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ABSTRACT

An 80 flight series of simultaneous optical and meteorological measurements between
ground level and an altitude of 6 km has been gathered by the Visibility Laboratory under
the sponsorship of the Air Force Geophysics Laboratory. These flights were conducted as
an independent but related adjunct to the NATO Program OPAQUE. Data flights were
conducted over several European sites during each of five separate two month periods
selected to be representative of each of the four temporal seasons.

Illustrative data representing altitude profiles of visible spectrum scattering
characteristics are presented, as are the simultaneous measurements of ambient and
dewpoint temperatures. In addition to these profile data, several contemporaneous sets
of multi-spectral directional volume scattering function measurements at scattering
angles of 30 and 150 degrees are presented. The use of these data as a basis for the
development of a technique for estimating atmospheric path radiance and contrast
transmittance is discussed.

A computer model for the estimation of +these atmospheric properties that 1is
relatively fast and easy to apply is described with examples of its performance. The
model input parameters are wavelength, extra-terrestrial solar irradiance, solar zenith
angle, the number of atmospheric layers selected and their altitude limits, the average
optical scattering ratio and the single scattering albedo for each layer, and the terrain
reflectance. Using a modelling approximation that relates the directional distribution
of single scattering to the total volume extinction coefficient, and using the delta-
Eddington method for calculating the diffuse radiative fluxes, the model predicts the
directional path radiance and contrast transmittance of any slant atmospheric path as a
function of wavelength.

1. INTRODUCTION

In the increasingly sophisticated world of electro-optical detection, search, and
guidance, the requirement for establishing and predicting atmospheric influences on
system performance continues to be a primary operational necessity. It is in this
general context that the techniques discussed in this paper can most usefully be
addressed. Thus, though the instrument development and data collection portions of this
experimental program have been complete for some time, the analysis of the data is
continuing, and the application of these analytic results is both timely and specifically
germane to the problems of E/O performance within the lower troposphere.

The Visibility Laboratory has for a good number of years conducted an airborne
measurement program in cooperation with, and under the sponsorship of the United States
Air Force Geophysics Laboratory. For the past several years the program has been
conducted as an independent but cooperative effort, Johnson, et al. (1979), in
conjunction with the NATO program OPAQUE (Optical Atmospheric Quantities in Burope), Fenn
(1978).

In the remainder of this note we will discuss briefly the measurement program, its
resulting data base, and in more detail, the application of these data to the task of
modelling tropospheric visible spectrum contrast transmittance.

2. AIRBORNE INSTRUMENTATION

The nephelometer system, designed and built at the Visibility Laboratory, Duntley,
et al. (1977) provides measurements of both the total and directional volume scattering
propertles of its captured aerosol in four discrete spectral bands, as illustrated in
Fig. 1. The measurements of total volume scatterlng coefficient are produced by optical
integration over all scattering angles between 5° and 172° which are then corrected for
potential +truncation losses via the systems simultaneous directional scattering
measurements. The measurements of directional volume scatterlng function are made at
scattering angles of 30° (i.e. forward scatter) and 150° (i.e. backscatter). These
narrow angle directional measurements provide the forward to backscatterlng ratios which
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sky and terrain radiance distributions. They operate in the Same spectral bands as the
nephelometer System, and provide 47 radiance maps processed to yield an average (5° field
of view) radiance value for each 6° in azimuth and each 5 in zenith angle. These
automatic scanner systems were initially described in Duntley, et al. (1970) and Since
were equipped with remotely controlled neutral density filters Es—éﬁﬁance their near gun
measurement capabilities.

3. AIRBORNE MEASUREMENTS

Although there were nearly ninety data missions flown by the instrumented C-130
during the OPAQUE episode, as illustrated in Fig. 2 and Table 1, the general thrust of
these data must be considered in the cage study context rather than in the broader
climatological context associated with the host nation's far more extensive set of
surface measurements. Johnson, et al. (1979). Nonetheless, there are sufficient
airborne measurements to clearly establish the essential aerosol scattering
characteristics required for modelling +those tropospheric optical properties most
influencing slant path contrast transmittances. Selected samples of these data which
have been wused as validation data throughout the model development process are
illustrated in Figs. 3 through 7 and discussed briefly in the following paragraphs.

