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Previocus work releting to the subject of the determination of .

atmospheric temperature profiles by radiomstric soundings at infra.. . .

red and microwave frequencies is reviewved. An attempt is made to
show the progress and development of knowledge in this field, As |
suggested by Meeks and Lilley (1963) the microvave emissiocn of ,
atmospheric oxygen is investigated as & possible tool for the i
to fifty kilometers. An iterative method for solving the integral ‘
equation relating the kinetic temperature profile and the emission |
measurements is proposed. Investigations designed to determine the !

best frequencies and nadir angles at which to make the measurements |

‘ . are undertaken. The iterative solution technique is compared withu -
- a simpler cero order solution and the former is demonstrated to |
- be superior. A near limit in reallzable accuracy of the iterative
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data from realistic model atmospheres. The results are seen to :
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SECTION I
INTRODUCTION AND REVIEW OF PREVIOUS WORK

Meteorology is essentially pragmatic science. The ultimate
purpose of sclentific studies made in the name of meteorology is
to extend the renge andacuracy of weather forecasts or, more
generally, predictions of the sitate of the entire atmosphere.. Most
meteorclogists would agree that before truly long range and accurate
forecasts can be made, the forecaster mast know the initial conditions
of the atmosphere over the entire globe.

Tbe density of weather observation sites is generally related
to population density. North America, Hurope, parta of Asis, and
Australia are adequately covered while South America, Africa and in
general the oceanic regions are poorly covered. In fact, there exist
large expanses of ocean areas which are completely without any type
of meteorological reporting stations.

It is virtually impractical and also very costly to provide

world-~wide coverage by conventional techniquea.l

1 Conventional techniques include balioon.radiosondes for soundings

in the lowest 30 km of the atmosphere and rocket radiosonde and rocket
grenade soundings for the region from about 30 km to 80 km. The radio-
sonde sensors are direct measuring and simple devices. The temperature
sensor is & thermistor, the pressure sensor an aneriod capsule and the
humidity sensor a relstive humidity sensitive resistor. The rocket grenade
method determines temperature and winds through measured time differences
in the arrival of the sound waves 8t ground based receivers. At the
present time rocket grenade firings are limited in number because of

the large expense involved.
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The cost of coperating & weather ship for one year is of the
order of several million dollars and several bundred such ships would
be required to give even marginal coverege of the oceans. Additional
land stations, though not as expensive as ships are nevertheless
very costly. The use of airplanes or balloons to make direct measure-
ments similar to those that are made by ground stations or ships is
equally expensive,

The development of artificial earth satellites as observation
platforms and the suacess of the TIROS weather satellite program
have given impetus to the idea of using satellites to fill the void
in our data acquisition network. It now appears that satelliies can
cover large areas of the earth's atmosphere in & short time and at
8 reasonable cost. Howvever, since the satellite must operate outside
the earth's atmosphere, most of vhat today is considered meteorologically
useful information, that is temperature, pressure vater vapor, and
other trace substance distributions, must be measured by indirect
methods. Unfortunstely, the most useful meteorclogical information,
the wind field, does not at present appear to be measureable to any
satisfactory degree by indirect means. However, in all but the tropical
and part of the subtropical latitudes, at least the geostrophic- wind

2 In the middle latitudes, i.e., 30° to 60° North or South, the horizontal
pressure gradient in the atmosphere snd the coriolis force essentially
balance one another. Hence at a given altitude, the horizontal wind

can be calculated from the horizoantal pressure gradient, density and
coriolis parameter. This is known as the geostrophic approximation.

For more detaile on this subject any introductory text in dynamic meteor-
ology may be consulted.
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field can be reasonably well deduced from the temperature, pressure
and humidity distributions.

Since the geostrophic scale theory indicates that the approxi-
mation of & hydrostatic atmosphere is quite tenable, our primary
interest is directed to the determination of the temperature and
humidity distributions and the ground level pressure. Here ve are
indeed fortunate, because these three paremeters are intimately
associated with the electromagnetic radiation emanating from the
earth's atmosphere.

In this work we shall be concerned with the determination of the
vertical thermal structure of the atmosphere in the lowest fifty kilo-
meters. We shall assume horizontal homogemeity of the atmosphere over
relatively small square areas of about eighty kilometers or fifty
miles on & side. It might be added at this point that the usefulness
of the temperature structure is not limited to weather forecasting.

It is & vital aspect of our enviromment and as such effects many
humen endeavours.

Before proceeding tco examine the previocus work in this subject,
let us briefly review the theoretical foundations of the determination
of temperature structure fram the radiative emission of the atmosphere.
The thermal radistion in the earth's atmosphere may be calculated from
the differential equation of radiative transfer. A derivation and
general discussion of this egquation may be found in Steinberg et
Lequeux (1960). We shall assume the radiative transfer equation in
the following form:

%g (x\,) «-K, (Iv) ve (1)



vhere I, = monochromatic intensity of radiation emerging from the
atmosphere
K, = monochramatic absorption coefficient
€, monochromatic emission per unit length
z = vertical coordinate.

We next define the following quantity

vv( z) z H
r(2) = | are- I K az=! Kaa

© H 2
as the monochramstic optical depth of the atmosphere vhen looking
down from & helght H to & height z. Using the definition of optical
depth, ve spply the integrating factor ¢ 'V to equation (1) and solve
1t obtaining the very general result

(2)

IV(B) - Iv(z) e~ TV(%) + ? €y o™V ar,, (2)

L et
o K

If ve nov assume that local thermodynamic equilibrium obtains and z 1s
ground level; i.e. z = 0, then equation can be written as

(o)
108 = 100) ™0 L 1 g (r) &V ar, (3)
0

g

vhere JV(‘YV) & “___.1'__,5 = source function; i.e. Planck radiation funetion.
KA,

Equation (3) says that the intensity that we measure at altitude H

is the sum of the intensity of a source lying underneath the atmosphere
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zv(o) diminished by the negative expomential of the optical depth
of the atmosphere plus the self emission of all infinitesimal layers
between H and the ground each diminished by the negative exponential
of the optical depth between it and H. Equation (3) was derived
with the assumption that the observer is at an altitude H looking
dovn to the ground. A similar equation results if the cbeserver looks
up from H. That equation is

*;V(g) - Iv(m) g""v(") +

vhere I (H) is nov the downward flux et H and I (=) 1s the intensity
of a source Just above the atmosphere.

Row the optical depth 'rvis & function of altitude and the
monochramatic absorption coefficient. But the monochromatic absorption
coefficient 1s & function of the temperature profile, pressure profile,
and the composition profile of vwhich the vater wvapor profile is a
pert. We have already stated that the hydrostatic assumption is
generally & very good assumption, therefore, we shall employ it. We
shall nov further assume that the concenfistion profiles and ground
level pressure are known. Hence the pressure profile with height may
be expressed exclusively by tha\ temperature profile. Thus the mono-
chrometic absorption coefficient and in the case of thermodynamic
equilibrium the monochromatic emissivity are functions of the temperature
profile.

In this light let us reconsider the solution of equation (1).
Hence we must solve the equation

dI,
T VN (5)



G
Ve apply the integrating factor e V° and obtain

f}_‘ Kyz Kz .
r (1\, €) =g (6)

Nov for thermodynsmic equilibrium we have
€, = K J (7

vhere J_ is the Planck black body radistion function. Substituting (7)
into (6) and integrating from z » O to z = H the height of the observa-

tion platform there obtains

1() = I (0) e, [ g ko BAEE) (8)

vhere the functional dependences of Kv and J v o8 the temperature

profile T(z) are understood, i.e., K, = Kv(T(z)) and J = JV(?(z)).
Equation {8) is e non-linear integrel equation in the independent
variable z, the parameter v and implicitly the unknown function T(z).

That which is measured by the radiometric instrumentation on the satellite
is 1\’(3) versus v. If the complete Iv(ﬁ) spectrum is known then a

unique anc. exact T(z) can be found vhich satisfies eguation (8) for

all V.

Kaplan (1959) was the first one to propose the use of remote
radiation measurements to deduce the thermal structure of the atmosphere.
His proposed method required ten high resolution (10 eu™ minimun
resolution) measurements made from above the atmosphere at carefully
selected frequencies in the 15 u CO, vibrational band. The ten

frequencies selected vere on the high frequency side of the 15 u

corresponding to them ranged
d

3m1tm1mdepmismedwhmhmea£ K, 4z = 1

3
reacpanca.and. the unit optical depths
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from near zero to distances greater than the height of the observing
platform. Thus the emission at each of the ten frequencies would

be characteristic of the emission from each of ten layers of a cloude
less atmosphere ranging from the ground to the very top layer of the
atmosphere. Clouds were assumed to be black bodies and hence the tops
were considersd to be the lowest level from which rudiation emansted.

In this proposal, it was concluded that the measurement of the
emission into space 8t ten frequencies would permit the detarmination
of the mean temperature of each of the ten layers, subjeci to the
following provisicns: (1) that within each layer the relative
variscion of temperature vith height is specified; (2) that the
temperature of the underlying surface be determined by measurements
further out in the band wing where the unit optical depth is very
large; and (3) that for a given freguency the emission should originate
from approximetely the same atmospheric layer for all temperature
profiles.

In his next work (1960), Kaplan discusses in more detail the
interpretation of the radiation measurements in terms of the departures
of temperatures from some standard atmosphere vwith pressure as the
independent variable. He divided the ailmospbere into slx layers and
specified several possible constant lapse rates within each layer,
This gave him & library of continuous temperature distributions from
1000 mb (assumed to be ground level) to 50 mb above which the
atmosphere +as considered to be isothermal. He also assumed a CO.
concentration of 2.6 mm per mb at standard temperature and pressure.
Each model atmosphere emits radiation, §_Q, whose frequency dependence
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is a function of the temperature dependence. Given & set of actual
radiation readings, 5, taken by a satellite spectroscope, the model
which “best fits" the observed data is chosen &s the one for which
(s -8 c}d is & minimun.

A more detailed solution is then obtained using a perturbation
technique by expanding the f{ractional departures of the observed
radiation from that of the "best fitting" wmodel in terms of the
temperature departures in each layer. The first order or - inear
departures are solved for directly from the resulting set of linear
equations. These results are then used to obtain the guadratic or
second order departures. The process is repeated ilteratively until
a satisfactory convergence is cobteined. Third and higher order
departures cen be neglected if there are a sufficient number of
models to obtain & reasonable first approximation.

Kaplan tested the method by using one of his models as assumed
observations. He chose the following seven frequencies: 675, 685,
695, 700, 705, 710 and 730 wm™>. He did not cbtain comvergent
solutions in all the test cases of his method. The results of the
cages that did converge were gquite good.

Some experiments with systematic and randon errors were also
performed. It was found that tcmpersture errors vere approximetely
proporticnal to the magnitude of the systematic nolse. However,
the inclusion of random errors produced temperature errors that were
much worse end oscillatory. Kaplan felt that & better selection of
frequencies might reduce the effects of the random errors and if this
was not sufficient, the number of atmospheric layers would have to
be reduced.



Other conclusions reached by Kaplan were as follows. If ground
reflectivity at 15 o can be neglected, then the outgoing rediation
for an overcast condition is the same with an isothermal layer from
the top of the clouds to the ground. Hemece the method can yield the
level and temperature of cloud tops. With the addition of cloud
pictures, the partially overcast case could be handled. Finally, the
most accurate results will be obtal:~d for each layer if the entire
atmosphere is socunde:.

King (1959, 1963) examines ths radiative transfer equation and
the solutions given by equations (3) and (4) in the light of modern
mathematical concepts. He shows that if

Q"T(O) <<l or aw(m) < 1,

then (3) or (4) respectively are Laplace transforms of J, (ﬁv); the
transform variable being LI the optical depth or in the case of
& horizontally stratified atmosphere T, e ¢, vhere ¢ is the zenith
or pedir angle (see Pig. 1). Hence with the transform variable a function
of frequency through Ty O a function of sec O, the inversion may be
performed in terms of frequency or sec O. He further points out that
since sucru & transformation is an integration operation, its inversion
must be in essence a differentiation operation. Hence a multiplicative
effect on errore in the data might be expected. 'Thus King's great
contribution to this subject 1s to bring to light such theoretical
mathematical considerations es are involved in this problem.

Wark (1961) proposed an abbreviated version of Keplan s experiment.
He started with the equation of radiative transfer in the following form:
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ro B{Jv('?)l

Iv(n) - Jv('rz) ooy p as
T
2
(9)
H
- Kgdz
vhare Tv = e x = tro-omamission fuancticon

{22 = kinstic temperature at z =» H

@Q = kinetic temperature at a point below vhere T, ™~ ¢

Bquation (9) is easily derived from equation (3) after assuming that
the "”v(‘") of equation (3) is essentially infinite for the freguencies
ander copclderation. Re limits the investigation to the stratosphere
and divides this region into three layers. Row if ve use pressure

instead of tempw. -t oe as the depesndsnt variable, we can rewrite

equation (9) as

Py
o
() =a(r)+ | 7, | e 1 4 (108 B)
v vwoe ; VL&(M?)""
2
P
far?N" ]d(l P)
t g vie P o8 (10)
1

The layers are then assumed to be isothermal which is expressed by

M,

m = constant = A (ll)
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It is then further assumed that since the freguency range of the
measurements is amall, we can write for the chosen three frequencies
(i.e. 680 m"l, 690 m"l, and 695 W’l)

Iy = 9
(12)
8
o= gy
where © and ﬁj are constantes which are computed for T = :5500 K.
Substitution of (11) and (12) into (10) at the three frequencies
yields
J'l Ai * A! t 19
L = (7)) +a p + ap
] 1 3 1 L ] 2 ,
a8
1, 29 (T)+4 b, + A b, (13)

3 3 t LB ] t
133§3J1(T2)+A D3+A b;

vhere the D's ave the integrals of the form 1a(1l0g P) which results
fran the substiteiivi of (11) into (10). Jy(T), A' end &'’ are
obteined from the sclution of (13). Prom Jl(Tz) ve obtain T, end it
can be shown that from " and A” we can obtain [T/7(log P), the
temperatur: lapse rete.

