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EDITOR!'3 INTRODUCTION

A majority of military optical systems operate in the atmosphere and theii performance is often de-
graded by weather. ¥or several decades researchers have studied in-depth the perfarmance limitations
imposed py the atmouphere and devised techniques toget around these problems. The purpose of th.s
symnosium was to bring togeither and update our understanding of atmospheric optical propagation, pre-
sent a comprehensive review of the state-of~the-art, and provide interaction among the key rescarchers
in the NATO commurity,

I believe the reader will that the proceedings of this conference fulfill this goal, Some of the papers
prescunted included topics hol usually covered ir previous unclassified meetings, in particular, nonlinear
propagation with high power IMsers, and adaptive optics techniques to overcome blurring by turbulence.

The confercnce was organized in five sessions, in the following logical order, Session 1, "Atmospheric
Characteriration', d=alt with the physics of the atmosphere and the models available to predizt optical
propagation. Session 2, "Incoherent Propagation', and Session 3, "Coherent Propagation', presented
theoretical and experimental results regarding propagation of light from conventional sources and lasers
respectively. Session 4, ''Non-Linear Propagation', was one of the rare unclassified sessions which
dealt with theory and experiments with high power lasers and their nonlinear effects in the atmosphere,
Finally, Session 5, '""Propagatinn Limitatiors on Systems', was intended to illustrate the effects of
atmospheric limitations on a few typical unclassified military systems and some of the techniques pro-
posed to overcome these limitations,

A review of each session by 1its chairman or one of the panel members follows with a summary of salient
features and the remaining problems,
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OPTICAL MODELLING OF THE ATVSPHERE

BY

ROEERT A. McCLATCHEY
JOHN E.A. SELBY
JOHN S. GARING
Alr Force Cambridge Research Laboratories
Hanscom AFB, Massachusetts
USA

SUMMARY

The optical modelling of the atmosphere requiras both a knowledge of the physical properties of
the atmosphere as well nn the spectroscopic properties of the gages and particulstes of which it ig com-
posed. 1In this paper we will first discums the pertinent atmospheric properties of temperature, pressure
and constituent distributions, We will then describe the AFCRL Atmospheric Absorption Line Parameters
Compilation, indicating the requirements for such a data compilation and some of the omissions and un-
certaintiea. The Line~by-Line transmittance calculation technique will then be deascribed, indicating the
capability of this technique for use in laser propagation studies as well as low spectral resolution
applications. The LOWTRAN computer model will be presented together with an indication of its limitations.

L INTRODUCTION

Optical systems for military applicatfons operate in the ultraviolet visible and infrared parts
of the spectrum. In order to understand the propagation characteristics of the atmosphere for radiation
in cthis broad spectral region, it is necessary to understand the details of molecular extinction processg-
es (both absorption and scattering) as well as the details of aerosol absorption and scattering processes,

Beer's law for linear propagation of monochromatic cradiation at frequency v in a homogeneous
mediun can be expressed as follows:

SEY) o y(v) 1Y) W

where I(X, v) 1is the intensity of the radiation at distance X and Y{V ) 1s.the attenuation coefficieni.

Tranamittance of radiation in the atmosphere is complex owing to the dependence of scattering
and absorption coefficieats on a number of differenc physical properties of the atmosphere (Goody, 1964).
Solving Equation 1, we have for the monochromatic radiation observed at distance, X, from the source;

I(X,v)=1(M0,v) T 2)

where 1(0,v ) is the intensity of radiation at the source, and Tt is the monochromatic transmittance
which is given by

1= exp (~yX) 3

where ¥ 1s an attenuation coefficient and X is the length of the path traversed by the radiati{on. The
attenuation coefficient (y) is given by

Y = o+k (%)

where ¢ 1is the scattering ccafficient snd k is tha absorption coefficient, Equation 3 is only strictly
valid when applied to monochromatic radiation.

The scattering and absorption coefficients defined in Equation 4 depend on both the constituent
molecules and aerosols in the atmospheric path., If electro-magnetlc radiation ic incident on a molecule
or an aerosol, a portion of the radiation is absorbed and the rest is scattered in all directions. Thus
we must make the following definitions:

g = sm+ % (4a)

k = km + k! (4b)

where the subscripts, m and a, indicate molecule and aerosol respectively. In order iv compute the atten-
uacion quantatively, it is necessary to co.sgider all four of the quantities defined in Equations (48) and
(4b).

The molecular scattering coefficient depends only on the number density of molecules in the
radiation path, whereas the moiecular absorption coefficient is a function of not only the amount of ab-
sorbing gas, but also the local temperature and pressure of the gas., The wavelength dependence of molecular
(Rayleigh) scattering is very nearly o© ~ A", The variation of the molecular absorption coeific -nt with
wavelength is much more complicated, bé&ng a highly oacillatory function of wavelength due to th. .esence
of numerous molecular absorption bend complexes as ias indicated in Figure 1. Theze band complexem re.ult
tor the most part from minor atmospheric constituents. The responsible molecules are (in order of impu-+-
ance): H20, COa Os, N©O, CO, 02, CHy,, N3z. All of these molecules except for Hz0and Os are assumed to
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i be uniformly mixed by volume in the transmittance calculations we will present,

The quantities % and ka depend on the number density and aize diatributiou of aerosols ns wvell

as on their complex index of refraction. A thorough discussion of aerosol effects will be given by Shettle
and Fenn elsewhere in this meeting, so we will limit our detailed discussion to molecular absorption effects.

v
;

