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SUMMARY OF SESSION VI
OPTICAL/IR ENVIRONMENT
by

Dr H.J. Albrecht
Session Chatrman

The programme of the session resulted in o reasonable coverage of the subject concerned, nanicly the operational
modelling in the optical and infrared environment. Following an excellent review paper on the entire tield
(R.A.McClatchey, E.P.Shettlc, atmospheric optical transmission modelling and prediction schemes), three contributions
dealt with models regarding the transfer ot radiation in the atmosphere (H.J.Jung, M.Kerschgens, E.Raschke), the extinc-
tion and scattering by hvdroreteors in the range between 0.25 and 15 um considering genceral weather situations (W.Eckl,
1.J.Fliass, H.Hallwachs), and the prediction of vertical temperature and moisture stratitication in the baroclinic boundary
layer (W.Bebnke).

The above-mentioned review paper covered the present state of the art; it was mainly based on computer pro-
grammes for transmission characteristics in the spectial range between 0.25 um and 1.4 ¢cm, designated HITRAN with
approprately high resolutions as, for instance, required for the description of LASLER transmission spectra, and
LOWTRAN with less resolution and more reasonable computer time-requirements. A comprehensive data base is being
used together with the HITRAN programme, as far as the optical properties of atmospheric molecules are concerned.
Assumptions are made . th regard to the absorption line shapes as a function of atmesphernic pressure. Between 8 and
14 xm as well as 3.5 and 4.2 um water vapour continua are evident, a quasi-continuous absorption feature around 4.3 um
Jdue to nitrogen molecules has also been taken into account. Abscrption and scattering of acrosols have been treated as a
stowly varying coniinuian fuiciion winch is added to the more rapidly varying molecular abserption. Complex refractive
index, size distribution, and origin of acrosols are examples of parameters used. In summary, problem areas and the
present state of the art have been reported in this review.

The second paper in this session discussed the use of atmospheric radiative transfer models to describe effects in
optical, infrared and microwave spectral 1anges; special applications were illustrated, such as estimates of cloud effects
as a function of altitude, optical thickness and dropsize distribution, and of a relationship in the microwave region
between brightness temperature at the top of the atmosphere and cioud thickness expressed in terms of precipitation
rai.~ The possibility of estimating precipitation intensities irom brightness temperature was mentioned, with particular
referen e to rainfall above oceai surluaces.

The contribution on calculation of extinction and scattering beiween 0 25 and 15 um by hydrometeors concerned
relcvant meteorological conditions during general weather sisuations typical for the central NATO-region, or, in other
words, the geographic areu of the Federal Republic of Germany. For this purpose, a modified version of the LOWTRAN
modet was utilized to consider scattering and extinction by precipitation and clouds. Meteorological input data ty pical
of the most common weather situations included profiles of barometric pressure, tamperature, humidity, and data on
precipitation and clouds. Although the accuracy of data assessment has to be considered variable and may be marginal
for some parameters, the experiment as such is interesting; it represents a first attempt of system-oriented predictions on
the basis of recognized general conditions and their trend.

‘The final paper in this session referred to vertical temperature and moisture stratification in the baroclinic boundary
layer up to an altitude of one to two kilometres. The molel aims at a determination of heights of inversion layers as
a function of ground roughness and baroclinic conditions. Effects on the stratification of the refractive index were
mentioned.

Discussions related to this session generally supplemented the information contained in papers presented. In some
cases, questions addressed new tields of research in electromagnetic wave propagation and in the appropriate behaviour of
Sropagation media. This summnary reters to the more significant discussion arcas.

An example of rescarch-related discussion tupics is the artificial modification of propagation media. Full applic-
ability is indicated for most mcdels, results bei1g generally as useful as the inpJat data ure reliable. Specific comments
again emphasized the discrepancy in the preseni state of the art as {ar as the rather advanced identification of molecular
cha.acteristics is concerned, in comparison {o that of aerosol effects.
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The evaluation of humidity effects on rural acrosc! models was mentioned as a possibility of using such: Cependonce
as a method ot estimating humidity.

Several comments referred to limitations governing determination as well as consideration of § recipitation charac-
teristics, in addition to adjacent problems, such as their vertical distribution as an example of applicability in satellite
communication links on microwave frequencies. Reference was made to the use of microwave images to investigate the
extent of precipilation cells.

The presentation of a new model using general weather situations typical of geographically lomited regions lad (o the
discussion of relevant aspects. Criteria of mesh density and validity of data for portions of such a region were distussed
with respect to the ficld of application i modelling propagation characteristics. Although such questions did not anly
refer to the area covered b this session on optical and infrared environment, they were here touched upon as a mean:
of evaluating the feasibility of such a new approach,

Diftfering levels of validity were identified for different parameters with precipitation rate ind dropsize distribution
as examples of low reliability due to the existing difficulties in appropriately assessing Cata. Keeping in mind such limita-
tions, the approach seems to lead to more useful predictinns of propagation characteristics; fusther investigations are
necessary

In conclusion, papers presented and discussions of relevant aspects during this session on optical and infrared
environment have led to a review of the state of the art in relevant operational modelling, .0 reports on current activities,
as well as to an identification of areas in which further rescarch appears to be particularly promising.




ATMOSPHERIC OPTICAL TRANSMISSION MODELLING AND PREDICTION SCHEMES

R.A. Mcfhlatchey, (OPI)
E.P. Shettie, (OPA)
Air Force Geophysics Laboratory
Kanscom AF8, Massachusetts 01731

SUMMARY

The optical modelling cf the atmosphere requires a detailed knowledge of the physical and optical proper-
ties of the atmosphere including temperature, pressure and the distribution of molecular and aerosol
constituents responsible for atmospheric extinction. OQur knowledye of the optical properties of atmos
pheric molecules is embodied in the AFGL Almospheric Absorption Line Parameters Compilation, so this
data ba,e together with Lhz HITRAN code provides the basis for high spectral resolut.or atmospheric
optical modelling. The properties of aerosols can not be handled in quite so straigutforward a manner.
The major difficulty in dealing with the atmospheric aerascls is the large natural variabiiity of their
properties. QOur work in modellirg these properties will be described. The LOWTRAN code provides a
mocerately Tow spectral resolution atmospheric propagation model of both the atmospheric molecules and
aerosols without the extensive computer time requirements of HITRAN. Recent work In developing an
atmospheric radiance version of LOWTRAN, and LASER which is a verston of HITRAN including continuum
absorption and aerosol extin¢tio: will also be discussed.

1. INTRODUCTTON

The ultimate cbjective of atmospheric transmission madelling is to be able to predict the opacity of the
atmosphere along any geometric path under any atmospheric condition at any wavelength given a set of
measured or predicted metecrological parameters., We would Tike to carry out such predictions at extremely
high spectral resolution pertinent to the transmission of laser rcdiation or at low spectral resolution
co.sistent with broad-band systems. For the purpose of this presentation, the spectral range will be
Vimfted to the region from 0.25 um to the submillimeter region (about 22 GHz).

Our abflity to attain this vltimate otjective has becn substantially advanced in the past several years,
but there are sti11l a number of outstanding issues which require further effort. To tue extent possible,
we have attempted to embody these advances in the ti:o atmospheric transmission predictian codes: HITRAN
and LOWTRAN. W2 will describe the state-of-the-art of each of these prediction codes and also indicate
those areas where further work s necessary.

Equation 1 indicates the need to determine four extinction coefficients as a funccion of wavelength (or
frequency) across ihis brosd spectial vegion: S sad o, are th ccattering coefticients due to atmospheric
moiecules and aerosols respectively and and "k, are absorpi.un coefficienis due to wolecules and
aerosols. The total extinction coefficichit is thén given in Equatfon 2 and the transmission, 1, is given
by application of Equation 3 where L represents the atmospheric path.

o(A) = g () + 0, (0): k() = K () + &, (3) (1
y(A) = o(3) + (2) (2)
«(n) = o Y(N)AL (3)

Except for k,, these extinction coefficients are slowly varying functions of wavelength. The molecular
absorption cgeff1C1ent. however, in the vicinity of discrete absorption lines and bands 1s a very rapidiy
varying function of wavelength. This distinction requires us tv treatl wolecular absorplicn in 2 coneid-
erably different way than we treat the remaining three extinction processes, Furthermore, even the

molecuiar absarption 1s composed of a rapidly varying component and a more sltowly varying component
ge?$ra11y characterized as "continuum" absorption. We will treat this separately in the discussion to
ollow.

The complexity of atimospheric absorption is indicated in Figure 1 in which a series of scolar spectra in
the infrared are shown from various altitudes. The detalled fine structure is all due to molecular
sbsorption, and the slowly varying extinction mentioned above has been normalized out in these spectra.
For comparison, rigure 2 provides a synthetic spectrum generated with the AFGL HITRAN code 1n the region
around 10.6 um and includes the total effect of molecular absorption including a model of the molecular
absorption continuum based on laboratory measu-ements. The variation wiih wavelength of the remainirg
three extinction coefficients is indicated in Figure 3 for two of our model atmospheres and two visibility
condgitions.

The prediction of atmospheric transmissicn vrejuires us to model the meteorological properties of the
atmosphere and the optica) properties of the pertinent atmospharic corstituents. We will now describe
the status of these modelling efforts.




The atmospharic path, over which the atmospheric transmission {s to be computed, must be completely

described in terms of the pardmeters responsible for both molecular and aerosol extinction. As will

be-cre more clear later, the description of the atmosphere in terms of its temperature, pressure and the

concentrations of molecular species along the path will completely describe the meteorological properties )

of the atmosphere for purposes of molecular scattering and absorption. For practical purposes, several

of the molecular constituents of the atmosphere can be assumed uniformly mixed. Table 1 {dentifies these

spectes and lists concentration values. Two outstanding exceptions are ozone and water vapor and Figure 4

indicates some typical varfations with altitude. Fortunately, the required quantities for the computation

or atmospheric molecular absorption are regularly measured at most meteorological stations aropund the

world. In the case of aerosols, howaver, this is nct so. The only quantity measured routinely at some 1
|
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stations 1s visibility and there is great non-uniformity in the methods of measurement. Furthermore,

the relationship between a measured visibility at visible wavelengths and the required aerosol quantities

{concentration, size distribution and refractive index) 1s not straightforward and is certainly not unicue.

Therafare, we myst depend on our general understanding of aerosol distributions and properties to develop

models for general use. We must then develop tiie relatienships between these models and standard meteoro- {
logical information so that the models can be optimally applied to real atmospheric situations or to

atmospheric statistics.

Figure 5 provides a set of madels for the vertical distribution of the number of aerosol particles. This

set of curves is based on an extensive set of extinction coefficient measurements made by a large number

of investigators,_ Further information on these aerosol models may be found in the AGARD report by

Shettle and Fenn 1. Figure 6 compares the boundary layer modeils with mezsurements and indicetes .he varia- .
bi1ity of the concentraticn of aerosols in the lowest layers of the atma;phere since tha extinstion co~

efficient variation (the abscissa) is primarily due to variations in particle number density.