Werk computed anlssions for three assumed atmospheres and then
used these as inputs to his method, His results also vere guite good.
There was no indication in Wark's work s to whether or not he made
8uy analysis of the effects of random or systewatic errors in the
input daza,

Fryverger and Uretz (1961) also made & study of the determination

of the atmospheric temperature profile. They developed an equation
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relating the radiometric profile to the temperature profile from
concepts and terminology femiliar to electrical engineers. They were
concerned with the thermal structure in the lowest 10,000 feet of the
atmosphere. They assumed 8 horizontally stratified atmosphere and
chose to invert the transfer equation using zenith angle rather than
frequency as the transform varisble, Radiometric profiles were

computed for several atmospheres. 4 solution for the temperature
profile of the form

wlu’l‘c*klh 0 h< %0
T, = Té*klsoo*ka(h-m) 500 = h < 1000

(14)

TE—- - '2;'0 + kjﬁ(m Foasee + km(b. - 9500) 9500 < h <10000
vhere h 1z the altitude in feet, was assuned. 7The transfornm equation
they dealt with vor essentiallyr equation {8) integrated f..om the
groand up to 10000 feet instead of frem H down to 0, generalized to
& horizomtally stratified atmosphere (1.e. heights vere multiplied

by sec @), and with the resulting first temm ,‘Mm) considered
to be neg igible. They then substituted equation (14) into their
expression for Jivmmdmumd standard profile mx\) «» Thus
ecuation (8) is lineerized and trecteble. They then solved the
resulting linesr system for the coefficients k; in equation (14).

The profile corresponding to these coefficients then served as the
second approximation which is used in Kv and the process is repeated
iteratively unt{l the ki‘a converge,
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They performed their iaversions in infrared spectrum, but the
frequency wos not specified. Thelir results were good; the derived
tenperature profiles reproduced the temperature profiles from which
the vadicmetric profiles were obtained well except vhere the origimal
teperature profile had considerable and varying curvature. They
did not indicate whether or not & systematic and/or random error
analysis was performed.

Yamsmoto (1961) described another approach to solving the so called
Kaplan problem. We shall nov consider his method in some detall for
it is the method employed in this work. Observations are assumed to
mmmmmmfmmmmmmwmwmma
band: 665-670, 675-680, 686691 and 692-697. A uniform CO, distri.
bution is assumed, Equation 3 may then be written as

Pe ar (p)

r v
I\,(G) % - é J“(P) @
Q

(15)

vhmmmmmwmemmmuthpa‘mmmc
pressure, fynf eguation (15) is the transmission function as
defined in equation (9). Also &z in equatiom (9) the momochrametic
optical ¢apth at the lower limit of the sounding is essentially
infinite., Alsc, since all measurements are made at frequencies
near the center of the 15 i band, it is assumed that

J,(p) = 23(p) (16)
vherg the o 's are constants and Jv(p) is the Flanck function at a
wave mupsber near the center of the band. Subatituting (15) into
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(1%) there obtains

P
; 8 ar (p)
I(0) == e} ——
0

Qa7)

S P

<

MOI;n

Yanaaoto's technlgue is to express Jv(p’} by & polynorial of a
limited number of terms (actually &) each term having one unknown
parameter, its coefficlent. He then computes the tranamission
function using the ICAD standard atwosphere. BHence by inserting
the essumeu form of J(P) iuto equatiou (17), ite cousbants can
be determined by inverting the linear system

P, (») S ap (18)

where the P(p)'s are the polynamial terms with coefficienis 8y 8y
a and a respactively. It should be emphasized at this point that
tha integrals can b evalusted since a temperature profile {i.e. ICAD
Standard Atmosphere) has veen assumed insofar as the computation of
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a'r\/@uumm The process may be repeated with the temperature
profile corresponding to the dsrived coefficients used in computing
vadp,mdmmimtims. Yamanoto suggested this but did not
do it.

His main concern in this work was to determine a variable by
vhich the Plamck function corresponding to the atmospheric temperature
distribution, in general, could best be represented by & polynomial
of as few terms as possible. He also tried differemt representations
for the trensmission function, for exsmple, munerical values,

Legendre polynomials and Chebyshev polyncmisls. He noted that none
of the polynomial representations vere markedly superior to the
others., The Legendre polyncmials hovever did simplify the cagputations.

The wethod and the verious polynamials vere tested by using as
input deta the calculated emission from atmosphere with various temperature
profiles. These profiles were taken from actusl redicsonde soundings.
The darived profiles reproduced well the mean features of the actual
atmospheres. Details such as the height of the tropopause did not
shovw up very well. In all of the calculations, the effects of water
vapor and ozone on absorption at 15 11 were neglected. No error studies
vere conducted.

Mesks (1961) first proposed using the millimeter spectrum of
oxygen to sound the atmosphere. This idea was elabarated in a later
work, Meeks end Lilley (1963), in which details of atmospheric oxygen
sbsorption and emission centared at 60.0 kilo-megacycles per sec was
considered. mmmwmwwmmm.af is a
result of fine-structure transitions in which the magnetic moment assumes



17
various directions with respect to the rotational angular momentum
of the malecule. mmm,mmww«wmlsueaa
band is due to the rotational fine structure of the molecule vhile in
its vibratory state.

At the microwave frequencies the emission from the esxrth's
stmosphere, which is considered to be & black body at temperatures
on the order of 300° K, is adequately represented by the Rayleigh
Jeans approximation to black body emission. Thus we can write for
J,, the source function in the previous equations,

J,= 2 k‘l‘/kg
(19)

Also since radiometers are genscally calibrated with sources at
cartain reference tenperatures, it iz customary to msesure power in
terms of an equivalent tenperature. This so called brightuess
tesperature ls defined by the expression

1, = 2 (W)
(=0)
Ir ve povw substitute equations (19) and (20) into (8) there obtains
- B‘% g
T =) @ VY L | SRR g )

G

where we have generalized to an arbitrary nadir angle ¢, by assumning
& horizontslly stratified atmosphere with u = sec O (see Fig, 1) and

vhere Ts » the brightness of & source lying outside the atmosphere.
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As pointed out by Meeks and Liliey (1963), if the hrightness
tanperature of the underlying surface of the atmosphere is close to
2er0 or if the exponent K H is much greater than 1, then the
bracketed quantity of equation (21) can be regarded as a weighting
function that specifies the contribution of the state temperature
T(h)mmbrmmuwﬂ%(v), Let us now consider the
shape of this function vhen viewing the atmosphere from above and at
& frequency which is not on & resonmance line. At low altitudes the
Wo{xvﬁm iarge due to the pressure broadening effects,
hovever, concomitantly the exponential term 1is very small; hence the
veighting function has a small value. As ve rise to higher altitudes
K, decreases, but so does the quantity xv(x-a); hence the valus of
the exponential term rises and thus so does the value of the weighting
function. As z approaches H, the exponential approsches its maximam
value 1, but at tiie same time decreasing effects of pressure broadening
mmmwiwmhm;mammmmmmwm
zero again, A typical weighting function is shown in Fig. 2.

Meeks and Lilley (1963) determined the shapes of twelve weighting
functions at six different frequencies and at two nadir angles for
each frequemcy. It is shown thatat frequencies of intense absorption,
the half width is smaller and the altitude st the pesk points is higher
than at frequencies of less intense absorption. It is also shown that
the altitude at the peak point rises slightly with increasing nadir
angle.

The weighting function concept shows us thet the brightness
taparature at a given frequency is indicative of state temperatures
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primarily in the region between the balf maxima of the weighting
function. Consequently Meeks and Lilley proposed that the weighted
méan temperatures of atmosphexric layers about 10 lm thick could be
deternined from brightness temperature measurements. The mean height
of these luyers would depend upon the nominal frequency of the measure.
ment. They pointed cut that st frequencies between strong lines
bandwidth limitations on the radiometer would be more severe than at
frequencies between weaker lines or lines more widely separated.
This results from the fact that the mean height of the weighting
function and its width at half.maximys is strongly depemdent upon the
absarption coefficient. The absception in turn is relatively constant
over bandvidths on the order of tens of megacycles in between lines,
The width of this constant region determines the bend.idth. A set
of typical parsmeters for probing the atmosphere frow O to 30 kn are
given in the paper by Meeks and Lilley.

tus aforementioned provides & very good starting point for this
work - the objective of which is to demonstrate the possibility of
using the microvave oxygen emission spectrum to sound the atmosphere.
Additiomal fregquencies need to be investigated as possible operationsl
frequencies of measurement. Also it should be demonstrated at least
with computed results that weighting functions 4o not change sigaificantly
with different atmospheric temperature profiles. Having obtained a
set of frequencies for measurements which are considered to be the
best possible in scme sense, Yamamoto's inversion technique ocught to
be tried in the microwave region. Finally, an elementary study of
the effects of randam errors in the data should be ettempted.
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There are several reasons why it might prove more desirable to
use the microweve spectrum rather than the infrared spsctrum in sounding
the atmosphere. In the first place in the infrared region there are
no amplifiers; there are only direct detection devices. Years of
work im radsr, commnications and redio astroncmy has placed the state
of the art of millimeter vavelength coherent detectors and smplifiers
considerably ehead of that of the micron wavelength region. These
facts more than offset the factor of about 1000 in intensity that
infrared wvavelength emission from the atmosphere has over microvave
emission.

In the second place, scattering by atmospheric aerosols from
the molecular scale to the scale of weter droplets in clouds 1s less
prouounced in the microwave region than in the infrared region. In
the case of Rayleigh type scattering, which is the case for wy air,
msmmmmemnmmmmmumm
grester than tic microwave scattering coefficient. In the case of
fog or stratus type cloud layers which contain wvater droplets vhose
redii are on the order of 5 11, the scattering coefficient for infré.
red radiation in the 15 u region is sbout an order of magnitude or
more lerger than that for the 5 ma microwsve region, However, it
should be noted at this point that there is some evidence to indicate
that abscrption of microwaves by cloud drops snd precipitation may
be very apprecisble (ses Hogg and Semplak, 1959).

Another advantage the microwave spectrum has over the infrared
spectrum lles in the ability of the observer to discern more details
of line structure. This, of course, transiates into better resclution

in the temperature versus height profile,
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There is an adventage in measuring at microwave frequencies vhich
arises from considerations of the minimm attainsble error in a radioe
meter. In the case vhere T >> H w/k vhere ¥ is Planck's constant, v
the freguency and k Boltzmamn's constant, the minimm error of
is given approximately by

msfE
mmmnmmmmmmm

ﬁ-m = source temperature plus receiver noise temperature
T = integration time
3 "Wn

Equation {22) is & statement of the accuracy with vhich we can
neasure & nois. like signal over bandwidth 2 in a time 7. It is
derived by considering the input signal to be sum of barmonics of

a bagic signal and then summing the fluctustions ln each harmonic,
The in phase and quadrature compoRents of each elementary signal are
assumed to be independent. The assumption of white noise is also
anployed. A very good rivation of equation (22) is given in Dicke
(1946). However, when T ~ E w/k, the in phase and guadrature components
of each alwmentary signal are no longer independent, they are instesd
non-coxmiting variables, and their emergy can thus assume only discrete
values. In this case Hagfors (1963) has shown that the minimm error
is glven by

+

ATe ™ == X A\]l-&&’%ﬂh«é

N
s
~%

(23)
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mx.nwo/kw.

In the classical limit (vhen X - 0) equation (23) reduces to equation (22),
Nov if we assume that we are given noiseless instruments at both 15 it
and 5 s vavelength then we would find that for source temperatures

of about 300°K the classical limit obtains at the millimeter wavelengths
but not at the infrared wavelengths. Hence at 15 |« there are ervors

due to quantum effects vhich are not significant at % ma.

The 5 mm oxygen spectrum is also superior to the 15 . carbon
dioxide spectrum for deternining the temperature profile in the follove
ing respect, Our knovledge of the abscrption properties of a gas
depend upon how well we know the distribution of that gas. I+ the
troposphere and stratosphere the oxygen distribution is certainly
more uniform ! better known than the co, distribution in the same
rogion.

Fionally, ot 5 mm, there sre fewer important complications due
to other emitting gases than at 15 . where we have to consider
contributions from ozone and water vapor.



SECTION II

STATEMENT OF THE PROBLEM AND THE

FPROPOSED METHOD OF SOLULION

In the most concise terms our problem is to convert measurements
of brightness temperature versus frequency from the atmosphere into
estimates of the kinetic temperature versus height profile. The
source of the emission we shall be concerned with is the magnetic
moment transitions of molecular oxygen in the atmosphere. The
frequencies of these trensitions are located near sixty kilo-
megacycles.

The satellite radiometer system which we shell have to ~rk with
initially will yecbably have the following characteristics:

1) It wi') messure the emission 8t seversl discrete frequencies.

2} It wiil bhave a narrow bandwidth at each frequency, hope-
fully on the order of one to ten megacycles.