10 Meteorological Properties

Measurements of atmospheric bressure, temperature ang dewpoint temperature were made
throughout each data mission in both the fixeqd altitude and ascent/descent flight modes.
These data are illustrated in Figs. 3 and 4 which have been reproduceg from Johnson and
Gordon (1980). In each of these rlots, the datsa represent four separate ascents or
descents. Each profile is coded with a symbol +that links it with its simultaneous
optical data set. (see Fig. 1). There is good temporal stability within the temperature
regime during the data interval as is indicated by the generally good reproducibility
among the four Sseparate profiles shown in Fig. 3. Additionally, and ag will become
apparent more importantly, one can see from the overlayed 1200z RAOB dats that +the
vertical structure of the temperature profiles can be readily identified from either the
fine structured aircraft data, or the more coarsely defined RAOB data.

In Fig. 4, relative humidity, as computed from the measured values of ambient and
dewpoint temperature, has been plotted in the same format as used to display the
temperature datsa. Whereas these derived values exhibit a significantly higher degree of
temporal variability, the general reproduction of major structural characteristics, i.e.
layers and trends, is maintained. It is immediately apparent however, from an
examination of +the RAOB data in TFig. 4, that major structural artifacts in derived
properties can be missed if One uses measurements reported at inappropriate altitude
increments. TFor example, note the strong moist layer in the Soesterberg data which is
completely undetected in the RAOB profile. An  immediate recommendation +then for
enhancing the utility of +this type data for model development and/or tactical decision
input would be to provide the basic RAOB data at standardized and relatively fine
altitude increments similar to those inherent in aircraft soundings.

3.2. Optical Properties

The variation in scattering coefficient as a function of altitude is one of the
essential requirements for accurate computations of slant path tropospheric contrast
transmittance, and thus must be reliably modelled if one bresumes to develop predictive
capabilities. Profile measurements such as those illustrated in Fig. 5 can provide the
data base required for +this model development within the visible spectrum, and
conceivably provide the necessary insights for extrapolation +to longer optical
wavelengths. The profile characteristics requiring specific attention are the number and
depth of well defined and reasonably well mixed aerosol layers, the most representative
value of scattering coefficient within each layer, and the directional scattering
properties of the aerosol within each layer. The data in Fig. 5 identify the first two
characteristics. TIn each case there are two well defined layers with the boundary at
about 1200-1500 meters. The average value of scattering coefficient within each layer
can be readily established subsequent to upper altitude stray light corrections based
upon directional scattering and sky radiance measurements.

There is strong evidence that the specification of +the directional scattering
properties within each aerosol layer can be reasonably deduced from a knowledge of the
total volume scattering coefficient alone. Johnson, et al. (1979) and Johnson (1981).
An example of the data supporting this contention isg illustrated in Fig. 6 from Johnson
and Gordon (1980). 1In these data, directional scattering function measurements made by
the Visibility Laboratory ground based nephelometer system are compared with similar data
from Barteneva (1960). Whereas the Barteneva dats represent over 600 sets of directional
scattering measurements using photopic spectral response, the Visibilitv Tabaratars Ant.
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represent measurements made in all four of the responses defined in Fig. 1.

The data shown in Fig. 6 have been normalized to reflect only aerosol scattering
characteristics by using a ratio display format. Thus the vertical axis, Volume
Scattering Punction Ratio, represents the ratio of the volume scattering function o(z,p)
to +the Rayleigh (i.g. molecular) volume scattering function ro (z,8) at the same
scattering angle B. i.e. 2@ = oz, /ro(z,B) where z is the altitude parameter.
Likewise, the horizontal axis, Optical Scattering Ratio, represents the ratio of the
total volume scattering coefficient s(@) to the Rayleigh volume scattering coefficient
rs(@. i.e. Q@) =s@)/ps@). These data and their airborne equivalents specifically
support the contention that one can develop a parameterization that will adequately
represent the directional scattering properties of an atmospheric aerosol once the
optical scattering ratio Q@ is specified, a fundamental simplification in any modelling
attempt.

Our second major data set appropriate to the determination of tropospheric slant
path contrast transmittances contains simultaneous measurements of sky and terrain
radiances as determined from each of several different flight altitudes. 1In Fig. 7, the
apparent radiances throughout the combined upper and lower hemispheres which surrounded
the aircraft during flight C-466 are defined in one graph. ZEach of the four individually
coded plots represents the observed radiance along a vertical sweep from the zenith
through the horizon to the nadir and is at a fixed and constant azimuth from the sun.