In order to model the optical properties of the atmosphere, it is necessary to study and under-
etand the spectral properties of the ap ropriate molecules and aerosols and in addition, it is necessary
to define the atmosphere in terms of constituent distributions, temperature and pressure, Concerning the
problem of molecular absorption, it is required that we know the frequencies, intensities, widths and
shapes of all spectral lines in the region of interest, 1In addition we must be able to model or measure
the distributions of water vapor, ozone, and the other absorbing atmospheric gases as well as temperature
and pressure along the intended atmospheric path. An uncertainty in the definition of the physical pro-
perties of the atmosphere can affect the computed atmospheric transmittance in much the same way as an
uncertainty in the parameters cefining the absorptive properties of a particular molecule.

e T T

. In order to provida a base for transmittance modelling, we will discuss the variability and un-

i certainties in physical models of the atmosphere, We will then describe the AFCRL Atmospheric Absorption

. Line Paramccers Compilation, {.dicating the requirements for such a data compilation and some of the
remaining snissions and uncertainties. The Lira-by-Line (LBL) transmittance calculation technique will he
briefly described and some vesults pertinent to laser propagation will be presented. The usa of the LBL
approach t- low apectral resolution transmittance modelling will be discussed as well as ciler 1 resolu-
ticn techn:ques in which the line parameters compilation can be used directly. A discussion ... tic LOWTRAN
model will be presented with an emphasis on the accuracy and efficiency ¢f the model for syst.a ap;-iications.

2. ATMOSPHERIC MODELS

2,1 Standard Atmospheres

A series of six standard atmospheres are described by McClatchey, et al (1972) in terms of height,
pressure, temperature, density, water vapor density and ozone density. With the exceptiou of the water
vapor and ozone distributions, these models are taken directly from the U.S, Standsrd Atmosphere Supplements,
1966 and the Handbook of Geophysics and Space Environment, (Valley, 1965). The water densities above
11 km were taken from Sissenwine et al (1968). Three of these model atmospheres are summarized in Figures
2 and 3 and the details for the U.S. Standard Atmosphere arc provided in Table 1. More details can be
found in the references cited above,.

2.2 Composition

Table 2 provides concentrations of a number of additional atmospheric constituents (water and
ozone are already covered in the standard atmospheres).

TABLE 2. Concentrations of "Uniformly Mixed Gases" in Dry Air Near Sea Level

Constituent ppm by volume
Co2 322
Nz 0O 0.27 3
co 0.19
CHy 1.5
0, 2,10 x 10° ;

These constituents have been referred to by many as the "uniformly mixed" gases and values provided in
Table 2 represent a mean value. Although the major atmospheric constituents Nz and 02, can reasonably be
assuned to be uniformly mixed, the mixing ratios of many other minor constituents, many of which are
important absorbers of infrared radiation, in some cases show temporal and spatial variations. Although, E
N2 and O2 compose the bulk of the atmosphere, they are of minor importance to atmospheric propagation 4
due to their lack of absorption properties in the infrared. The following discussiorn on the temporal and i
spatial variability of the gases listed in Table 2 has been largely taken from Cadle (1974). E

2.2.1 CO2 (322 ppmv as a mean value) L

The mixing ratio of CO2 in the atmosphe e is increasing by about 0.2 percent per year, Bolin 3
and Bischof (1970) found that the mixing ratio di.reased in the stratosphere by about 0.6 ppmv compared ;
with the troposphere. At sea level the mixing ratio is slightly less in the polar regions than in other
regions, and higher in urban than rural areas. In the northern hemisphere the COz mixing ratio has sea~
sonal oscillations of 6-9 ppm at the earth's surface.

2.2.2 N0 (0.27 ppmv in troposphere) 1
The mixing ratio is relatively constant in the troposphere both with space and time, but de~ é

creases in the stratosphere to a value of about 0.1 ppmv at 18 km. 4
2.2.3 CO (0.19 ppmv as mean sea level value) 3
H

1

The mixing ratlo of CO has been found to be variable both with time and space and values ranging
between 0.05 and 0.25 ppmv at sea level have been reported. Concentrations are higher in urban areas than
i{n rural areas and €0 appears to be present in higher concentrations at njight than during the day. A ?
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good mean tropospheric value appesra to be 0.13 ppnv decreasing to a value of 0.04 ppuv in the lower
stratosphere.

2.2.4 CHy (1.5 ppmv near sea level)

The mixing ratio of CHy appears to be fairly constant near sea level, and in much of the tropo-
snhere (although only a small number of measurements are available). Above the tropopause methane ce-
creases rapidly to a value of about 0.25 ppmv at 50 km.

Limited information is avallable on a number of additional trace gases and is summarized in the
report by Cadle (1974). The resulting absorption by these trace gases {s expected to be sufficiently
small that they will be dominated by the othevr gases mentioned in the troposphere. For higher altitudes
(ebove 10 km), a good summary of the altitude varintion of various gases is given in Figure 4, vhich is
taken from T. Hard (1974).

It can be seen from the discussion provided here that transmittance models will be limited to
some extent by the uncertainties in atmosphevic models. For sccurate predictions of transmittance and
for the checking of models against experimental data all of these parameters should be measured in con-
Junction with optical transmittance measurements.