3) The antenna will have a response pattern similar to that
ghown in Fig. 3. The beauwidth of the half power point of
the antenna will be very mmall, hopefully on the order of
a dagree.

Bguation (21) is the form of the radiative transfer eguation

most applicable to the data which we shall obtain. It is re-written
here for convenience

"
K He2 )}
+ f' {z) Kvam s pdz (21)

0

a-b(v, Q) = T‘(v) :K"’m
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vmmmb(v,e) = brightness tempersture at a frequency v and nadir angle
QS(V) = equivalent temperature of the ground

&u = nonochromatic abscrption coefficient
1 = sec 9, O = nadir angle
v = pominal frequency of the neasurement

T(z) = kinetic temporature profile

We shall refer to the quantity xve‘x"(x"“)“ U of eguation (21) as a
welghting function or kernel.

If the kernel were not a function of the temperature profile then
equation (21) would be linear, but this is not the case, The tempera.
ture profile does enter the kernel in a rather camplicated fashion
through the absorptiomn coefficient as showm below

c. pl®(z)] -E, /KT )
K --%.____7 58 [P Je ¥
VoV ()] s " =) v (24)

vhere p[T{z)] = pressure profile, assumed hydrostatic
8,/%(r), vi= frequency and line vidth dependent matrix element
(C.F. Meeks and Lilley, 1963)

En -miﬂt&mwoﬂ'mn& line

In deriving equation (21) it is assumed implicitly that there
is no scatiering. In order to avold complicetions due to non zero
reflectivity of the ground ve shall restrict the invesiigation to
frequencies end nadir apgles for which X E i+ »> 1. Thug the equation
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vwhose solution we shall be concerned with is

H
T.(v,0) = j‘ (z) WF [T(z), v, 0] ds

° (25)

where
WP[(z), v, O] = g,e‘xv(n"‘)“ "

We ahall employ a method closely related o that used by
Yamemoto (1961) to solve eguation (25), Our method is different
in that we are dealing with an inversion to the temperature profile
and we assume boundary conditions at both z » 0 and z = H, Also
we shall perfcrm the iterations vhich Yamamoto suggested but 4id not
perform.

Pirst ve let T(z) be represented by a polynomial of & finite
mmber of terms each having Gn undetermined coefficient, i.e.

z) o &z + agzz +oese e.kzk (26)

The total muber of terms must be two less than the total mmber of
independent brightness temperature wersus frequency and padir angle
measuremsnts. This polynomial represemtation of T(z) is substituted
into the integrand of equation (25) for the function T(z) which appears
explicitly.

Hext we assume & fully determined temperature profile and sube
stitute it into the function WF in equation (25). This determimed
temperature profile is actually our first guess at what the real
profile might be. Normelly this first guess would be scme average



or standard atmosphere such as the U. 8. Standard Atmosphere 1962.
The Pirst guess might very well be & constant for lack of anything
better.

We next assume that the boundary conditions T(0) and T{H) have
been determined. Hence by the appropriate substitution of equation (26)
into equation (30) there obtains the following linear system:

g T(O) - 8
Q B H
(v, 0.) =a ?s"‘(w) dz + + “k(wr) dz
) \M6 Ll | R 1 ser R ’
0 0
(27}
TB(VQQ 02) B sssvrvvensnconne
f " el
TB(\’k-l Ok«-l) =a_ | ° (W)M 4z + «0v + & 2 (W)k-l dz
0 V]
T(H)mao+nln+,.. aknk

_

The integrals in (27) are evaluated using the first guess at the
temperature profile and the coefficents 8, through & are deter-
mined by solving simultaneously the resulting linear eguations.
The temperatu-e profiles corresponding to these coefficients
are substituted back into the funciions (WF), (1 =1, 2 ... k) of
(27) and the system of equations are solved again. Successive

iterations of this type are performed until the following condition
is satisfied:

.~E 2 l/2
(3] 1% - ] dz:}/ <M (28)
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'E(?)(x) and ?(?'1) are the x{m and p - 1th derived temperature profile,
M is some arbitrary constant vhich is & measure of the difference

between the p°° and p - 1

derived T(z).

By satisfying (28) we guarantee convergence in the sense of (28)
toa 1-;.m degree polynomial representation of the kinetic temperature
profile vhich satisfies best the radicmetric data. Ve musi be aware
of the fact that convergence in this context does not mean convergence
to the best possible solution of (25).

Ve intend to investigate certain questions relating to this
problem given that we must limit ourselves to five measurements of
brightness temperature versus frequency and nadir angle and measures
ments of the two boundary conditions. This is & total of seven
measurements which is reasonsble for & satellite experiment. “he
resulting limitation ¢0 & sixth degree polynmmial also tends to keep
the caiculatic:'s at reasonsble rumber. Hence the problem can be
handled by stixdard FORTRAN II programming on an available IBM 7094
Data Proceseing System in a reasonable time (approximately 10 minutes).

We shall consider the followling questions:

1) What frequencies and nadir angles are the best at which to

make brightness temperature measurements?

2) Do the asscciated weighting functions change their location

on the height axis with different temperature profilest

3) Wwhat is the ultimate in accuracy that we can expect from

our method?

L) vwhat is the effect of a poor initial guess for the temperature

profilet

5) What are the effects of poorly determined boundary conditions?y
’ 6) What are the effects of random errors in the daia?
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SECTION III
DETERMINATION OF THE BEST FREQUENCIES AND
BADIR ANGLES FOR MEASUREMENTS

Let us first examine the effect of different temperature
profiles on a weighting function corresponding to a fixed frequency
and nadlr angle. The characteristic shape of a weighting function
is independent of the temperature profile. The shape depends only
on the fact that the absorption coefficient is always positive, The
width at half maximm points and the altitude of the maximm point
are hovever dependent upon the temperature. Analytic investigation
of this problem is virtually impossible because of the complicated
manner in vhich the tesperature profile enters into the veighting
function,

The following experiment vas thus performed to obtain at least
& partial solution to the above problem. The altitudes of the maxima
or peaks of the weighting functions were computed for several different
reypresentations of atmospheres. 7The results are given in Table I.
The temperature profiles used are shown in Fig. &.

The results seem to indicate that the temperature profile does
not have a marked effect on the altitude of the weighting function
peaks. Plots of the weighting function show the sames is true for its
effect on the width of the weighting function. Even though these cone
clusions were deduced from a smsll sample of an infinity of temperature
profiles vhich exist in the atmosphere, they are true in general in
view of the following. The various temperature structuree wvhich have
been observed in the earth's atmosphere are not very different from
one another. At any given altitude, temperatures at various points



Frequeney Nadir ATMOS, 1  ATMOS, 2  ATMOS, 3 ATMOS, 4

Ge/sea, Angle Pemlt Alt. veal Alt. Veak Alt, eak Alt,
. Depyees Jm, 1. - in LR
556500 0e0 14,80 15420 15,10 14,50
5943000 0.0 20454 21,30 21,00 20,70
60,3200 5040 34,88 34 420 34450 34,70
6043300 0.0 31,13 30,50 30,60 30450

60,3200 00 2715 26,80 26.70 26,90

Dece
ATHOGFHERE 1 =
ATHOSPHERE 2 -

ATHOGPHERE 3 -

ATMOSYHERE & =

The

ription of the T(h) profiles used above,

A six degres polynomial Pit to the U, 5, Standard
Atmosphere, 1962, 0«50 im,
A 8lx degree polynomial £it %o Radlostede and
Rocket grenade data taken at Norfelk, Va,.,
July 14, 1961, O=50 Km.
A Bix degrsee polynomial £t to data representing
gﬁg@maan of the winter 1957 profiles at 12°V,
e

A ®lx degree polynonial it to data represgnting
g&ggmman of the winter 1957 profiles at Sggﬁ.

) Km,

g#e profiles sre 1llusteated in Figure 4.

Notes Ge 1000 megaoyales,
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mthemthmymly&tferhymﬂmxl&%. The average temperatures
of the air colwmns from O to 100 kilometers at these points differ
by even less. These facts make our conclusion concerning the effects
of temperature profiles at least plausible,

The weighting function peak altitudes and their vwidths st half
maxiimm are dependent on frequency and nadir angle, With respect to
frequency, the closer one is e line center, the higher the altitude
at vhich the weighting function will peak and the wider it will be.
With respect to nadir angle the larger it is the higher wiil be the
altitude at vhich the Weighting function will peak and the wider it
vill be. These results are deduced by inspection of the expression for
the weighting function as defined in equation (25). We noie that
large values of K or . make the exponential factor more influential
at high altitudes, hence the weighting function peaks at higher altitudes.
The larger values of K or i1 also cause the exponentisl term to change
more rapidly with altitude, thus causing the weighting functions to
be narrov.

With ATMOSPHERE 1, Pig. U as a model atmosphere and Fig. 5 from
Meeks and Lilley (1963) as a guide, the height of the weighting function
peak, the kinstic tempersture corresponding to the aforementioned
height and the brightness temperature vere determined for various
frequencies and nadir angles. The results are presented in tabular
and graphical form in Appendix IXI. The tabular listing is ordered
according to increasing height of the weighting function peak. We
shall szhow that this arrangement is very useful in selecting & set
of frequencies and nadir anglea at which to take measurements.

The apparent discontinuity in the frequency domain implied by
the figures in Appendix II is not real. We decided not to make any,
computations at frequencies closer than 5 mc/sec. to a line center.
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This vas done because the absorption model did not include the
Zeeman effect vhich must be included for frequencies near the
line centers. Hence it would be incorrect to exirapolate the
results given in Appendix II into the 10 mc/sec band centered
on the lines. We emphasize this fact by cross-hatching the 10 me/sec
bands which makes the frequency domiin seem discontinmuous.

In viev of the shape of the weighting function and equation (25)
we can see that a brightness temperature for a given frequency and
nadir angle is the weighted average of the kinetic temperature profile.
The altitudes at which temperatures are veighted most heavily occur
between the altitudes of the half maximmm points of the weighting
fuiction. This means that any brightness temperature by ivuelf
contains informemtion mostly about kinetic temperatures in & ten to
fifteen kilometer layer centered at the peak of its corresponding
weighting function. This is an important fact to bear in mind vhen
selecting the frequencies and nadir angles at vhich to take measure-
ments.

A simple criterion for the selection of the measuring poluts
is to choose them such that the corresponding weighting functions
distribute themselves uniformly over the height region in vhich the
kinetic temperature profile is desired. Such & criterion should
provide for a sounding of kinetic temperature that weights equally
all altitudes except those near the boundary. It can thus be seen
that the table of Appendix II is conveniently arranged for this purpose.
There is hovever, one qualification which must be observed vhen
selecting the measuring points. Any real radiometer which ve may
use to make these measurements will have a finite non zero bandwidth.
This may lead to problems if the chosen frecuencies are close to line
centers. We must first of all be sure that the band pass of the radicmeter
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does not cause it to be sensitive at the frequency of a line center.
We must alsc be avare of the fact that the weighting function peak
altitudes change very rapidly with frequency near line centers (see
the figures in Appendix II). This means that measurements of bright-
ness temperatures near line centers would represent the average kinetic
temperature of layers thicker than ten or fifteen kilometers. The
exact thickness would depend upon the bandwidth of the radiometer.
The larger the bandwidth the larger is the height interval over
vwhich we average.

In general, measurements near line centers are to be avoided
if possible. Hemce, the process of selecting messuring prints mey
involve a compromise between uniformity of weighting function
distributions and the proximity of the measuring frequency to &
line center, To serve the needs of the latter, we make use of the
figures in Appendix IXI. These figures however show that to make
soundings in the regions sbove thirty kilometers we are forced to
make measwrements neer line centers.

The frequencies and nadir angles selected for the aetermivation
of the temperature profile in the first fifty kilometers of the
atmosphere, were chosen using the comgoromise procedure. They are
1isted together with the altitudes of their weighting function peakse
in Table I. The weighting function pesks were determined for the four
temperature profiles of Fig. 4. The weighting functions corresponding
to these frequencies and nadir angles and computed from the tempera.
tures of ATMOSPEERE 1 are shown in Fig. 6.

It should be thoroughly understood at this point, that to say
that five measuring points can be selected at which any temperature
profile can be sounded and approximately deduced is nonsense; unless
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as we have shown, the atmospheric layer to vhich sach measuring point
corresponds is approximately the same for any temperature profile which
is likely to be encountered. We recall that Kaplan (1959) made &
similar statement.

if ve examine the table of Appendix II we note that many of the
measuring points would produce nearly identical weighting functions.
This means that if we measwred brightness temperature versus frequency
contimously (except at the 10 mc/sec bands at the line centers) from
about 53.0 to 63.0 Gc/mh,mehotwdata would be redundant. It
is desirable to obtain redundant data for the purpose of checking measure.
ments., However, to utilize redundant date most efficiently thers would
8 required an inversion procedure different from the one uescribed in
this work. Since it is not likely that the first generation satellite
radiometer will be capable of taking redundant data, we shall not
pursue this topic any further.

let us now consider a group of weighting functions as a set rather
than each as separate and complete. BEach weighting function shows
the relative contribution of the kinetic temperature at every altitude
to the Urightness temperature corresponding to the frequency and nadir
angle of the measurement. If at each altitude we sum the values of
esch weighting function in & eet, then we shall obtain the relative
weight of the verious kinetic temperatures in the determination of
the corresponding set of brightness temperatures. We shall call this
function so derived the infiuence function. For the distribution of
welghting functions shown in Fig. 6, the corresponding influence
function is shown in Fig. 7.