3. OPTICAL DATA (MOLECULAR)

The AFGL Atmospheric Absorption Line Parameters Ccmpﬂatiun2 is the data base available for
computing the contributions from discrete molecular absorption lines to the atmospheric extinction. It
forms the basis of the various HITRAN transmission codes. The molecuies for which the 1ine parameters
are contained in thts compilation are indicated in Table 2 together with a figure indfcating the number
of molecular absorption lines of each molecular species for which parameters are included. The para-
meters which make up this data conpilation include (for each absorption 1ine) the line position (frequency),
intensity, half-width, energy of the lower state, quartum numbe:s, 1zotop1c {dentification and moliecular
identification. Efforts have continued to update this campilation3' as new experimental results become
available. The basis for fnclusion in this data compilatior {s the line intensity criterion indicated
in Fiqure 7. A1l lines of sufficient strength to produce an optical depth exceeding 0.1 over the indicated
atmospheric path ave tncluded in the compilation.

The utilization of the Line Parameters Compilation requires a knowledge of molecular absorpticn line
shapes. Our HITRAN model currently assumes a Lorentz line snape 1n the lower atmosphere tor all pressures
less than 10 mb, a Voigt shape in the region from 10 mb to 0.1 mb and a pure Doppler 1ine shape at lower
atmospheric pressures. Although the spplicability of the Lorentz line shape remains in some doubt for
distant Tine wings, it has generally been found to represent experimental data adequately within a few
wavenumbers of the centers of absurption 1ines. The Lorentz line shape is indicated in Figure € and the
mathematical form 1s given in Eguation 4. Equation § represents the temperature dependence of 1he Tine
intensity.

: s . :
kT “»5' e SR (4) '
[T,
whare o, = a, 5- 12 -
o
n
S he oo {To - T)
S(T) » 5(10)(?3) oxp [ he g (_91.(_‘1._ ] (5)

Apart from constants, an examination of Equations 4 and 5 show that the absorption coefficient as a
function of frequency is determined if the Yine position (frequency), intensity, half-width at standard
conditions of temperature &nd pressure. and the eaergy of the lower state (E") are defined for each line.
These are the four fundemental parameters used in the HITRAN calculations for each ahsorption lire.

The application of the molecular data compiiation to the gereration of a monochromatic transmission or to
a high resolution spectrum then follows the strafightforward appiication of Equations 6~9. Equation 6
computes the munochromatic transmittance due to a single line of a single molecular specfes. Egquation 7
then sums the contributions to the absorption coeffici.nt at the frequency, v, from all lines assoclated
with a given mulecular species as well as all lines associated with different molecular specfes. Equation
B indicates the necessity to integrate this result through an atmospheric path containing temperature,
p.essure, and concentration gradients. Finally Equation 9 indicates that, in general, {t is necessary to
convolve the resulting monochromaiic transmiitance result; with some kind of finite {nstrument spectras)
response function 1f one fs to generate a spectrum for comparison w'th measursments.



w(v) * xp - [K(vim] (6)

(V) = exp - [)_'J Yy kg (9) mJ] (7)

) = oo -y [ ek 0 )] (®)

) = T 9 - v @ (9)
fg9(v - "o) dv

Applications of this calculation scheme repeatedly at small frequency increments will generate a high
resolution absorption spectrum. An example of such a caiculation is shown in Figure 9 compared with a
laboratory measurement in the wing of the 15 im €0, band. A second example 15 shown in Figure 10 where
a computed snectrum is compared with a segment of © one of the spectra shown in Figure 1.

As noted above, in addition to molecular absorption by discrete absorption 11nes, there exists a slowly
varying component of the absorption coefficient which is observed experimentally in the laboratory under
certain conditions when absorption by some stmospheric gases is studied. This same kind of absorption
has also been observed in the atmosphere, particularly in ‘window" regions where absorption by discrete
Tines s small.

It s difficult to separate this "continuum" absorption from absorption in the distant wings of strong
discrate absorption 11nes. Indeed, for our purposes, it really doesn't matter as long as we understand

the dependence of this cont{nuum absorption on the physical parameters describing the atmcspheric path.

In reqfions of more substantial Vine absovption, the problem reduces to that of deciding how far into

the wings of exch line to assume individual line contributions and how much of the experimentally observed
absorption to model as a "“continuum”, even when we are quite certain that most of this contribution resylts
from line wings. Two significant absorption features, treated as continuum absorption and of particular
significance in atmospheric window regfons will now be described.

Water Vapor Continuum

The absorption coefficieny per precipitable centimeter of water vapor is given in Equation 10 where
Cq v.Tz is a self-broadening coefficfent duz to collisions of water molecules with other water moleculas,
CN\v-T, ic a ritrocan hroadening coefficient due to collisions of water molecules with afr (primarily
nitrogen) mu]ecuTes. P_ 15 the partial pressure {1n aumospheres) of water vapor and PN is the partial
pressure of the remaindef of the atmosphere (primarily nitrogen). 1t is necessary to establish the C
and the C. quantities and their frequency and temperazture dependence in both the 8-14 and 3-5 micro-
meter regions. As of this writing, existing laboratory measurements have been anaiyzed thoroughly and
the resulting coefficients and temperature dependences are described herg. The laboratory evidunce for
the 8-14 um continuum gbsorption 1s given in Figure 11 (Taken from Burch’).

4
1) The 5-14 micrometer continuum“'6'7

€ (vaT) = € :,296) exp - 1800 (} - 2%;) (an

where C_(v,296) = 4.18 + 5578 exp (-7.87 x 107 v) (pr. cm)™" atm™!

and Cyiv,T) = 0.002 x Cy(v,296) {pr. em)™ ata™"

i) The 3.5-4.2 micrometer cont1nuum8

Co(vT) = C(v,296) exp - 1350 (% - 2%3) (pr. ca)”! atm™! (12)

CN(v.T) = 0.12 x C‘(VaT)
where the L (v,296) values are given in Table 3.

Using these continuum functions and a series of atmaspheric nede]sg. Figure 12 has been constructed to
show the relative affects of the water vapor continuum at 4 2nd 10 .,

S
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Nitrogen Continuum

In addition to the more or less continuous absorption due to water vapor described above, there {s another
quasi-continuous absorption feature due to molecular abso*p»ion by the nitro?en molecule centered neer

4.3 ym (2350 cm'1). In the spectral region from 2400 cm~! to about 2800 cm~! this absorptfion feature {s
of particular importarce to laser transmission as 1t tends to provide a background transmission level for
paths in the lower atmosphere regardless of the presence or absence of abso.-ption lines and reg?rdless of
how dry the atmesphere may be. It §s of Tittle impurtunce at frequencies smaller than 2400 cm~! due to
the overwhelming absorption by atmospheric carbon dioxide. Figure 13 represents the absorption coeffi-
clent as a function of frequency for this nitrogen absorption as used fn the LOWTRAN and HITRAN models.

4. OPTICAL DATA (AERQSNOLS)

in addition to the continuum absorption by atmospheric molecules described above, extinction by aerosols
(absorption and scattering) is treated in much the same way fn our transmission models. That s, 1t can
be thought nf a, a slowly varying continuum function which is added to the more complex rapidly varying
molecular absorption coefficients, The primary difficulty in the case of aerosol extinction 1s our lack
of a complete description of the physical models for any given atmospheric pcth.

The fundamental quantities required in the determination of extinction coefficients due to aerasois are
the concentratio? and size distribution of the particles and the complex index of refraction of the
aerosol material Assuming spherical particles, Mie theory can then be applied and extinction coeffd-
cients for both scattering and absorption detemdned. A gre?é ??al of work has been carried out to deter-
mine the complex index of refraction of atmospheric aerosols Figure 14 presents the complex refrac-
tive index data used in the construction of the Rural and Maritime models.

In addition to the complex refractive index, the size distribution of aerosols plays an important role in
determining the extinction &s a function of wavelength, particlas having a dimensfon similar to the wave-
length haviig a greater effect on scattering coefficients than ot?e{ p?5t1cle sizes. Particle size
distribution measuremerts made by a large number of ifnvestigators's indicate that they can best Je
represented by some form of bimodal distribution. Examples of the size distributions used in construct-
ing the Rural ard Maritime aerosol models are provided {n Figure 15,

Aerosols can be continental 1n origin (dust and organic matter) or maritime in origin (see-salt component),
In urban industrial regions the aerosols can include soot-1ike particles. At st.atospheric altitudes the
background aercsols are predominantly ahout 75% sulfuric acid solution, although significant amounts of
velcanic particles may also be present. At higher altitudes (above 30 km), a significant portion of the
larger aerosols may be meteoric dust. They can be dry or they can contafn substantial quantities of liquid
water, especially as relative humidities increase above 70%. A series of models representing a Rural,
UrDan HeritimE. ard Trcpospher1c environment have been constructed based on 2 variety of experimental

uunJ QHU bllt)c IIIUUEI) IIUVB IJCC" lllLU! l'Ulﬂl—CU IHLU our LUHI"V‘I- Llﬂl))lll!))lull IIIUUCI

The application of Mie theory to the compiex fndex of refraction data and particle size distributions
produces the normalized extinction coefficient (scatterinc plus absgrptiong curves shown in Figure 16,
These aerosol modeis have been included in the current (LOWTRAN 3B)® transmission model, Applying these
models to a 10-km horizontal path at sea level for a visuai range of 23 km and including all molecular
absorption effects generates the transmittance spectra given in Figure 17.

Low values of the visibility {less than 2 xm) are usually associated with the transition from haze to fog
and the coacurrent growth of particles by accretion of liquid water., This occurs more rapidly the higher
tne relative humidity. These effects are not accounted for by the present aerosol models. Therefore,

we dare currently extending our aeroso) modelling efforts to describe this particle growth with increasing
relative humidity. Figure 18 shows the results of applying our knowledge of this particle growth process
to the Rural aerosol model. It 1s apparent that the wavelencth dependence becomes much less as the rela-
tive humidity is increased. Such humidity effects ara being included in our LOWTRAN transmission model.