3. ABSORPTION LINE COMPILATION

In order to accurately compute the monochromatic transmittance of the atmosphere, we must first
obtain accurate data describing the frequencies, intensities and line shape of all absorption lines
affecting the attenuation at the frequency in question. If our aim is to develop this monochromatic
capability throughout the visible, infrared and microwave regions of the spectrum, we must then develop
a compilacion based on certain constraints dictated by atmospheric abundances,

About 7 years ago an effort was initiated at AFCRL with the aim of providing a complete set of
deta for all vibration-rotation lines of all naturally occurring molecules of significance in the terres-
tial atmosphere. With such data at hand, it would be possible to compute the transmittance appropriate
for atmospheric paths by first computing the monochromatic transmittance many times in a finely spaced
frequency grid and then degrading the results to any appropriate spectral resolution. The monochromatic
results would directly represent the atmospheric tranamittance of laser radiation, Up to now the following
molecules have been included in this compilation: (1) water vapor; (2) carbon dioxide; (3) ozone;

(4) nitrous oxide; (5) carbrn monoxide; (6) methane; and (7) oxygen, Plans are currently being imple~
mented to add data on additional species such as NO, NOp, SO;, HNOy, etc. All of these molecules except
oxygen are minor constituents of the atmosphere, but nonethelass represent most of the absorption lines
in the visible, infrared, and microwave regions.

In order to compute the transmittance due to a given spectral line in the atmosphere it is
necessary to describe the absorption coefficient as a function nf frequency for each line. The four
essential line parameters for each line are the resonant frequency, v  (cm™ ), the inte1sity per absorbing
molecule, S (cm™ /molecule em™ %), the Lorentz line width parameter, o’ (em~!/atm), and the energy of the
lower state, E" (cm™!). The frequency, Vv , is independent of both temperature and pressure {(except for
possibly very small pressure effects of less than 0.01 cm™!/atm, whick have been ignored here). The in~
tensity, S, 1s pressure-independent, and, as discussed telow, it~ temperature dependence can be calculated

from E" and V.

The line half-width at half maximum, o, is proportional to the pressure, p, and its temperature
dependence can be estimated as discussed below.

The precise line shgpe is a matter of some uncertainty, but in the derivation ot line parameters
from laboratory measurements, it is customary to start from the Lorentz shape (see Goody, 1964) given in

Equation (5).

KV ) = sa/w (5)
(v-v)t+al
o
S =/ k(v)dv

The ability of Equation (5) to describe the true line shape is subject to two limitations. The
first, which can be precisely estimated and correcced for by the use of the Voigt shape, occurs when
%, P/ <1.0 where is the Doppler line width. The Doppler line width varies with frequency, temperature

and molecular mass as given in Equation (6).

L
o = _:_. _2_:?_.. - 4.298 x 1077 v (T/M)% . (6)

where M = molecular weight and here k = Boltzmann's constant and m = mass of a molecule.

For atmospheric molecules and infrared frequencies, modifications of the Lorentr shape resulting
from Doppler effects begin to be required at pressures beliw 10 mb (above 30 km).

The second limitation concerns possible inadequacies of the Lorentz shape, especially in the
distant wings of a line where |v - v |>u (see Winters et al, 1964, and Burch et al, 1969) or when the
long-range intermolecular forces respgnaible for collision broadening are dipole-quadrupole, leading to
an exponent 1,75 rather than 2.0 for the term (v - \%) in Equation 5, (Varanasi and Tejwani, 1972).
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Throughout this compilation we assume the validity of the Lorentz sxponent.

The line intensity is temperature dependent through the Boltzmann factor and the partition

function as indicated in Equation (7).
A
! il - ~1. 439V nf- ’
S (T’) Qv (Ta) Qr Ts [. exp T x 1.439E" { T '1‘s .
! P TT,

Q, (T)Q, (T) Ll_exp

S(I) -
-1,
1 '0290/1'

where E" (in cm™!) is the energy cf the lower state of the transition and where Qv and Qr are the vibra-
tional and rotaticmal partition functions. .

It i3 also necessary to know the temperature variatior. of d. 1In the absence of specific
indications to the contrary, th: equatfon o(T)/a(T,) = (T/TB)'n, with a = ¥, corresponding to the assump-
tion of temperature-independent collision diameters, may be made. The validity of the assumption
18 more uncertain, the larger the dependence of the diameter on the particular rotation-vibration transi-
tion, (that is, it 18 most unrealistic for H,0 and low-J transitions of the other molecules). The theory
of Tsao and Curnutte (1954) when applied to the determination of line width for H;0 lines gives a wide
variation of n about the mean value of 0.62 (Benedict and Kaplan, 1959). Measurements made with a CO2
laser (Ely and McCubbin, 1970) indicate a value of n=1.0 for the P20 line of the 10.4 um CO, band.

An examination of Equations (5) and (7) indicates that it is necessary to know the Yy s(T)),
aP , Ts) and E" value for each line in order to compute a spectrum. The data compilation described here
confaind these four quantities for each of the more than 130,000 lines between 1 ym and the far infrared
belonging to the seven molecular species listed in Table 3,

Table 3. Intensity Criteria for Lines Included in Compilation

Minimum Intensity* Existing Intensity
Molecule Identification No. Criterion at T=296K Minimum at T=296K
HO 1 3 X 107% 3X10°%
co, 2 2,2 X 10°% 3.7 X 10°%7
O 3 3.5 x 10°% 3.5 X 107%
N0 4 3.0 X 10723 4.0 X 1072
co 5 8,3 x 1072 1.9 X 107%°
CHy 6 3.3 % 10°% 3.3X107%
02 7 3.7 X 1073° 37x107%*

* Units are cm”'/(molecule-cm™ %)