4 GC {gigacycle) = 103 negacycles.
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Hed it not been necessary to make the compromises described
previcusly, the veighting function distribution of Pig. 6 would
have been more uniform and the resulting influence function more
nearly constant in the ten to forty kilometer region. It 1s not
unlikely that if we were to dslete the 60.330 GC/sec measurement,
the influence function would be flatter in the tem to forty kilow
neter region. A flet influence function would cause all input date
t0 be veighted equally in the inversica process., Of course, there
may be instances when this is not desirable.

The local weather forecaster who is primarily interested in
the lowest ten kilometers of the atmospherein detail, would prefer
an influence function vhich peaks in this region. The national and
hemispheric forecasters require less detall in the yrofiles, but they
do need to determine a profile over a larger altitude range. A flat
influence function from about twenty or thirty kilometers to the sure
face would be most useful to them. The research meteorologists,
especially those interested in the upper atmosphere require varying
amounts of detall, but definitely would like to have more regularly
scheduled soundings up to one hundred kilcmeters, The measurments
could be selected to give an influencefunction specifically suited
t0 their needs.
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SECTION IV
SOLUTION OF THE INTEGRAL EQUATION

Before ve examine in detail the proposed iterative inversion
scheme, let us consider a simpler inversion scheme., In this technique
ve simply assign to the measured brightness temperature a certain alti.
tude. This altitude is that of the peak of the weighting function
corresponding to the freguency and nadir angle of the measurement.

The temperature which is used in determining this sltitude is
ATMOSPHERE 1.

The following observations indicate that we ought to try this
technigue:

1) The weighting functions are very nearly symmetrical

about & horizontal axis through their psaks,

2) The brightness temperature is very nearly the weighted
average of the kinetic temperature profile in a ten to
fifteen kilometer layer centered at the altitude of the
weighting function peak.

3) If the weighting function were exactly symmetricel and
the temperature profile were a linear function of height
in the layer between the half maximum points of the
weighting function, them the average temperature in the
layer would be equal to the temperature at the height of
veighting function peak.

k) The altitude and vidth of a weighting function are very
nearly independent of the temperature profile,

Statement (3) 1s actually a mathematical fact. It is included

in the above in order to emphasize the importance, with regard to
this inversion scheme, of the other statements. This simple inversion
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scheme will hereafter be referred to as s zero order approximation
to the inversion of brightness temperatures or zero order inversion.

An example of the zero order inversion technique is shown in
Fig. 8. The s0lid line is ATMOSPHERE l. With the temperatures of
ATMOSPHERE 1 input to equation (25), the brightness temperatures for
some of the frequencies and nadir angles listed in Appendix II are
computed. Bach point in Pig. 8 corresponds to one of the frequencies
and nadir angles listed in Appendix II except those vhose weighting
functions pesk sbove 39.0 Kn.? The ordinate of each point is the
altitude of the peak of the weighting function; the abscissa is the
brightness tempersture.,

The results of this inversion are good. We note however that
in the regions vhere ATMOSPHERE 1 has considerable curvature the
errors are larger. This is because the approximation which states
that kinetic temperature at the height of the weighting function
poak equals the average kinetic temperature of the layer between the
half maximes points of the weighting function, is less valid for
regions of large curvature in the temperature profile.

Fig. 8 shows the best result we could hope to obtain with
the zero order inversion. The optimm result obtains in this case
because the brightness temperatufes and weighting function peek altitudes

5 This exclusion vas made to avoid errars in brightuess tempersture
vhich result from the fact that of 50,0 Km, the upper limit of our
integrations over height, these weighting functions still have values
vhich are appreciable with respect to their maximmm value.
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were correlated. Now let us try the zero order inversion in & simulated
real situation, i.e. one in vhich ve measure only the brightness tempera«
ture and must assign altitudes to these temperatures which correspond
to veighting function peaks computed for a standard atmosphere., We
shall simulate this real situstion by computing brightness temperatures
from equation (25) using ATMOSPHERE 2 and the frequencies and nadir
angles used in the previous example. The corresponding heights that
ve shall assign to these brighiness temperatures, will be the
weighting function pesk altitudes as determined with ATMOSPHERE 1,
owr standard atmosphere.

The results of this inversion are shown in Fig. 9 as the small
black dots. The solid line is ATMOSPHERE 2 which is included for
comparison. The results of this inversion are surprisingly very
good. The larger deviations in the thirty five to forty kilometer
region are probably due to temination of the integrations at fifty
kilometers. In view of our success with the simple zero crder ine
version we can proceed with confidence to the more complicated ine.
version technique described in section II.

We have alresdy discussed the details of the iterative inversion
procedure in section IX. In the remainder of this section ve shall
lock at some of the intermediate results and interesting details of
the procedure.

With the tempermturesfrom ATMOSPHERE 1, brightness temperatures
were computed from equation (25) for the fregquencies and nadir angles
listed in Table I. These brightness tempersatures, together with
boundary conditions corresponding to T{0) and T(50) of ATMOSPHERE 1,
vere used as input to the iterative inversion proceduwre. The initial
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or first guess of the temperature profile was an isothermal profile
of 289°K. An isothermal profile is assumed to be the worst guess
that enyone would ever have Wwmske in practice.

Pig. 10 shows the intermediate and final resuits of this
inversion. This figure is an exact reproduction of the plotted
computer output during the inversion. The mumbers on the curves
designate the order in vhich they vere derived in the series of
iterations. The fourth derived profile, which is hardly disw
tinguishable from the third, is a aixth degree polynomial representing
the temperature versus height profile vhich best fits, in the aense
of equation (28), the input data. M, the root mesn square dewiation
of the (p 4~1)"'h derived profile from the (]a)th derived profile, was
set at 0.5°K. We note in Pig. 10, that even the second derived profile
is not too different from the third and fourth. The fourth derived
profile is virtually identical to ATMOSPHERE 1. Hence we conclude
that & poor though reascnable initial guess for T(z) will have very
little, if any influence on the final result. Judging from other
results not given here, the only effect a poor initisl guess for
7(z) seems to have is to delay convergence for one o two iterations.

Let us nov consider one of the best possible results we might
ever hope to obtain with this procedure. We simulate the following
conditions and perform an inversion vhich will give us the answer:

1) We assuse a horizontally stratified atmosphere in which the
ebsorption thecry set forth by Meeks and Lilley (1963) is
exactly obeyed.

2) Ve assume an infinitely accurste rediometer and antenna
system for messuring brightness temperature versus frequency
and padir angle,

3) Finally, by some quirk of nature, we assume that the temperature
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profile between zerc and fifty kilometers is the sixth degree

polyncmial termed ATMOSPHERE 2.
With these assumpiions ve compute brightness temperatures from
equation (25), with ATMOSPHERE 2 and the frequencies and nadir
angles of Table 1 as input data. We use these brightness tewperatures
and the 7{(0) and T(50) orammmlwin input to the iterative
inversion scheme. Our initial guess for T(2z) is ATMOSPHERRE 1.

The results of this inversion are shown in Pig. ll. Also shown

in this figure for camparison are ATMOSPHERE 2 and the actual data

PHERE 2 wvas determined. We

conclude after examination of this figure, that this best possible
result 1s indeed excellent. We alsoc note that with measured, rather
than assumed, boundary conditions we could do even better.

In the development of the inversion procedure, we discovered
that ve could not abtain convergence to & salution unless we
specified boundery conditions. This might be considered unusual in
the light of the following. A linear integral equation has the
boundary conditions of its unknown function contained in the state.
ment of the equation (see Hildebrand, "Methods of .pplied Mathematics"),
Bauation (25) 48 nonlinear, however in the process of substituting
and successive approximmtions for T(z) in ¢ [7{z),v] we in a sense
linearize the equation, Nevertheless we find that it is necessary

6
In a practical situation in the absence of data at the boundsries

we could do no vorse than to use the boundary conditions of a
standard atmosphere. We here arbitrarily bhave chosen to illustrate
this situation in this experiment. |
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to place boundary conditions on T{3) in order to have the iterative

solution technique converge to a sclution. Thus it seems that a
nonlinear integral equation vhen linearized in the above mamier is
still intrinsically different froz & genuine linear equation,

To confirm this conclusion we applied the ilerative solution technique
40 & very simple linear integral equation and an equally simple none
linear integral equation. In the case of the forrmer convergence to
the correct salution occurred without specificatic: of boundary cone
ditions. However in the case of the nonlinesr integral equatiom,
divergence from the correct solution occurred in the absence of
specified boundary conditions.

We later discovered, quite by accident, that the boundary values
we specified at O and 50 kilometers had little effect on the inverted
profile in the ten to forty kilcmeter region as the folloving experi-
ment will illustrate. Froam equation (25) and the frequencies and
nadir angles of Table 1 we computed brightness temperatures with a
quadratic interpclstion of the raw data of ATMOSPHERE 2 used as the
input 7(2). From these brightness temperatures together with 7(0)
and T{50) of the 1962 U, 5. Standard Atmosphere as input and boundary
conditions respectively, ve performed the inversion.

The result of this inversion together with others in vhich we pere
turbed the 1962 U. S. Standard Atmosphere “cundary conditions by + 30.0 °K
in varicus cambinations are shown in Fig. 12. Ve note that in the central
thirty kilometers of these profiles there is little difference between
them. Thus we conclude that at pointe vhose distances from the boundaries
are at least equal to the width of & weighting function, the boundary
values exert little influence.
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Let us now consider & series of experinents vhich are designed
to test the perfarmance of the inversion technigue under the assmumption
of ideal data. We shall also assume, &8s in the previous experiments,
that we are dealing with & horizontally stratified atmosphere in vhich
oxygen is the only emitier at the frequencies of concern and that
the absorption theory set forth by Meeks and Lilley (1963) is cbeyed
exnctly. As before, our instrumentation is assumed to have no
inherent rendom errors. Thus we can again use equation (25) to simalate
the data that would be received.

The frequencies and nadir angles used with equation (25) are those
given in Table 1, For the temperature profile ingut, a quadratic inter-
polation of the rew data from which ATMOSPHERES 1 through U4 inclusively
vere determined is used. These quadratic interpolations appear as
the heavy solid lines in Figs. 13 through 16 inclusive, The brighte
ness temperstures tius determined (they correspond to errorless data)
vere used se input to the inversion routine. The boundary conditions
solected were T(0) and T(50) of the U. S. Standard Atmosphere, 1962,
The initisl guess of the temperature profile was ATMOSPHERE 1.

The resulis for cach set of data and their corresponding inter-

polated profile are shown as the long dashed curves in Pigs. 13
through 16 inclusive. Since the ocutput of the inversion routine is
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in essence a six degree polynomial we have included on the sppropriate
figures, ATMOSPHERES 1 through 4 for the sake of easy comparison.

We have also calculated as a measure of comparison the following
quantities separately to the zero to £1fty and ten to forty kilometer
reglion:

1 « The roct.nesn-square deviation of the interpolated data from
the polynamial curve fit by the method of least squares.

2 - The root-mean-square deviation of the curve obtained by the
inversion of brightness temperatures from the interpolated
data.

3 « The roct-mesn.square deviation of the curve obtained by inversion
of brightness temperatures from the polyncmial curve fit by
the method of least squares.

The results of these calculations appear in Table II. We note that
the curves deduced from brightness temperature reproduce rather well
the interpolated data from which the brightness temperatures were
obtained. The fit seems to be better in the ten to forty kilmmeter
reglon than in the zero to fifty kilometer region. The results in
Table II confirm the impressions cbtained in our visual inspection

of Figs. 13 through 16, The curves deduced from brightness temperatures
show & favoreble comparison in the ten to forty kilometer region with
the curves of polynomials fit to the original data by the method of
least squares.

The fact that our results tended to be better in the ten to forty
kilometer region then in the zerc to fifty kilometer region in part
reflects the effect of the influence function. However, the other
factor influencing results in the boundaries of the region of our

sounding is, of course, boundary conditions. We chose to put into



T{z)

ATHMOBPHERE 1
ATMOSPHERE 2
ATMOBPHERE 3
ATHOEPHERE 4

1.49 3.4 2,75 1,53 0.650 1,59
6445 13.8 10.7 6.58 3.42 5,32
2,07 5,56 5,31 2,33 1,82 1.72
1.86 B8.69 T.95 1.63 0.846 1,08

RMBy - The rootemeans-square deviation of the interpolated data
from the nolynomlal surve fit by the method of least

mz"

aguares,

The root-mesn~square devistion of the ourve obtained by

the inversion o

brightness temperatures from the

interpolated data,

Rﬁ$3 ~ The root-mean-aquare deviation of the curve odbtained by
the inversion of brightness tempsratures from the poly-

nomial eurve fit by the method of least squares,
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the inveraion routine the standard boundary conditions because it has
not been declded at this point vhether or not the first satellite radio.
meter system should be equipped to measure the temperatures of the
boundaries. To measure these boundary temperatures rediometrically
wvould require very aarrov bandwidth radiometers for the upper boundary
and & more thorough understanding of the reflection and emission of
the surface and cloud layers for the lower boundsry. We thus defer
these problems for the present time by using standard boundsry conditions.

We also made a few calculaticns in an attempt to answer the
question, "How much do we gain by going from zero order inversion to
the iterative inversion proceduret” The zero arder inversion and the
iterative invereion results on the Lrightness temperatures corresponding
to ATMOSPHERE 2, were compared. Because of the discrete or point like
oature of the zero order inversion, the comparison was carried out
at five altitudes which correspond to the weighting function peaks
for the five frequencies and nadir angles of the measurements. One
should recall that according to the rules of the zero order inversion
one must use peak altitudes vhich are computed with a standard
stmosphere.

