in this thesis. The effect of this 

flux variation on the retrieval can be included by defining 

SNR' as 

SNR' =tJSNR2 + (Tracking Uncertainty)2 (37) 

since these two errors are caused by two instruments and not 

related. This modified SNR' will be used in the error analysis 

in the next chapter. 

Airmass errors - Random errors can occur in Ozone and 

nitrogen dioxide airmasses, due to uncertainties in their 

vertical profiles which are used in airmass computations. 

These random airmass errors are generally much smaller than 

the bias error of the Rayleigh airmass. However, since the 

bias airmass error can be reduced as will be shown in Chapter 

8, the random error can become significant when such 

correction is made. Thus, random airmass errors are also 

included in the error analysis in next chapter. 
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N02 and 03 Errors - A 10% random error was assumed in the 

simulations for both the aQ3 and aN02 attenuation vertical 

profiles. This error assumption is due to lack of any better 

information. However, by using the spectral radiometer 

measurements themselves or other supporting measurement data, 

it seems reasonable that the 03 and N02 amounts might possibly 

be estimated to this level of accuracy. 

Wavelength Error - The vibration of the CCD detector and 

the grating may cause wavelength shift for each CCD pixel. 

The degree of the shift may change for different mechanical 

conditions, weather, etc. Some wavelength correction can 

always be made by checking the spectral position of known 

atmospheric absorption features. A 1 nm wavelength uncertainty 

( one pixel) is used in this simulation. 
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CHAPTER 4 

Algebraic Error Analysis 

Having established noise/error models for the error 

sources which affect the sunphotometer measurements, the 

overall errors in aerosol optical depth and extinction 

retrievals can now be developed. The standard error 

propagation procedure will be used throughout this chapter. 

The validity of the derived algebraic error expressions will 

be examined in Chapter 7. 

4.1 Optical Depth Error 

The actual sunphotometer output Vxc("c" for noise 

corrupted) is a combination of the ideal signal corresponding 

to the flux received by the CCD detector and the noise present 

in the detector system as given by eq. (12); 

where Vn is the additive detector system noise. In the 

retrieval process, Vxc (instead of Vx) is used to calculate the 

optical depth (and extinction coefficients) by 

Vk = ^ + vkdf + vn (38) 

(39) 
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where is the signal due to diffuse light. Although V^is 

a function of the airmass and the output signal, its 

derivatives with respect to the airmass and the output signal 

will be neglected in the derivations presented here since they 

are only second order, small quantities(it will be shown in 

Chapter 8 that VMf is generally only a few percent of the 

output signal itself). Also, TXwis important only for water 

vapor retrieval, and is set to one for aerosol retrievals. To 

simulate the retrieval of optical depth, m and Vxc are treated 

as uncorrelated random variables with gaussian distributions, 

since they are caused by different sources. 

From discussions in the last chapter, it is evident that 

the various error sources which affect the sunphotometer 

measurements are different in nature and may be reasonably 

treated as being statistically uncorrlated. Applying standard 

error analysis techniques[16] to eq. (39) yields a variance aT2 

for optical depth rx of 

(40) 

m 2mfm m2 SNR'2 {1-DT)2 
1 
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where 

DT=J^df . 
Vx 

is equal to the ratio of diffuse radiation to the total 

received radiation, which will be discussed extensively in 

Chapter 8. 

The above random errors do not depend on Vox, which is a 

parameter with constant value in the above equations. However, 

a change in its value from the true value can cause a bias 

error in the mean value of Tx given by 

AxJ voX = T2 ~ T1 

= \ (lnv20jl - lnV^) 
= — ln-V, 20A. 

(42) 

= Ml 
m 

where ArN is the change in the mean value of Tx due to a change 

in Vox of 

5V0Xbias = V20X - V10X/ (43) 

and BI is the fractional error in Vox, 

BI - igL (44, 

Similarly, if airmass is biased by (Smbuls, the change in the 

mean value of rx is 
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^m+6 mblaa 
5mi?iagln( Vk } - W"5miJias 
m* VoxTw 

fanbias _ bjuhmbias 
2 ub/m 

(45) 

m 2 mjm 

When both m and Vox are biased, the bias error in Tx is the 

maximum possible error which can be found by calculating all 

possible Tx's due to each combination of airmass and Vox 

values; 

AT A. ~ MaX T (M, v0l+6v^f") ' X (m+6 mbi'a, ] 

-Mill [t (ntSfflWM, vM) i T (m, VoX+6V$"') ' t(m+8miiM, ̂ +6^"®)] 
(46) 

Positive <SVnxbias and <fmbias will result in 

a_ . Jmiias. _ b/ubmbiaB L BI la T ] — • • T i — • . *•* —— 
2 m/m m m 

(47) 

Since the polarities of the bias errors are unknown, the 
polarities of all the terms are taken as positive. Adding this 
bias error with the random error of rx results in a total 
uncertainty 

6Tx=ATa + oXx 

(ii+̂ u )2q2+ 1 
™ 2m/m m2SNR/2 (1 -DT) 2 

(48 )  

m 2i/m m 
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In turn, the uncertainty in the aerosol optical depth can be 
obtained with the add of eq.(23) and is given by 

8^*=1 * '^1 

a ma ma wa ma ma 

bmbiasx , Wubmbias BI 
m a 2 mjm 

For aerosol retrievals at wavelengths outside of the water 
vapor absorption band, the water vapor term vanishes (b=0). 

4.2 Extinction Coefficient Error 

To obtain the uncertainty in , the random error and 

the bias error again are treated separately. For the random 

error, applying the standard error analysis to eq. (27) 

results in a variance for of 

2 _ / d«a.a (-fr) ) 2 (o )2 + / )2(o )2 
( dd { d {dx(hn+l)' ( ^^1») 

. / dctfaih) 2 2 . daAa{h) 2 _ / 

. / dCC\a (h) \ 2n2 j. I dCt^^h) ^2nZ 
(_^T) "-tA) 

/ 3(X â (A) ̂ 2̂ 2 . dClfaU'l)^ 2 2 
dmR{h) %(A) dma{h) 

/ (A) . 2 2 J. / ̂ A.a ^ 2„2 
1 am0 (A) ' "VA) 1 a%0 (A)' m»°2(h) 

(50) 
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= <^ a + ^ , ' l l 0 ^ + 0 ^^ 1 + ( 5 0 ' - , ' + ( ^ ) 1  

+  ( ^W 2 + ^) 2 < + ^) 2 < + ^) 2 < + ^) 2 < 

- (^od)2 + ? +2( )2 + (^)2o2a 
mad d2mlSNR'2 {1-DT)2 maa ma XOi 

+ ™*02 +^a2 +-!ia2+—a2+(^)2a2 +(-^)2a2 
72 "s m2 m2 m' m2 % mj m̂  ma %£* 

Here it has been assumed that optical depth fluctuations 

causing <JtX2 at two neighboring heights are uncorrelated and 

statistically similar so that 

°2n(^i) * a2t\(ha) (51) 

For a large number of measurements, the variance <Tx2 (for 

every quantity x in the above equation) represents the average 

error of the measurements. Replacing <rx2 by the 

measurement/uncertainty error (fix)2, yields a retrieval random 

error 

o2 =(^8d)2+ 2 +2 ( y™.— )2+^52aA0, 
Aa mad d2mlSNR'2 {1-DT)2 m

a
a mj ^ 

( 5 2 )  

+ —i 82<*b+—^ 82«wo2+~~f ̂ 2ma+—| |&2mo3 + —"Y ̂2j%O2 
< 7n| 
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Again, the water vapor term vanishes (b=0) for wavelengths 

outside of the absorption band. 

Turning now to the bias errors of 6Vbias0X and Smbias, a change 

in Vox from its true value and a change in m from its true 

value cause a change in the mean value of of 

At*<h°> 

. . (5 3)  
_ AmbmbiaBx + bmbiaB a ^ bfubmbiaB + BlAm 

m2d K rn x 
2 m/m m2d 

where Am = m(hn) - m(hn+I) . The dependence of 5m on flight 

height is neglected in eq.(53) since it changes very little 

for two nearby measurement altitudes. By combining the bias 

error with the random error, one obtains 

:(J  ̂AmbmblaB x x bmbiaBg x b/ubmbiaB + BlAm 
"Aa m2d K m *• 2mfm m2d 

(54) 

In eq. (52) the uncertainty in flight height interval 

(5d) is calculated by using a standard atmospheric model [14] 

for pressure-height dependence of the form 

Ph = 1013.3(1 - 2.255X10"5 h)5256 mb (55) 

where Ph is the pressure at height h. Equation (55) can be 

solved in terms of height (h in meters) to obtain 
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* - l i -

and Sd can be calculated by Sd = h(Ph) - h(Ph+(SPh) . 