5. LO# SPECTRAL RESOLUTION PROPAGATION (LOWTRAN)

Although we have already discussed certain elements of the LOWTRAN code, it §s easlest tc discuss tt in
the framework of HITRAN, continuum absorpti?n madels, &nd aerosol modeis. The highest spectral resolution
obtainable with the LOWTRAN model is 20 em~ Therefore, {t smears out {or averages) the results of
individual absorption 1ines. This averaging process is at the root of the construction of the LOWTKAN
modei. Aside from this averaging associated with molecular line absorption, LOWTRAN simply adds in the
extinction due to the more slowly varying functions associated with molecular scattering, zerosol scatter-
119 and aerosol absorption, Particular efforts have been made to create an efficient and flexible trans-
rissfon model and this element of LOWTRAN {s one of {ts primary assets. In the moiecular absorption area
tmis has required some approximation and concurreit compromige in accuracy. But this slight compromize

{7 accuracy simply allows the solution of problems which would be impossible with more detailed calcula-
*fons of molecular absorption. An example of the kind of results obtained with the LOWTRAN computer code
1y shown in Figure 9 1n which the LOWTRAN 3B resultc have been compared with field measurements. There
kas been great interest in the effect of the water vapor continuum modifications described abeve, so
Fugire 20 has been developed to show the effects of this recent mod1fica%10 We have recently developed
¢ version of the LOWTRAN model capable of computing atmospheric radiancel® for any of the same geometries
sssociated with the transmission model. A comparfson of the LOWTRAN 3B-Radfance model with atmospheric
~2ulance measurements made at an altitude of 18 km 1s shown in Figure 27.

-




4».,«1;.; R

6. LASER TRANSMISSION

The addition of continuum extinction functions associated with both molecular scattering and absorption
and aerosoi scattering and abscrption have been made to several of the HITRAN transmission models: An
example of a high resolution computed spectrum compared with field measurements is shown in Figure 22
(tak?n from Reference 15)., A special version of such a HITRAN model (tc be called LASER) is in publica-
tion!6 and will generate extinction coefficient charts such as that shown in Table 4. The four extinc-
tion coefficients indicated in Equation 1 can be obtained from such charts for a wide variety of atmns-
pheric models. Extinction coefficients for any atmospheric path can then be obtained by summing appro-
priate entries.
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MOLECULE FRACTION BY VOLUME
NITROGEN (N,) 0,78
OXYGEN (0,) 0.2l
ARGON (A} 0. 0093
CARBON DIOXIDE (€0,) 0. 00033
METHANE (CH,) Lexio®
NITROUS OX1DE (N,0) 3.5%10 "
CARBON MONOXIDE (CO) 7.5x 107
OZONE (0, VARIABLE 10°8)
H, N, K : <10
[4] e r
WATER VAPOR - VARIABLE (< .03)
AEROSOLS
DUST
SALT VARI ABLE
LIQUID WATER )
TuBLE 2 - AFGL Li~z Compilation
MOLECULE NG, OF ENTRIES
HoO 38,350
0y 57,288
05 19,327
Ny 15,500
o 383
CH 2,519
) 1,726
PARAMETERS INCLUDED
FREQUENCY ENERGY OF LOWER STATE
INTENSTTY QUANTUM NUMBERS
HALF-WIDTH 1SOTOPIC 1.D.

TABLE 1 - Atmospheric Constituents
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TABLE 3 -~ Self-Broadening Absorption Coefficients for Water Vapor Continuum , 1
(3.3 - 4.2 ym)
t
vl Cg(v,296) 7R €Y D (AT ) _v_ Cuy296) 0% 0 2D !
2350 0.230 2700 u.120
2400 0.187 2750 0.147
2450 G, 147 2600 0.174 |
2500 0.117 2650 0,200
2550 0.097 2960 0.240
2600 0.087 2550 0.280
2650 G.100 2000 0.3%0 i
1
,:, ]
|
1
!
|
| .
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—— MURCRAY ET AL. HOLLOMAN AFB, NEW MEXICO,
19 FEBRUARY 1975
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SAMPLE SPECTRUM OF SHORT WAVELENGTH REGION OBSERVED
AT AN ALTITUDE OF 18.0 km AND A ZENITH ANGLE OF 63° ON
19 FEBRUARY 1976.

FIGURE 21 - Comparison of LOWTRAN 3B Radiance with Field Measuremert
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DISCUSSION

-~ -~

B.S.Kotz, US .
What is the status of improvements in HITRAN lines in order to develop hot aircraft and missile plume band ‘
mnodels?

Author’s Reply
There is a need for more high-resolution data if high-resolution calculaticns are to be done. For band model calcula-
tions with inherently less resclution constants are available to extend the time compilation to higher vibrational and
rotational states.

H. Fluess, FRG :
What is the spectral resolution of HITRAN in comparison to LOWTRAN?

Author's Reply
The HITRAN spectral resolution is infinite, limited only by the real width of spectral lings in the atmosphere. The
LOWTRAN spectral resolution is 20 cm™ . 1

C.Fengler, Canada
(1) Is there a need to consider the shape of aerosols?

(2) Have you to consider interactions depending on charges dwelling in aerosols?

Author’s Reply 1
(1) Yes, but such effects are probably small compared to uncertairties in aecrosol size distribution and complex
indices of refraction for a given atmospheric path.

(2) Idon’t know the magnitude of such effects. 4

.D.Lyon, UK J
How do we obtain copies of up-to-date HITRAN and LOWTRAN programs?

Author’'s Reply
Reports can be obtained by writing to me directly. The HITRAN data tape, LOWTRAN and LASER card decks
can be obtained by writing to:

National Climatic Center
NOAA

Federal Building
Asheville, North Carolina, USA Cd

The HITRAN data tape costs $60.00. The card decks cost $20.00 ezch. -

M.Tavis, US
(1) What do you do about long :ails on absorption lines not accounted for by Lorentzenian or Gaussian Type Lines?

(2) LOWTRAN: Is curvature due to index of refraction accounted for? : 2

(3) Is the Diermendijian type model used for modeling aerosol disiribution for each of the bimodal components?

Author's Reply .
(1) Empirical Line Shape adjustments are made, Future HITRAN codes will assume standard line shape tc 64 half- i ;
widths and then add empirical “continuum’™. |

(2) Yes.

(3) Early LOWTRAN models used a Diermendjian aerosol size distribution. Current and future models are similar,
Sut different ir order to be consistent with recent aerosol size distribution measurements.

; .
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MODELLING THE TRANSFLR OF RADIATION IN THE ATMOSPHERE

H. J. Jung, M. Kerschgens, E. Raschke
Universitat Koln, Fed. Rep. of Germany

In this paper the concept of radiative transfer ia discussed by 19ference to computations
of the radiative energy in the solar, infrared and microwave spectral range. The radiation
fields and spatial divergencieec are dependent on the ahsorption, scattering and thermal
emission by air molecules, aerosols, cloud and rein droplets. Additional parameters which
influence the radlation fields in the atmosphere ure the reflection and emission proper-
ties of the ground.

1 Ingroduction

A detailed knowledge on the radiation transfer properties and on the boundary conditions
at the uprer and lower bound of the atmosphere is required to model the transfer of ra-
diatior in the atmoephere. In the solar (0.2 - 3.6 um), infrared (3.6 = 200 um) and the
microwave (0.8 cm) spectral ranges the radiative tranafer is determined by the same basic
laws; but the extinction characteristics of the geses and the aimospheric particles as
well as the emission and reflection properties of the earth surface are different with
regpect to the wavelength region. In principle the complex index of refraction is an easy
wean tc describe this wavelength dependerce.

The radiative transfer theory is applied for many purpesese, in particular studias of
communication links and of the energy balance of tne sarth and the atmoaphere. For these
purposes many computation schemes have been developad which are described comprehensively
in the standard literature (c¢f. Kondratysv 1969, Paltridge 1976),

Studies of the radiative transfer are also parformed for remote sensing of atwosphere,
and oceanic and ground parameters. The number and the selection of these parameters depends
on the radiation properties of the target and of the intermediate medium.

This paper intends to give a brief review about the basic laws of the radiation transfer
theory. In particular it discusses some results of computations in the tkree wavelength
regions demonstrating the influence of cloude in the solar and infrared and the deter-
mination of rainfall rates in the microwave spectrum.

2 Rediation traonsfer ejuation

s 0 o B ey 5t e e e o e

for an arbitrary geometry of a transfer medium the radlative transfer equation takes the
form (Lenoble 1975):

WL = -0y (B * (L, (M) -7 (FAD )
where:
L, (T, i) : Spectral radlance at a point degi%ed by vector ¥ and for radiation propagating

in direction ¥ Ewatta m ! sterad

v: wave number {(cx1)

oextCF) : Volume extinction ceefficient (km'l)

J (7, ) : Source function (due to internal or externsl sources of radliation)

This equation describes only the transfer of unpolarized radiation in the atmcephere.

By introducing the four Stokes Parameter (L, Q, U, V) one is able to represent completely
the state and the degree of polarization of arbitrarily polarized monochromatic radiation
(Deirmendjian 1969, Chandrasekhar 1250). The Stokes Parameters may be defined in the follo-
wing munner (e.g. Van de Hulst 1957):

= Ll + Lr

L
M B 2
Q ° tan 2X

Vel - sin2f

(&
1

L} and L represent the radiancs of two orthogonal states of radistion in the transverss
P

ane of & wave, U and V give respsctively the direction of polarization aud the ellipticity.
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In the case of polarized radiation, L (F:ff) is to be coasidered as a vector, while the
gource function J (¥, [¥’) uust bhe replXced by a matrix. Calculations show, that the state
of polarization must be taken into consideration, if metsorological psrameters are inver-
ted from radiometric data especially in the microwave region.

There is a great variety of computation schemes for the solution of the radiative transfer
equation in a plane parallel or sphericalshell atmosphere with absorbing and scattering
constituents.

One can choose bLatween accurate but often much couputer time consuming solution methods
(cf. Monte Carlo, spherical harmonics or successive orders of scattering method) or
approximate but fast methods (cf. modified two stream approximstion, Delta Eddington)
which compute without significant loss on accuracy the radiation field in the atmosphere
(Lenoble 1975, Ozisik 1973).

For the computations in the solar spectral range discussed here s modified two stream
approximation (Kerschgens et al. 1978) is applied, while the radiancus in the infrared

and the microwave spectral range are determined by the method of successive orders of
scattering (Raschke 1972). The atmospheric model under congideration is horizontally homo-
geneous and plane-parallel, but inhomogeneous into the vertical direction.

The atmospheric gases 0., O,, HEO' CO, and also the aerosols and cloud- and rain droplets
act as absorbers., The 1gtenéity of thé absorption processes depends on the concentration
and on the apectral distribution of the absorption lines of the gases and the particles.

Besides the rain drople%s all mentioned absorbers influence the radiation transfer jin the
short wave spectral range (Moskalenkov 1968, Shettle and Fenn 1975). Taking into account
the highly variable amount of absorber concentrations (H,0) the prediction of the absorp-
ticn intenaity is very difficult. Regions of high transpﬁrency, the atmospheric windows,
can be used for remote sensing of the earth surface.

One assumption for determining the absorption quantities in the infrared is the validity
of the concept of the local thermodynamic equilibrium (LTE). The main gaseous absorbers
in this wavelength region are Hao, CO., and O, which have strong absorption bands at 6.3
pm, A> 17 um (H,0), 15 pm (C0,)°and 956 um (8,).