The results of this comparison at the five altitudes is presented
in Teble IIXI. Also shown are the root-mean.squites of the two sets
of deviations, The results tend to indicate that there is gain in
accurscy with the use of the iterative technique.



TABLE TIX

Frequendy Nadlr H{»,9) Ta(H) %(W,G) AT TL(H) ISP

}%wleg o & Qm s Py Dl
Se/sse. der,  m X S i He

55465 0.0 14,70 212,419 217593 15,174 214,687 2,268
55430 0s0 20,90 217.115 218,342 1,027 217847 0,732
60,32 3040 34,70 245,677 249,913 04236 247,214 -2,463
60433 D0 31,50 235,678 238,158 12,480 236,504 10,906
60,37 0.0 27,10 227,075 228,620 1,554 227,362 0,207

(ﬁ“al
Hzi ): 2.‘70 OK
Ky

.

~Tga . deviation of drizhtness temperntures from assumed actual
tomernture for zero order.inversion,

I Tm = deviation of brightness temperature from assumed setual
temperature for lterative inversion technique.

Ta({BR) - the temperature of ATHMOSFHEAE 2 at heicht Hj the ascumed
sotunl tempersture.

Hr:altitude of welchting function pesis as eomputed with

Atmosphere 1,
TE(ne} = brichtness temnsrature as gomputed with ATMOLVHEERE 2,

Ti(ﬂ) - the temperature at helght 1 ss obtalned by the lteratlive
inversion of the set of T,(7,9)"s.



SECTION VI
THE INFLUENCE OF INSTRUMENTA
USCERTAINTIES ON THE ITERATIVE INVERSION PROCEDURE

In any reel measurement progrem ve shall have to deal with,
or limit as much as possible, the effects of our non ideal instru.
ments on the data. We have already discussed radicmeter une
certainties in Section I, the Introduction. An uncertainty is an
error in our data for which we cannct make any corrections. Howe
ever, ve can make corrections or limit most instrumental effects.
Four such effects which might cause trouble if not eliminated or
taken into aceount are bandwidth averaging of the received signal,
frequency stability of the radiometer besmwidth averaging by the
sntenna and side lob reception of the antenna.

The latter of these effects (the side lobe reception) is omly
serious if the side lobes happen to be directed towards a strong radio
source such &s the sun. We can, however, take steps to avoid this,
thus this effect need not concern us. Insofer as the antenna beam-
width is concerned, presently besuwidths can be made small enough
80 a8 to be of little concern unless the horizontal temperature
gradients are very large. Only during the passage of the satellite
over strong frontal systems might the antenns beamwidth thue be of
some Concern.

The problems of bandwidth and stability are of more concern to
us because they involve an average over frequemcy. Hence, if the
nominal frequency to which the radiometer is tuned is near & line
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center, ve shall in effect be viewing the average temperature of some
very thick layers. Let us now consider the combined effects of band.
vidth aversging, the averaging due to the frequency drift of the
radiometer and the uncertainty of the radiometer.

We shall assume that the brightness tempereture is averaged
over frequency according to the equation:

1 v
YB" X 5 ?B(v) dav

(28)
he |

vhere vinvc-»&v‘..

AY)

rnve-v-fw‘..

e s

veunminauytmdtrwy

&v’umcmnxwwmmm at the frequency vO
8 = bandwidth of the radiometer at frequency V.

@B(v)memummammtm (25). Five values
of voemwmwmﬁwﬁmianQXWcm
The corresponding madir angles of Table I were also used here. For
this purpose of computing the uncertainty, we shall assume a radiometer
nolse temperature of 3000 'K (this is typical for radiometers vhich
could be built today) and an integration time of 10 seconds. In the
real case the uncexrtainty either adds or subtracis firom the sigomal.
We shell arbitrarily assume that the uncertainties subtract from the
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signal. Equation (22) is used to compute the uncertainty. All of
the calculations ere summarized in Teble IV.

The result of the inversion run using the input brightness
temperatures listed in Table IV and the boundary conditions of
ATMOSPHERE 1 is shown as inversion no. 7 in Pig. 17. The result of
the inversion run using the actual brightness temperatures, vhich is
the same as the inversion shown in Fig. 111, is depicted as the
errorless inversion in Fig. 17. The roct.mean~square deviation of
tnversion no. 7 from the errorless inversion is 21.3 K in the
zero to £ifty kilometer region and 11.8 °K for the ten to forty
kilometer region.

The specifications on the radicmeter used to obtain the data for
inversion no., 7 are guite loose. Let us now assume & driftless
radiometer with a noise temperature of about 100 UK or slightly less.
Froceeding aa before we compute average brightness temperetures and
uncertainties for the same five frequencies. The resuits of these
caleulstions are sumarized in Table V. The uncertalnties are now
about an order of magnitude less than before and except for the
first frequency they are about an order of magnitude less than the
difference between the sveraged and actual brightness temperatures.
Therefore, let us neglect them in determining the input brightness
temperatures.

Hence using the input brightness temperatures listed in Table V
and the same boundary conditions as before we obtain a temperature
profile which corresponds to inversion no. 8 in Fig. 17. The roote
nean-gquare deviation of this temperature profile from that of the



TABLE IV

-c”—g--n - 2‘125

£T5 T Tpimpt) ~ TB(Actual)

Nominal  Band~ Stability Initial Final manmavmr Input  Actusl  §7,
Tuned width Fredqe Frede. Tz IR TB TE
Frequsney /B S S
Go/sec. Go/ses. O0e/ses. Co/sess Co/see, g . . %% 0 K °K ox
5546500 0,0400 10,0400 55,5900 55,7100 217,583 0,165 217.358 217.339 +0,019
50,3000 0,0400  *0,0800 50,2600 59,3600 214,808 104165 24733 214,193 40,540
60,3200 0.0100 20,0050 60,3100 60,3300 249,998 11,030 248,968 250,979 +2,011
6043300 0,0200  '0.,0000 60,3100 60,3500 241,758 10,233 241,525 240,090 41.435
6043700 00,0400 10,0200 60,3300 60,4200 232,204 10,185 232,040 228,029 44,020

$(8T,)° = 224556

5"‘(;'3;‘:3)2 _ 4,511

5
b 1 Af ﬂa
M5 mv.:_g(& Tg)



S/ ~b/E6F -8

B T ——— o e em e e e e o - Do . L e

MO owtIdvT  E9-P/-/
~ ' 6S”
LW 50 o <
7 ™~ ,
7 | \
()
45 - \ \ / "
\ \ .~
\ - I
40 s '
/ /' ,
35+ , /
: Z
-
// /’//
30 p ;
~ FIGHMRE 17 c
N = COMPAR I SON OF INVERSIONS WITH ERRORS
& 74 TO AN ERRORLESS INVERSION .
X 25— ,/ ERRORLESS INVERSION
N ,
< / _— INVERSION NO. 7
2o / ( —-—  INVERSION NO. 8
\
\\ ————— INVERSION NO. 9
/5
AN
\\\ ~ —
~ e— —_—
/0 |- N —
~ —
~ — —
~ ~ B ——
~ ———
~ \\
~ ~ . — —
™~ ~ B —
5 - . \\ T——
~ \\\ - -
~ \B\
_— —_— y — S P
o | | J | | | I | | | - A e —— 1 " |
175 /85 /95 205 215 225 235 245 255 265 275 285 295 305 3/5 225

TEMPERATURE (°K)

e LT e PR VY — s S s RSP — — e —



. : TABLE V

Nominel  Band- Stsbility Initdsl Final Averege A% - Input  Actual  $T
 Tuned vidth Y Ereq.  Freqs Ty A%rme I3 Ty
uency |
Ge/see., Ga/tma. Ge/ses, Co/ses. Co/sec. °k g - % %K K
o e )
55,6500 0.0400 10,0000 55,6300 55.6700 217,356 20,017 217356 217.339 10,017
50.3000 0.0400  +0.0000 50,2800 59.3200 214,268 0,087 = 214268 24,193 10,075
60.3200 0,0100 10,0000 60,3150 60,3250 249,663 +0,103 219663 250,979 -1.316
60,3300 0,0200  +0,0000 60,3200 60,3400 240,791 10,023  2*0.791 240,090 +0.701
60,3700  0,0400  +0.0000 60,3500 60.3900 229,064 0,017 ' 229,064 228,029 41,035
O 2 f
0 8(%5’5) > 3,307 :
f1.)2
{'( E) :‘00661
5

Rﬂﬁ Dﬂ?.: \{S(S’I'B)z - .87&
5 ]

§73 = Ta(1nput) ~ Tp(actusl)

e
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errorless inversion is 5.72 UK in the zero to Lifty kilometer region
and 3.01 %K in the ten to forty kilometer region.

Tables VI and VII give the input loightness tesperatures for
two inversion runs designed to test for a difference in effect
between & positive and negative uncertainty of the same magnitude
at the cawe frequency. The resulis of these inversion runs are
inversion no. 9, Pig. 17 and inversion no. 10, Fig. 18 corresponding
respectively to the input data in Table VI and Table VII. The
voundary conditions for Loth are those of ATMOSPHERE 1. The root.
mésn~square deviation of inversion no. 9 from the errcriess inversion
is 4.01 °K in the zero to fifty kilometer region and 1.46 K in the
ten to forty kilometer region, For inversion no. 10, the root-
nsan~square deviation fram the ervcrless inversion in the zero to
£1fty kilameter region is 3.62 °K and 1.97 °K in the ten to forty
kilometer reglon. The deviations arc somewhat greater near the altitudes
of influence of the veighting function corresponding to the frequency
vhose ass@llated brighiness temperature is in exTor. The deviations
also appear S0 have the same sign as the error in the brightness
tenmperature.

Inversion no. 11, Pig. 18, vhen compered with inversion no. 9,
Pig. 17, shows the difference in effect of a one degree rror in brighte
ness tesperatures corresponding to two different frequencies. The
input data for inversion no. 11, is given in Table VIII. The boundary
conditions are those of ATMOSPHERE 1. The roct-mean-square deviation
of inversion no. 11 from the exrorless one 1s 10.2 °K in the zero to
£1£ty kilometer region and 3.60 °K in the ten to forty kilometer region.
Again in this case most of the deviations appear to have the same
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TADLE VI
¥Frequenaey Hadir Input Aotual o T
Angle Tg Ty
55 «6500 0.0 2164339 217« 339 =1 ,000
6043200 5040 250,979 250,979 0,00C
6043300 040 240,090 240,000 04000
. 2
) @‘&}3; 042
e e gy
RES Deve: 50 Tyl)©
\} - 3 " GQM?

8Ty Ty(mput) = TB(Actund)
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TABLE VIX

s pev. - (20TB) . o447

CTg = Tp(put) = TB(Actual)

Frequency Kadlr Input Agtual v Tn
Angle Tn Ty

- 58,6500 0.0 218,339 217239 +1.000

593000 0.0 214,193 214,193 0.000

60,5200 30.0 250,979 250,579 0,000

60,3300 0.0 240,050 240,090 0,000

603700 0.0 228,029 220,029 0,000
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TARLE VIIT
Frequensy Radir Input Agtual Ty
w&# ffa f?;%
55 46500 0«0 217538 21T 538 2,000
56,4 5000 0,0 214,193 214,193 0,000
60,3200 30 60 25045979 250,979 0,000
6043300 0.0 240,090 260,090 0,000
E0,3T00 0.0 227029 200 4020 -} ¢ 30

$(575)% = 2,000

L £{5Tg)2 : 0.2

w5 Deva =+([Elh fi‘g()é: 0,447

5Tg= Tp(Input) = TB(Actusl)
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sign as the error in brightness temperature. Howvever in this case
the greatest deviations tend to Le in the boundary regions (0-10 and
40-50 ¥m) rather than in the regions of greatest influence of the
weighting function related %o the brightness tempersture which is in
error.

Finally, in inversion no. 12, Fig., 18, we show the effects of
errors of the same megnitude but of alternating signe in each of the
brightouess temperatures. The input date for this inversion run is
given in Table IX. Again, the boundary vonditions are those of
ATMOSPHERE 1. The root-mean~square deviatlon of lunversion no. 12 from
the errorless inversion is 30.6 Oii in the zero to fifty kilometer
region and 12,6 UK in the ten to forty kilometer reglon. The greatest
deviations tend to be in the boundary regions. The sign of the devi.
ation at a given altitude tends to be the same as the sign of the error
in the brightness temperature which corresponds to the weighting
function influential ait that altitude,



TABLE IX
Frequency Nadir Input Aotual ¥ Ty
angle Tﬁ P
B

5546500 Cel 216,339 217339 w] 000
54 ¢ 5000 0.0 2154193 21454193 +1,000
60,3200 30.0 249,979 250,879 =14 000
60,3300 040 241,060 240,090 +1,000
59& WG{) Qt{} 236 .029 ‘}3‘%‘ 0‘29 ~£.m

“(51)?
..mugmpu = 1*5

RS Deve . S(5T)2 | 1,262

-



Th

SECTION VII

Various asgpects of the problem of the determination of the
kinetic temperature profile of the atmosphere from the five milli.
meter radiative emission of molecular oxygen bhave been investigated,
One of the most important conclusions we have reached is that with
only five ideal measurements of thils emission, we can deduce a polynomial
representation of the sctual temperature profile from zero to £ifty
kilometers which is almost as good as the polynomial representation
that could be obtained by & "least square” fit of fram thirty to
fifty values of kinetic temperature versus height. In fwt, in the
ten to forty kilometer region we can expect to obtain a vetter
representation of the actual atmospherlc temperature profile with
an inveraion of five measured brightness temperatures than with a
polynomial detexrmined from up to fifty kinetic temperature measure-
nents in the zero to fifty kilameter regica.