The polytropic type pressure-height model given in eq. 

(56) is much more accurate for determining height than a 

simple isothermal model. However, to assess the error in 

determining tif = h2 - h! for height intervals of ~1 km or less, 

a simple isothermal model is a reasonable approximation to 

use. For this case, d is given by 

d = ̂  ln-^i (57) 
9 Phz 

and Sd by 

5 d = d J(^f)2 + 2(-^)2 , (58) 

where R is the air gas constant, T is the mean air temperature 

of the layer and g is the gravitational constant. Given actual 

flight data for P and T, one can improve on the modeling of 

the pressure- height relation for the observation in question. 

The Rayleigh optical depth error may be calculated from 

eq. (16) which yields 

(St,,)2 - <, 

(%)*<4+(%)*<>! (59) 

= TL(-^)2 + *«-£)• 

and this result shows that the error arises from the 

uncertainties in pressure and the wavelength uncertainty of 
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the grating and CCD detector. 

From eqs. (59) and (25), the error in the Rayleigh 

extinction coefficient can be calculated similarly to the 

aerosol extinction coefficient error given by eq.(52) to 

obtain 

2(^)2[(A?)2+(4.M)2] + ( 2 (60) 
d P X d 

These equations form the basis of the algebraic error 

analysis. They are coded into the simulation program to 

calculate the various error components and total errors. The 

results obtained by applying these equations to simulated ER-

2 measurements are presented in following chapters. 
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CHAPTER 5 

Atmospheric Conditions and Flight Path Data 

This chapter presents model aerosol, ozone, and N02 

extinction profiles (extinction coefficient versus altitude) 

and flight path data (airmass versus height) selected for use 

in the simulations. Several aerosol profiles, typical ozone 

and nitrogen dioxide profiles and three possible flight paths 

(including one real flight) have been defined to permit 

assessment of the performance of the sunphotometer for 

various atmospheric conditions. 

5.1 Aerosol Vertical Profiles 

Aerosol models have been chosen that range from a clean 

atmosphere to the extreme condition of high volcanic loading. 

They include a SAGE-II extinction profile and three typical 

aerosol models given by [11]; they are shown in Figure 5.1. 

All the models, including the Rayleigh extinction profile 

which is also included in the figure for comparison, are for 

a wavelength of 550 nm. The clean atmosphere case, represented 

by the background aerosol profile, was assumed to be a 75% 

solution of sulfuric acid in water [17]. The high volcanic 

aerosol model represents a major volcanic eruption, while the 
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moderate volcanic aerosol model describes a major volcanic 

eruption after a couple of years of decay or a more recent 

weaker eruption. The high volcanic profile, through extreme, 

can also model a PSC (polar stratospheric cloud) case as shown 

later in this section. The SAGE-II profile was taken on April 

22, 1985, and it is between the background and moderate 

volcanic profiles. 

Models were needed at six different wavelengths for the 

spectral aerosol extinction retrieval. Since detailed spectral 

aerosol extinction profiles were not available at all six 

wavelengths, the wavelength dependence of rural aerosol models 

[11] was assumed to scale the extinction profiles at 550 nm to 

other wavelengths (assuming the relative particle size 

distribution is the same at different heights) . From [11], the 

wavelength dependence of the extinction coefficient can be 

modeled by a power law approximately proportional to X"15, 

where X is wavelength. Examples of extinction versus 

wavelength for the rural aerosol model at various relative 

humidities (0% to 99%) are plotted in Figure 5.2 to show this 

general dependence. The fitted power law value for these 

models is about -1.3±0.1, but the slope is slightly steeper 

for wavelengths in the range of 300nm to 1000nm(the wavelength 

range of interest). Thus, the slope was assumed to be -1.5 in 

the simulation. 
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5.2 Ozone and NO?Vertical Profiles 

Figure 5.3 is a plot of an average Ozone absorption 

coefficient profile at 600 nm from [18]; profiles for the 

other wavelengths are obtained by multiplying this profile by 

the relative ratios of the ozone spectral absorption 

coefficients for the other wavelengths as given in [19]. The 

N02 absorption coefficient profiles were obtained by 

multiplying a SAGE-II N02 column number density profile 

measured on December 1, 1985, shown in Figure 5.4, with N02 

absorption cross sections from [20]. For the purpose of 

evaluating the aerosol optical depth and extinction profile 

retrievals, these two gas profiles are quite representative of 

normal conditions for ozone and nitrogen dioxide as these 

gases are relatively stable in the atmosphere compared to the 

variability in the aerosol vertical distribution. 
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5.3 Typical Flight Paths 

The flight path construction is perhaps the most 

important factor for achieving high retrieval accuracy as it 

is the only adjustment which can be made during measurements. 

It is therefore very important to study how the retrieval 

errors depend on the flight variables. The analytical aerosol 

retrieval error relations were given in previous chapter. The 

only flight parameter in the optical depth retrieval 

error(eq.(49)) and the extinction retrieval error(eq.(54)) is 

the aerosol airmass, since the airmasses of the other species 

are not independent variables. It is possible to construct 

the best possible airmass-flight height profile by using 

eq.(54) or eq.(49). For example, since 

d(8"*a) = o (61) 
dm 

gives minimum aerosol extinction error, differentiating the 

right hand side of eq.(54) with m and solving the resulting 

equation would yield the optimal airmass versus flight height 

relation for the extinction coefficient retrieval. However, 

this would be very difficult to implement for real-time 

measurements, since it involves solving a complicated 

differential equation for each flight height. It is more 

illustrative to consider some typical flight scenarios for the 

purpose of assessing the ER-2 sunphotometer capabilities. For 

simulation purposes, two different types of profiles can be 
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chosen which span the range of interest. From the Bouguer-

Lambert law as given in eq. (7) , it can be seen that the 

sunphotometer output depends exponentially on the product of 

airmass and optical depth. Since optical depth is always 

greater at the ground and decreases with increasing height, 

one would like to have a profile with a smaller airmass at the 

ground that increases with flight height to obtain a near 

constant SNR' ratio. This can be seen more clearly from 

eq.(54) . In order to minimize the SNR' error term in eq.(49), 

the product of mSNR' has to be a maximum. When the shot noise 

is the dominant SNR' noise, SNR' is proportional to the square 

root of the sunphotometer output signal. From eq.(7), the 

maximum of mV1/2x corresponds to mrx=2. When SNR' is not the 

dominant source, this condition will no longer produce the 

smallest retrieval error, but it should still be close to the 

minimum. This is the case of the first flight scenario, Flight 

No.1, the optimal type of flight, as shown in Figure 5.5. It 

starts in the mid-afternoon at the ground with smaller airmass 

(about 1.5) and arrives at the peak altitude with a larger, 

but not excessively large airmass (about 5) . The actual flight 

status is given in Table 5.1. The vertical ascension rate for 

this flight is about 2 to 4 m/sec, which is typical of the ER-

2 flight capability. 
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TABLE 5.1, Flight No.l Profile Date: 11/12/1988 

time height longitude latitude hour 
west 

hhmm.ss km degree degree degree 

1330.00 1.0 112.00 30.0 7.0 

1332.00 2.0 112.00 30.1 7.0 

1334.00 3.0 112.00 30.2 7.0 

1336.00 4.0 112.00 30.3 7.0 

1338.00 5.0 111.80 30.4 7.0 

1340.00 6.0 113.60 30.5 7.0 

1343.00 7.0 111.30 30.6 7.0 

1347.00 8.0 111.10 30.7 7.0 

1352.00 9.0 111.00 30.8 7.0 

1400.00 10.0 109.90 30.9 7.0 

1410.00 11.0 108.00 31.0 7.0 

1420.00 12.0 107.50 31.5 7.0 

1430.00 13.0 106.00 32.0 7.0 

1440.00 14.0 105.00 32.0 7.0 

1450.00 15.0 104.00 32.0 7.0 

1500.00 16.0 103.00 32.0 7.0 

1510.00 17.0 103.00 33.0 7.0 

1520.00 18.0 103.00 34.0 7.0 

1530.00 19.0 103.00 35.0 7.0 

1540.00 20.0 102.00 35.0 7.0 
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Flight No.2 shows the opposite scenario. It starts in 

the early morning with a relatively large airmass(~5) and 

consequently weaker signal, due to both large optical depth 

and airmass, and ends at its peak altitude with small airmass. 