In order to establish the "Minimum Intensity Criterion" values given in Table 3, an extreme
atmospheric path was considered, assuming the gas concentratinns specified in Table 1 and maximum concen-
trations over the path of 3 X 10% molecules/cm?® for water vapor and 1 X 102° molecules/em? for ozone.
This extreme radiation path was the atmospheric path tangent to the earth's surface, and extending from
space to space. Using this criterion, lires yielding less than 10 percent absorption at the line center
would normally be omitted,

Although this absolute line intensity cut off was established, it has not always been possible
to achieve. 1In some cases it would have been unvrealistic to push calculaticns to this limit when ex-
perimental confirmation fell far short. There are two specific areas in which this absolute cut off
has been violated: (1) In regions of very strong absorption, very weak lines above this absolute limit
have been neglected; (2) Q-branch lines below this limit have occasionally been included where it is felt
that the accumulation of many weak, closely spaced lines would still produce an appreciable absorption
under some atmospheric circumstances. In some cases, (for example, COz), sufficient laboratory measure-
ments and theoretical wurk were availablc so that this limit was exceeded throughout the infrared.

Half-widthas of lines have been added where available. In some cases, it ig felt that insufficient
daca exist to warrant the inclusion of a variable half-width, In these cases, a mean, constant value has
been inserted for each molecular specles and values are given in Table 4, Line widths for H 0 have been
calculated based on the A» rson Theory (Anderson, 1949) modified by eliminating the distance of rclosest
approach. This modificat’ a gives results comparing favorably witl the measurements of Blum et al, 1972
for a number of high~J . aes, Line widths for CO2 have been taken from the theoretical work of Yamamoto
et al, 1968 who applied the Anderson Theory to CO2 - Nz collisions.

Table 4. Mean Half-width Values

Molecule Half-width (cm™!/atm) References
03 0.11 Lichtenstein et al (1971)
N 20 0.08 Toth (1971)
co 0.06 Bouanich and Haeusler (1972)
CHy 0.055 Varanasi (1971) (see Section 6.3)
02 0.060 Burch and Grywvnak (1969)
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The sccuracy of transmittance calculations due to molecular absorption can be seen to depend on
three quantities: (1) The accuracy of the line parameters; (2) The accuracy of the assumed line shape;
and (3) The accuracy of the description of the atmosphere in terms of tem <rature, pressure, and consti-
tuent distributions. We can get a feel for the first of these by examining Table 5.

Table 5. Accuracy of Data

Molecule Wen™1) S o
H20 +0.00001-0.05 1-10% Rotat. +10%-X3
10%-X2 others
CO, +0.01 +52 +10%
0y +0.01-+1.0 +102 Constant Value
ND +0.01 +5% Constant Value
co +0.001+0.01 +22-++10% +10%
CH, 10,01 +20% Constant Value
0, +0.01 +10% Constant Value

As can be seen, it is difficult to specify simply the accuracy of these line parameters because they are
different from one band to another for a given molecule and are also a function of the line intensity.
This is so because of the increased experimental confirmation available for the stronger lines. In the
microwave region absorption line positions can be measured very accurately due tv available measurement
techniques, This same kind of precision is becoming more highly developed in the infrared.

4, CONTINUUM ABSORPTION

In addition to the spectral absorption lines described above, there are several spectral regions
of relatively continuous atsorption. Several of these are of interest because they fall in the atmospheric
"windows" e.g. in the 1 im and 4 um regions (~10,000 cm™' and 2,500 cm™*), from 8-14 um (1250 cm™® to
700 cm™') and near 22 um (450 cm™!). In other spectral regions the contribution by nearby absorption
lines is much greater than that by the continuum absorption, so that for practical purposes the continuum
effect can be neglected, although it may be greater than in the windows.

This continuous absorption is caused by one or more of the following three processes: (1) extreme
wings of strong collision-broadened absorption lines centered more than 10-20 em™! away; (2) pressure
induced absorption resulting fror transitions that are forbidden for unperturbed molecules; and (3) the
poseible existence of the water dimer (Hz0:H;0) in the case of the 8 to 14 um region.

The absorption cvefficient due to continuum absorption can be expressed as

k=CP_ +CP (8)
vhere C_ 18 the self-broadened coefficient and C, is the foreign gas broadening coefficient, Ps 18 the
partial pressure of the absorbing gas and Pb is the foreign gas pressure.

Figure 5 gives the spectral dependence of Cs for water vapor absorption i1 the 8 to 14 ym region
for three temperatures (Burch, 1970). The Cb value has been most reliably measured by McCoy et al, 1969,
and is found for nitrogen broadening to be cb - 0.0050s at room temparature at 10.6 um.

Figure 6 gives the spectral dependence of C_ for the water vapor absorption in the region near
4 um for four different temperatures (Burch et al, 1971)m Note that the T=296°K curve ia an extrapolation
based on the measurements at higher temperature. These same workers found the ratio Cblcs for nitrogen
broadening to be 0.12 4+ 0,03 in the 4 um region.

Figure 7 gives the spectral dependence of the absorption coefficient due to the pressure-induced
nitrogen absorption centered near 2330 em”! (Burch et al, 1971). Measurements have also becn made by
Shapiro and Gush, 1966, and Farmer and Houghton, 1966. Since the foreign gas broadening in thie case re-
sults mainly from oxygen which has a constant mixing ratio in the atmosphere, Equation (8) reduces to

k = Const. x P 9

The constant in Equation 9 is directly proportional to tntal pressure, P, the absorption coefficient

depends on P2, The nitrogen abaorption coefficients given in Figure 7 are expressed in the units atm™? Km™'.