Our investigation of the zerc arder inversion and a comparison
of it with the iterative inversion procedure has led us to the
following conclusion. A set of brightness temperatures versus fre-
quencics and nadir angles coa yie'd more information vhen investi.
gated as a vhole set than vwhen each measurement is considered
separately. We have come to this conclusion by numerical experi.
mentation. For the limiting case of an infinite number of vrightness
temperature measurements, we could reach a similar conclusion by

abgtract moathematical arguments,
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We have also concluded that & statement of fixed boundary cone
ditions in the ilterative inversion procedure is required. However,
we have shown that the chosen boundary conditions do not influence
the derived temperature profile outside of the so called boundary
region. wWe might ask ourselves therefore, "Why does the iterative
procedure fall to work without boundary conditions?” At present all
that we say to answer this question is that without these fixed
boundary conditions we do not heve a properly specified problem,

The iterative inversion procedure requires an initlal guess
of the solution. We have shown that the use of a good guess (one

which is similar to the unknown actual temperature profile) or a bad
guess (& temperature profile having little relation to the actual one)
has little effect on the final result. The only effect of a bad guess
is to increase the mmber of iterations required to obtain & solutiom.
We, therefore, conclude that the use of a standard atmosphere for an
initial guess is cuite satisfaciory.

We spent a considerable amount of time investigeting the relatione
ship of the frequency and nadir angle dependence of our brightness
temperature measurenents to the kinetic temperature versus altitude
function., To fuciiitate tnis investigation, we considered the effect
of these parameters on 8 iunciional combination of the absorption
and transmissivity functions termed by Meeks and Lilley (1963) as
veighting functions. We alsc developed & point of view of & group
of weighting functions known &s the influence furkwtion. We concluded
from our studies that the shape and locations of the weighting functions
on the height axis were substantially unaffected by the nature of the
tenmperature profile.
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Through our investigations of weighting functions and their
corresponding influence function we concluded that measuremenis
indicative of temperatures in the ten to thirty kilumeier region
are easily obtained. However to ovtain measurements indicative of
temperatures above thirty kilometers would reqguire that these
neasurements be made at either large nadir angles or at frequencies
very close to line centers. The former alternative was concluded
1o be a poor one because it would destroy horizontal resoiution. ‘the
latter aliernative would impose limitations on allowable bandwidths
of the radiometers. This would have adverse ramifications on the roote
mean-square underteinties of the measurements. Hovever, we concluded
that this is really @ technological instrumentation prociem that
could eventually be solved, To make measurements indicative of
temperatures below ten kilometers would involve simply additions to
the absorption theory that incorporate ground effects.

Fram the iterative inversions of ideal data, we learned that
the deviations of the derived profile from the actual profile at
various altitudes would be negatively correlated to the value of the
infivence function at the saue altitudes. Hence we concluded that
an influence function whose value i8 .onstent with altitude is desirable
in cases where o temperature peofiie with 8 uniform deviation is
required.

Ve performed several luversions on date tainted by instrumental
efferts and uncertainties. These experiments led to the following
conclusions;

1 « Deviations of the derived temperature profiles from the

actual temperature profile are greater at altitudes where
the influence function is small.



2‘

17
Measurements made neer line centers must he done with
radiometers that are very stable and that have narrow
bandwidths and low nolse temperatures.
Zrrors made at brightness temperatures which correspond
through frequency and uadlr augle to weighting fuactions
that peak at high altitudes are nore serious than errors
mode at brightness temperatures thal correspond to weighting
functions which pesk &t lowv altitudes.
Errors of the same msg . itude but lifferent sign at brightness
temperatures of the same frequency &nd nadir angle produce
equal root-mean-square deviations of derived profiles from
actuel profiles., The signs of the former deviations core
respond to those of the latier.
There does not seen {0 be a linear relationship between
root-mean-square deviations of idesl data from non ideal data
and root-mean.square deviations of the derived profiles from
the actual prefiles.
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SECTION VIII
SUGGESTIONS FOR FUTURE WORK

One of the most important problems and the one most deserving

of atudy in eny future work, is that of the effect of errors in the
data., The work done in this thesis on this subject ig gquite ine
camplete, Two avenues o approach immedistely suggest themselves.
- First, ve mnight try s "least square £it" inversion on a large net
of data poiunts. Theory of this method is described in Hiuelbrand,
"Methods of Applied Mathematics,” Such a technique would tend to
smoolh the data and cause random errors to cancel one another.

A second approach is to divide the luversion fram zero to f£ifty
kiiameters into inversicns over several smalier height ranges. For
extopie, with the seme five weasurements, we first derive a poly-
nomial velid from zero 1o fifteen kilometers, then one from fifteen
kilometers to thirty five and fiually one froa thirty five to Fifty
kilometers. The boundary conditlions required at fiiteen and thirty
kilometors could ve the teuperatures obiained by & w0 order inversion.
Dividing the single large inversicn up into smaller ones might help
10 dawpen the ervor wultiplyiog effeci which seems to result when the
dats hee errors in it.

Another aspect of this problen wiulch deserves soume consideration
is the use of cribogonal Sunctions in the inversion procedure. In
the leect they would reduce the awvunl of nuwerical coaputatiion necessary.
They would also reduce the effect of round off errors in the problem by
g&iving risc Lo matrices with very strong diagonals.
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There also remains to be considered and incorporated into this
problem the following:
1) The spectral reflectivity and emission of the ground and sea
surfaces,
2) The spectral reflectivity, emission and absorption of clouds
and rain.
3) The Zeemen effect.
Finally and most importantly, a program of measurements including
the development of suitable airborne radiometers must be undertaken.
At present we can build rediometers vhich are quite stable enocugh
for our purposes. However these radiometers have rather large band-
widths (approximately 100 Mc/sec) and high noise temperatures (approxie
mately 3000 °K). We need equally stable rediometers with bandwidths
of about 5 Mc/sec and noise temperatures of 100 “K. The repid develop-
ment of solid state devices may make it possible to obtain these
specifications in radiometers in the not toc distant future.
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APPENDIX I
POLYNOMIAL CURVE FITTING

Since the result of our inversion procedure is a set of
polynomial coefficients, we sre naturally led to meke a comparison
‘between the polynomials resulting frum the inversion of brightness
temperatures and those obtained directly from temperature versus
height data. Clearly, theyeare many criterion by vhich & poly-
nomial can be said to best fit a set of data points. We chose
to use the method in which the square of the sum of the deviations
of the fitted curve from the data points is minimized. The
criterion for this method is

K n 2
1=0 k=0

vhere N = number of data points

n = degree of the polynomial

Z; = altitude of 1“1 point

T(zi) = temperature dats at the i*'h altitude

e k™ coefficient of the polynomial

w(s,) = veignt of the 1" data potat.
The necessary conditions for & minimum in equation (I-1) require
that the partial derivatives a/aak k=0,1, 2, ... nof equation (I-1)
all vanish, This leads to the following system of linear equations
vhich can be solved for the coefficients a, through L



81

N N
r O : r i
8, o vzg) Z 2 ve  Wr)z o o+l
1=0 10
(I-2)
N ¥

" r n - r
" s;b wiz)) 2 20 = o w(z) % (z,)

mr‘r‘g; l, 2, ess I

Using equation (I-2) with n = 6 and & constant w(zi) we obtained

the temperature profiles ATNMOSPHERE 1 through ATMOSPHERE 4., The

results together with the input data are shown in Fig.(I-l) through
Pig. (I-4).
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APPERDIX IX
WEIGHTING FUNCTION ANALYSIS

Note - The numbered frequencies in the tables are shown graphically
on the charts with arrows.
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APPENDIX II

deipghting Fupnction Analysis
Frequency . Helght ' Frequency Nadir Tgx(3)

T(h) at QWi‘wF'

Neo. of Peak - Ge/sec, Angle X Peak
Km Deg. %%
1 11.85 55,4800 0,0 220.940 220,530
2 12,05 55.5100 0.0 220,371 220,020
3 12,15 55,3900 0,0 220,721 219.800
12.48 55.4500 30,0 210.577 218,081
12.80 55,3900 30,0 210,373 218,353
12.80 55,5100 30.0 21¢,054 218,353
4 12.80 55,5700 C.,0 215,184 218,353
13.45 55,5700 30,0 218,071 217.210
5 14,08 55.6300 0,0 217.718 216,200
6 14,80 55.6500 0.0 217.277 215,478
14,80 55,8300 30.0 216.846 215.475
15.40 55,8500 30,0 216,533 215,013
16.50 57.9000 0.0 214,406 214,879
16,90 57.9000 30.0 214,295 214,541
17.00 58.8050 0,0 214,215 214,541
17.00 61.5000 0,0 214,302 214,541
17.05 61.5000 15,0 214,202 214,542
17.46 58.8050 30.0 214,189 214,580
18,29 62,0000 0,0 214,645 214,837
18,31 62,0000 15,0 214,672 214,837
18,69 62,0000 30,0 214,786 215,028
18.80 57.9000 60.0 214.644 215,082
19,29 58.8050 60,0 214,769 215,390
19,39 62,0000 45,0 215,099 - 215,548
9 19.69 59.37TTS 0.0 215.347 215.676
20,13 59,3775 30.0 215.655 216.907
10 20,94 59,3000 0.0 216,266 216,760
21.09 59,3000 15,0 216.378 216.907
21,32 89,3000 %0,0 216.682 217.107
22,10 59,3000 45,0 217.300 217.953
22,1% 59,3775 60.0 217.211 217.95%
23,27 56,3000 60,0 218,480 219,331
11 25,08 59,1000 0.0 220.843 221 .540
12 26,71 58.3950 0,0 223,046 223,574
13 27.15 60,3700 0,0 224,144 224,150
27 .30 58,3050 30,0 223,675 224,348
27 .30 60,3700 15,0 223,724 224 348
27.52 60.3700 30,0 224,206 224,607
2€,20 60.3700 45,0 225,110 205,522
28.81 58,3950 60.0 226,178 226,317
26,31 60.370C 60,0 226.Th42 226,989
14 26 36 62,4490 0,0 227.054 227.075
29,78 62.4490 30,0 227.791 227 .623
15 31.13 60,3300 0,0 229,767 229,523
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Frequency

Frequency  Helght ?B€3) T(h) at W, F.
No. of Feak Ge/ses, Angle Sy Peak
K@ Deg, K
16 31.18 60,4100 0,0 229,912 229 .671
31,59 62,4400 60,0 230,746 230,272
31,68 60.3300 30,0 23%0.569 230,425
17 32,20 58.4300 0.0 231,254 231,204
32,70 58,4300 30,0 232,110 232,014
33,42 60.3300 60,0 233,764 233,205
33,49 60.4100 60.0 233,923 231,686
18 33.50 58.3400 0,0 233,717 233,381
33,89 58,4300 60,0 235,40 234,102
33,91 58,3400 30,0 234,60 234,102
19 34433 58.3100 0.0 235,361 274 4890
20 34,4 60,3200 0,0 235,499 235,041
21 34.37 62,4230 0.0 235,698 235,429
34,80 58.3100 30,0 236,276 235,824
34,88 60.3200 30,0 236,418 236,025
22 35,01 58.4570 0.0 236,269 236,228
35,41 58,4570 30,0 237,225 237.059
35,60 58,3400 60,0 238,023 237 .487
35.71 58,4370 30.0 237.688 237 .T04
36,51 58.3100 60.0 239,743 239,518
36.60 60,3200 60,0 239,941 239,755
23 36.68 62.4780 0,0 239,702 239,994
%6 .85 62,4230 60,0 240,317 240,350
37.29 58.4570 60,0 240,746 241 477
37438 62,4780 30.0 240.6%0 241,600
24 37.52 57.6200 0.0 241,204 241,989
37.48 58.4370 60.0 241,200 241,989
25 37.82 58,4400 0.0 241,266 242,776
38,00 57.8200 30,0 242,211 243,311
39,05 62.4780 60,0 243,944 246,250
26 39,52 59.5850 0.0 244,299 o7 616
40,02 57.6200 60.0 245,099 249,157
40,02 59,5850 30,0 244,982 249,157
27 40,08 59,1700 0.0 244,791 249,470
40,61 59,1700 30,0 245,543 251,065
41,82 62,4900 0,0 245,501 255.033
41,90 59.5850 60,0 246,452 255,370
42,36 62.4900 30.0 245,628 256,900
42,41 59,1700 60.0 246,335 257.062
44,32 62.4900 60,0 243,700 263.376



The temperature profile used to meke the calculstions sunmarized
in this Appendix was ATMOSPHERE 1.

The figwres corresponding to the preceding tsbles are Figure II-1
and Figure II.2,
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APPENDIX IIX
COMEUTER FROCRAN™

This appendix contains the FURTRAN II listings of the principal
cegputer progrems used in this work. ‘he copputations were done on
an IBM 7094 Data Processing System. ‘he plotted outpuat was ouvtained
from a CALCOMP plotier and IBM 14CL Deta Processing systea.

The cament statements at the very ceginning ol each program
explain the purpose of the program. We have not inciuded programs
vhich differ from the listed programs with respect to the form of
the input data and the output results. Likewise, we have nol ine
cluded library or processor subprograms such &8 the CALCOMP sube
routines, since these subprograms were not designeda especlally for
this work.