It will be shown later in Chapter 7 that the bias airmass 

error causes a significant error in aerosol extinction 

retrieval at lower altitudes, but it is small enough at 

heights of interest to not pose significant problems. The 

actual flight status is given in Table 5.2. 

As another example of interest, Flight No.3, which 

represents a quite large airmass situation that can arise for 

arctic/antarctic flights, is also included. It is from a part 

of an ER-2 flight in the arctic on January 24, 1989 at mid-

morning over Norway at about 65°N latitude[21]. The airmass 

has a large range from 6 to 16 as shown in Figure 5.6. The 

flight status is given in Table 5.3. The purpose of including 

this flight is to examine the effects of large airmass values 

and to model a polar-straospheric-cloud(PSC) retrieval. 

To show the height dependent bias error effect on the 

extinction retrieval due to airmass gradient as given in 

eq.(53), the Am/m versus height variations for the three 

flight models are shown in Figures 5.7, 5.8, and 5.9. The 

Flight No. 1 and No. 2 have different polarity as airmass 

increases with flight height for Flight No.l but decreases 

with flight height for Flight No.2. In Figure 5.9, Am/m is 
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always negative but Am/d changes sign during the flight since 

d is negative for the descending part of the flight and 

positive for the ascending part. 

TABLE 5.2, Flight No.2 Profile Date; 11/12/1988 

time height longitude latitude hourwest 

hhmm.ss km degree degree hr 

0800.00 1.0 115.00 31.0 7.0 

0802.00 2.0 114.00 30.9 7.0 

0804.00 3.0 113.00 30.8 7.0 

0806.00 4.0 112.00 30.7 7.0 

0808.00 5.0 111.00 30.6 7.0 

0810.00 6.0 110.00 30.5 7.0 

0813.00 7.0 119.00 30.4 7.0 

0817.00 8.0 108.00 30.3 7.0 

0822.00 9.0 107.00 30.2 7.0 

0830.00 10.0 106.00 30.1 7.0 

0835.00 11.0 105.00 30.0 7.0 

0840.00 12.0 105.00 29.9 7.0 

0845.00 13.0 104.00 29.8 7.0 

0850.00 14.0 103.00 29.7 7.0 

0855.00 15.0 102.00 29.6 7.0 

0900.00 16.0 101.00 29.5 7.0 

0910.00 17.0 101.00 29.4 7.0 

0920.00 18.0 101.00 29.3 7.0 

0930.00 19.0 101.00 29.2 7.0 

0940.00 20.0 101.00 29.1 7.0 

0950.00 21.0 101.00 29.0 7.0 
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TABLE 5.3/ Flight No.3 Profile Date; 11/12/1989 

time height longitude latitude hourwest 

hhmm.ss km degree degree degree 

1200.00 19.554 15.00 67.0 0.0 

1204.00 18.929 15.00 66.5 0.0 

1206.00 18.429 15.00 66.0 0.0 

1208.00 18.050 15.00 65.5 0.0 

1210.00 17.490 15.00 64.0 0.0 

1212.00 16.670 15.00 63.5 0.0 

1214.00 15.740 15.00 63.0 0.0 

1216.00 16.740 15.00 62.5 0.0 

1218.00 17.800 15.00 62.0 0.0 

1220.00 18.300 15.00 61.5 0.0 

1222.00 18.800 15.00 61.0 0.0 

1226.00 19.620 15.00 60.5 0.0 

1240.00 20.370 15.00 60.0 0.0 
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CHAPTER 6 

Sunphotometer Measurement Simulations 

6.1 Program flowchart 

The structure of the simulation program for the 

sunphotometer measurement simulation (forward simulation)is 

shown in Figure 6.1, and in Figure 6.2 for the retrieval 

simulation. In the forward simulation, the output signal, 

signal-to-noise ratio, and airmass are calculated as a 

function of the flight altitude for each channel. Input files 

required for the simulation include the detector system 

parameters, flight data and atmospheric aerosol and gas 

profiles. For the retrieval, the optical depth are first 

calculated using either the Langley plot method or the Known 

Intercept method by eq.(22). The extinction coefficients are 

then calculated according to eq.(26). The output options are 

selected from the terminal when the program is started. A 

manual is given in the appendix which includes the detailed 

instructions for users, as well as definitions for the various 

output quantities. 
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Fig. 6.1 Forward Simulation Flowchart 
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Fig. 6.2 Retrieval Simulation Flowchart 
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6.2 Output signal simulation 

The sunphotometer system parameters assumed for the 

simulations presented here are given in Table 6.1. These 

values are representative of the hardware choices specified in 

Chapter 1. 

TABLE 6.1 Sunphotometer System Parameters 

Wavelengt 
h 

Q.E. Irradiance (Fx) Tgrat'Tfltr Ozone Ratio N02 Xsection 

nm W/m2 (for lnm) cm2' /mlc 

385 0.4925 1.2060 0.1535 0.0000 5.757E-19 

440 0.506 1.7303 0.1260 0.0286 6.172E-19 

525 0.571 1.8899 0.0935 0.4186 1.915E-19 

600 0.571 1.7255 0.0470 1.0000 4.230E-20 

761 0.476 1.2084 0.0470 0.0533 0.00000 

1020 0.058 0.7121 0.0270 0.0000 0.00000 

Pixel area: 5.07E-06 cm2 Entrance aperture: 0.045 
m2 
Diffuser spacing : 0.022 m Diffuser radius : 0.005 m 
Slit width : 26 jum Slit height : 39 jum 
Tgrat : Grating transmission Tntr : Filter transmission 
Integration time (one cycle): 10 msec. 
CCD's diode capacitance : 0.1 p 
Diffuser transmission coefficient : 0.5 

The wavelength range from 385nm to I020nm is sufficient 

for the purpose of assessing spectral performance of the 

sunphotometer, and these specific wavelengths are typical 

values of interest for sunphotometer measurements. For these 

parameters, the resulting spectral irradiance throughput of 

the spectrometer system for 1 nm resolution is plotted in 

Figure 6.3. Multiplying pixel area by this throughout factor 
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solar spectral irradiance as given by eq.(4). The output 

voltage is converted from the number of electrons generated in 

each CCD pixel as given by eq. (9) ; electron number being 

calculated by multiplying the flux per pixel by the CCD 

quantum efficiency. For the measurement signal simulation, the 

output voltage Vx and the Signal-to-Noise Ratio (SNR) are 

generated as a function of flight height at each wavelength 

for various extinction and flight-height profiles. The zero-

airmass output voltage Vox is also generated as a reference. 

i r 

l i l t !  J L ' ' I J L i_L i i ' J L 

400 500 600 700 800 900 1000 
wavelength 

Fig. 6.3 Optical Throughput Versus Wavelength 
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As expected from Figure 6.3 and the parameters in Table 

6.1, the maximum output voltage is obtained at the 525 nm 

channel, and the minimum occurs at the 1020 nm channel. Since 

the ratio of maximum signal level to the minimum signal level 

determines the quantization error for a given A/D converter, 

as discussed earlier in Chapter 3, the upper limit of this 

ratio is of particular interest in assessing the number of 

bits required for the A/D converter. 

The output voltages Vxare plotted in Figure 6.4 for the 

high volcanic model and Flight No.l, for one integration cycle 

(10 milliseconds). Although the airmass increases from about 

one (at ground) to five (at the peak heights) , the optical 

depth decreases somewhat faster so that the output voltage 

actually increases slowly with height. For Flight No.2, a much 

faster voltage increase occurs with height as shown in Figure 

6.5. Plots of the output voltage Vx for the high volcanic, 

moderate volcanic, and background model profiles at a peak 

height 20 km are shown in Figure 6.6 for all six channels and 

a moderate airmass of 2.0. Figure 6.7 gives the ratio of 

signal voltage at airmass 2 to zero-airmass voltage for the 

six channels. Even for the cleanest model, the ratio is less 

than 0.995 except at the longest wavelength. Hence, Vx(20 km) 

does not provide a sufficiently accurate estimate of Vox. It 
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should be possible to obtain significantly more accurate 

estimates of Vox by the Langley plot approach. 
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6.3 Siqnal-to-Noise Ratio 

From the Bouguer-Lambert law as expressed in eq.(7), the 

signal ratio for any two channels is given by 

Since the 525nm channel has the largest Vox and the 1020 nm 

channel has the smallest Vox (see Figure 6.6) and the 

exponential term in eq.(62) is generally smaller than one 

(t525nm >Ti020nm) > the upper limit of this ratio is given by 

When both the optical depth and the airmass are small, the 

ratio approaches this limit. This is the case for Flight No.2 

at the peak height. 