Absorption data~of higi spectgal regolution age tabulated by McClatchey (1975).

The absorption by cloud droplets becomes important especially in the atmcspheric window
{8 - 12 uxz), whereas in regicns of high abscorptivity the cpticel thiclkness of the cleund
ia so high, so that the cloud can be considered as & black bedy.

The transparency in the microwave region is determined by the sbsorption properties of
H50, 0,, cloud- and rain droplets (Staelin 1966).

3.2 Scattering

The scattering properties of atmospheric particles can be expressed in terms of the di-
mensionless Mie size parameter x = 2nr/) (\: wavelengtni, r: droplet radius) and the com-
plex index of refraction.

For the cese x < 1 (particle radius is small compared to the wavelength) the well known
Rayleigh approximation is valid (cf. scattering on air molecules in the solar spectral
range), while for x > 1 & more elaborate theory developed a% first by Mie (1908) shouid
be applied for the estimation of the hizhly anisotropic scattered radiation of cloud-,
aaroscla- and rain droplets (Deirmendiian 1969).

Generally the radiation transfer is strongly dependent on the scattering behaviour of the
atmosphere especially in spectral regions of high transparency. In the infrared, however,
the scattering effect can be neglectea, if the absorptivity is high. .

Fig. 1 shows three phase functions describing the intengity distribution of the scattered
radiation as a function of the scattering anzls for three wavelengths.

The computations have been done for the wavelength (A = 0.% um and )\ = 10.6 um for a Ns
droplet size distribution (size range: 0.1 < r < 20 um), while in the microwave region

& Marshall Palwmer (1948) raindrop size distribution (size range: 0.1 < r < 3.5 mm) kas
been used.

As s result of computations for a single scattering event (programn obtained from Quenzel
1976) the nortion of the radiation scatteryd in forwerd direction 1is reduced, if the wave-
length increases, At A\ = C.8 cm the ratio of the forward and backwerd scattered rauiation
reaches unity. Extensive studies of single scattering processes have been reported oy
many authors, e.g. Gisss (1971).

Boundary conditions of radiation models are the Jdirect solar beem incident at the top of
the atmosphers and the emlssion and reflaction properties of the ground. The latter are
depending on the refractive index and the surface roughness. In particular the effect of
fough?eas of oceuan surfaces is described in our calculations by the model of Cox and Munk
1954},

In the solar the radietion reflected at the earth surface isg highly anisotropic because the
surfaces acts a3 a diffuse reflecror. This anisotropy can be in particular detected over
water surfaces bLehaving like @ mirror. Additiocnally over cceans the absorption and scet-
tering properties of seawater must be known, since there is a radiation exchange detween

[y
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ocean and atmosphere in the asclar apectrasl range. Comparing the values of the albeda (=
ratio of the outyoing to the incoming rudiation) at the top of the atmosphere and at the
vcean surface one can estinate the effects of various chlorophyll concentrations (Fig. 2).

With sufficient accuracy the euissivity in the infrared igs assumed to be unity. Deviations
from this value cause a variation of the profiles of teaperaturs changes especially in the
planetary boundary layer.

The reflected radiation from ocean surface in the microws e range is highly polarized.

The vertical and horizontal polarized coomponents of the radiation show a different be-
haviour, if the wind speed and therefore the surface roughness increases (Stogryn 1972).
To estimate the eifects of varying wind speed reflection values for both polarizations

are derived from the Fresnel formula with application of the Cox - Munk (1954} model for
the sea roughness (Raaschke 1972). (Fig. 3)

A change of the emissivity is also caused by sea foam and whites caps (Hollilnger 1970).

The composition of sea foam, itz thickness and its density, is zubject of measurements

and tneoretlical model calculations (Roasenkrantz 1972).

4 Some radistive transfer calculations

Under consideration of all mentioned absorbers and scatters a calculation over the solar
and infrared spectral range is performed using a frequency model with a high spectral re-
solution. Fig. 4 demonstrates the effects of all this constituents in the presenc~ of a
Ns (Nimbostratus) cloud between 1 and 2 km altitude, At the top <7 “he cloud tiere s a
strong cooling, while in the region beneath the cloud both spectral ranges contribute to
an increase in the heating rate.

The influence of clouds on the radiation enargy budget depends on the height, on the op-
tical thickness and on the dropsize distribution of the clouds. Variations of these pa-
rameters dotermining the radlative properties of clouds are considered in radiative trans-
fer calculations by many authors, e.g. Kerschgens et al. (1978).

In the micrcwave region there exists a relationship between the brightness temperaturs st
the top of the atmosphere and the thicknegs of the clnud expressed in terms of rainfall
rates. Fig. S shows the behaviour of the radiation temperature for three difterent cloud
models. The LWC (liquid water content) is the dominating effect, while other absorbere
like H,0 or O2 contribute only at a low rate to the radiation temporature of this wave-
lengthy

Remote sensing in the microwave range seems to be a good tool for estimaving rainfall in-
tensities especimlly over ocean surfaces, Derivations of rainfall rates from brightness
temperatures are obtainuble by considering the boundary conditions at the ocesan surface
{roughness) and the effects of varying raindrop size distributions in or below the cloud
(3avage 1976).
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CALCULATION OF EXTINTTION AND SCATTERIMS IN THY WAVELENGTH '}
8000 MUnchen 80, W. Germany

Messerschnitc~BSlkow-Blohm GmbH, 1
Postfach 801160, 8000 Miinchen B8O,
W. Germany

SUMMARY

For system design and operational research purposes a comnputer program "KATTA" was writ-
ten for the description of absorpiion and scatiering of electromagnetic waves by hydro-
meteors (water droplets in rain, fog and clouds). The calculation is based upon the Mie-
theory and single scatterinc, It is valid for Mie-parameters up to 10,000 and includes
the angular dcpendency of the scattering function. Much effort has bheen done to achieve
fast convergence of numerical values. The program is compatible with existing LOWTRAN-
codes.

For application of the integrated KATTA + LOWTRAN-code to Europcan scenario detailed
European atmospheric input data were used. They contain statistical meteorological data
and German significant weather map types including precipitation, tog and clouds. The
results presented here show the variation of calculated atmospheric¢ transmission for the
different -wweather situation with and without precipitation.

1. INTRODUCTION .

The influence of the atmosphere on the performance of sensors in the various spectral re-
gions depends on

- the sensor itself,

- the spectral sensitivity of the aensor,
- the actual atmospheric data, and

- the probability of its occurrence.

For system design and operational research (D) purposes it is necessary to know not only
the technicel data of a gsensor but much more its operability in a given tactical scenario.
This acenario must be described with sufficient detaiis and equal depth, i.e. for each
spectral region. That means alsc that it has to-set a reference acknowledged by industry
and government agencies. s

For the description of the influence of atmosphere such a reference can be derived
elitheyr

- from time consuming measureincnt series or by
~ a theoretical approach.

Encouraged by the work of Selby and McClatchey /1/ describing the transmissicn through |
the atmosphere without hydrometeors in the spectral region from 0,25 ,um to 28 ,um two
computer progcams were written:

1. The program RATRAN /2/ for the description of atmospheric attenuation, ecattering and
refractiun in the microwave region from 0,5 to 300 GHz.

2. A supplement to LOWTRAN 3B callsd KATTA dcescribing the influence of hydrometeors in
the wavelength range from 0,25 to 15 /um. !

hs these programs should be used primaxily for Eurcopean weather conditions apphropriate
stmospheric input data had to be used instead of thax data, i.e. in LOWIRAN 3B. The German
Military Ceophysical Office (AW Geophys) took over this time-consuming task and provided

very detaliled atmospheric data to these programs /3/. ’

In this paper therefore the influence cof hydrometeors in the 0,25 to 15 /um region and i
of the Germaa general waather situations will be presented.

2. EXTINCTION OF ELECTROMAGNETIC WAVES EY HYDROME'TEFORS
Water droplets in rain. clouds and fog are considsred. They ar: regardsd ar a dielactric

sphere with a complex index of refraeciion. Extiuction of e.m.w. is cause¢ by absorprion
and scattering. The extinction coefficient is calculated by:

1. Calculation of extinction crogs-secti. s ¢ according to sie~-theory as a functicn of

Mie-parameter (a-llg-) for values of ¢ up to 10,000 including sngular distributions,
and

2. Multiplying 9ext with the number of hydrometeors/volume unit and dlameter, and

3. Integrating over the whole digtrirition N(a} of hydromeieors. l




2. Calculation of Mie-Extinstion Cross-Section

2.1.1 The extinction crcsse-section 0 is calculacted according to Mie /4/. Fig. 1 shows
the relation of the effertive cross-section to the geometrical one as a function of a. It
can be scen that for values of o up to 20 high oscillations occur for the scattering and
extinction coefficient. For greater Mie-parameters absorption and scattering coefficients
approach to unity, which means that the extinction cross-section is twice the geometrical
one.

The numerical solution depends on the value of a and is carried out as follows:

A straightforward calculation was done for 0<a €20 (Mie-scattering). Recursive calcula-
tion of the non-sBelective scattering was performed for 20« a £2000 because of numerical
instabilities according to Kattawar and Plass /5/. For @ >2000 the laws of geometric op-
tics and Huygen's principle according to Van de Hulst /6/ wore applied.

Tne calculations were performed with double word length on an IBM 370 machine and a
single word length on a Cyber 175 machine.

2.1.2 Angular Dependency of Scattering Function

According to theory scattering is not uniform, but has an increasing forward component
vwith decieasing wavelength. This angular dependency of the scattering function was taken
into account in the proyram. Fig. 2 shows the scattering functions for 3,5 ,um and '0,6
and scattering angles between O and 20 degrees. The change of the scattérinq func-
tion by more than 5 orders or magnitude and the frequency dependency can easily be seen.

2,2 Influence of Droplet Distributions
The extinction coefflcientp 18 proportional to
- the extinction cross-section ¢ and

= the ruiber of hydrometeore N(a) per volume unit and diameter a
according tc eguation 2.1:

Dma:'. 2
p=x f (m,a,)) N{(a) a“ da (2.1
D
o

with
m = complex index of refraction for water droplets
a = Mic-paramater
A = Wavelength

The snfluence of the variation of the water 4roplets' index of refraction by temperature
changes 1z negligible according to Irvine and Pollack /7/.

The influence of particle denyity distribution N{a) ls, however, essentisal and shown in
the following.

2.2.1 roplet Distrir-tions for Fain
For rain the two main different distributions are according to

~ Marshall-Palmer (MP) /B8/ and
- Laws—-Parson (LP) /9/.

They are shown in Fig. 3 for rair rates of 2,5 mm/h and 12,5 mm/h respectively. The MP-
distribution is characterized by an essentially higher density of particles with a dia-
neter between O ard 1 am. This difference results in difCerent extinction coefficients

as shown in Fig. 4 for a wavelength of 10,6 Jum. The four curves were calculated with a

= MP-disuribucinon of rain droplets and starting integration with a minimum diameter b,
of 0,5 mm (curve 1) and 1 mm (curve 2) respactively and in addition with a

- LP-distribution and b, = 0.5 mm (curve 3) and D, = 1 mm (curve 4) reapectively,.