Since line winge as given by the Lorentz shape, Equaticn (5), have been found to be in error in
the extreme wings (e.g. overestimating the absorption for CO2 and underestimating the absorption for H0)
it ia difficult to state an appropriate rule to follow for truncating the Lorentz line profile, since this
also depends to a large estent on the prob’em being considered.

An additional absorption feature of importance to the transmittance of neodymium laser radiation
is due to the oxygen dimer, (0z)2. Measurements made by Curcio (1966) show that its effact cannot be
neglected for long atmospheric paths (>80Kmn) near sea level. Figure 8 shows the transmittance of solar
energy as a function of wavelength for several solar positiona. Although the absorption is significant
for large zenith angles, the attenuation in this region is still dominated by aerosol effects.
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5. LINE-BY-LINE COMPUTATION TECHNIQUES

In the case of pure molecular absorption. Y(V ) expressad in Equation 1 is the absorption
coefficient. The monochromaric transmittance for a given atmospheric species through a path containing

Amj absorbing molecules is then given by Equation 10.

Y (v) = exp [—kj (v )Amj] (10)

The quantity, j, refere to the jth molecvlar species. In general k =& k, _ where the k { is the absorption

coefficient for each absorption line (i) of a molecule of type J co*t*ib&éing to the agsorption at fre~ )
quency V. In addition, to the absorption by many lines of molecular species, j, there may also be absorp-
tion at frequency, Vv, due to lines of other molecular species, so we must generalize Equation 10 as follows.
=L Kk, (v )Amj

3 (11)

T (v) = exp
In general, the atmospheric path over which the transmittance is required is not uniform - i.e. it contains
.2mperature, pressure, and constituent gradients, Therefore, w¢ must replace Am1 by dms4 and integrate to
obtain the proper exponent in Equation 1ll. Thus, this exponent (the optical depth) is gefined in Equation 12.

n -f§ kj(\) )dmj “12)

Using this technique together with the line parameters described above, we can generate an "infinite resolu-
tion" spectrum such as that shown in Figures 9 and 10. Por laser applications this type of calculation is

a requirement because the laser beam is spectrally very narrow compared with the width of pressure - broadencd
atmospheric absorption lines. High resolution synthetic spectra of this kind have been computed for much

of the infrared and detailed calculations bhave been made for a large number of specific laser emission
frequenzies by McClatchey 1971, McClatchey and Selby 1972a, 1972b, 1974, and McClatchey et al 1972, The
AFCRL Atmospheric Absorption Line Parameters Compilation on which these cdlculations are based is described

in more detail by McClatchey, et al (1973).

Figures 9 and 10 provide high resolution transmittance spectra using the data and technique des-
cribed above. The calculations are for a 10 km horizontal path at sea level corresponding to the mid-
latitude winter model etmosphere in the 4 and 10 micrometer regions. Similar spectra have been computed
covering the entire spectral region from .76 to 31.25 micrometers. Although this work was first undertaken
in connection with investigations of the atmospheric propagation of CO., CO, HF and DF laser systems, the
resulting spectra can be used to roughly estimate the effects of molecular absorption on the propagation of
auy lager s8ystem throughout the specified spectral region. Tables similar to Table 6 have been constructed
for a large number of laser emission lines for CO,, CO, HF, DF and several other laser systems. Table 6
provides the attenuation coefficient for a given laser line as a function of altitude for 6 model atmospheres
and two aerosol models. From tables such as these it is possible to quickly estimate the attenuation of a
given laser line for a specific atmospheric path.

There is some experimental confirmation of these high resolution transmittance calculations. an
example is shown in Figure 11 in which some emission measurements in the 10 micrometer region are compared
with calculations. Measurements made by Long et al (1973) on several CO laser lines indicate that the
calculations tend to underestimate the absorption, especlally when the laser emission line is far from
the center of a water vapor line. This underestimate is as much as a factor of 2 in attenuation coefficient
for some lines. It has been suggested that a non-Lorentzian line shape can largely explain the observatioms.
An outdoor measurement made by Gilmartin (1973) has indicated satisfactory agreement for the 5-4 P15 line of
CO. Disagreements exist between different experimenters on the magnitude of the water vapor continuum
absorption in the 10 micrometer region. Since this has a significant impact on the attenuation of the P20
€0z laser line, some 20-30% discrepancies in the atmospheric window may be due to that cause. Measurements
of DF laser transmittance measurements in the laboratory have been reported by Spencer, (1973) and he ubtains
satisfactory agreement with calculation.

6. LOW RESOLUTION MODELLING

Tn many applications, it is impossible to measure radiation at a single frequency (or very narrow
spectral ?.terval), Instead one measures the transmittance ‘%v(v) averaged over the spectral interval, Av,
accepted by the receiver, as indicated in Equation 13.

- 1
ﬁﬁv(v ) = XY, T (Vv )dv (13)
where Vv is the central frequency in the interval, Av. Consequently for many applications one is interested

in knowing the transmittance of the atmosphere averaged over a relatively wide spectral interval, that is,
for low resolution.