Signal-to-Noise ratios given by eq.(29) are plotted in 

Figures 6.8 and 6.9 for Flights No.l and No.2, respectively. 

They look similar to the voltage output plots because the 

noise is effectively shot-noise limited(i.e., SNR proportional 

to square-root of signal electrons). 

As discussed in Chapter 3, the signal-to-noise ratio can 

be improved by multiple integrations for each pixel. Plots of 

SNR versus integration time are shown in Figures 6.10 and 6.11 

for the 525 nm and 1020 nm channels, respectively. They show 

that the SNR increases quadratically with integration time, as 

predicated by eq.(29). 

(62) 

olOZOnm 

= 46.57 
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CHAPTER 7 

Retrieval Results and Interpretations 

7.1. Aerosol Optical Depth and Extinction Retrieval 

This section presents a number of sample outputs obtained 

with the simulation program. Retrievals for aerosol optical 

depth and extinction have been simulated for one measurement 

with a gaussian random generator, rather than averaging from 

many measurements, and the ± one-sigma error bars shown on the 

retrievals have been determined from the algebraic error 

relations developed in Chapter 4. One should expect, on 

average, about 68% of the simulated retrievals should fall 

such that the error bars overlap the true values, and this is 

generally the case. However, where bias errors are important, 

as in the effect of zero-airmass voltage, the retrievals can 

be biased in one direction from the true values. 

Given the sunphotometer output and SNR' at the wavelength 

of interest, the aerosol optical depth can be retrieved by 

using eq. (22) and eq. (23) . It should be emphasized that in 

these calculations the bias errors have been treated as a 

worst case in which bias errors due to airmass and zero 
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airmass output voltage have the same polarity. In practice, 

their polarities are generally unknown, but each has a fixed 

value over a particular flight profile. In cases where an 

aerosol profile is retrieved many times with different flight 

profiles, one could include these bias errors as random 

errors. For these calculations, they are treated as bias 

errors since each retrieval is done with one particular 

flight. 

As shown in eq.(48) for the optical depth retrieval, the 

bias errors due to a consistently biased airmass and zero-

airmass output voltage can, depending on the bias extent, be 

significantly greater than random errors due to SNR' noise. 

For example, the bias error due to <Smbias can be large even for 

small aerosol optical depths. Relatively small bias errors in 

VoX can also significantly affect the aerosol optical depth 

retrieval since the optical depth retrieval error due to <Smbias 

is proportional to the total optical depth rather than aerosol 

optical depth. This is the case in Figure 7.1 in which the 

retrieved aerosol optical depths (stars with algebraic error 

bars) are compared to the original aerosol optical depth 

profile for the moderate volcanic aerosol model. The retrieval 

was done for Flight No. 1 and one integration cycle (10 

millisecond integration time) . The error bars in this case are 

due to random uncertainty in SNR' noise (including tracking 
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error) , pressure height uncertainty and bias errors. The shift 

in the retrieved optical depth from the original profile is 

due to bias errors in airmass and Vox. Bias errors are the 

dominant errors in this case and they cannot be reduced with 

multiple integrations. 
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The extinction retrievals differ from the optical depth 

retrievals in two significant aspects. First, comparing 

eq. (54) to the eq. (49) , one can see that the flight height 

interval (d) cannot be made arbitrarily small without 

adversely effecting the retrieval precision. This means that 

one cannot obtain finer spatial resolution in the aerosol 

extinction profile retrieval without loosing accuracy. To see 

how the pressure height uncertainty depends on the flight 

height, the pressure height uncertainty due to a 0.1 mb 

pressure uncertainty (about the actual measurement accuracy) 

is calculated for the two models described in Section 4.2. 

Model No.1 is the polytropic type given in eq.(56), and Model 

No.2 is the isothermal type for which <Sd is given in eq. (58) . 

The height versus pressure-height uncertainties are plotted 

in Figure 7.2 for these two models. Model No.l, which predicts 

greater height uncertainty for a given height, is used in 

simulations, but the actual uncertainty should fall somewhere 

in between the two models. Secondly, the bias error due to 

biased zero-airmass voltage output is much smaller in eq.(54) 

than in eq.(49) since it involves a factor of Am/m which is 

generally very small (as shown earlier in Figures 6.7, 5.8, 

and 5.9). The relative bias error due to biased airmass 

remains the same as that for optical depth. 
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Figure 7.3 shows aerosol extinction profile retrievals 

for the 525 nm channel (for 100 cycles or 1 sec integration) 

and Flight No.l, for the high volcanic, SAGE-II and background 

model profiles. All errors as defined in eq.(54) are included 

in the error bars. Also noted on the figure are the one-sigma 

and the bias level values assumed for the various errors. The 

error bars are sufficiently small to suggest that useful 

retrievals could be expected for even the very clean 

background case. In Figure 7.4, similar retrievals are given 

for Flight No. 2, which has a slightly poorer SNR' error (Figure 

6.9) than Flight No.l, but the rest of the error sources are 

the same as those for Flight No.l. In Figure 7.5, a retrieval 

is plotted for the case of a moderate volcanic profile with 10 

km surface visibility (i.e., the extinction near the surface 

has been increased to model 10 km surface visibility [13]). A 

finer vertical retrieval resolution of 0.5 km, up to 5.5 km 

above the ground, was included here to show that accurate 

retrievals can be achieved close to the ground with finer 

resolution if the aerosol loading is relatively large. 

Another case of interest is shown in Figure 7.6 which is 

for the SAGE-II data retrieved at 525 nm, with 100 

integrations, for the arctic flight(Flight No.3). This flight 

has a V shape height-airmass relation so that the profile is 

actually retrieved twice with different airmasses. This 

results in opposite polarities in some of the bias errors for 
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each flight part, causing the retrieved values to be shifted 

to opposite sides of the original profile depending on which 

part of the flight the retrieval is made. This is the result 

of the fact that, as seen in Figure 5.6, the airmass decreases 

on one side of the flight profile, but increases on the 

other (i.e. , slope polarity changes) . The portion denoted as the 

"First Part" is for the smaller airmass half of the flight 

profile in Figure 5.6, while the "Second Part" is for the 

larger airmass half of the flight. The "First Part" has larger 

random errors (given by error bars) and smaller bias errors, 

agreeing with eq.(54). 

As a check of the algebraic error prediction, Table 7.1 

lists the errors due to SNR' only for the high volcanic 

aerosol model, Flight No. 1 and the 525 nm channel for 30 

simulation runs. The algebraic prediction, as calculated by 

eq.(54), is very close to the actual error obtained by taking 

the standard deviation of the 30 simulation runs. This 

provides conformation for the algebraic error relations given 

by eqs. (49) and (54). 
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TABLE 7.1. Comparison of Algebraic Error calculation and 

Simulation Average 

Retrieval of High Volcanic Aerosol Extinction Profile 

(Flight No.l) 

Height Mean Extinction Sigma (30 events) Algebraic Sigma 

Km 1/Km 

1.5 0.650E-02 0.152E-02 0.189E-02 

2.5 0.507E-02 0.202E-02 0.177E-02 

3.5 0.395E-02 0.156E-02 0.166E-02 

4.5 0.366E-02 0.128E-02 0.157E-02 

5.5 0.332E-02 0.154E-02 0.148E-02 

6.5 0.304E-02 0.131E-02 0.145E-02 

7.5 0.301E-02 0.300E-02 0.140E-02 

8.5 0.296E-02 0.217E-02 0.137E-02 

9.5 0.272E-02 0.220E-02 0.134E-02 

10.5 0.287E-02 0.144E-02 0.127E-02 

11.5 0.287E-02 0.164E-02 0.120E-02 

12.5 0.269E-02 0.202E-02 0.111E-02 

13.5 0.262E-02 0.140E-02 0.102E-02 

14.5 0.251E-02 0.120E-02 0.944E-03 

15.5 0.227E-02 0.920E-03 0.860E-03 

16.5 0.203E-02 0.110E-02 0.772E-03 

17.5 0.174E-02 0.115E-02 0.682E-03 

18.5 0.131E-02 0.105E-02 0.592E-03 

19.50 0.750E-02 0.756E-03 0.503E-03 
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7.2 Aerosol Extinction Error Components 

As shown in Chapter 4, different error/uncertainty 

sources contribute differently to the total aerosol extinction 

retrieval error. To assess the impact of each 

error/uncertainty source, simulations have been performed to 

determine the relative contribution from each source for 

selected input conditions. This was done in the same fashion 

as in eq. (52); i.e., square root of the sum of squares for the 

random errors and arithmetic sum for the bias errors. The 

relative error components (error components divided by aerosol 

extinction coefficient) are shown in Figures 7.7 and 7.8 for 

the high volcanic model, Flight No.l and No.2 flight profiles, 

and 100 integrations. The SNR' error, which is the smallest 

error for this model profile case, is defined as 

2/ (d2m2SNR'2) (i.e., as included in eq.(52)) and the right 

boundary of the pressure-height contribution in Figures 7.7 

and 7.8 is the square root of the sum of the squared SNR' 

errors and the squared pressure-height uncertainty (ax(Sd)/d)2. 