The multi-spectral data typified by those illustrated in Fig. 7 provide a complete
magnitude specification of the directional radiance field surrounding the aircraft. Thus
they represent the net effects of the solar irradiance upon the total atmosphere within
which the aircraft is implanted, including the influence of the underlying terrain. It
is these data then, that allow one to close the modelling loop, in that they represent an
essential intermediate step that a model must duplicate if it is to proceed to the
subsequent determination of slant path contrast transmittance.

4. EXPRESSIONS FOR PATH RADIANCE AND CONTRAST TRANSMITTANCE

The analytic expressions relating the fundamental equation of radiative transfer to
the apparent spectral radiance of a distant target, and the apparent contrast of that
target as observed against its background are well developed by Duntley, et al. (1957).
Those most directly related to the development of the modelling concepts discussed herein
are summarized below.

The apparent spectral radiance of a target t at a range r, as measured from an
altitude z in a direction defined by zenith angle ¢ and azimuth angle ¢ is

L (2,0,¢0) = T.(2,6,6)L,(z,,6,6) + L;(z,0,¢) 1)

where |, is +the inherent spectral radiance of the target, T, 1is the spectral
transmittance of the path, and L is the directional path radiance.

As discussed in Duntley, et al. (1957), the directional path radiance is derived
from the integration along the path of sight of the directional path function L.(z,0,¢)
which is defined as the point function component of path radiance generated by the
scattering of light reaching that point from all points within its surrounding field.

The expression for the path function is

L.z,0,4) = €@ o (z,8) + [ L(@z,60",¢) o (2,8)dQ (2}

where o(zB) is the directional volume scattering function at a scattering angle B, and
€@) is the solar scalar irradiance at altitude z.

The development from these fundamentals to expressions for the inherent and apparent
spectral contrasts C and C, of a target t against its background b is straight forward
and results in the directional contrast transmittance along the path r as given by

C.(2,0,8)/Co(z,0,8) = T.(2,0,8)5L,(2,0,8)/5L(2,8,4) (3)

As emphasized by Duntley, et al. (1957), Eq. (3) does not involve restrictive
assumptions and defines the law of contrast reduction in its most general form. It
should be noted that Eq. (3) is expressed in terms of inherent and apparent background
radiances . and .J. . and is thus indevendent of target characteristics.
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5. MODEL FOR ESTIMATING SLANT-PATH CONTRAST TRANSMITTANCE

of radiative transfer processes require effective simplifying assumptions in order that
estimates of contrast transmittance along any slant prath in the atmosphere can be made
rapidly and consistently. In pursuit of this objective, g series of modelling
approximations relating optical properties to meteorological variables were derived from
the broad experimental data base generated by airborne and surface measurement program.
These relationships were combined with available analytic approximations for radiative
transfer calculations to develop an operational technique for the estimation of
directional path radiance ang contrast transmittance. A detailed description of the
model development and validation are presented in g report now being prepared for
publication. A brief summary of the technique angd several examples of model performance
are given in the following paragraphs.

The calculation of the slant-path contrast transmittance with Eq. (3) requires

consistent estimates of interrelated physical parameters. These include: (a) the
vertical profile of total volume scattering coefficient, s@ , (b) the vertical profile
of the phase function for single scattering, lo(z,B)/s@)] = P(z,p) » and (c¢) vertical
profile of single scattering albedo, 0@ =s@)/az) , where a(z) is the total volume
attenuation coefficient. Tt should be emphasized that the contrast transmittance along
any slant path depends brimarily upon the extinction coefficient distribution both along
the path and in the surrounding atmosphere. Accordingly, an attempt was made to

5.1. Estimates of the scattering ratio profile

For profile modelling purposes, it is important to consider g conservative measure
of scattering coefficient that in the absence of local sources or sinks does not change
appreciably following the gair motion. The photopic Scattering mixing ratio, Q@ , is

such a parameter. As the vertical mixing within an identifiable atmospheric layer
becomes more complete, Q(z) becomes more constant with height within the layer. The
optical scattering ratio is defined Q@) =s@)/sz @) » where sp(z) is the total volume

coefficient for Rayleigh scattering at altitude z.