Besides curve 1 the other 3 curvee are lying closa to each other esgecially for hirher
rain rates. That means that the main contribution to the extinction coafficient in this
spectral region is based upon particles smaller than about 1 mm diametar. The cholce of
tha discribution to ba usad was based upon the agreemant of available experimental data
710,11/ with thesas theorctical data, which are shown together in Fig. 5. From this fi-
gure it can be azen that the LP-diatribution fits hetter to the experimental data,
especially at rain rataeg less than 5 mm/h which are the most likely ones.

tor the calculation D° was ©,5 mm and Dmax was 7 mm.
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2.2.2 Distributions of Droplets in Clouds
The drop distributions for eight diifer~nt types of clowls, nanely

- cumulus ccehygestus /12/
~ cumulus humilis /13/
- cumulus fractus /14/
-~ stratccunulus, cumalus fractus /i5/

- altoucumulus /y4/
- altostratus sS4/
- stratus /14/
- cirrus /15/

are taken from the litcrature cited and are vsed for the calculations of extinc:iion by
clouds.

Fig. 6 shows an exanple 0f the ex'inction co2fficient calculated as a tunction of w: ve-
length for

- a strato cumulus and
~ a cuwnulug hunilis.

Both curves are relited to thcir axtinction coefficient at 0,55 ,um. A significant nar-
row window at about 10,5 ,un appears for both clouds in the calcélutions. Experimental
Auta, i.e. by Moerl /16/, have contrirmed tlhitse theorvtical results.

3. METEOUROCLOGICAL INPUT LATA
For the computer model two diftferent meteorological input data sets were used, namely

- statisticzl Jdata wvaluated fror the year 1973 and
- general weather situvation. .

Both are briefly described in tie following.
3.1 Utatistical Meteorolugical Data

For & short analysis of system performance cne of 12 statistical meteorological data can
be called up which are diifercntlated by

- location inorth or south Germany)
~ season (Winter or summer)
- probakility of cccurrence

Thay contain the pregsure, temperature and humidity profile as & function of height above
M51, but ao precipitatiou. fog or clouds, and no detailed description of the boundary
layer.

l'or the souchern part of Gennany and the summer season Fig. 7 shows the  pressure pro-
files, 7vig. 8 nhows the °. temperature profiles, and Fig, 9 shows the 3 humiuity profiles
tugether with the corresponding valueu of the US-Midlaticude-Summur-atmogphere.

The lower curve is identified as the "lower extreme value® w!th a 10 % probability of nc-
currence, the curve in the middie is referred to as that of "mean vailucvs™ and the upper
curve is called "upper extreme value" (10 % prooability of occurrence).

Erpecially the variation of humidity influences the achievable atmospheric transmission
as showa in Fig. 10.

3.2 German Significant Weather Map Types

The lack of information about type and density of precipitation, probability of occur-
rence and density of rfog, distribution and type c¢f clouds, the limited number ot atmos-
pheric models and the requirements for detailed meteorolegical data of the boundary
layer for heights up to 2 km resulted in the generation of meteorological data which
are based upon 4 significant weather types. These 4 weather map types and their pro-
babllity of occurrence in summer and winter are shown below:

Probakility of occurrernce in:

Type Winter Summoerx !
Aest 55,9 % 50,4 % |
North 20,2 % 8,6 %
Fast 9,4 % 13,2 %
High 14.2 & 18,08 &

R
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The verticai profiles are recorded at

- 100 m intervals from O to 2 km in order to respect postible atmespheric irregulaiities,
and at
- 1 km intervsls betwecn 2 and 12 kn,

A concentrated ertract ¢of one of these sets is shown in Table 1 of Fiilus /2/.

4. CALCULATED REGULTS

With both meteorclogicel data aseta ~ome calculati-msg have b.uen nmade. The results acltieved
are gshown and discussed in the tolicwing.

4.1 Calculsted Results with Statistical Metec.ologival Data

The variation of atmospheric parameters, egpcecially humidity, vesults in a chince of at-
mo3pheric tiansmissicn characteristics. For tlhe summer values in the scuthern pevt of
Germany (area a-ound Munich) Fig. 10 shuws the transmigsion per km ior the upp:r and low-
~r extreme values. Especially at longer wavelengths a gsignificant reduction of transnis-
sion results with the vpper extreme values of the statistical armospheric data. This var-
fation is aboui the same for the winter data.

Curve 3 in Fig. 10 shows the calculated results with the US-Midlatitade summer data,
These results correspond in gnod approximation with those of the uppei extreme values.
The reason may ve found in the facl that hotlh atnosphere: have a humidiiy conten: of
about 13 g/m3 at M3L.

The lower extrcme values for stmmer 1973 corigspond qu.te well with "the US-standard At-
mosphere 1962" with a humidity of socut 6 ¢g/a? at MiL.

A comparison ot the mean values of winter zud summ:: enables Fig., 11. Lu= Lo the lower
humidity ccntent in winter the atmospheric transparency is higher than in summer.

4.2 Calculated kesulis with General Weather Map Type Data

The sup¢  position of probebility, type and intensity of precipitation, type and extenaion
of clouds and iog to the presewa, temperature and humidity profile in gercral weather

situation dats pormiss She coloulard ~Af el dotda el ren d anfCisdarts DI 12
situation dato pormits tho calculation of rcocaligile tiensmissic. ceolldivicnts, Fig. 2

shovs the transmission per km Inr

= the general weathe. situation: nourivh in winter, northcern Germaay with end without rar
of 4 mm/h which occurs with an 8 % probability during this weather situetion.
The significant redvction of trunsmiision in all spectral regions can cagily be scen.

5. CONCLUSION

The existing LOWTRAN 3B~code was suppleriented by a computer program describing the « x-
tinction of electromagnetic waves by hydrometcers. The extended program ia in use i
Germany for OR and system design purposes. According to the requ.orements detalled atnos-
pheric parameters including hydrcmeteors were insertcd bascd upou a deta led evalustion
of thsa AW Geophys. The proogram is compatible with the progrvam RAWHAN descoribing the xe-
mospheric influence in the micrcwave regilon,

Due to the limited comput'.ng tinme allowed for operativnal rasearcl. (OR) purposes only
single scattering was respected. Multiple scattering cal-ulations may icigrowe the accur-
acy of the results.

The concentration of rein droplets wag assgumed to be based upon Laws-Farson distribo-
vions. A verification of the full truth of this prelimiaaxy decicion has atill tu be
made.

buec to the lack of related dats the infiluence of atmospheric wuribulences could not yn:
be respected.

6. ACKNOWLEDGIMENY'

The woxl for this vaper wec performed uwnder contra:t No. T/R420/60002/62006 of SMVg-Bonn.
The authors are very grui2ful to the German Military Geopt,¢ical Oftice (AW Gewuphyn) for
the large amcunt of dete) izu meteorological data und for iheir excellent cooperation.

e

X




/Y

/27

/4/

/5/

/6/

/1

19/

REFERENCES

Selby J.E A,
Shet.tle, E.P.
McClatchy, R.A.

Fliss, H.

German M: litary Geo-
physical 0Nffice

Mie, G.

Kattawar, C.W.

Van de Hu..st, H.C.

Irvine, W.M,

Pollack, J.E.

Laws, J.0.
rarson, D.A.

/10/ Chu, T.S.

Hogqg. G.C.

/*Y/ Farrcva, J.B.

£12/ Huan Mei-Yuan

;13/ Varner, J.

/147 Paltridge, G.W.

/15/ Heickmann, H.

/16, Moerl, P.

1976

1978

1976

1977

1908

1957

1968

1970

1963
1973
1974
1954

1974

35-8

“Atmespher: : Transmittance from ©,25 to 28,5 ,um:
Supplement .OWTRAN 3B", Air Force Geophysics Lab.
Rep. No. A~ TR76-0258

A Computer Model describing Atmospheric propaga-
tion of Micrvowaves from 1 to 300 GHz including
Detailed Atmospheric Conditions and Comparison
with Experimental Data, Proceedings of AGRRD-
Symposium on "Uperational Modelling of the Aero-
space Fropagation Environment”

this iamsve

"Vertikalprofile, Tropfenspektren und daraus ab-
geleitete Grdpen fiir die Atmosphlre in Mittel-
europa"

Studie No. 76148

Das Referenzjahr 1973, Studie Nr. 77135
Dag Bodenwetter-Szenarium, Studie Nr. 77169

"Beitrdge zuv Optik trilber Medien, speziell kol-
loidaler Metalldsungen”
Anp. Phys., 25, 377-445

Electromagnetic Scattering from Absorbing Spheres
Appl. Optics 35, 8

Light Scatterirg by Small Particles
John Wiley & Sons, Inc. New York

Infraved iptical Properties of Water and Ice
Spheres
Icarus, 8, 2, 337

The Diatribution of Raiharops with Size
J. Metcorcl, 5, 165-166

The Relatiocn of Raindrop Size to Intensity
Am. Geophys. Union Pt. II 24, 452-460

Effects of Precipitation on Propacation at 0,63,
3,5 and 10,6 Microns
Bell Syst. Techa., Journal 47, -3

Influence of the Atmospher.
Optical Acta 17, 317

.ptical Systems

Jzv., Rkad. Neuk SSSR, 2. 362-276

J. Atm. Sc., 30, 256-261

J. Geophys. Res. 79, 4053-4058

Berichte des DWD in der US-Zone, Nr. 6
Measurements of the Transmittance of Fog at

10,6 ,um Wavelength
Int. éep. DFVLR - Irstitut flr Physik der At-

mogphire

I i g

- p——
-




4
Indax of Refraction m=133-i0,093
H
g Q ext
g o A -C\/\MMM
&
V,
YAV
E ./\/_\M ]
1 -} e
0 abs Lo e
E V
w g 4
0 20 40 60 80 100 120

Alpha

Flg. 1: Effective cross-section/geonetrical cross-section as a

function of Mie-parareter

10" | Rainrcte 2,5mm/hr

- k-
0 ] S~

n 2 L & & ¥ 12 % 15 18

Scattering angle

10,6 pm

]
2
3

Fig. 2: Scattering function for 3, 5 ,um and 10,6 Jum for
scattering angles between O and 20 desgrees

Fig. 3: Marshall-Falmer and Laws-Parson drop

distributions for rain rates of 2,5
and 12,5 mm/h

T et i b 1 e e S0 8

[ ——
sty




[ e R L]