The other error boundaries were determined by appropriately 

adding the additional error terms as included in eq.(52). Note 

that the term (aXR(<Sd)/d)2 , which is a part of 6a^ as shown in 

eq.(52), is included as a Rayleigh error although it is 

actually a product of the Rayleigh extinction with the error 

in the flight pressure-height determination. In Figure 7.7, it 
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can be seen that the SNR' error contribution has been 

minimized to a few percent of the aerosol extinction at 525 nm 

with 100 integrations for Flight No.l. Pressure height error 

due to 0.1 m bar pressure uncertainty only contributes a few 

percent error at larger heights. It can also be seen that 10 

percent uncertainty in N0Z absorption and Ozone absorption 

contribute less than one percent to the relative extinction 

error. Also included are the bias errors due to the airmass 

bias described in Chapter 3 and a 0.25% zero-airmass voltage 

bias. As expected, the total bias error is a maximum at the 

peak height, due to large airmass bias at the peak height. 

Comparing Figure 7.8 to Figure 7.7, it can be seen that the 

only notable difference in Flight No.2 is the rather constant 

bias error throughout the whole flight. This is due to the 

combination of decreasing airmass and increasing signal level 

with height. On the whole, Flight No.l is slightly preferable 

to Flight No.2. 

Figure 7.9 illustrates that useful retrievals can also be 

made for the clean background aerosol extinction profile. The 

relative errors stay nearly constant from 10 km up to the peak 

height. This suggests that the absolute error in the retrieved 

extinction coefficients decreases with flight height as 

quickly as the aerosol extinction coefficient itself(see 

Figure 5.1). 



-.s::::. 
C) 
·a; 
.s::::. 

93 

Flight No.1, high volcanic profile, 525nm, 1 00 int. 

1.08-02 1.0.01 

relative error 

Fig. 7. 7 Aerosol Error Components(Fiight No.1) 



94 

Flight No.2, high volcanic profile, 525nm, 100 int. 

7 

1.08-03 1.Qe-02 1.08-01 

relative error 

Fig. 7.8 Aerosol Error Components(Fiight No.2) 



95 

13 

7 

4 

1.08-02 1.08-01 

relative error 

Fig. 7.9 Aerosol Error Components(Background) 



96 

7.3. EXTENSION TO PSC CASE 

The occurrence of a polar stratospheric cloud (PSC) is an 

interesting special case to consider for simulation studies. 

A PSC case detected by SAM-II on January 24, 1989 [21] is 

included here. This PSC profile is close to the high volcanic 

profile at 525 nm shown in Figure 5.1, except it occurs at a 

greater height. In order to simulate the PSC case, which is 

typically located from 15 km to 30 km in the stratosphere, the 

flight status file was extended to a higher flight height. 

This was done by simply assuming a constant airmass of 8 from 

20 km to 29 km. This is not too unrealistic as an 

arctic/antarctic flight, as shown earlier in Figure 5.6, 

typically is for a larger airmass where airmass changes rather 

slowly with height. The original SAM-II profile was for 1/m 

which is well approximated as the profile that would also 

apply for 1020 nm. It was retrieved at 1020 nm with 100 

integrations as shown in Figure 7.10. This channel has 

significantly lower SNR' than other channels due to the 

smaller signal, but accurate retrievals can still be achieved 

with 100 integrations. The PSC spectral extinction 

characteristics exhibited by the measurements reported in 

[21], when used to determine the scaled extinction at 525 nm, 

yield a peak extinction value almost the same as the high 

volcanic model peak value (at~18 km). Hence, the high volcanic 

model retrieval given earlier in Figure 7.3 can also be 
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interpreted as a PSC retrieval for a PSC positioned at a lower 

altitude than what was reported in [21]. 
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CHAPTER 8 

Diffuse Light and Airmass Bias Effects 

Discussion earlier in Section 2.5 indicated that 

corrections must be made to both the Langley plot method and 

the Known Intercept method when the errors caused by the 

diffusely scattered light entering sunphotometer's field of 

view cannot be neglected. Eq.(6) in Chapter 2 suggests that 

such corrections can be made using the Known Intercept method 

if the ratio of diffusely transmitted light to directly 

transmitted light is known. It will be shown in this chapter 

that the ratio of directly transmitted light to diffuse light 

entering the sunphotometer field of view(FOV) is the only 

quantity that is needed to correct errors due to diffuse 

light. The dependencies of this diffuse/direct ratio on 

airmass, wavelength, Rayleigh optical depth, aerosol optical 

depth and FOV for typical aerosol size distribution functions 

are presented in this chapter. Based on these results, a 

correction scheme has been developed and applied to the 

Pinatubo volcanic aerosol optical depth data[22]. 
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8.1 Diffuse Light Computation 

To investigate diffuse light effects, a radiative 

transfer model [23] incorporating all orders of scattering was 

used to compute the spectral diffuse light contribution as a 

function of photometer FOV, aerosol optical depth, Rayleigh 

optical depth and solar zenith angle for a given aerosol 

particulate size distribution model. Two empirical particulate 

size distributions models which are typical for most aerosols 

were used to compute the diffuse light effects reported in 

this thesis. The first size distribution is the Junge 

distribution[11] given by 

-T4^-=cr"v (63) 
d lnr 

where N(r) is the particle number density at particle radius 

r, c is the Junge scaling constant and v is the Junge shape 

factor. This distribution is a good approximation for the 

troposphere aerosols. The optical depth is related to the 

size distribution function by 

TAa=/ d̂ r) nr2Qext(n,r/\)dr (64) 

where Qext(n,r/X) is the extinction efficiency at wavelength X 

for an aerosol particle of radius r and refractive index 

n[24]. A fairly wide particulate radius range extending from 

0.01 to 5.0 microns was assumed for the computations, yielding 

a particulate spectral optical depth dependence well 
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approximated by aX<|,+2) for the wavelength range of interest 

(~0.4/nm ( X (~1.0jtim). 

The second particulate distribution model is a bimodal 

log-normal distribution model of the volcanic aerosol from 

Russel et al [25] with each mode of the form 

dN(r) N0  . i , lnr-lnr„v 
WV = — — exp[-4(— g)2] (65) 

zincs 2  lnog 

where parameter rg is the particulate size corresponding to the 

peak value of the distribution function for each mode, and 

log(crg) is the half width of the gaussian distribution. This 

distribution function provides a good approximation for the 

type of aerosols observed in the stratosphere associated with 

volcanic eruptions. Since there are more adjustable parameters 

(total of five) in this model, it can be adjusted to reproduce 

almost any spectral aerosol optical depth data. Two particular 

sets of parameters which were obtained from the Pinatubo 

aerosol data[25] have been used for computations presented in 

the following sections. These two aerosol size distributions 

are plotted in Figure 8.1. The first distribution was observed 

during August and September, 1991(hereafter referred to as 

"August 91"), immediately after the volcanic eruption which 

took place during June 1991. It has a Background mode and a 

Enhancement mode defined by the following parameter values: 

Background Mode: rg=0.08 jum, a= 1.44. 

Enhancement mode: rg=0.26 jum, ag=1.58. 
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Refractive Index: 1.44 for both modes, and 

N0 (background)= 1.14 N0 (enhanced) 

Note that the two modes have about the same width and peak 

magnitude. The only difference is that the enhanced mode has 

a much larger mean particle radius. 
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The second log normal distribution was measured one year 

after the volcanic eruption during July, 1992(hereafter 

referred to as "July 92") and its background mode has a much 

greater peak magnitude. The parameters values for this 

distribution are as follow: 

Background Mode: rg=0.3746 nm, <rg=0.52. 

Enhancement mode: rg=1.594 /Ltm, CTg=0.45. 