Thus, the term transmittance is somewhat ambiguous unleas it is qualified by some indication of .
the spectral resolution, Av, over which it is averaged. This 18 particularly true in the case of molecular
absorptinon, since the absorption coefficient k_ 1s a rapidly varying function of frequency. it 1s because
of the rapid variation of k_with frequency that the averaged transmittance T does not, in general, obey
a simple exponential law. hat 1s

Ty, = ﬁ-/exp [— k(v )Am] 2v A exp (-K(V )Am) (14)

v -~
where k_ represents the net monochromatic molecular absorption coefficient and where K is an average absorp-

tion cogfficieﬁt, which cannot in most cases be defined whea Av is much greater than the half-width of a '

gpectral line.
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There are four basic approaches to obtaining low resolution tranasmittance values for a given
path through the atmosphere due to molecular absorption. These are; (1) direct measurements over the
required path; (2) measurements in the labocetory under simulated conditions; (3) line~by-line (mono~
chromatic) calculations based on a detailed knowledge of the spectroscopic line parameters which are then
averaged over the required spectral intervai, and (4) calculations based on band model techniques (which
use available laboratory and/or field transmittance measurements or actual line data as a bamis).

From the point of view of computatiocas, method 3 involves a considerable amount of work and com-
puter time, and consequently method 4 has been used most frequently., Even with the availability of the
nacessary line compilation, there 18 a place for efficient and accurate low spectral resolution models.
Because of the inefficiency of low spectral resclution calculations by line-by-line techniques, we way
think of the data compilation as a foundation and basis for romparison of other, more efficient low resu-
lution models. However, there is a need for optical modelling at spectral resolution where current low
resolution models are not applicable., Our only cholce, theu is to resort to degraded monochromatic cal-
culations or to devise new models capable of providing the required results,

One such approach that relates easily to the data compilation described above is the direct appli-
cation of the Goody random model, utilizing appropriatie sums of parameters obtained from the AFCRL absorption
line compilation. Provided that there are sufficient lines in the spectral interval, Av, so that the
assumption of randomnecs with respect to the line frequencies can be made, and assuming an exponential
distribution of line intensities in the interval, we obtain Equation 15 for the average transmittance in
the interval.

- m-AE Si
T = exp TS 3 (15)
W r1+‘-2-—1—1—-—--
1
L § N Siai

It can be seen that this expression requires sums of intensities and sums of square roots of the intensity-
half width products., As an example, these are provided for wvater vupor in Figure 12, in which the parameters
were summed over 5 em™! increments and spaced 1 cm™! apart. Thus, the resulting spectral resolution will

be 5 cm™!, Similar sums have also been computed for ozome and carbon dioxide lines. Figures 13-14 stow

the results of using these parameters in a Goody random model formulation and then comparing these calcula-
tions with the degraded monochromatic technique. Table 7 summarizes the results of calculations made for
each of these band complexes for a number of different conditions. Such calculation techniques may be
required for certain applications in order to provide the required accuracy, but they still require r-.ther
large amounts of computation time and they are not readily amenable to qu’':k estimation. As a result,

method 4 above still has a wide applicability, especially for systems studies.

A code that has been developed along these lines at AFCRL, the LOWTRAN code, will now be briefly
described. The LOWTRAN code was constructed as a moderately accurate, but very efficient computer routine
based on a single parameter model of molecular absorption. Transmittance at 3 glven frequency through the
atmosphere, in general, depends on three parameters; pressure, number of absorbing molecules, and the
temperature, The LOWTRAN technique recognizes the minor importance of temperature dependence and thus,
specifies a mean temperature of 273K. The number of absorbing molecules and the pressure are combined
in an appropriate way to define a single indepeadent variable so as to minimize errors.

In the report by McClatchey et al (1972) three empirical transmittance functions have been deter-
mined from laboratory and synthetic transmittance data based on Equation (16) for (1) H 0, (2) 03, and
(3) the combined contributions of the uniformly mixed gases.

T = f(C(v )AmP“) 16)

Synthetic spectra here refers to monochromatic (line-by-line) transmittance calculations degraded in
resoiution by convolution with an appropriate slit function. It was found that Equation (16) gave the best
fit to laboratory and theoretical data over a wide spectral interval when; (1) n=0.9 for H,0, (2) n=~0.4 for
03, and (3) n=0.75 for the uniformly mixed gases.

The corresponding empirical transmittance functions were found to give better agreement with
laboratory and synthetic transmittance data than the commonly used band models over a wide range of pressures
and absorber amounts.

The procedure used for determining the parameter n and function, f, defined in Equation (16) will
be briefly outline below. By taking the logarithm of the inverse of Equation (16), it will be seen that

n log P + log Am = log £~} [T”Av(v)] - log C"(Vv) Qan

Thus, for a given frequency, v, and fixed values of average transmittance, 7hv(v). the right-hand
side of Equation (16) becomes a constant,

A mean value for n was determined from Equation (17) for a wide range of frequencies and several
values of T. Then for each frequency, T wuas plotted against log Am Pn, and the curves superimposed and
the best mean curve determined. The "mean" curve thus obtained constitutes the empirical transmittance
function and 18 displayed ag the transmittance scale and associated scaling factor, log (Am Pn), in the
sample prediction chart given in Figure 15. Similar charts have been provided by McClatchey, et al (1972)
for six other atmospheric gases of major importance in atmospheric absorption. In addition a computer
version of this technique has been constructed (LOWTRAN) and is presented in a report by Selby and McClatchey
(1972) with a revised model (LOWTRAN 3) presented in a second report by Selby and McClatchey (1975).