Extinction coefficient at 10.6pm

km? Fig. 4: Extinction coefficient ot
10 10,6 ,um for Me- and LP-
M.P -Distribution:
1D, =005cm distributions with differ-
20, =01 cm ent integration parameters
08~ P -Distribution: o
3 Dy =0.05cm 1
05 /___/__.._
C R
6 ?—Eﬂ
0.
& mm/hr
Rainrats
km'
ST . / Fig. 5: Comparison of experimental
D:Q‘nsur-d Extinction / and calculated extinction
. A p,rﬁsum 4 4‘_/___ — coefficients as a func-
= o at 0,b3pm /
Calcutated Extinetion . V/ / a tion of rain rate
v with LP
3t Z__with Mp 908k -~~7é“ g
f
i: -
g 1~ — ]
.
-
£ iA/%-"A
x 'y )
w0
1 10Nmm/he
Rainrate

;
;

Normalized

~--Strato cumuius

031 0l055Um) = 118km

~-= Cumulus humilis
04 1 0l056um) =182km’

02 k- Sl
06 1 3
Wavelength

Fig. 6: Calculste? extinction coefficient
for 2 clow. types as a function of

wavelength

e

P SR R



35-8

P i

mb K
1000 ———r— — I 300 r—e—r
Areq:Maxrsch, Summer 73

‘\
\ Average Voke — \
L

\‘\ Extreme Volues -

\ US-Mdgtitude Summer ~----
\

V.
S
e

%00 250

W
e
-~
A
</
(
N

R
- % Areqa:Munch, Sumimver 73 J
¢ fverage VoWwe e Y]
E L Extrerne Voles — — N

é

US-Midigttude Surnmer —-—=| N\
L N | :

0 . 200
0 5 12km 0 5 12km
Altitude Altitude
Fig. 7:Pressure profiles as a function of Fig. 8: Temperature distribution as a functicn
height above MSL of height apove MSL

Statistical Meteorological Data

gim?

13 T \ [
Area:Munich, Summes 73

[\ Average Vole —_ .

Extrerne Values -- : ]

US-Mdiatitude Summes = '

Y

S

12km

Fig. 9: Humidity aa a function of height above
MBL




100

\
507 I
70 A
60
50-} |
ELO -
\30 -
920 -
0 ]
B B

1
T T T
0 1 2 3 4 5 6 7
Wavelength

Summer 73, Munich Area
1 Lower Extreme Values
2 Upper Extreme Values
3 US -Midiatitude Summar

—
9 10 11 12 13 14 15 Micron

Fig. 10: Atmeospheric transmission for different meteorclogical data sets
as a function of wavelength

100

ST

o |/ i g
~
70 "2\
o | |
S0
-
407 Summer 73, Munich Araa
‘1 }
34

ndy

T30 o 4 Lower Extreme Values
%20 J 2 Upper Extreme Values
10 o
E i i
0 T IT i LYY A ad —

T T | A R B i T T
9

T
0 1 2 10 11 12 13 14 15 Micron

Wavelergth

Fig. 11: Atmospheric transn-.ssion for mean valueg of summer and winter
as a function of wavelength

%
100
90 o '\
clear air: north, winter
80 - North Germany
70 4 Probebility: 20,2%
60
S0 A
§ 40 i
~ 30 - {\ rain: tmm/tr
. Probability: 8%
g 20
10 o
= \ L
Q T T T T T T T T T T Y T T
0 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 Migron

R I N el

Lol ge




DISCUSSION

R.A McCiatchey, US
It was indicated that the LOWTRAN 3D Program as madified was applied to laser transmission, In regions of
molecular absurption, this application would be inapplicable. Would the author please comment?

Author’s Reply
it is intended to use the improved version of the LOWTRAN-Code together with the supplements of our program.

3.Rottger, FRG
Turbulence might give rise tv strong signa! scintillation which can detonate the circuit reliability. Would you assume
a necessity to include models of (clear air) turbulence for further improving your caiculations?

Author’s Reply
The program is in the first stage of development. During vhe improvement stage of the program w= expect to receive
input data describing the influence of turbulence in an appropriate way.

M.Tavis, US
Is molecular absorption included in cloud propagation calculation along with the hydrometzor effects?

Author’s Reply
The molecular absorption of water vapor and oxygen is included in the calcuiation of rainfall rates at 37 GHz. But
in comparison with the scattering and absorption effects of different raindrop distributions the contributions of
atmospheric gases don’t play a dominant role at this wavelength.
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A BAROCLINIC MODEL FOR THE PREDICTION OF THE VLERTICAL TEMFERATURE AND MOISTURE
STRATIFICATION IN THE BAROCLINIC BOUNDARY LAYER

by

W.Behnke
Universitit Koln, Fed. Rep. of Germany

Abstract

A baroclinic but otherwise horizontally homogeneous model of the planetary boundary
layer, which considers instationarity, is used to compute the different influences
of roughness and baroclinity on inversion height. Computations are compared with
the measurements of an acoustic echo sounder.

1. Introduction

The planetary boundary laver, i.e. the lowest part of the atmosphere of about 1-2 km
thickness, became subject of increasing interest in atmospheric research and modeling.
Tt is the transit layver for all exchanges of energy end momentum between the free
troposphere and the ground, Therefore, its vertical stiruzture determines to a large
extent these processes., Since it is also largely affected by the large-ascale circu-
lation processes and by the structure and thermal properties of its lower boundaries,
its modeling requires a detaliled underastanding of both these properties.

Recent considerable efforts to investigate the praperties of the planetary boundary
layer primarily arose from the need to model the physical processes in it within the
frame-work of numerical forecast models. Such work nas been recently Bummarized by

the Europesn Centre for Medium Range Weather Forecasts (197¢), But also the research
of the effect of urban areas on the climate in the immediate environment requires a
basic physical uncerstanding of the physical processes taking part within the boundary
layer. Such work earned increasing interest as the general interest for environmental
problems increased (e.g, Chandler, T.J., 1976).

Within the context of this meeting also an exact physical modeling of the planetray
boundary layer and perhaps a forecast of its vertical structure and perhaps almo its
turbulent behaviour is of great Interest. For instance,within or near inversions the
vertical profiles of temperature and moisture exhihit drastic changes. thus effecting
the prepagation of electromagnetic waves of the cm- and m-regions (Jeske, H,, 1965;
Friichteniehy, H,W., 1971), Forizontal comrunication lines will have major profit from
an exact forecast of such properties, e.pg. of the profiles of the refraction index.
This includes also the evaporation ducting frecuently observed over the oceans,

This paper does not present a general survey on recent research of the properties

of the planetary btoundary layver, Such results are reviewed in recent publications by
Businger (1973) or by Tennekes (1973), Instead, it contains the description of a
time-dependent and baroclinic boundary layer model, which could e used for short-range
fcrecasts of the vertical temperature and moisture structure -~ and thus also the
refractive index.

2. The model

The model makes use cof the Boussipesq-approximation and considers all processes es
instationary. It is hcorizontwuily uociiogeneous, Tut barcclinic., Tie eriginal veraion

for a barotropic model atmosphere has hLeen developed by Venkatram and Viskanta (1975).
These authors determine the turbulent exchange with the equation for turtulent kinatice
energy E, as derived by Morin and Yaglom (1971).

It is

E=é—(;—'—§0:zop) (1)

where u', v', w' are small deviations from the respective mean wind componente. The
total change of F with time 3s pgiven by

IS Rt SNt UL B I

vwhere £ is the mixing length and y is the so-called counter gradient (Deardorff, J.W.,
1966); ¢, T are the gravitatonal accelsretion and temperature, respectively. The first
three terms on the ripht-hand-side of eq. (?) determine the divergence, shear prrocductior
and thermal production of turtulent kinetic energy, the last term deacribes its
dissipation.

It is
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where ¢ has to be determined experimen-.ally. ¢ = 0.09 is a commonly accepted value
(Launder and Spalding, 1972)., We assume the ratic for the exchange coefficients for
heat and momentum as constant (as derived by Pusinger et al. (1972)) for neutral
stravification.

a = = 1,35 (u)
Py

It is further afier Blackadar (1962)

Ky = e1/3 (473 5)

where the mixing length £ depends on the height of the plaretary boundary layer.

The height is determired by the energy and momentum fluxes at the surface, but also
by the gradients of the wind and temperature fields above the inversion, capping the
boundary layer.

In the equation of moticn we conslder the baroclinicity as expressed bv the geostrophie
wind shear Au (x-direstior) and Av (y-direction)

3; = d_(k %E) + f(v-(vg+ Av.z)) )
v .2y - flu-(u_+ Au-2z))
T iz ms— E

ug and vg descrive the geostrohic wind components at the surface and f iv the Coriolis

parameter.

The diabatic heating of the model by solar and terrestrial radiation has been computed
with & modified two stream approximation (Kerschgens et al., 1978) and in the infrared
vy a simplified flux equation model, which is similar to that by Rodgers and Walshaw
(1966). The diurnal variation of the solar zenith angle is considered with time ateps

of one minute,

The equations of mction and equations for the conservations of energy and moisture
have been solved with a finite difference approximation. A first order frinite difference
scheme har been used to scglve the equation: for turbulent kinetic energy.

3, Some results

Results have been obtained for the following boundary conditions:
tnermal diffusion in the ground = 1.33-1072 cm 8™ 2
(Verkatram, A., et al., 1976)

evaporation at the surlace: as determined by the Helsteadt
parareter H = 0,1 (Halsteadt, M.R., et al., 1957)

Coriolis parameter £ = 1.11-10~u s~!

The inltial conditions are based on synnptic observations and a radiosonde sounding
obtained on July 11th, 1977 at noon (13,u0 GMT) over Co.ogne, Usrmany. At tbis parti-
cular dagy the large scale circulation over that area wxs deteimined by ag aaticyclone
with warm air advection; the geccurophic wind at ground was abont iC m3™ ~, the height
of the boundary layer amounted vo 1800 m,

In these nmodel considerations we prescrive the bvaroclinieity (Fig. 1) by

B« 120%, 500° (& - angle between the geostrophic
#ind at the surfacer and the thermal
wind)

and the wind sheu> magnitule

(au? + avHY12 15,4073 &

-

.« —-————
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and the roughness parameter

z, = 10 cm (~oughnesg parameter)

3.1 Effect of the baroclinicity on the height of the planetary bhoundary layer

Some results on the vertical profiles of magnitudes of the shear and thermal

production terms (erg/s) are shown in Fig. 2 for a labile stratification. The 18ver310n
height is 1656 m for B = 120° (warm air adveection) and much smaller for 8 = 300

when artificially a cold air advection is considered. In the first came the wind

shear at the lower boundary of the inversion is larger, and thus alao the downward
entrainment of heat through the inversion.

After sunset the height of the toundary layer suddenly breaks down and the noctur-

nal inversion arises. Fig. 3 shows a comparison of the computed inversion height

with that measured by an acoustic sounder on evening of 11th July 1977 over the

city of Cologne.