Profiles of Q@) derived from the extensive serieg of airborne optical measurements
made by the Visibility Laboratory, reveal large variability depending upon the aerosol
source strength and the nature of the convective and turbulent mixing processes. The
problem is to model the essential characteristics of the Q@ profiles in a way that
recognizes the operational observing and forecasting limitations yet takes maximum
advantage of existing capabilities. A prominent feature of +the daytime aircraft
soundings of optical scattering is +the marked tendency for Q@ to remain essentially
constant with height in the troposphere above the haze layer and also within the low-
level hage layer. The difference in Q@ between adjacent tropospheric layers is
typically much larger than +the vertical variability within each layer. It should be
emphasized that the assumption of constant scattering ratio with height does not holg
well for ground-based stable layers with little vertical mixing such as those associated
with the nocturnal formation of fog. The computer code developed for +this modelling

detailed information about the extinection coefficient profile is available. However, for
application +to problems of contrast transmittance in hazy atmospheres in the daytime
following the dispersion of any surface inversion existing at sunrise, it is reasonable
to employ a model consisting of 1 stratospheric layer and two or three tropospheric
layers of constant optical scattering ratio. Thus, the forecasting problem is reduced to
the prediction of the altitude 1limits of the atmospheric layers and the scattering ratio

complex way on the sige distribution and refractive index of the aerosols present in the
atmosphere and the wavelength of incident light. The prominent feature of aerosol
scattering is that as the particle size increases with respect to the wavelength, the
amount of energy scattered in directions close +to that of +the incident radiation
increases markedly causing larger asymmetry in the phase function. Since the total

radius depending upon the Size parameter, we might expect that the scattering coefficient
or scattering ratio, Q) , might provide, through analytic representation, a good first
approximation for the single scattering phase function. Experimental evidence shows this
to be true.
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The approach used herein for model development was first to represent the single
scattering phase function for Mie scattering Py(B) by two term Henyey-Greenstein
functions (Kattawar, 1975) as follows,

Pu(B.81,.82) = c P1(B,g) + (1-c)Py(B,g2) , (4)

and

P(B.g) = (1 — g3/ [ 47 (1 — 2gcosB + g»)¥? ] , (5)

where the asymmetry factor, g, is given by
17 '
g=5{P(B)cosBsdeB. (6)
The phase function for single scattering has the normalized form,

z{ P(z,0,4)dQ =1. (7)

In turn, each of +the Henyey-Greenstein parameters, 2@ , 2,@) and ¢(2) were
approximated as continuous functions of the Mie scattering ratio, Q@)-1 . The
relationships between the phase function for combined aerosol and molecular scattering
and the scattering ratio are bounded by the Rayleigh phase function (Q=1,g=0) for a
clear atmosphere and by a phase function representative of dense clouds or fog for very
large Q@) . Combined analysis of the asymmetry parameters (81,22,0) as derived from a
least-squares fit of the Henyey-Greenstein functions to the average phase functions
measured by Barteneva (1960) and to the phase functions derived from Mie calculations
using typical aerosol distributions in haze and fog led to a consistent set of empirical
equations expressing the asymmetry parameters as a function of the logarithm of the Mie
scattering ratio, Q-1 .

Independent evidence of the general applicability of the model estimates of P(B)
with respect to wavelength and altitude is given by a comparative study of directional
scattering functions that were measured by the Visibility Laboratory airborne
nephelometer and the Barteneva (1960) phase function measurements (see Section 3 and
Fig. 6). 1In addition to the measurement of +total volume scattering coefficient, the
integrating nephelometer measured, separately, the directional scattering function at
nominal scattering angles of 30° and 150° in four wavelength bands centered near 475,
550, 660, and 750 nm. The analysis by Johnson, et al. (1979) of the airborne data
gathered by the Visibility Laboratory in Europe and the United States over all seasons
indicates that the derived relationship between the phase functions scattering ratio
holds well over all visible wavelengths and over all altitudes up to the highest levels
sampled by the instrumented aircraft (usually near 6 km). Figures 8 and 9 show a
comparison of phase functions as calculated from the model, calculated from Mie theory,

and measured by Barteneva.

To the extent that more accuracy is desired and more complete information is
available to define P(z8), the overall computer code for calculating path radiance and
contrast transmittance was made general in that it will accept as input for each
atmospheric layer any specified P(zp). However, in the absence of information other
than an estimate of Q@) , calculation of P(z8 from the system of model equations is
recommended for haze only atmospheres. Important details typical of phase functions for
fog conditions such as the prominent minimum near g=100° and the secondary maximum near
140° (see Fig. 9) are smoothed out by the representation with Henyey-Greenstein
functions. It should be emphasized +that important additional evidence of the
applicability of the model for estimating P() from QG) will be obtained as we employ
the technique more extensively for the specification of the sky and terrain radiances as
measured in various deployments of the instrumented aircraft. Sample comparisons of
measured and computed radiances are given in the following section.