B IR, 0 WC oY SR

AR




© e miAr e

TN T TS VR 1 Y s €8s e -

The LOWIRAN 3 Computer Code has been compared with a large number of laboratory and field
measurements. Some samples of these comparisons are provided here. Figure 16 shows a lahoratory comparison
with the measurements of Howard, Burch and Williams (1955) in the 2.7 um water vapor band. Figure 17
shows a tranumittance spectrum meagured by Gebbie et al (1951) from a 1 rea-uile path over water, covering
the 0.5 to 15 um region. Figure 8 shows a comparison of LOWTRAN with the resaults of Yates and Taylor
(1960) covering the spectral region from 0.5 to 19 um. The apparent discrepancy in the 10 ym region is
believed to ve due to the fact that Yates and Taylor artificially set the transmittauce leval to be 100%
in this window region (since they were unable to estimate the water vapor continuum contribuiion).

Further studies are proceeding to update and validate both the low resolution and high resolution
atmospheric transmittance prediction schemes. Further work is required in order to undersiand and reliably
predict the water vapor continuum absorption in the 10 um region.
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Table 1 - Model Atmosphere Used as a Basis for the Computation of Atmospheric Optical Properties.

U.S, STAMDARD ATMOSPHERE, 1962
“l;lt. Pressure Temp. Densi Water Vgpor Ozong

m) (mb) (°K (g/m%) (g/m?) (g/m°)
0 1, 013E+03 288.1 1, 225E+03 5, 9E+00 5. 4E-05
1 8. 986E+02 281.6 1. 111¥:+03 4, 2E+00 5. 4E-05
2 7. 950E+02 275.1 1, 0071:+03 2. 9E+00 . 5.4E-05
3 7. 012E+02 288, 7 9. 093E+02 1, 8E+00 5. 0E-05
4 6. 166E+02 262.2 8. 193E+02 "1, 1E+0 4, 6E-05
5 5. 405E+02 255, 7 7.364E+02 6.4E-01 4, 5E-05
6 4, 7T22E+02 249.2 6, 601E+02 3.8E-01 4, 5E-95
7 4. 111E+02 242, 7 5. 900E+02 2, 1E-01 4. 8E-05
8 3. 565E+02 236.2 5, 2568E+02 1. 2E-01 5. 2E-05
9 3. 080E+02 229,7 4. 671E+02 4.6E-02 7. 1E-05
10 2.6502+02 223.2 4. 135E+02 " 1,8E-02 9. 0E-05
11 2, 270E+62 218.8 3. 648E+02 8, 2E-03 1.3E-04
12 1, 940E402 216.6 3. 119E+02 3. TE-03 1.6E-04
13 1. 658E+02 216.6 2. 666E+02 1. 8E-03 1, 7TE-04
14 1. 417TE+02 216,86 2, 279E+02 8. 4E-04 1. 9E-04
15 1, 211E402 216.6 1, 948E+02 7. 2E-04 2,1E-04
16 1, 035E+02 216.6 1, 665E+02 6. 1E-04 2. 3E-04
17 8. 850E+01 216,6 1. 423E+02 5. 2E-04 2,8E-04
18 7. 565E401 216,6 1, 216E+02 4. 4E-04 3.2E-04
19 6. 467TE+01 216.6 1. 040E+02 4, 4E-04 3.5E-04
20 5.529E+01 216,6 8. 891E+01 4. 4E-04 3.8E-04
21 4. 728E+01  217.8 7. 572E+01 4,8E-04 3.8E-04
22 4. 047E+01 218, 6 6. 451E+01 5. 2E-04 3.9E-04
23 3.467TE+01 219.6 5. 500E+01 5,7E-04 3.8E-04
24 2, 972E+01  220.6 4, 694E+01 6. 1E-04 3.6E-04
25 2.549E401 221.6 4. 008E+01 6. 6E-04 3. 4E-04
30 1, 197E+4+01 226.5 1. 841E+01 3. 8E-04 2. 0E-04
35 5. 746E+00 236.5 8. 463E+00 1.6E-04 1.1E-04
40 2, 871E+00 250,4 3, 996E+00 6. TE-05 4, 9E-05
45 1. 491E+00 264,2 1, 966E+00 3, 2E-05 1, 7E-05
50 7. 978E-01 270.6 1. 027E+4+00 1, 2E-05 4, 0E-06
70 5.520E-02 219,17 8. 154E-02 1. 5E-07 8.6E-08
100 3.008E-04 210.0 4, 989E-04 1, 0E-0Y 4, 3E-11
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Table 7 - Comparison of Integrated Absorption Results.

H0
: P (mb) W(mol./cm?) W(LBL) W, (RANDOM) W, (RANDOM)
: 1079.64 3.41 x 10%° 320 273 339
800.00 2.0 x 10?2 665 592 673
400.00 8.0 x 102° 321 275 334
139.95 1.50 x 102° 112 102 121
0,
P (mb) W(mol. /cm?) W (LBL) W, (RANDOM)
i 1024 2.60 x 10%! 164 164
] 500 7.00 x 10%! 179 178
: 100 1.40 x 102° 55.8 60.0
; 100 (T=250K) 1.40 x 10%° 47.4 51.0
3 10 1.40 x 10'? 8.45 9.77
f
4 3
] P (mb) W(mol. /cm?) W(LBL) W, (RANDOM)
i
5 399.87 1.83 x 10'? 70.3 70.5
66.65 7.53 x 10'® 91.3 92.4
66.65 1.722 x 10'? 55,2 59.7
19.96 2.69 x 10'° 50.8 53.4
19.96 1.21 x 10'° 35.9 38.2 ]
%
é
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Figure 1 - Solar Spectra Measured from Balloon Platform at the Indicated Atltitudes and Zenith Angles.
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MODELS OF THE ATMOSPHERIC AEROSOLS AND THEIR OPTICAL PROPERT]ES

Eric P. Shettle and Robert W. Fenn
AFCRL
Hanscom AFB, Bedford, MA 01731
United States of America