A wind speed maximum is frequently observed at the top of the nocturnal inversion
(Lettau,H.,1954; Blackadar,A.K.,1955; Thorpe,A.J.,1977)., This sharp maximum is
supergeostrophic and is often associated with extremely large values of wind shear.
Blackadar (1957) has shown that this inverafon wind maximum (also described by
Reiter,F,R,,1961) ia caused by an inertia oscillation in the regicn above the in-
vergion, where all the turbulent exchange is suppressed, that only a jet-like

profile with a wind maximum at the top of the inversion yislds a stable configuration.
Whereas, the existence of a wind maximum above the level of the inversion is liable

tc result In a chaotic breakdown of the inversion.

The model computations show that not only an increasing geostrophic wind with height
but also an increasing agecstrophic wind component at the evening and the inertia
oscillations of this component at night create a wind maximum several hundred meters
above the top of the nccturnal inversion.

Luring cold air advecticn (B=300°), the ageostrophic component of wind speed decreases
witnh height, as can be observed also for a barotropic atmosphere. But computations
assuming werm air advection (the synoptic sitaation of 11th July) give a growth of

the ageostrophic wind component with height,

During the night of the 11th July twc breakdowns of the inversion occur in the compu-
tations: the first at 22.0C, the second at 4.CO local time, Such breakdowns can be
found at nearly the same time in the facsimile acoustic ssunder chart. Abpcut half an
hour after breakdown the inversion regenerates and it is distributed among a deepe:
layer as before.

1.2 Fffect of the roughness parameter z, on the height of the PBL

For both cases of labile and statle stratification B = 600, computations were made
assuming a rather smooth surface (z_ = 0.1 cm, representativ for mown grass) and a
very rough surface (z_ = 100 cm, reSresenting & city)., Figs. 4, 4b and dc show gpain
vertical profiles of fhe shear and thermal production terms of turbulent kinetic
energy, computed for 8,30, 11.30 and 1ii.30 local time.

Ir case of stable stratirfication the rouphness 1ifts the height of the boundary layer
from 300 to %50 m, since it is entirely d<termined by the wind shear.

With increasing labilization the thermal prodGucticn term becomee of increasing im-
portance. However with increasing roughness the evaporation also rises, lowering
then the flux of sensible heat. Thus the PBL grows faster over areas with lower
roughnees.,

4, Conclusions

This Is & one-dimensional boundary layer, where btarcclinicity is introduced. Tts
results, however, exhibit the behaviour of the PBL as it can be almso quite frequently
observed. In this paper we demonstrite the results with the aid of two terms of

the equation of turbulent kinetic enerpgy (2), In the oral presentation our discussione
will be extenned to the effect of these changes on the stratification of the refrac-
tive index in *he microwave region.
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DISC'JSSION

M.Tavis, US
Do you have. any comment on the possibility of the cffect of gravitational waves on the inversion layer causing
scintillation of 1eceived microwave signals at low observation angles, i.e., 5°.

Author’s Regly
As tar as | know the decrease 0, increase of inversion height is often combined with gravitational waves as measure-
ments of an acoustic :ounder system indicate. But, | can give no comumer:t about the effects on the mentioned
wave propagation provlem. At this pariicular point, I must refer to the author, W.Behnke.
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SUMMARY OF SESSION VI
OPTICAL SYSTEMS/PROJECTS
by

Dr L.F.Drummeter
Session Chairman

The session provided several views of programs which are concerned with: either the acquisition of data for the
verification or improvement or propagation models, or the generation of modelling procedures for evaluating or
predicting optical system performance.

The emphasis is in the region of the lower atmosphere, The US Navy cutlined two widely different programs. the
work of Dowling et al and Trusty and Cosden, from the US Maval Research Laboratory is concerned with the acquisition
of firld data to belp improve the well-known HITRAN and LOWTRAN models of the Air Force Geophyrics Laboratory.
The program of Katz and Hepfer, of the Naval Surface Weapons Center, is designed to provide statistical perform.ince
prediction capability for at-sea electro-optical systems.

Tie work of the US Army Atmospheric Sciences Laboratory, as described by Gomez, is concerned with problems
cf the bat.lefield environment on electro-optica! systems. The large scale effort involves laboratory me.sursmenis, field
measurements, modelling, etc. in a compiicated area. In Eurcpe, somewhat similar concerns are developed under the
QPAQUE project which has major measurement programs underway. In Germany, H. von Redwitz et al froma the [nstitute
fur Physik der Atmosphere (DFVLR) have had a program for airborne photometric measurements which heip connect
scatterad OPAQUE stations through vigibility-type information,

Also in Germany, Abele et al from the Fomchungsinstitute flir Gptik have been examining transmission in the
important CO, region and comparing it to visible transmission. It appears predictions from visible to 10 umeters are not
adeguate - an important operational finding.
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A REVIAW OF THE NAVAL RLSEARCH LABORATORY PROGRIM

IN ATMOSPHERIC MEASUREMENTS AND APPLICATION

I0_MODELING

I - Precieion Atmospheric Transmission Measurements and Model Comparisons

J. A, Dowling, J. A, Curcle, §. T. Hauiey,
R, F. Horton, K. M. ‘aught, D, H. Garcia,
A, Guttman, C. O, Gott and W, L. Aganbar

Naval Research Laboratory
Washington, D, C. 20375

SUMMARY

Extensive field measurements of atmcapheric extinction at several infrared laser wavelengths have
been pcrformed using procedures and fecilities described in this paper. Recent additions to these
experimenta include & high resolution Fourier transform spectrometer (FTS) and 8 gas filter correlation
spectrometer (GFCS) which uses HYDO as the filter gas, The combination of laser cextinction, FPIS and
GFCS measurements provide well characterized and precisely calibrated high resclution transmission
apectra usetul in cowmparisons to computational models. Examples of comparisons between these data and
line-by-line computer calculations for several spectral regions are presented and discucsed,

1. INTRODUCTION

For several years, NRL scientiata have been conducting field experiments dealing with atmospheric propa-
gation of iufrared lager beams., Earlier experiments were designed to study the effects of besm spread-
ing an! beam wander caused by atmospheric turbulence (Dowling, J. A,, and P. M. Livingston, 1973),
Recently, measurements of atmospheric extinction at everal laeer wovelengths of interest to the Navy
High-Energy Laser Project-primarily those of the DF laser operating near 3.8 m-have been emphasized,

During 1975, two extensive experimente were conductad at coastal sites in Florida and later in California.
The Floride experiment followed initial DF laser transmiseion measurements performed at tue Cape

Canaveral Air Force Station (CCAFS) early in 1974, The California experiment was performed in conjunc-
tion with bigh-power, DF laser propagatfon tests conducted duving the Juint Army-Navy Propagation
Zxperiments at The 1KW Capistraco Test Sicte during ray througin Guioher 1575, (Dowiing, J. &., et ai,
1977).

Seve-al hundred measurements of DF and Nd-YAG laser tranmeission, along with supporting meteorological
data, were used to tast the validity of transmission predictions based on a line-by-line computer code
calculation, The results of comparisons of the field measurements with predictlions based on & hi-TRAN
type calculation using the AFGL spectral line atlas s&re summavrized in this article.

kecent modificetions to the trailer-based measursment eystem used in tha earlier Floride and Califoruia
experimenta include ¢wo significant additions; &) & high-vesolution atmospheric measurement capability
based on 2 Fourler transform spectrometex (FT5) system and a gas-filter correlaticn specrtrometer (GFCS),

This papev deacribas the apparatus used in the three types of weasurements, the philosophy underlying the
experiments_ an’ the mors important results obtaired in vecent studies. Examples of data collected in
these experiments are used to 1illustrate the sppli~ation of high resolution transmission measursmentcs

e, ero o3 I P £ 4 Fooed Vocas s afumm srnet sdonot. nrooes o
Lu Lhe UndETsLanting &nw aliurals wodsilng of 4nfraxed laser and dnfrormsd taxpst signaturs propagation,

2, LASER EXTINCTION MEASUREMENTS

The lnfrared Mobile Gptical Radiation Laborctory (IMOHL) used to collzct the laser calibrated high-resolu-
tion atmespheric tranemission epectra dimcussed in this paper comprises seveiral {nfrared laser and black-
body sources, laxge, - .able telmscope optics, a scanning Michelson interferometer (9MI) = stem, and
various @uppogt equipmevt, all of which ere transportas in and operated irom several large sewi-trailars.
The usual measurement configuration consists of an op.ical transmitter trailer housing HaNe, Nd-YAG, DP,
€0, and CU;z single-line cw laser sources, velay optics, and a large stably-mounted and precisely-pointed
91 cm apsrture, £/35 Casseprain collimacing telescope. The swall cw cowbustion-driven DF laser usoed
for much of the laser extinction work previouely carried out requires a large (16G0 cfm) vacuum systen
for opet swtion, This purp 1is housed in a saparate trailer; a 20 cn diame~er, vacuum line 1s installed
once the two trailers ure properly located st the measuremsnt site. Two additional trailers contain
offize space, meteorological sigrdl proceseing and recording slectronics, and bottled gas and othsr
consuwable supplier ussd during the courss of an sexperiment,

The FI8 eéystem and auparatas used for laser extinction measuremants 16 housed in a raceivar trailer

which contains a 120 cm spertura, £/5 newtoniun telescope. The large recelrer to'escope aperture insures
that the eutire laser beam used during long path (typically 5 ka) extinction measyrements can ba entirely
cullected, thereby providing reliable sbsolute transmiseion calibratious for the FIS mezsurements. High
resolution traasmissicn spectie sre taken by substituting G 1300 K blackbody source for the laser source
ir the transwmitter optical systew and adjusting the raceiver optical system 0 as to couple the FTS
systam to the 120 cm collecting telesuope, Rapeated calibrations and extensive exparisance with this
Geasurament aystew in field expariments have demonstrated that absolute trensmireisn can be readily
ceasured for long atmospheric paths with an uncertainty less than + 3%.
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Figure 1 is & photograph of the tracamitter statiou taken during a recent experiment at the Fizuxeut
Navai Air Station, Patuxent River, Maryland. From left to right in the figuve can be secen an office
trciler and meteorological system electronica, vacuur pump trailer, optical transmitter trailer (the
91 cm aperture telescope frume may be seer. through the open doora), and the mupply trailer respectively.