5.3. Calculation of the path radiance component due to scattering of diffuse irradiance

As given by the first term on the right hand side of Eq. (2), the component of the
directional path function produced by the scattering of direct solar irradiance incident
on the path 1is calculated from estimates of the single scattering phase function
determined by the technique described in the previous paragraphs. The second term on the
right hand side of Eq. (2) is the component of path function resulting from the
scattering of diffuse irradiance reaching the path from the surrounding sky and terrain.
As in the case of the direct solar component, the directional dependence of the diffuse
backaround contribution to the mnath radiance mnet he rnancidersd Pronica numaniaal
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calculation of the radiance distribution resulting from the complex multiple scattering
bProcesses requires large amounts of computer time. For this reason, great emphasis has
been placed upon the development of rapid approximate methods for radiation transfer
calculations (Meador angd Weaver, 1980). The appropriate choice of computational method
from among the variety of available methods depends upon the results desired for the
application at hang.

scattering of diffuse irradiance provided that the asymmetric influence of the prominent
forward scatter peak is managed adequately. The delta-Eddington approximation introduced
by Joseph, Wiscombe and Weinman (1976) satisfies the requirement. It differs from the
standard Eddington approximation, which assumes a simple cosine dependence of the single
scattering phase function, in that it approximates the phase function by a truncated
forward scatter peak and a two-term phase function expansion,

Py(B) =2 5(1 — cosB) + (1 — £)(1 + 3g'cosp) , (8)

where f' is the fractional scattering represented by the forward peak and g’ is the
asymmetry factor of the truncated phase function. In effect, the delta-Eddington
approximation transforms most of the scattered radiation in the solar aureole into the
direct solar flux component, and assumes that

f'(2) = g2(z) . (9)

As an integral part of the technique for estimating directional contrast
transmittance, the approximate diffuse radiance, [Lp(@) + Lp(z)cosb) » calculated by the
Eddington computer code (Shettle and Weinman, 1979), as modified by the delta-Eddington
approximation, is used directly to obtain the second term on the right hand side of
Eq- (2); so that this component of the path function generated by the scattering of
diffuse irradiance is given by

f L(z,0',¢) 0(z,8)dQ = Lp(z) + % Lpi(z) cosé . (10)

5.4. Calculation of directional path radiance and contrast transmittance

With the procedures for estimating the direct ang diffuse components described
above, the directional path radiance L/ can be calculated from Eqs. (2) and (3) by finite
summation over successive atmospheric layers using the trapezoidal rule. The computer

1) a representative wavelength A that is commensurate with the spectral response
of the sensor in um

2) the solar irradiance E(() at the upper limit of the atmosphere in w/m%um
corresponding to spectral response of the sensor

3) the number of atmospheric layers n and the altitude 2z, of the base of each
layer in km

4) the average optical scattering ratio Q@) for each atmospheric layer
5) the average single scattering albedo w(z) for each atmospheric layer

6) the average surface reflectance R(9,¢) and the reflectance of the immediate
background of the viewed object if significantly different than the albedo of
the general background

7) the object and observer altitudes in km and the viewing angle with respect to
the sun, g, and zenith, ¢, in degrees

8) the solar zenith angle ¢, in degrees.

6. RESULTS OF MODEL CALCULATIONS

Model calculations based upon the extensive data gathered by +the airborne
measurement program make possible a close analysis of the dependence of optical
properties on meteorological conditions. Comparative analyses of observed data with the
model calculations are being used to improve techniques for the prediction of image
transmission properties from conventional meteornlnsical nAhcarwatiama AR = -



14-7

trial model calculations are illustrated in the following paragraphs.

Comparisons of the sky and terrain radiance distribution measured by the scanning
radiometers and the model calculations of the radiance distribution from the observed
input parameters are shown in Figs. 10 and 11 for the flight made on 15 August 1978 in

northwestern Germany near Meppen. A 3-layer atmosphere was assumed for model
calculations with the top of the haze layer at 1.3 km (see scattering coefficient profile
in Pig. 5) and a tropopause height of 10 km. The observed features of the radiance

distribution are typical of rural clear sky conditions observed in western Europe in the
summer months. At the observation altitude deep within the haze layer at 200m, the sky
radiance in the upsun direction, ¢=0° , is substantially larger than the view angle away
from the sun, ¢=180° . However, the disparity in sky radiances in the upsun and downsun
directions is much smaller looking upward from an altitude well above the haze layer near
6 km. The rather large fluctuations in measured radiance looking downward from the low
altitude of 200m are caused by differences in the reflectivity of various terrain pattern
features such as the green and brown fields and small wooded areas.