ABSTRACT

Aerosol models have been developed for the boundary layer, the upper troposphere, the stratosphere,
and mesosphere. In the boundary layer they describe 3 different environments: rural, urban and maritime.
In the upper troposphere and stratosphere two different models represent spring=-summer and fall-winter
condiv.ons. In the stratosphere they describe several levels of volcanic dust concentrations and the
background conditions, For each model the coefficients for extinction, scattering and absorption, b
angular scattering distribution and other optical parameters have been computed for wavelengths between
0,2 and 40um. The aerosol models are being presented along with a discussion of their experimental basis.
The optical properties of these models are being discussed and some examples of their effect on the overa.l
atmospheric transmission properties and atmospheric contrast reduction are presented,

i. INTRODUCTION

The aerosol models described in this paper supplement the aerosol ¢ mponents of atmospheric optical
models previously developed at AFCRL (ELTERMAN, 1964, 1968, 1970C; MCCLATCHEY et al., 1970). The vertical
distribut.on of aerosol attenuation in the upper troposphere and stratosphere in these models was primarily
based on s:veral years of searchlight measurements in a fixed location (ELTERMAN 1966 and 1968). IVLEV
(1967 and [969) has made a review of the available experimental data up through 1967. Bised on this review
Ivliev presented a model of the vertical distribution of aerosol particles and their extinction of visible
1ight.

The aerosol component in these models was based on experimental measurements which were made during
and prior to the mid 1960's, At this time there was sufficient experimental data available to define an
average stratospheric and upper tropospheric aerosol profile with some different haze concentrations in
the tower troposphere {up to a few km altitude) with exponential vertical decrease in particle concentration.

During the past decade in this country and elsewhere extensive additiona! measurements from ground
as well as airborne and space platforms have been made of aerosol concentrations, their size distributicn,
and optical properties, to warrant the development of updated aerosol models which also describe some of
the temporal and spatial variations in atmospheric aerosol distributions and properties.

The models of the atmospheric aerosol and their optical properties developed below are based on a
review of the available data on the nature of the aerosols, their sizes, their distribution and variability,
However it must be emphasized that these models only represent a simplified version of typical conditions.
Existing experiment data are not sufficient to describe the frequency of occurrence or variance of the
different models.

In this study a number of different aerosol models for each of 4 different altitude regimes has been
developed. The vertical distribution of the attenuation coefficients for these models is shown in Fig. 1.
Also shown for comparisonae the Rayleigh profile, and ELTERMAN'S 1968 Model,

(a) For the Boundary Layer (below 2 km) 10 models have been defined which describe the aerosols in
rural, urban, and maritime environments for several surface meteorological ranges between 2 and 50 km,

(b) For the upper troposphere there are two models which represent spring and summer conditions
versus fall and winter conditions,

{c) In the stratosphere (up to 30 km) models are presented for background, moderate, high, and
extreme volcanic conditions for each of the two seasonal models, ’

(d) For the upper atmosphere (above 30 km) two models are presented. One of these corresponds to
the most likely background conditions and the other represents the high aerosol concentrations often
observed at these altitudes (in thin layers).

In the following sections, a more detailed description of the mode!s will be presented along with
a discussion of their experimental basis, and the~ <ame possible applications of the models will be
discussed with some examples.
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2. AEROSOL MODELS
2.1, Boundary Layer Aerosols

The range of conditions in the boundary layer (up to 2 kilometars) is represented by three
different aerosol models (rura', urban, or maritime) for each of five meteorological ranges between 2 and
50 kilometers, Not all of the fifteen possible configurations are included because they do not represent
meaningful conditions; for example an urban type aerosol mixture would not be present with visibilities
as high as 50 kilometers.,

In the boundary layer the shape of the aerosol size distribution and composition for the 3 surface
models are assumed to be invezriant with altitude. Therefore only the total particle number is being
varied, Although the number density of air molecules decreases always more or less exponentially with
altitude, there is considerabie experimental data which show that the aerosol concentration very often has
a rather different vertical profile. One finds that especially under low visibility conditions the aerosols
are concentrated in a layer from the surface up to about | to 3 kilometers altitude and that this haze
layer has a rather sharp top, (e.g. see DUNTLEY et al,, 1972).

The vertical distribution for clear and moderately clear conditions, 50 and 23 kilometer
meteorological ranges respectively, is taken to be exponential, similar to the profiles used by ELTERMAN
(1564, 1968) following the work of PENNDORF (1954). For the hazy conditions (10, 5, and 2 km meteorological
ranges) tha aerosol extinction is taken to be independent of height up to '} km with a p.onounced decrease
above that height

2.1.1, Rural Aerosols

The ""Rural Model' is intended to represent the aerosol conditions one finds in continental areas
which are not directly influenced by urban and/or industrial aerosol sources. This continental, rural
aerosol background is partly the product of reactions between various gases in the atmosphere and partly
due to dust particles picked up from the surface. The particle concentration is largely dependent on the
history of the airmass, carrying the aesrosol particles, |In stagnating airmasses, e.g, under wintertype
temperature inversions, the concentrations may increase to values causing the surface layer visibilities
to drop to a few kilometers.

Aerosol samples from all over the globe from rain-out and direct sampling have been analyzed by
VOLZ {1972} for their vptical/IR refractive index properties, Based primarily on these measurements the
rural mode! is assumed to be composed of a mixture of 70% of water soluble substance (ammonium and calcium
sul fate, and also organic compounds) and 30% dustlike aerosols. T