Below are brietf aescriptions of the programs List.d.

CURVES This progrem fits a polynomial in the sense of least

squares to set of kinetic temperature date points. This
program was used to obtain AMMUSPHERES 1 through k.

MISP4 This program computes brightness iemperatures and Weighting
function peak altitudes for a te perature profile represented
by & polyucmial.

MISPS This progrsa is the same as MIGPh except for the fact that
the lemperature profile must be represented by a set of
data poiuts.

INVRTL This program performs the iterative inversion of brightness
{emperatures.

ATMSPE This subroutine computes pressure with the hydrostatic

equation from a tempersture profile represented by a polynomial.



ATMSBFPS

BTEMP2

GAMD2E
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This subroutine is the same as ATMSPA except for the
fact that the temperature profile must be represented
by a set of data points.

This subroutine computes the weighting function for
varjous atmospheric profiles, frequencies and nadir
angles,

This subroutine computes brightness temperatures from
the weighting functions determined by KERNL1.

This function routine computes the attenuation
coefficient for specified temperatures, pressures and
frequency.
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HMAX
FOR JRD=2s H(I)s T(I)s AND P(I) ARE STORED FROM HMAX TO
HMIN

PZERO—GROUND LEVEL-—PRESSURE _IN-—MMOF HG

VARG FHE-RATE OF CHANGE OF ORAVITATIONAC ACCELERATION WITH

A AN MDD O O LMD O O DT

ALTITUDE. THIS NUMBER USUALLY 1S 0¢3086CM/SEC*¥2/KM
1 SURROUTINF ATMSPS(KD1sZDsHMINsHMAX s JRDsPZERO $GZERO VARG TD)

ALADA A SL 1 Y
o e i S — o
L e . L a e

COMMON"TsP sOAMy TAUSWAT I L 5T §IMAX
: 3 R=0428704E+07
@ 4 PP(1)=PZERO
6-DO— 7 I=1,51007
Tee—

R o T S v x
et At = 4
___*_”5ﬁk¥ﬁljln:l;Lln;l 7y
=\ oNZrvouUviTiI7zTZ 8y
51 KZ=YA/0.l
52 DO 53 J=1sKZ
[ o} TTIl\*$ﬁ+¥+++++$ﬁ+9+‘;Pla\\llﬁhlﬁ\ b 2 N L. T W WO WK VI A O O A UK. e I I T S\
= L S S B S . = 7 L o e e . o T e e i 8 . e i 8 i e i . T A o v T e 2
————O4 KMok Dim]
=——%&5 PO 68 K=o,k
o B a5
56 YA=(ZDtKFL 20 (KT 1 72+0

57 MZ=YA/0.1
58 KZ=KZ+1

62 ibP~(£oG*(T5PI-TDPZi)iiLDiK+1i—ZDi£-1))

63 DO 64 J=KZ 4 MZ

64 TT(J)=TD(K)+(TSP*(HH(J)=ZD(K) ) )+ (TDP*( (HH(J)=2ZD(K))*%¥2)/240)
55 KZ:Mz

" .' .' ‘. " ‘, ."

e E e e e
O =3 M7
O =7 7
ey T oy
- Te=1
S

HSo =R
TS1=TT(I=1)
@ TS2=TT(1

-
N

10 \yALTear it tonnet
®: 14 KMA *
v X=X INTF ( (HMAX)#(1040))+1

3 ——
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4

T O— 15> JRD
ﬁﬁ 18 DO 22 K=KMINsKMAX
19 K1=K+1=KMIN

1Ky =K

o R
T UINATT ™

23 1IF (K2=1 1924428

24 H(1001)
y

25 -T4H1 061

= —
T S AS E A T

28 K3=JMAX+1

JIL KLY il h
= 3

P —

- e

L
[

i =

» | g | pht
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P S T —

#

33 GO TO 41
34 DO 39 K5=14JMAX

®
®
®
© 29 DO 32 K4=K3,1001
e
®
©

T K
=Tt
o e = AN
i
o N el T Bl W W W e B L  w — —— o P . T = = w— -
=Nt 2 —1 s T S B i N i e e 0 o S B 0 G O O o
i o Y 2 o . e 251 ¥ L  BEES R e e a AR
=
Y
— TN




§

’ BETEMP2 = 2 EO% * s AR SRR NP —————
LS & X : 1@ & & " i L= —r . o { P -2

a

THIS SUBROUTINE COMPUTES THE RRIGHTNESS FOR A SPECIFIED ATMOS
PHEREs FRFQUENCY AND NADIR OR ZENITH ANGLE.

LEANA RS

—
® = = TETiE ATNOCPIER -
C T=TEMPERATURE TN DLOREES RELVINe
® C WAF=WEIGHTING FUNCTION,
C TAU(JMAX)=TOTAL VERTICAL ATTENUATIONS
c THETASNADIR OR ZEITH ANCLE IN DEGRELSS
€ INAYETHE NUMEER—OF LEVFES AT WHICH WAF WAS COMPUTEDS
» c
s SURPROGRAMS REGUIRED
C ATMSP4 OR ATMSP5 AND KERNL1
C
c

2 DIMENSION T(1001)sP(1001)sGAM(1001)sTAU(1001) sWAF(1001)sJ1(1001)sH
2(1001)

COMMON T
OO T }

————— 3 GECTH=13
=—— & TAGI=TAD
= 5-TDETMSXCXP
® TDUM=T8
O 6 DO 11 J=2yJMAX
F—Hlet{J=1}

oo I ;-
25 o i = &
L e - .

T¥ ‘h—m‘ I A - S— o S W A A 3 YT oI AT 1 T 3 LU ) . . S A . W S ol S A S s
HFo—T = o= o A TwWAr (=L T TWAT UJd T T 71 ETR788U

11 TDM1=TR
12 RETURN

[l VT Y
I

® 6 6 o6 6 o0 o




Pl B 8 R pecir A DR A —EO D TP T I AN A DO YA NI A I N T I O N —T O P AT A T
=8 RROGR AN —FEOR—F E 1 T I -.—-—*.--_-u_-: A A E— i o 8 “-——--- S S e B —v---- N

é':; C  XAN INDEPENDENT SET OF DATA POINTS OBTAINED FROM A ROUGH SKETCH OF
C  XTHE FUNCTION AS DETERMINED GRAPHICALLY IS USED TO CHECK THE COMPU-
=

° :

XFED-FUNCTION FOR PHYSTCALLY UNREASONARLE OSCILLIATIONS,
1 S , :: e ] )

C X DATA POINT NEGATIVE UNCFRTAINTIES’ ERDN
C X TEST POINTSs TSTP
£ ¥

IEST POINT POSTITIVE UNCERTAINTIFEG, ERIP

.

7X 7731 e W

s e o } A AL
:MW ALY
\)| "'\JL]\I'\J, C*AAS W AY

C X DATA IDENTIFICATION NUMBERs IDNT
C X MAXIMUM AND MINUMUM TEMPERATURES TO BE PRINTED ON HORIZONTAL AXI
c X

S—OF CALCOMP PIOTTER QUTRUT, TELD) AND TEL]) RESPECTIVELY,

L e st 5 : o . - & N2

P -~ T 3 s 5 -
7 Y At A YT

- . Ay
P — A

Y|

o O

AN K -
i
A RN

MAXIMUM DEGREE POLYNOMIAL DFRIVED9 KMAX o

C X

® C X MINIMUM AND MAXIMUM ALTITUDES AT WHICH THE POLYNOMIAL WILL BE
c v EVALUATED, 2MIN AND 7MAV RESPECTIVELY,

© X Lt%b H-OF ALTITUDE AXIS ON PLOTs ¥¥s

. C XS UBROUTINES REOUIRED

b C X XSIMEQF THIS SUBPROGRAM IS ON THE SYSTEM TAPE.

, c X% CALCOMP ROUTINES

e | ol i, S s
X {011

. £ 5, I S0 WP W Y
© X(lOOl)sDTFMP(1001)9ALTIT(1001)9DATA(750)aT(1001)9H(1001)9FMTR(12),
XYNMD({3) s YNMT (3) FMT(12)sTT(1078)sHH(1078)sTDAL(B50)sTST1(25)
Xy ZD IGO0 s 2 T2 5y RRL205 20 s CO{ 20y AAL IOV g AL IO, 2A YOI 3A L FaALfans L
. T
® ASSIGN 951 TO MT
READ INPUT TAPE 2% 10138 (FMT(I)el=1412)
1613 FORMAT (12 A6)
. 13 LB — T LA .Y
IO FORMAT &F 10+
PY DO 1 MJ=1004+1078s1
TT(MJY=TE(]1)
o

o-'n-

6 1000 FORMAT( 54115,
® READ INPUT TAPE

N ~—
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-
m
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WRITEOUTPUTTAPE 3;10029(ZT(J)9TSTP(J)9ERTP(J)’ERTN(J)9J 19J4AX)
1002 FORMAT(2(F10e4sF104292F8e2))

CAHE—PHOTFSHDATALTSO Y750

t

e e e e e e e e e A e e e
AN 2T
¥ o
e s e
e
)
e st
7Y
KTE=0%0

DO 10 I=14IMAX
10 RDE=RDE+(140/(ERDP(I)+ERDN(I)))

Ny 12 7'1 TAAAN
SR e e

7 - | W S Y S a8 1 W 2 D A S WY VD o 8 W SN S S R, W, A M T W e S, S ¥
e — s S— Y i o " - S R TR APy e
| i o - -~ i L § i @i U 0 PP M W A SO A B . W P S " 4 L TR L e

10JMAX

19 WFT( ¢O/((ERTP(JI+FRTN(J) I®(RTE)))

f'r'lﬂ

=N
DO 19
J

i

1]
d

™7y

D27 M=y EMAXT

CC(M)=040
DO 21 I= ltIMAX

“—*“—U‘U—d‘b—ﬁﬁ".x FEMAXT
DO 24 N=1.KMAX1
BR(MsN)=0,0

DO 22 1=14IMAY

SEETTK

26 CONTINUE

26 CONTINUE
GO TO 213

o © ‘:gi‘
I

GO—T0 2
°© 213 BB(1s1)=040
DO 272 I=14IMAX
%qg_&n_{q__‘q_“ﬁnlﬂ e S VT 2NN § el o S L K W W7 AW K. | oL e B el Y
. + + N * - T = 7
X—De NOssIXs1 RELOW e 77777 10X
® IF (KMAX1 = 9) 26142614263

261 DO 262 M=1,4KMAX1

GO-TO 273
.:2 263 DO 264 M=1,KMAX1
' WRITE OUTPUT TAPE 3s 1072s (BB(MsN)sN=1410)
10 264 CONTINUE

e W e 2
;Y
L P .

5o—265 V=13 RMAXT
»: WRITE OQUTPUT TAPE 35 1074s (BB(MsN)sN=11sKMAX1)sCC(M)
1074 FORMAT(10X/1Xs11E1144)
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TEI=TEXT
TE(2)=TEX2
HE(1)=HEX1

HEL 2y elEXD

t)".

DO 28 K 1520
AA(M)=040

28 CONTINIE

2O o o
e o' e e S 7 A
™Y
=2 F S —Vi=—1a K
4 o -
A x4
L 1"

}
I N=T
= Ay e ™ .L"\UJ-

32 A(MsN)=BB(MyN) .
33 CONTINUE

hET!j Va)

. o ¢ ¢ 4

&
m;ykx;#:?n N YAt T
 —— 3R 75— - o ——
- P S T S v L T N i T e e v L - = o
s v
=M
. i

7 Y

1075 FORMAT(1H1,77H ACCUMULATOR UNDERFLOW OR OVERFLOW IN SOLVING THE S
XYSTEM OF LINEAR EQUATIONS/20X49HFOR THE COEFFICIENTS OF THE POLYNO

YMIAL _AF NEenece o 5y \
AN A DO 2 et g}

o 6 6 0 o6 o o

XINGULARS)

Go—TF0-90

'q XLVING THE COEFFICIENTS OF THE POLYNOMIAL OF DEGREE sIZ/BOXolZHIS S

P =1 =
(JY*WFT(J)
70 DVTSO=DVTSQ+(DVT(J) ) *%2
= =

1
1

M=
—H—H——H—P‘-{“ L T

s s

L o S R A A B-eme - — 1

*‘*_—__ﬁb_ﬁﬁ#jﬁff“lmvu(L,T\HH\HJ)*i(éU\1/1**\” P A
UWDVD(I)=(TMPD(I)=TDAT({I}))
DVD(I)=UWDVD(I)*WFD(TI)

22 OV CSO=DUYRCO -+ DUD LT 4 A 343D
—Z— Y RS AT N Y A o e S v e S s L
11

®

©

o s
DVT (J)=UWDVT

o tytisgl

o

®

)

DO T NONEI S TO0 T
12 2789 ALTIT(NON)=ALTIT(NON=1)+DFLTAH
@ DO 78 NON=151001

0 177 TEMPINONY=AALI Y+ (AAL2 Y Y% AL TITANONYY

—————————— i i“- Pt f P‘l‘:-:'- ¥ 7
e MM1=M=1
.j AMM1=FLOATF (MM1)
3




9 0

GO TO 182
180 IF(TEX2=-TEMP(NON)) 18141824182

NOP=KD

-

T WRT T OUTPUT —TAPE 35 10 t&3KD

o
©
©
° 1014 FORMAT(1HOs7Xs85HSUCCESSIVE POLYNOMIAL CURVE FITTING ROUTINE FOR A
®
®
®

XTMOSPHERIC VERTICAL TEMPERATURE DATA///5X;16HPROGRAM NO 008///5X

WRTTE OUTPOT TAPE 331000 s tKSeAA LK

1005 FORMAT(5X/10Xs2HA(s1294H) = 9F14e5)
801 CONTINUE

Np=2

XEX3SHALTTTODE
® X8X s 18HWEIGHTING FUNCTIONs8X»11HTEMPERATURE 98X s 11HTEMPERATURE 513X 51
®) XOHDEV IATIONS/54X 8K (SKETCH) 10X 10H(COMPUTED) 8X s 10HUNWEIGHTED 18X