For the same experimental flight, Pig. 12 shows +the contrast transmittance
distribution for downward view angles from an observation level of 6 km and target
altitude of 0.2 km that were calculated from the radiance distribution given by both the
aircraft measurements and the model calculations. Looking overhead, Fig. 13 shows the
apparent contrast as a function of zenith angle for an object at 20 km viewed from 0.2 km
as calculated from the observed and model sky radiance distributions.

The model calculations can be used to assess quantitatively the changes in contrast
transmittance associated with incremental changes in the individual environmental factors
governing image transmission in the atmosphere. For purposes of illustration, the
reference atmosphere as described in Table 2 was derived from the measurements made on
15 August 1978 near Meppen, Germany (see Fig. 5). As discussed above, the meteorological
conditions observed on this flight are representative of clear sky conditions for this
geographical area and time of the year. An optical scattering ratio of 16 for the haze
layer converts to a horizontal visual range of about 16 km at the surface assuming an
inherent target contrast of -1, no absorption and an apparent contrast threshold for
detection of 5 percent. The single scattering albedo of 0.8% assumed for the haze layer
23 commensurate with measurements in rural areas in the United States by Weiss, et al.

1980).

For a specified azimuth angle, the slant range between the sensor and target
altitudes where the apparent contrast of the target and background reduces to a fixed
threshold value can be determined from systematic model calculations for successive
zenith view angles. Calculation of the slant range corresponding to 5 percent apparent
contrast for the reference atmosphere specified in Table 2 and for a series of individual
incremental changes in various atmospheric variables are illustrated in Fig. 14. It
should be emphasized that the indicated changes in slant range as a function of changes
in the input variables are specific only for the variations about the given set of
conditions, i.e. observation level at 20 km, target at surface, target reflectivity of
50 percent, azimuth view angle of zero with respect to the sun, and atmospheric structure
as given by the reference atmosphere. However, the results illustrated here do provide
insight into the relative impact of the parameter changes on contrast transmittance.
Using approximate interpolation methods under the same prescribed conditions, we have
calculated the changes in individual parameters which produce a family of equivalent
effects. Thus, Table 3 illustrates those changes in conditions, any one of which will
result in a corresponding 20% decrease in apparent contrast.

7. SUMMARY

The computer model developed during the course of the experimental optical
measurement and analysis program can provide relatively fast and consistent estimates of
optical atmospheric properties over any slant path as a function of wavelength in the
visible spectrum. To +the extent that a climatological data base of conventional
meteorological observations exists, the technique in its present form can be used to
estimate readily the frequency distributions of such quantities as spectral contrast
transmittance as a function of location and season.

Refinements in +the model are being made as validation tests and experiments
continue. Early results indicate that further parameterization of selected components of
the model can be made which will improve computational efficiency and at the same time
retain the capability to take advantage of any and all relevant observational and
forecast information. A realistic goal is to employ the computer model as part of a data
acquisition and microprocessing system for real time estimates of image transmission
properties. Puture experiments are planned to examine the tradeoffs between the type,
accuracy, frequency and density of optical/meteorological observations and . the
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Table 1.
Geographical and Seasonal Distribution of OPAQUE Related Data Flights

Flight
Location
(Fig. 1) g

AFGL-TR-79-0285
£

Table 2.

Reference Atmosphere (Photopic, A = 550m)
NUMBER OF LAYERS 3
ALTITUDE OF TROPOPAUSE 10 km
DEPTH OF HAZE LAYER 1.3 km
OPTICAL SCATTERING RATIO

STRATOSPHERE 1.3

UPPER TROPOSPHERE 1.3

HAZE LAYER 16.0
SINGLE SCATTERING ALBEDO

STRATOSPHERE 0.99

UPPER TROPOSPHERE 0.97

HAZE LAYER 0.83
SURFACE REFLECTANCE 0.07

Table 3.

Parametric Changes Inducing 20% Decrease in Apparent Contrast

Parameter

Haze layer depth, Z increase 30%

Haze layer scattering ratio, Q) increase 25%

Haze layer single scattering albedo, w(z) decreased 24%
Mid-Troposphere Aerosol Scattering Coeff. 5(z) increase factor of 3
Stratosphere Aerosol Scattering Coeff. s(z) increase factor of 5.7