Refractive Index: 1.44 for both modes, and 

N0 (background)= 402 N0 (enhanced) 

The aerosol particles have a much greater average size for 

this distribution as compared to the August 91 distribution. 

To study the diffuse light effects, the total spectral 

sunphotometer signal voltage, Vx, given by eq.(5), can be 

divided into a directly transmitted radiation component, VXdir, 

described by the Bouguer-Lambert law, and a diffusely 

scattered radiation component, VXdf, which was defined earlier 

in Chapter 4. This yields 

(66 )  

or 

VjL = VXdlt(l +DD) (67) 

where 

DD = Vkdf/Vkdiz (68 )  

and 
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v = v r 2#3"jn(0)t)l v\dii 

as given earlier in eq.(7). The total optical depth, Tx, is 

assumed to be composed of only a Rayleigh (molecular scatter) 

component, t^, and a particulate (aerosol extinction) 

component, t̂ , (i.e., X selected to avoid gaseous absorption 

regions) so that 

*ji = Wj* <69) 

If the total received light, Vx, is used as the directly 

transmitted light, Vxdir, in eq. (22) , a bias error Atx would 

result in the retrieved optical depth. Using eq.(22), this 

bias error is given simply by[26] 

AT, = —ln(l +DD) (70) 
m 

This equation is used in the following sections to calculate 

the relative error in aerosol optical depth due to diffuse 

light. 

8.2 Diffuse/Direct Ratio Versus Airmass 

An accurate model of the DD ratio versus airmass is very 

critical to construct an efficient error correction scheme. 

Since a large number of data points, each at a different 

airmass, generally have to be processed with the Langley plot 

method, and it also takes about 15 minutes CPU time of a 
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SPARC-II sunstation to compute the DD ratio for one airmass 

value, it is impractical to compute the DD ratio at each 

airmass. Interpolation is a possible approach to reduce the 

amount of computation, but there is the question of how much 

accuracy may be sacrificed by interpolation. 

To study the dependence of the DD ratio on airmass, it 

was computed as a function of airmass for various aerosol size 

distribution functions and standard atmospheric vertical 

profiles. Figure 8.2 shows the DD ratio versus airmass for the 

August 91, and the July 92 bimodal log-normal aerosol 

distributions and the Junge distributions with exponent 2.0 

and 2.5, calculated at 451nm with txr= 0.1 (an altitude about 

3km above sea level), = 0.2(typical volcanic aerosol 

loading) and a 4.5°FOV. While these Rayleigh and aerosol 

optical depths are not real data, the values are 

representative of conditions observed after the Pinatubo 

eruptions. As shown in Figure 8.2, the DD ratio is almost 

perfectly linear for airmass from 1 to 10. Since the DD ratio 

vanishes when airmass is zero, it can be expressed as DD = km, 

where k is the slope of DD versus m curve. Also, as DD is only 

a few percent for airmass from 1 to 7, eq. (70) can be expanded 

for small DD yielding 
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Atx = k . (71) 

This is a very important result which implies that the bias 

error of the retrieved optical depth due to diffuse light has 

a very small airmass dependence for the airmass range 1 to 

10(k actually increases from 0.258 to 0.277 for the Junge 

v=2.0 case which yields the largest slope of the four curves 

in Figure 8.2). It should be noted that m=10.0 corresponds to 

a solar zenith angle of about 84°. For airmass greater than 

10, meaningful measurements can only be made near the arctic 

or antarctic during winter when the zenith angle of the Sun 

changes very slowly. For other locations, the Sun travels from 

84° to the horizon in only a few minutes, requiring extreme 

accuracy in the time of each observation to calculate the 

corresponding airmass value. 

Figure 8.3 extends the airmass range of Figure 8.2 to 30, 

for the same set of parameters and the same four size 

distribution functions as in Figure 8.2. Clearly, for airmass 

greater than 20, each curve approaches a straight line. This 

suggests that the DD ratio is exponential in airmass for large 

airmass. To include both large and intermediate airmass 

limits, the DD ratio can be modeled as 
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DD= cm-a+aexp{bm) (72) 

where a,b and c are independent of airmass but are functions 

of the optical depths and of the parameters for a given 

aerosol size distribution function. 

Figure 8.4 shows that eq. (72) can be fitted quite well to 

the curves in Figure 8.3. The fitted constants a ,b and c are 

given in Table 8.1. Note that the slope of the curve in the 

large airmass region is controlled by b, and the parameter a 

determines the amplitude of the overall curve. 

Table 8.1. Best fit parameters of the DD versus airmass 
curves in Figure 8.3. 

Wavelength = 451nm, 
FOV = 4.5°, 
Aerosol optical depth = 0.2, 
Rayleigh optical depth = 0.1 

a b C 

Junge (2.0) 0.09 0.248 1.50 

Junge (2.5) 0.079 0.232 0.74 

August 91 0.039 0.237 0.26 

July 92 0.075 0.236 0.25 
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It should be noted that the DD ratios for the Junge(2.0) 

distribution are greater than for the Junge(2.5) since a 

smaller exponent v value implies a higher percentage of large 

particles, which have a larger scattering cross-section. 

Similarly, the DD ratios for July 92 distribution are much 

greater than for August 91 distribution, since the later 

distribution is peaked at 0.08 fim and the July 91 distribution 

is peaked at 0.3746 /xm which is much closer to the wavelength 

0.451 jitm. 

8.3 Diffuse/Direct Ratio Versus Wavelength 

The scattering of unpolarized light by a small particle 

with radius r can be characterized by a scattering cross-

section[24], which is generally a function of (r/X). For a 

given particle size distribution, the total scattered light is 

an integral of contributions from all particles. For fairly 

broad, polydisperse particle size distribution, the scattering 

in the near forward direction has an approximately power law 

dependence on the wavelength. This is indeed true for the size 

distribution functions considered in the previous sections. 

Figure 8.5 shows the DD ratios, plotted on a natural log 

scale, versus wavelength for an 80° solar angle(or m =5.7588) 

and for 4.5° FOV. For the logarithm scales, curves for all the 
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distribution functions are approximately straight lines, with 

the July 91 distribution showing greatest departure from a 

straight line. To first order, the DD ratio can be well 

approximated by a power law 

DD=d\~P (73) 

where d and p are independent on wavelength X, but are 

functions of the parameters in the size distribution 

functions. 

8.4 Diffuse/Direct Ratio Versus FOV and Optical Depths 

Figure 8.6 shows the dependence of the DD ratio on the 

field of view (FOV) for the same four distribution functions, 

optical depths and wavelength specified for Figure 8.2. Note 

all four curves are almost linear for FOV greater than 3°, in 

disagreement with [27], which states that the total diffuse 

radiation increases as ̂ 2
D for \j/D < 10°, where is half of the 

FOV. However, these curves are very smoothly varying, allowing 

for accurate interpolation from calculations for a few FOV 

values. 

The DD ratio versus aerosol optical depth curves are 

plotted in Figure 8.7. These curves are fairly linear for a 

large range of aerosol optical depths from 0.01 to 0.5. Figure 

8.8 shows that the DD ratio is an almost flat, straight line 

with Rayleigh optical depth for all four distribution 
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functions. This shows that the DD ratio is insensitive to 

Rayleigh optical depth. 

Although eq.(72), eq.(73) and the above linear relations 

are inferred from limited examples(as given in the proceeding 

figures) , they are expected to be valid for most normal 

measurement conditions due to the smooth varying, nearly 

linear dependence of the DD ratio with optical depth and FOV. 

These relations are very useful for developing a 

computationally efficient method to correct the diffuse light 

effect in the optical depth retrievals. An example of this is 

given in Section 8.6. 
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8.5 Airmass Bias 

It was shown in previous discussions(Section 2.5 and 

Section 4.1) that the airmass bias does pose an additional 

problem for optical depth retrievals. For particulates 

distributed vertically in a profile significantly different 

than the normal molecular (Rayleigh) density profile, the 

particulate airmass departs substantially from the standard 

Rayleigh airmass for airmass values greater than about 4. This 

is shown in Figure 8.9 which is a plot of Rayleigh airmass on 

the vertical scale versus airmasses for various attenuator 

profiles (including Rayleigh) , as given in Figure 8.10, on the 

horizontal. For aerosols mainly confined to a high altitude, 

like the Aerosol (22km) profile which approximates a volcanic 

aerosol layer, the airmass of the layer is substantially and 

increasingly less than the Rayleigh airmass for airmass values 

greater than about 4. Hence, the diffuse light error in 

optical depth, ATx, will be amplified by an additional airmass 

error if m is not correctly determined. 