Yigure 2 is a schematic depicting the experimental arrangement used for laser extinctiun measurermants,
The output beam from any of the several laser eources used is first collimsted by auxiliary op.ics to

a diameter of spproximately 18 me, The besw 18 then focused via the off-axls parabolic¢ mirror shown in
the upper left end then dfverged to f111 the 9] cm transmitter telescope aperture, A 37 Hz, 50% duty
cycle chopper modulates the beam near the focus formed by the ofi-axis parabola. The beam is alternate-
ly transmitted through the telescope and reflected onto the statlonary detector as shown. The Mobile
decector shown in thie figure 1s placed in the "XMTR" position for calibration measurements ir which the
relative response of the two detectors 18 measured, The wobile detector is then placed near the focus
of the 120 cm aperture recelver telescope for a) calibration of the large telescope optical efficiencier
or b) long path extincc-ion measurements, The calibration measurements are carried out with the transmitte
er and receiver trailers immediately opposite one ano-her, i,e, for ~ zero atmospheric path, When the
treilers are separated for long path meagurecments the two typeas of calibration data are then used to
determine absolute atmospheric transmission for the seversl laser lires studied, The aignal produced
by the mobile detector Jdn the recelver trafler at one end of the measurement path is relayed to the
transmitter by means of a pulse-rate-modulated (PRM) GaAs-laser-based data link. This signal, propor-
:ional to laser power at the raceiver, 1is connected t.,» ““.» nuwerator input of & special purpose analog
ratiometer. The statfionary detector signal, proportional to the transmitted laser power 18 connected

to the denominutor input of the ratiometer, Thus, a real time measure of transmissfou for the laser
1ice being studied 4is available at the transmitcer site. The ratiometer reading must be corrected

for the relative response of the two decectors for that laser lire (monitored daily) aid the efficlency
of the large optical elements beyonc the chopper in ordex to obtain absolute transmisesion readings. As
shown in Figure 2, the voltage-cantrolled ascillator (VCO) and frequency-to-volrtaxe (FVC) convertor
used with the GaAs data link are also connected in the numerator circuit of the ratiometer when the
mobile detactor 18 used in the "XMIR" position, 8o that their combined transfer function is normalized
out of the final extinction ratio.

& comparison between observed extinction (which includes aercsol scattaring effects) and calculated
wolecular absorpiion for 22 DF laser lines between 3.6 and 4.1 um is shown in Figure 3. One would expsct
8 conctant cffaer hetween the two sets of points, due to aerosol scattering. As seen in the figure,

the agreement is quite good when thc trends between the two sets of points are compared,

Data from both the Florida and Caiffornia experiments, guch as that in Figure 3, were corrected for
serosol effects and compared with molecular absorp“ion calculations, An example of such a comparison
for the Pl-8 Df laser line 1z shown in Pigura 4. The squares are data taken at Cape Canaveral, Florida,
the crosses are data taken at the TRW Capietrano Test Site, California.

A susmary of compsarisons such as shown in Figure &4 Lé presented in Table I for the widlatitude~sunmer
water-vapor partial pressure of 14.26 Torr. Column five of the table lists the differentes between
measured and calculared absorption coefficients for each of the DF laser lines listed i{n column one.

The calculations utilized recently meamured HDO line strengths and widthe; the agreements between theory
and field wmeasuzemenrs ars quite good, with the worst case differences remaining about 297%,

3. GAS FILTER CORRELATION SPECTROMETER MEASUREMENTS

Figure 5 illustrates the basic operation of the GPCS device, The average trammission of an atmospheric
constitu 1t in the spectral intarval Au is given by the cxpression equated to T4+ The energy from a
greybody source, spectrally modulated by absorption due to one or more atmospheric constituents, is
collected by the receiver optical system. This selectively tranemitted ene-gy is mlternately passed
through a spectrally nonselective sttenuation arm with transmission Tg or through a cell containing a
known amount of the absorber under study, whose transmission is T.(u). The nonsslective transmission
(TR) 1is iniciselly balanced against the average transmissiorn of the cell during calibretion, It the
spectral character of the atmospherically trsusmitted enexgy resembles that of the cell absorber Te(v),
then a Jifference in tranerission and hence a mcdulation signal will result when the light from the
distant source 1s alternately passed through the GFCS instrumenr's two arme,

-t
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1f the atmospheric abundance of HDO along ths S«km path used for the laser extinction and P15 measure-
ments {s sampled bythe GFCS, then a path integral value for atmospheric water vapor may be obtained by
using the imotopic abundance of HDO/H20 of 0.030%. Since water vapor is en importanc absurber in tha
infrared regions of interest for atmospheric transmissfor etudies, this path intagrsl is very important
fur use io cowparisons of traaswissiou data to calzulational medels. Path integral measurements, 1ike
thore proviced by che GFCS, ars particularly usoful for overwater trensmission experimente where midpoints
siong tha p.th are not veadily accessible to standard dew-poin: obaervationns,

The GFCS measuremdat cannot utili{ze normal water vapor aa the filter gas, because an amount of water in a
S5-km path at stindrrd conditfcnr cannot be maintainad in the vapor etate in the local reference cell.
However, there is very littis }D0 in the atmosphare, so that # greatly enhanced concentration of that vapor
can he held in 2 multipass sbsorpitlon cell. 4 S-km path asquivilent amount of HDO is contained fn the GPCS !
multipans reference cell, which affords a total path of 40 m.

Pigure 5 L9 a plot of data taken during recent sxperiments at ths Fatuxent Naval Alr Stuation, couwparing
vater vapor ceAsuremente obiaiied with the GPCS and EGSG model 110 dew«point hygrometere located on shore
aL cech end of the 5.12-ke ovarwatur path, When an HDO/H20 ratfe of 3 x 10°% 1s ured in reducing the
GFC8 dats, the results arc convigtently lowar than the fixed point messuremsnts, by ~ 30%. Independent I
HDO/H20 rutios derived from specrra taken during the G¥C5 measurements using tndivldual Hz0 and HDO
spoctral lines, togsther with vsceut line etrength data show that the 3 x 10™% abundauce ratio caznot be
unjversally applied to s«ll seu level locations. This is an important recult eince the HDU/Ha0 xatio pro-
foundly aftacta DF laser propagation.




4. LASER CALIBRATED FTS MEASUREMENTS

The procedure used in calibrating tke relative FTS transmiss<on apectra by means of measured laser-line
extinction 18 1llustrated graphically in Figure 7, The upper portion of the figure shows a portion of

a tranemission spectrum recorded at NATC, Patuxent River, Maryland. The lower portion shows the FTS
respones to the P1-8 DF laser line at 2717.538 cm™'. By use of the procedures outlined earlier for
laser extinction measurements a 523 transmission was measured at this line and used to calibrate the FTS
spectra shown, The traces in Figui® 7 &re coples of records produced by the FIS data system plotter and
show actual signzl-to-noise ratios cbserved in the 5-km transmissfon spectra.

Figure § shows results obtaiued with the FTS syetem by use of several DF laser transmission-calibration
points. The lower porticn of the figure shows a calculatfon of molecular absorption for the ¢rnditions
liasted above the plot. The calculations empley the same HI-TRAN code used in the DF laser line calcu-
lations discussed earlier. The overall agreement with measurements is remrrkably good throughout this
spectral region., improved agreement 19 obtained when the HDO/H20 ratio used in the calculation is re-
duced to ~ ?xlo'“, consistent with the GFCS results cited earlier.

Comparisons of erperimental spectra to HI-TRAN calculations in several spectral regions have been perform-
ed and an example of such a comparison is shown in_Figure 9. The upper trace shows a measured trans-
miseion spectrum of a 5,1 km path tetween 1950 ¢m™" and 2120 ca~l for 12.0 torr pactial pressure of Hy0
and a visibility of 31 km. The lower trace shows & HI-TRAN calculation for the same conditions. 3t 1is
readily appareat that the calculated sgectrum gubstantially overestimatis transmission {n the '"clear”
sub-intervals near 1980 cm‘l, 2000 em” *, 2030 cm™t, 2070 cm'l, 2085 ¢m ~, etc. The density of atmoapheric
absorption lines (mostly HpQ0) throughout this region is very high, with the result that cnly selected
sub-intervals show appreciable ctransmission. However these sub-intervals may be lwportant fer low water
vapor conditions, The calculated spectrum was generated by using &sn unmodified Lerentz line shape for

the water vapor absgorption lines. Based on rhe covparison shown here, it is possible that the far wing
absorption for Hp0 lines in this reglon exceeds that of 2 pure Lorentz ilne shape., Wnik in our labora-
tory 18 currently being devoted to studying Hy0 linme ahape variations ia this reglon which can account

for the discrepancies shown in Figure 9. 1t is anticipated that a'auper Lorentz" modified line shape

will be found which, when used in a HI-TRAN calculation, will generate agreement with the experimental
spectrum. lsing the variety of experimental spectra already obtained in the NRL measurements and
additinnal data for conditions and ranges of interest which have yet to he examined, a "best fit"
modificetion to the Lorentz line shape for the spectral region shown will be obtained. When incorporated
i{nto the HI-TRAN calculation, reliable transmission predictions will be available for the laser propa-
szation and plume signature applications as well as other transmission related problems occurring in this
spectral region,

Measured transmission for the region 2578 cm'l to 2573 cr."! 18 ghown la the upper portion of Figure 10.

A calculated spectrum for the messureuent conditions Is shown in the lower poriion., The culcalaiion was
carried out using the modified line shape suggested by Winters, Siiverman, and Benedict, (Wiuters, B, H,,
et al, 1964) and confirmed by Burch, et al, (Burch, D, E., et al 1969). A significant difference exists
between calculated and measured spectra in the COy band edge region, Work 1s currently underway to
obtain a modified line shape which results in & closer fit to the experiwental observations, The problem
{s complicated by the presence of an N, pressure-induced continuum abtorption vhich becomes more important
than the Cop wing absorption for higher wavenumbers beyond ~ 2420 cm™~ and gives rist to the shape of the
abscrption énvelope shown fn Figure 10 out to approximately 2500 cm™l. The 3~5 ,.m water ‘apor continuum
absorption which has been studied by Burch, et al (Burch, D, E., et al, 1974) and by Wr:kin. and White
(Watkine, W. R., aad White, K. 0., 1977) contributes absorption throughout the higher .ransmission

reglon shown in the figure, although the empltis?l expressions representing laboratory measurements have
been carried out for the reglon between 2400 cm = and 2600 ¢m °, Based on an examination of several long
path transmiesion Apectra measured for absolute humi{ditier ranging between 2 and 20 torr of Hy0, the
water vapor contribution to absorptiin in the CO, band edge regfon {8 secondary, charging the trans-
missicn by leas than 10% at 2935 cm” ° over the ognerved range in watex vapcr partial pressures.

Figure 11 shows a HI-TRAN calculation for the vonditions specified in the {igure without the inclusion
of & calculated 3-5 ;m H20 sontinuyum, Note that there are several locations where > 96% transmission is
measurable over the 3 km path for a water vapor partial pressure of 12 torr, (e.g. 2510 cm'l, 2603 e,
2615 cm'l, 2668 Cm'l, etc,) By exumining high resolution spectra recorded for high visibility conditions,
these maximum transmission locations constitute & useful approximation to the 3~5 ,m HyU continum
absorption, Maximun transmission velues for several spectra corresponding to & range of water vapor
partial pressures between 2 and 18 torr have been determined throughout the 3 o § um re