—’—’—‘“—Xﬂﬂﬁd"‘ﬁl SIMAXT
1006 FORMAT (12X sF6e2912XsE1245812XsF7628012X9sFT7e2010XsFT7e2911XeFT743)
82 WRITE OUTPUT TAPE 331007sDVTSO

®
©
®
° XUD(T) sDVD(1) »1=15 IMAX) )

1008 FORMAT(1H15111X95HPAGE 91251H=911/5Xs19HDATA POINT ANALYSIS///11X,
o
®
|

Xe3))

12 XNON 1.1001,10))
": 1010 FORMAT(IHlslllXoSHPAGE yIZylH-’Il/5X928HCOMPUTED TEMPERATURE PROFI

7 fk.z,wx;ﬁt—a;%gumrafanﬁrr,rn 'x;;;z.bﬂ
o DO 87 I=141001
H{T)Y=ALTITI(I)
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7 1% * AT 1T%
——1. ; o =& 3
O S — - s 17
A e i B e WU A oAt skt S DV S TS N ¥ . 7 A W . * A N o S = S
% o e S e o XX * 1t 5L

FL K™ AMIaVa)
TSTL(J)=TSTP(J)
89 ZT1(J)=ZT(J)
IELIMAY = 26} 888,882,082

882 CONTINUE

LE{IMAX=50) 8834 8864,885

&
1

. ié
Ijg
b

= 7Dt HER L
884 TDAI(I)=TEX1
885 CONTINUE

CALL SCATLLTT 1078 ¢XX e TTMINGDTTY

e s v, e poes i A s o '

N b LT s S e "N W L i Yot . O e A U AN ) O A = . e &

®
@
© 5
XX
881 TST1(JYy=TEX1
©
©
®
©

A e L - .

y A 1ﬁ1u_|—14|A—-A-r—rr1r—1;
T4 113

A e m——

CALL AXIS(O 090 0913HALTITUDE (KM)’IBQYY99O O’HHMIN!DHH)

h%:) ALPHA=((TE(2)=TE(1))/XX)

- Ll:l'l\\l\l\/L
v t

TDP=TDA1l(1)+XCORA
=861 2DP=2D1 LTy

fat

TSP=TST LIt THFXCORP

95 CALL SYMBL4(TSPsZSTs0e1091H+904091)

i
AP LEOT O 0s o092

CALL PLOT(0e0s040s2)
CALL PLOT(24550419=3)

MA A Tl 1N
1551 — e —
=21 =

A s

°
©
o
° 931 7ST=7T1(J)+YCORP
o
®
o

S CALE SYMBLG s O O O e I T TR I 2 s e Oy 2 )
12 CALL PLOT(12625+0404=3)
@: CALL NUMBER(04050¢030s23FIDs000s2)
1° ' CALL-—PLOTA=1 0475y s Op=32

YV ERBATYT— %
Y Y 1 ¥

1
TN

7 = NN R Y= R AT A

TN T=uUrt A O™

CALL SYMBL4(04030s0304 29YNMD(3);O.0913)

.: CALL PLOT(0s050s33=3)
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s
AN
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LV,
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IND e
i
qiM

bu ..W Gd .j.

GO TO MT4(9519952)

£ ACCIAMN OKD TA MT
A oo T o937 1M

=R

90 CONTINUE
FREQUENCY 178(1+100031000)35180(14100041000)
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C XDUE TO ATMOSPHERIC 02 IN NEPERS/KM FOR A SPECIFIED TEMPERATURE T
C XIN DEGREES KELVINJPRESSURE P IN MM OF HGs AND FREQUENCY F IN GC/Se

EUNCT ION (‘AhAanT D C\

v s
o - — o %

- ¥ =t p =Dt 2y

o S S v ¢ A} .t i

1 t e ) L3

- Y -+

| -

"

ALPHA = 0e00195
Cl = Q461576

C2 w2 g 0684

mim nmn
(S X X
M W™

Liin
iy
DI

[e ) Ne W\

Y

6.‘ ® ¢ 0 060 o6 o ¢ tn) ® '©

FL(7) = 5649682
FL(8) = 563634
FL (9y—=5547839
xut.‘.-},‘ —2 X 1T

R S Ay e B R A

FL(13) =5345960
2 IF(P=267441) 39494

9.
- N
n
N
1]
-
%
o

FZERO = DELT/(F2+DELT2)

10 EACTOR = (CI#DPxEDY /{TxT%T)
SES= ==
FDIF = FK(J)=F
®: TEST = ABSF(FDIF)/DELT




FADDZ = (FKIJTHFIF(FRIJ T+ -
FNPLUS =DELT*(140/(FDIF2+DELT2)+140/(FADD2+DELT2))
UNPLUS = FLOATF((2%J=1)%(4%J+1))/FLOATF (2%J)
FSHM—=FENPLUSHUNDLHG
: EDIF S FLE—
200 TFTEST=100+ 0 TOs LIs It

10

T
FDIF2 = FDIF*FDIF
FADD2 = (FL(J)+F)* (FL(J)+F)

EANMTAI]L = ML T/ AZIENTIE24L0EL T2V 4.9 AL LEADNMNDAOCL T4 3
g o e e e .5 s S o | P e e e S e o8 o e Sy S e Ay A A o Y O e  — =

o e | e a8 yy—t X 3

Y e v e o

T t BTN
1 ' A A B
HAEZE O 2 t s

TSUM = TSUM+FZERO*UNZERO
SUM = SUM+TSUM*EXPW(J)

®e 6 o o6 o o o "ﬁ’r' o 6 6 o0 o o o ’E)r“lfﬂd‘lb
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-
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S
~ < THIS PROGRAM FINDS THE POLYNOMIAL COEFFICIENTS OF A KINETIC
O ¢ TEMPERATURE PROFILE CORRESPONDING TO A SET OF BRIGHTNESS TEMPERA=
- TURE VS FREQUENCY AND NADIR ANGLE READTINGS, =
. Al\" RO AT A REQUT R
® C NAMEs DATE AND ID CARD
C KD1=THE NUMBER OF POLYNOMIAL COEFFICIENTS SPECIFYING THE IN=-
I ITIAL Gﬂgcc tﬁMhChAT“nE hnﬁﬂ:LEg
® = =
° C PROFILESs KMe
C HMAX=THE MAXIMUM HEIGHT OF INITIAL AND DERIVED TEMPERATURE
—c PROFILES,y KM,
o —
° C PZERO=GROUND LEVEL VALUE OF PRESSUREy MM OF HGe
C GZERO=GROUND LEVEL VALUE OF GRAVITATIONAL ACCELERATIONS
r fMJCCF**}r
| I——
® C PHEREs DFG Ke
o ¢ YH=LENGTH OF HEIGHT AXIS ON PLOTTED OUTPUTs INCHES.
¢ YT=LENGTH OF TEMPERATURE AXIS ON PLOTTED OUTPUT, INCHES,

®
© C AT=THE INiTIAL TFMPERATURF PROFILE COEFFICIFNTS.
C TB=INPUT BRIGHTNFSS TEMPERATURESs DFEG K
c Fl=INPUT FREOUENCIES s GCASECS
-
A WOM= UM I TLRNAUWUN LI AAY W TUT T LTV 1TTTLINATALAUVIVNOS®
C TMIN=LOWER BOUNDARY CONDITION ON T(H)a
® C TMAX=UPPER BOUNDARY CONDITION ON T(H)e
P
.' ; A AT v . L s
= —AECOFFFICIENTS OF POEYNOMIAL — e
® C ITC=NUMBER OF ITERATION
C J1=LFVEL NUMRER
o —
12 C P=PRESSURE
@ C SSDT=SUM OF THE SQUARES OF THE DEVIATIONS.
10 c DP=DEVIATION OF PRESSURE AT J1 FROM THE PREVIOUSLY DPREDICTED
C
.:’ DIMENSION RATA(800)sAR(12)sTE(2)sHE(2)sAT(21)sTR(21)sFI(21)92ZA(21)




o 6 6 & o o o 12,"'!7“‘1.

[ 2

-
L]

=iyicz)

20 READ INPUT TAPE 251020sKD1sKD29JRDsIPsINTI9IMsYHsYTsDSMsTMS
30 READ INPUT TAPE 2+1030sHMINJHMAX9PZEROsGZERO s VARG

oY A
80 WRITE OUTPUT TAPE 351020sKD1sKD29sJRDsIPsINIsIMaYHyYTsDSMsTMS
90 WRITE OUTPUT TAPE 341030 9HMINyHMAX 9PZERO$GZERO VARG

23 L S — S A =SSP P W dihan (i A A W T i — S i 2 i

128 KD3=KD2+T
129 KD&4=KD2+2
130 CALL ATMSP4(KD1sATsHMINyHMAX9JRD9PZERO9GZERO 9 VARG)

IMAN
X

e S — 7S

"
Y - - v a
N

P -y y
L

e e i, ittt

TTOVINT=TTUVINT

134 H2(K)=H(K)
e 135 T2(K)=T(K)

136 P2 {KY=DIK]

141 HH2 (UMPK)=HE(K)

LI T . Zo W BRIV ] oSV 2L UL, N andlt 3 P3N\
7 — 1748 T W o et <
A E——F TN o

L

e m—— O e S
Vi R M R
=t == P a7
s S P r—— = ———ra
L@ i Attt Y v it Y 5
; AL SCCAtH 11+ A Y+ b s 2
£ 3 L™= ™ i e o i &y e
=145 CALLE AXISTO0+030+03 LONHEIGOHTS KMILOITHITOSOIHHZMSIDRRAZ)

146 CALL AXIS(0405040918HTEMPERATUREs DEG Ks18sYT90e0sTT2MsDTT2)
147 CALL LINE(T23sH2sJIMAX)

L) (V. L 2SI -2\ o~ 4,
1 X i 5 v o 2 i s
7 7% 7 wa

e ——— ¥

—%—E}—_“rrr-.ué o o o e e B i . B B B B
X TCAUILTT T LUT VAT RUYURU YL

158 CALL PLOT(17409114542)
159 CALL PLOT(0s0911e542)

1 1 L0 (AL DIAT LA A A AL~
HOO—C A POt a3 005032
&= e T T e A T e U mTE m v mve e
y S e e e e S AR T I e e e =
3 5 +—CAEd T e e e e e e |
) ; B e e o o ™o o o o i B e VA M i
- — e
17 1
D o e o o M " 3 A B B BAA A 5
7 ———

3T =Tt
164 1TC=1TC+1
165 DO 320 1=14KD2
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&5 F=FTLT

. O A= Z A I I s O IG5 4R
S

‘Q 172 DO 176 M=1,JMAX

-
n

@

10

o 325 B(KD4y1l)=1

173 J1(M)=J2 (M)

1724 ulM}agr%(M?_

O hAS
S— 1M}

B N A A . s - 1

n oy P -1

240 DO 300 K=2sJMAX
250 HA=H(K=1)

260 HB=H{K)

300 B(IsJ)'B(IgJ)+((AVH**(J—I))*(AVWF)*(DFLTR))
310 CONTINUE

320 - CONTFIMUE

P —

o i

324 B(KD3y1)=

226 TRRIKNAV\=TMIN

ANy
A

114KD4)
340 M= XSIMFQF(210KD4;1;R’TBRoDFT’CRA)

370 GO TO 970
380 WRITE OUTPUT TAPE 342030¢I1TC

200 O-—-TO0- Q7N
e B~ MR O S £ o — |

=
T
e o 7 . e v P . &
4

¥

r
; Fvm - A L

G20CALL ATHMSPL (RDGsAsHMINSHMAXIIRDIPZEROIGZEROS VARG
429 AIUM=FLOATF (JMAX)
430 DO 480 K=1sJMAX

E N RPN W RV
ﬁpﬁ;@—_—_@ﬁ:ﬁ:‘;.. 2
=X FZ 8
————Er kY= K S
o e S
& s,
-y
%- =
==
e —ay

480 SSDT SSDT+(DT{K)*%¥2) /AIM
490 WRITE OUTPUT TAPE 342040¢ITCsITC
—— BOO DO 520 J=leKD4

11;JMAX91P)
540 DO 560 K=142
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®

—”“*—ﬁ7ﬁ—ﬁ@“63ﬁ_#=19J%A%
580 IF(T2(J)=TE(1))59046104610
590 T2(J)=TE(1)
—600-060-—T0-630

= = T ¥ o ——
S S T X

1t i
=X 7- + 7

3
P

4

o

&3 C—CONTTNCE

® 640 CALL SCALE(TT25JMPKsYTsTT2MsDTT2)
650 CALL LINE(T24H2yJMAX)

©

©

©

®

©
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THIS PROGRAM COMPUTES BRIGHTNESS TEMPERATURE AND FINDS THE ALTI=-
TUDE OF THE PEAK OF THE WEIGHTING FUNCTION FOR A GIVEN ATMOSPHEREs
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