The error in optical depth, Arx, due to the bias in 

airmass £m can be obtained from eq.(22) which yields 

where mx is the airmass of the attenuating species x. The 

relative airmass errors for the attenuator profiles (other 

than Rayleigh) in Figure 8.10 are plotted in Figure 8.11. 

ATA 5 m 
m 

(74) 
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To provide a quantitative estimate of the error in 

optical depth due to the airmass bias, Langley plot retrievals 

of Vox and rXp were made for simulated sunphotometer 

measurements at Mouna Loa, HI assuming the Aerosol (22km) 

vertical extinction profile of Figure 8.10. For the airmass 

range from 1.5 to 5(data points distributed uniformly with a 

0.5° solar zenith angle interval), the relative error due to 

airmass effects for the retrieved aerosol optical depth by the 

Langley plot method was found to be about 4.5% (for an aerosol 

optical depth 0.2 and wavelength 451nm) . This is a large 

enough error to warrant correction in the retrieval. 

8.6 A Correction Scheme 

The preceding diffuse light and airmass bias computations 

clearly show that corrections should be made to the retrieval 

process for larger optical depth conditions. From the 

discussions in Sections 2.5 and 2.6, the equivalent optical 

depth defined by eq.(23) is independent of airmass only when 

all atmospheric gases have the same vertical profiles. As 

shown in Figure 8.9, this assumption is simply not true for a 

number of interesting and quite possible situations. For the 

Known Intercept method, including the airmass dependence is 

not a problem, since the retrieval is done separately at each 

airmass value, given the airmasses of all attenuating spices. 
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Thus, no sophisticated correction scheme is needed if the DD 

ratio is known. However, it is a little more complicated to 

implement a correction scheme for the Langley plot 

method(LPM). It is possible to modify the LPM method by 

rewriting eq.(6) as 

log [ (VK-Vdf) =-xkama (75) 

for the aerosol optical depth retrieval, where mR , m03, mN02 can 

be calculated from standard profiles as shown in Section 2.4 

and VXdf is the diffuse light contribution which, as discussed 

earlier, is a function of airmass and optical depth. If enough 

is known about the vertical aerosol distribution to permit an 

estimate of ma, the slope of a plot of the left hand side of 

eq.(75) versus ma yields the negative of r^. 

The computation of the DD ratio requires prior knowledge 

of the aerosol size distribution. However the aerosol particle 

size distribution is generally unknown, and it is often the 

objective of the aerosol extinction measurements in the first 

place. Since the optical depth, as given by eq.(64), is a 

complicated integral of the size distribution function, it is 

impossible to retrieve the optical depth and aerosol particle 

size distribution at same time. A way of solving this problem 

is to use an iterative three-step process as described below. 

As step one, the diffuse/direct ratio is calculated by 

assuming an approximate size distribution. The modified 
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Langley plot or Known Intercept method is then employed to 

derive the optical depth as step two. The size distribution 

function can then be inverted from the spectral optical depth 

(from step two) by a technique such as used in [24] as step 

three. This distribution function can then be compared to the 

original distribution and, if the difference is unacceptably 

large, the above three-step process can be performed again. 

The iteration continues until convergence is achieved. 

If the airmass values are not large(say less than 10), 

the DD ratio is generally less than a few percent, and the 

first step can be skipped during the first iteration, as was 

the case in [26]. However, if airmass is large, the DD ratio 

can be more than ten percent, making an initial guess of 

aerosol size distribution necessary for ensuring the 

convergence of this process. 

Combining the dependence of the DD ratio on airmass, 

wavelength, and Rayleigh and aerosol optical depth, the 

following procedure can be followed to efficiently compute the 

DD ratio in step two of above iterative process: 

1. Compute the DD ratio for three or more airmass values 

to obtain the coefficients in eq.(72) for some representative 

optical depth, wavelength and FOV values. The airmass values 

should be chosen to cover a large range, from about 1 to 30, 

for example, for solar angles around 35°, 80° and 88°, so the 
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constants in eq.(72) can be accurately determined from a few 

airmass values. For the airmass range of 1 to 10, only one 

computation is needed to determine the slope k in eq.(71). 

2. Compute the DD ratio for two wavelengths (both ends of 

the wavelength spread of the measurements) for an average 

airmass and estimated average aerosol optical depth. The 

coefficients in eq.(73) can be determined by a simple plot on 

log scale. 

3. Compute the DD ratio for two limiting aerosol optical 

depth values(estimated range). The slope of the DD versus 

aerosol optical depth is then easily determined by a straight 

line fit between the two DD points. 

4. Compute the DD ratio for the Rayleigh optical depth at 

shortest and longest wavelengths. This yields a straight line 

of the DD versus Rayleigh optical depth, with a small slope. 

5. With a total of seven parameters now determined, the 

diffuse/direct ratio can be calculated for any combination of 

airmass, wavelength, aerosol optical depth, and Rayleigh 

optical depth for the given size distribution. 

Since the FOV is typically fixed for a given instrument, 

there is no need to compute the DD for different FOVs. 

However, if the data are taken with multiple FOVs, 

computations for multiple FOVs can be easily made. For a fixed 

FOV, a total of nine computations are needed, which 

corresponds to about 2.5 hour CPU time of a SPARC-II 
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Substation. This is a reasonable CPU time which makes the 

above iteration scheme possible. 

As an example, DD ratios for the Pinatubo aerosol optical 

depth data were calculated from Figures 8.2, 8.5, 8.7 and 8.8 

using the above procedure, yielding the modeled DD ratios 

(DDmodel) listed in Table 8.2 and Table 8.3 for August 91 and 

July 92 aerosol distributions, respectively. These are 

compared with the direct computation results (DDdirect) . The two 

sets of numbers are close enough to demonstrate that the above 

procedure works very well. The corrections A in the 

retrieved aerosol optical depths were obtained using eq.(70), 

and the were obtained using the Known Intercept method with 

an assumed 80° solar zenith angle. As shown in the tables, the 

corrections amount to several percent for the July 92 case at 

the shorter wavelength. This is large enough to warrant the 

correction procedure. 



128 

Table 8.2 August 91 Pinatubo Aerosol Optical Depth Correction 
for an Assumed 80° Solar Angle. (FOV =4.5°) 

X  3 8 2  n m  4 5 1 n m  5 2 6 n m  8 6 1  n m  1 0 6 0 n m  

TXR 0 . 2 9 2  0 . 1 4 7 6  0 . 0 7 8 5  0 . 0 1 6 8  0 . 0 0 4 6  

*X. 0 . 2 0  0 . 2 2  0 . 2 1  0 . 1 9  0 . 1 7  

DDdircct 2 . 3 1  2 . 0 5  1 . 5 2  0 . 8 3  0 . 6 0  

D^model 2 . 2 9  2 . 0 5  1 . 5 2  0 . 8 2  0 . 5 8  

A T a / T a  
( % )  

1 . 9 8  1 . 6 0  1 . 2 5  0 . 7 5  0 . 6 1  

Table 8.3 July 92 Pinatubo Aerosol Optical Depth Correction 
for an Assumed 80° Solar Angle. (FOV =4.5°) 

X  3 8 2  n m  4 5 1 n m  5 2 6 n m  8 6 1  n m  1 0 6 0 n m  

t xr  0 . 2 9 2  0 . 1 4 7 6  0 . 0 7 8 5  0 . 0 1 6 8  0 . 0 0 4 6  

TXa 0 . 0 7  0 . 0 7 5  0 . 0 8  0 . 0 9  0 . 0 8 5  

DDdirect 1 . 8 3  1 . 4 5  1 . 1 9  0 . 6 5  0 . 4 9  

DDm(K|el 
1 . 8 2  1 . 4 5  1 . 1 8  0 . 6 5  0 . 4 8  

A r a / r a  
( % )  

4 . 5 0  3 . 3 4  2 . 5 7  1 . 2 5  1 . 0 0  
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CHAPTER 9 

Conclusions 

It is clear from the simulations presented so far in this 

thesis that the proposed sunphotometer design is capable of 

providing useful measurements for accurate aerosol extinction 

retrievals. Errors in the simulated aerosol extinction 

coefficients retrievals typically ranged from a few percent to 

about 30 percent, depending on the atmospheric conditions and 

the flight path. The errors introduced by the sunphotometer 

system(SNR) can be made negligibly small with reasonably short 

CCD detector integration times for all the cases considered 

here. 

For the optical depth retrievals, the Known Intercept 

method generally yields a significant bias error (greater than 

random error) in the retrieved optical depth due to airmass 

bias and zero-airmass voltage bias. One way to reduce this 

bias error is to make many measurements at a constant 

altitude, and to use the Langley plot method to retrieve 

optical depth at each flight altitude, similar to the ground 

measurements. The error in the retrieved optical depth can 
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then be reduced to about the same level as for the ground 

measurements, namely, to the few percent level. 

The simulations presented in Chapter 8 demonstrated that 

relative errors in the retrieved aerosol optical depths can 

vary from a few to several percent for both the airmass bias 

and the diffuse light entering the sunphotometer's FOV and 

hence cannot necessarily be ignored. A correction scheme such 

as the one suggested in Section 8.5 can be used to correct 

both airmass bias effects and diffuse light effects. 

The dominant errors in the aerosol extinction coefficient 

retrievals are random errors due to the fact that the bias 

error in the retrieved optical depth is nearly the same at two 

nearby flight heights and, thus, the errors cancel each other 

in the differencing to obtain extinction calculation. The bias 

error in the extinction coefficient is thus reduced greatly 

compared to the bias error in the optical depth, although it 

is still significant when airmass is large. The primary error 

sources in the extinction coefficient retrievals are 

uncertainties in the Rayleigh extinction in the troposphere 

and the bias errors of airmass and zero-airmass voltage in the 

stratosphere. 

These results suggest that perhaps the most accurate 

approach to retrieve aerosol extinction coefficient in the 

stratosphere is to fly the aircraft at a constant altitude for 

some time, long enough to allow a modified Langley plot to be 
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made at each altitude. In the troposphere, the bias error is 

not a major error, and such a procedure is not needed. 
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Appendix 

The ER2 Simulation Program Features and Instruction Manual 

1. Setting UP the System 

a) Make the following directories and subdirectories in a hard 
disk by the DOS command MD; 

BATCH 
F77L 
WKMODULE 
GRAPHER 

b) Copy the files form the supplied floppy disks to the 
corresponding directories. Here is a brief description of 
contents of the above directories. 
Batch contains the necessary batch files in order to execute 
the corresponding executable files for the compilation or 
graphs. 
F77L is a fortran compiler used in developing the simulation 
program. 
WKMODULE contains the program ER2 and its essential input 
files. It serves as one directory with which one can simulate 
different scenarios. 
GRAPHER is a commercial software that can graph the output 
files created by the ER2 simulation program. 

2. How to Modify and Compile the Program 

a) Use one of the available word processors (i.e., 
WordPerfect) to edit any changes to the program (Editor VI was 
used in developing this program). 
b) Whenever a global variable is added to the program, it must 
be added in the common block file ER2.INC accordingly. 
c) To compile the program, type ICSFFDL followed by program 
name and then press RETURN. Note that there should be NO 
EXTENSION to the program name. For example to compile ER2 
simply type: 

ICSFFDL ER2 followed by a RETURN. 

3. Simulating the ER2 Program 
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The simulation program ER2 is nested in the WKMODULE 
directory, therefore, after changing the directory to WKMODULE 
directory start the simulation by typing: 

ER2 followed by a RETURN. 

Here is a listing of ER2's on screen interactive 
commands. For clarity, the simulation commands are numbered, 
and preceded by After typing ER2 the simulation program 
responds by: 

#1. Type f for forward, r for Retrieval. 
The simulation program is divided into two parts of forward 
and retrieval. Therefore, the two parts are explained 
separately. 

Forward Mode 

After typing "f" for the initial command the program 
responds by: 

#2a. Output voltage is on pixel or channel basis? 
#2a. Type 1 for pixel basis, 2 for channel basis: 

The pixel basis simulates only for one pixel, and the channel 
basis 
reads more pixels in the simulation. 

#3a. The number of Integrations for each pixel [20]? 
It must be noted that "20" is only a suggested number of 
integrations, and it is not a default value. 

This is the end of forward simulation. 

The forward simulation generates six output files (one for 
each wavelength) of FE*.DAT, where "*" is a number between 1 
to 6. The output file FE*. DAT can be graphed by the GRAPHER 
software. The output file is formatted to 4 columns. The 
output files will contain 4 columns of: 

A: Height (h), 
B: Radiometer output signal (Vx) , 
C: Signal-to-Noise Ratio (SNR), and 
D: Airmass. 

All of the above output columns can be graphed Vs. height 
by the software provided (In the order given above). 

Retrieval Mode 
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After typing "r" for the initial command (command #1) the 
program responds by: 

#2b. The number of simulations? 
Simply type this number. 

#3b. Pressure uncertainty (one sigma)? (in mbar)[0.3] 
Note 0.3 is a suggested pressure uncertainty, not a default. 

#4b. To Retrieve for (aerosol + N02 + Ozone + Rayleigh) , 
#4b. type 1 
#4b. To Retrieve for residual, type 2, 
#4b. To Retrieve for aerosol, type 3: 

Select the type of retrieval. 

#5b. For extinction coefficient as output, type 1 
#5b. Enter 0, for optical depth 

Select either one as output. 

#6b. Bias voltage in %? (0.25) 
This is an added bias voltage to the output voltage. 

#7b. To include SNR, type 1, otherwise 0. 
To include SNR as a noise term type 1. 

#8b. Percentage of bias error in airmass? (in %) 
#8b. e.g., 0.03% error at airmass 2.0. 

The percentage error entered by the user corresponds to the 
low airmass of 2.0, and it will be increased by the simulation 
program for higher values of airmass. 

#9b. Percentage uncertainty in Ozone extinction (0.0)? 
Enter the uncertainty in data used for Ozone extinction 
coefficient. 

#10b. Percentage uncertainty in N02 extinction (0.0)? 
Enter the uncertainty in data used for N02 extinction 
coefficient. 

#llb. Output selection? 
#llb. 0: simulation results, 1: algebraic prediction 

Select the output you wish to be generated. 

#12b. Input a number as the seed to the random generator. 
#12b. 1-1000 

Select a random number from 1 to 1000. 

This is the end of retrieval simulation. 
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The retrieval simulation generates the output files 
EXT*.DAT, and OPT*.DAT, where is a number between 1 to 6 
(one for each wavelength). The EXT*.DAT contains the data for 
extinction coefficient and it will be generated if the 
response to command #5b was "1". OPT*.DAT contains the optical 
depth values and it will be generated if the response to 
command #5b was 0. 

The EXT*.DAT output file is consisted of 4 columns if the 
response to command #llb was "0" and 7 columns otherwise. 

The 4 column simulation output file will have columns of: 

A: height (h), 
B: Averaged extinction coefficient (aAVG) , 
C: Standard deviation of extinction coefficient (a), and 
D: Algebraic prediction of standard deviation (crAIgeb) . 

Column "D" is a predicted algebraic value of standard 
deviation, calculated from eq. (54) , and can be compared with 
column "C". 

The 7 column algebraic output file will have columns of: 

A: height (h), 
B: Extinction coefficient (a), 
C: Relative SNR extinction error term, 
D: Column D is 

a- N 
c 2 +(  M^)2 +(  

uKa 

(Al) 

E: column E is 

E 

2+ (4-^ )
2

]  
d P a 

a X a  

(A2) 
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F: Total algebraic extinction error by eq. (40), and 
G: Relative aerosol extinction error (column F/column B) . 

The OPT*.DAT output file is consisted of 4 columns: 

A: height (h), 
B: Optical depth (rx) , 
C: Algebraic optical depth error, and 
D: Column C divided by optical depth (column B). 

The above output files can be graphed by the software 
provided. 

Selecting Different Aerosol Optical Depths Profiles 

The aerosol optical depth profile input file in the 
simulation program is named PT.PRF, and the four different 
models provided to the user for high volcanic, moderate 
volcanic, background and SAGE data are HTPT.PRF, MVPT.PRF, 
BSPT.PRF and SGPT.PRF respectively. The user can copy any of 
the four files to the PT.PRF file and run the simulation 
program for that particular profile. 

Selecting Different Flight Scenarios 

The flight scenario input file in the simulation program 
is named FLIGHT.DAT, and the three different models provided 
to the user are FLIGHT1.DAT, FLIGHT2.DAT and FLIGHT3.DAT 
respectively. The user can copy any of the three files to the 
FLIGHT. DAT file and run the simulation program for that 
particular scenario. Flight No. 2 is the SAGE data (4/1985), 
Flight No. 1 is the afternoon flight and Flight No. 3 is the 
morning flight scenario. 
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